Stable Isotope Analysis of Anthropogenic

Compounds in Aquatic Systems

Marcin Fiedziukiewicz

A thesis submitted in partial fulfilment of the requirements of

Nottingham Trent University for the degree of Doctor of Philosophy

September 2024



Copyright Declaration

The copyright in this work is held by the author. You may copy up to 5%
of this work for private study, or personal, non-commercial research. Any
re-use of the information contained within this document should be fully
referenced, quoting the author, title, university, degree level and
pagination. Queries or requests for any other use, or if a more substantial

copy is required, should be directed to the author.



To all unborn potentials



Abstract

Isotopic fractionation can be very specific, based on initial isotopic
composition, the type of reaction, and ambient conditions. Therefore,
stable isotope techniques are frequently applied to environmental
studies. However, the compounds of interest in the environment are often
in trace concentrations. Any extraction steps following can be lengthy,
making routine analysis impractical. Wide screening of compounds has

not been explored either.

A focus was made on phthalates as a group of common pollutants with
negative health effects not only to the environment but also humans as
well. DEHP 313C value results ranged between -28.8 %o to -27.1 %o and
measured at 0.14 to 0.22 ug L in surface waters. The quantification was
done through the combined and simultaneous measurement using GC-C-
IRMS. This makes it the first report of a compound specific isotope
analysis at trace levels in surface water combined with quantification of

that compound.

By examining the ratios of individual datapoints from individual
chromatogram channels (44 m/z, 45 m/z, and 46 m/z) allows to verify if
there is any interference in the underlying signal. Such practice expands

the application scope of compound specific isotope analysis to all heavily



gradient programmes, elevated baselines, and closely eluting peaks
which is currently limited to fully separated peaks with stable baseline
only. The above approach was applied to the surface water samples and

published in an international journal in 2021.

The extent of chromatographic isotope effects was indirectly correlated
with the molecule size, something that has not been done before. In
addition, a little unknown isotope effect on chromatographic peak width
was better defined and quantified. DEP and DBP standards had almost up
to 6% difference between isotope peaks widths at different GC
programme conditions. Those were linked to the structural differences

between heavy and light isotopologue.

Results demonstrated that it is possible to perform a trace quantitative
analysis, and measure the J3!3C value of the selected compound
simultaneously using only the GC-C-IRMS. Typical approach can include
the ratio of the 45 m/z and 44 m/z. The new approach is compensated
for oxygen. An integration of chromatogram signals with common slope
threshold for peak detection was shown that it might be insufficient due
to chromatographic effects introduced. Depending on the approach taken

to the integration of the same peak shifted the 613C by over 1.2 %eo.
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1. Introduction

Isotope analysis can have a wide range of applications. Isotope led
methodologies are widely used in the environmental studies, drug testing

and the authentication of different products.

All of these techniques are possible because of the phenomenon of
isotope fractionation. Isotopes are atoms with an equal number of
protons and electrons but a different number of neutrons. This causes
them to have different masses and in turn, this mass difference causes
the atoms to behave slightly differently in chemical physical processes.
One manifestation of this effect is observed when the proportion of the
isotopes start changing during a kinetic based process. This is called

kinetic isotopic fractionation.

1.1 Anthropogenic compounds in waste water treatment plants

There are many compounds that, via numerous environmental cycles,
end up in the environment. Those pollutants are frequently harmful or
toxic and cause measurable and negative effects on many organisms.!
For example, within the pharmaceutical industry, the US Food and Drug
Administration (FDA), on average, approved 26 new chemicals a year
between 1998 to 2022.2 This demonstrates growth of the pharmaceutical

industry; however, medicines can also affect other animals, not just



humans. Since the 1990s such compounds of anthropogenic origin are

referred to as emerging pollutants.3

Some of the medicines, once taken, can be excreted unchanged or as
metabolites. Through domestic sewage they end up being processed in
waste water treatment plants (WWTPs). These plants remove many
polluting and potentially hazardous compounds before they are
discharged into the environment. Unfortunately, many of the polluting
compounds are not removed with 100% efficiency. The typical removal
can be anywhere between 70 - 100%.4% There are a number of different
factors affecting the efficiency of the extraction and almost all waste
water treatment plants still discharge trace amounts of various organic

compounds into the environment.”

Some of the earliest reports about anthropogenic pollution were first
brought to light in the early 1960s.8° For some the compounds
responsible for the pollution were commonly referred to as emerging
pollutants (EPs). Phthalates, specifically, have been detected and
measured in rivers in early 1970’s.19 In 2005, an Italian group determined
trace levels of an illicit drug - cocaine - and back calculated it onto
average drug use in the area.l! The result revealed that 4 kg of cocaine
were passing through the river Po, every day. This illicit drug, being
present in the water, is then absorbed by other organisms living in within

the water. This has a range of effects such as tachycardia (increased

2



heart rate) in fish; affected swimming patterns in Daphnia magna, and it

also affects the physiological processes in marine muscle Perna perna.l?-

14

Over the past few years, the media has put a spotlight on such
pollution.1>16 Many waste water treatment plants overflow and release
untreated sewage to rivers and seas and, consequently, excessive
pollution can affect industries relying on the aquatic environment or its

products.1/.18

1.2 Application of IRMS in a range of studies

Analysis of isotope ratios is used in many fields such as geology,
archaeology, physics, biology, environmental sciences, zoology and
chemistry.1°-23 The fractionation of the hydrogen and oxygen isotopes in
arctic ice can indicate atmospheric temperature.242> T combination of
isotopes in bones can indicate the type of the diet an organism
followed.?6:2” The ratio can indicate the origin of compounds or certain
processes that they have undergone. In sport there are compounds that
can occur naturally but taking them to boost performance is illegal. For
example, testosterone occurs naturally in the body but taking it as a
steroid might be indicated by the isotope ratio.28:2° A study of cannabis
seized by police was linked to a specific growing plantation in Brazil

thanks to unique isotope composition.39:31



The work presented in the following chapters will focus on the application

of stable isotope measurements in the environment.

The challenge for any environmental study using IRMS is the trace
concentrations of the analytes. The instrumentation can require as little
as 42 ng carbon equivalent of material.3? For example, this would require
to 85 ng of caffeine to be introduced to the system to be analysed.
Concentrations of caffeine in the WWTP effluent can be as little as 30 ng
- L1.33 Concentrations of other compounds such as illicit drugs can be
lower even still, below nanogram per litre concentrations. Therefore,
quantities required for accurate and precise results may require in excess

of 10 L.34

Previous work concerned with isotopes in surface waters studied oxygen
isotopes in phosphate to gain insights into the isotopic fractionation of
phosphates.3> The sample size, was reported to be 1 - 10 L to enable
sufficient conversion of phosphate to silver phosphate (the final analyte).
The study sample size was similar to the expected theoretical sample
size.3® The study suggested that the oxygen present in the phosphate
molecule might be undergoing oxygen exchange with surrounding water
by an unspecified biological process. Therefore, the selection of the
element to study and the matrix can play a vital role in the interpretation

of the data.



1.3 Compound specific isotope ratios in the environment
Stable isotopes are widely used to study pathways of compounds through

various eco-systems.37-40

For the purpose of CSIA, the sample size can be quite large due to the
trace concentrations of the analytes in the matrix. Targets of interest may
often reside at levels in a range of part per billion or even trillion.11:41.42
Hence, in a surface water context, a sample can be expected to be in a

range of 10 L.4344

Extraction and purification are commonly considered to be the Pre-
analysis steps of primary importance.**4’ The perfect analyte would be
separated from the remainder of the matrix by either purification such as
solid phase extraction or liquid extraction, solid liquid extraction or by
chromatography. That means only a small humber of analytes can be
targeted at a time. A large sample size can only be used to analyse a few
selected compounds. This is very time consuming and therefore not

suitable for large scale routine monitoring.

1.4 Isotopes - Theoretical perspective and background

The mass of atoms bound with a bond affect certain properties of this
bond and the molecule they form such as bond length and dissociation
energy. Bond length is inversely proportional to reduced mass

(represented as p) of the diatomic structure. The mass and bond length

5



relation is presented as per Equation 1-1

Equation 1-1: Reduced mass

mim,

K= my +m,

Here mi and m2 stand for mass of two bonded atoms.48

Equation 1-2: Intermolecular distance between two bonded atoms.

R h
~ |8m2cuB

In the Equation 1-2 above h represents Planck’s constant, c is the speed
of light u is reduced mass obtained from Equation 1-1, and B stands for

rotational constant.4®

Heavier isotopes have a lower zero-point energy increasing the difference
between the zero point energy and the dissociation energy as was shown
in Figure 1-1.°0-52 Conversely, the lighter isotopes will create longer
bonds. The implication of this is well described and studied and gives rise

to the phenomena of isotope fractionation and enrichment.



Dissociation Energy

| A -

Energy

EO Light Isotope
EO Heavy Isotope

>

Intermolecular Separation
Figure 1-1: The relation between the zero point energy (EO) and
dissociation energy in context of isotope. Bond dissociation energy

(BDE) is represented by vertical dotted lines.

From the explanation in the previous paragraphs, isotopic effects are
greater for smaller atoms and molecules. For example, relative the ratio
of molecular mass between deuterium and hydrogen is 1.998 but is 1.083

between 13C and 12C.

Differences in molecular mass between isotopes are usually small, but
result in enrichment and depletion of isotopes during a reaction and this
is referred to as fractionation>3->7. A level of separation in the stable
isotopic composition between isotopologues can also occur based on their

properties and the effect can be referred to as a kinetic isotope effect

(KIE).51,53,56,58-61



The KIE affects all the types of reactions, such as, but not limited to
synthesis, replacement and decomposition. All of these occur in the
environment or are carried out anthropogenically by our activities.
Depending on the type of the reaction there can be changes in the isotopic
composition in the pool of substrates and products. As the reaction
progress the proportion of heavy isotopes in the substrates tend to
increase. The opposite is true for the products. This is the fractionation
result due to the KIE as explained earlier. Chemical reactions and
processes can have a very specific and unique rates. This often can result

in a specific isotope composition.

1.4.1Stable isotopes instrumentation and methods

The following sections will present further theoretical details and
principles of the isotope analysis, starting with a description of carbon,
and oxygen isotopes, a description of isotope ratio mass spectrometers
(IRMS), calculation of the isotopic ratio and isotopic scales. The main
difference is that in CF-IRMS the analyte is combusted to a gas which is
then ionised on the entry into a mass spectrometer. This is in contrast to
techniques that ionize molecules directly without a combustion or other
thermal conversion step. There are two main ways IRMS utilise the
thermal conversion, it is combustion and pyrolysis. Both processes occur
with aid of high temperature. The main difference between the processes

is in the presence of oxygen in combustion process and pyrolysis does

8



not involve oxygen in the process. Products of the combustion process
are carbon dioxide and water. In comparison products of pyrolysis are
carbon monoxide and gaseous hydrogen. Intending to analyse the carbon
isotopes make the combustion process more suitable to this purpose and

therefore the reference gas used is CO;.52

After the molecules elute from a GC column, they undergo a process of
combustion and oxidation in a reaction chamber.63.64 The chamber itself
is either a ceramic or quartz glass tube.®3 Inside the chamber, there are
wires made of oxides of copper, platinum and nickel. Combustion is done
at the temperatures over 800 °C, under excess of oxygen fed into the
chamber from external source.®3.64 Metal oxides present in the chamber
can get reduced as result the combustion reactor needs to be flushed

with oxygen and re-oxidised.

The isotope analysis presented in the following chapters was done at
1020 °C.%°66 This was in accordance with the Once combusted, organic
sample will be reduced down to C, CO and CO.. For accurate data all the
carbon must be combusted to CO,. To ensure complete conversion free
carbon atoms and CO must undergo an oxidation reaction to CO>. This is

achieved by reducing the copper oxide to copper and CO..

The oxidation of carbon and CO for IRMS analysis usually happens by

transporting the gases through an oxidation reactor (throughout this
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study reactor used was Thermo Scientific part number 1255321).6/

1.4.1.1 Isotope ratio mass spectrometer

IRMS instruments work on the same principle as ordinary sector mass
spectrometers and can be coupled to chromatographic techniques. The
initial heterogenous ion beam is split to isotopologues with the same
masses as the ions progress through the electromagnetic field. The
isotopologues with the same mass are separated into geometrically
different beams allowing for them to be measured at different spots by a

detector (Figure 1-2).

Inlet
]

Reference Gas

Combustion
Reactor

] Ion Source [reeeernrzss
Helium +
Water

Gas Chromatogram ].

—»{ Nafion

Helium

Figure 1-2: A diagram of GC-C-IRMS

The IRMS consists of three main sections: the ion source, the
electromagnetic field where the ions are separated, and the detector.

Each of these will be further discused in the following sections. This will
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give context to the explanantions for certain practices and limitations of

the technique.

The IRMS measures the signal of an isotopologue of the corresponding
simple gas and not of an analyte. The reason for this is, even with small
molecules, it is necessary to eliminate interfering isotopes from the
structure like those introduced by nitrogen or hydrogen that may be

forming a part of the molecule and yet are not subject of the analysis.

IRMS instruments are typically built with three or five faraday cups. Three
cups are used to measure the majority of the isotopes. The remaining
two are used for hydrogen and deuterium isotope measurement as, by
design it only measures an ion current and is not able to distinguish
between the isotopes. Each cup is calibrated to measure an isotope beam.

Therefore, the instruments have multiple cups placed in an array.

1.4.1.1.1 Ionization and the ion source

IRMS employs electron impact ionisation also referred to as electron
ionisation (EI). Term electron ionisation is preferable, as word impact
indicates that the electrons generated in the source make contact with a
molecule being ionised. The electron source in EI produces the electrons
through thermionic emission.®® The electrons come from a charged
filament labelled with humber 3 on Figure 1-3. Heat within the system is
generated by the halogen lamps indicated with a number 2 on the Figure

11



1-3.

The ion source consists of an ionisation chamber and a set of ion lenses.
In the chamber, there are parts consisting of a filament and an electron
trap. They are set opposite to each other across the ionisation chamber.
The filament generates an electric field which has high energy typically
of 70 eV. About 0.01-0.03% molecules entering the field become
positively charged by losing an electron (in positive ionisation mode). The
EI works by transporting a molecule through vaccuum and through a
beam of electrons. A beam of elecrons interacts with a molecule and
removes an electron from a valence shell of an atom in the molecule. It
therefore functions predominantly in the positive mode. This ionisation

pattern within the EI is as follows M + e -> M+ + 2e7,69-72
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Figure 1-3: The figure shows the electron ionisation ion source used. The
elements visible are 1 - power source feed throughs; 2 - two halogen
lamps, 3 - a cathode filament plate (the collector is located on the
opposite side); 4 - magnet; 5 - extraction plates and ion lenses. (Photo:

M. Fiedziukiewicz, photo taken during filament replacment).

An IRMS measures signals created by CO; for carbon, CO for oxygen, N2
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for nitrogen and Hz for hydrogen isotopes.’374 The work presented here
focuses primarily on isotopes of carbon. Isotopes of oxygen are discussed
in the following chapters as an interference to carbon dioxide, which is
the gas carbon isotopes are measured as. The ionisation energy is
typically 70 eV however some instruments can deliver range of 50 - 150
eV. Either moderate or excessive ionisation energy will result in inefficient
ionisation or multiple charged ions respectively. The analysis in this thesis
will focus on carbon analysis. The corresponding reference gas is CO3,
and the predominant ions generated through the EI are CO>*. The other
ions are CO*, O*, C*.”> Figure 1-3 presents a photographs of the ion

source installed in the Delta Advantage V IRMS.

1.4.1.1.2 Flight path and ion separation
Resolution of the analysis is affected by a three main factors: difference
in kinetic energy, difference in the point of origin of the ion, difference in

trajectories.

“Trap” and focusing lenses provide necessary control over the angular

and time dispersion of an ion and improve the resolution.

Once the ion enters into the flight tube, it travels along it in a vacuum.
Isotopes are separated by a magnetic field due to their mass to charge
ratio (m/z). If an ion is travelling in the direction (x) perpendicular to the

direction of the magnetic field (y), this ion will be subject to a force
14



working towards direction (z). As isotopes of the same molecule have
different mass the m/z value will also be different. The basic principle of
mass spectrometry using electro-magnetic field is described in Equation

1-3.

Equation 1-3: Relationship between mass to charge ratio and radius

m 12B?
Z 2V

The parameters of the equation are represented by m representing ion
mass, z is ion charge, r is radius of the flight path, B is magnetic force

and Vs is voltage applied to accelerate ions in the ionization chamber

Heavier isotopes, for example, 13C, will have a greater kinetic energy than
12C and the difference in mass affects the flight path. Therefore, when
the magnetic force is applied equally on both isotopes, heavier isotope

13C will be less affected than 12C.

Once the molecule is ionised it will be propelled towards the vacuum tube
- the flight path. In the IRMS the flight path is situated in the
electromagnetic field as opposed to typical charged electric field. IRMS
relies on the Lorentz Force Law which can be expressed with Equation
1-4: Lorentz Force Law with non-perpendicular v and B vectors. Equation

1-4.
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Equation 1-4: Lorentz Force Law with non-perpendicular v and B
vectors.
. Ml-vz
F, = quB(sina) = = F,

m

In the equation parameters are represented by the following symbols: g
is a charge of an ion, v is velocity, B is magnetic field, g is an angle
between vectors v and B, Fc is Centripidal force, M;is ion mass, and finally

rm is radious of the ion motion

After rearranging the above formula it can be presented in the following

form:

Equation 1-5: Rearranged Lorentz Force Law

Tm -

Mi 1%
— X .
q B X (sina)

From the Equation 1-4 rearranged to above Equation 1-5 it can be
deduced that the radius of the path is dependant on the mass to charge
ratio.”’276.77 The mass to charge ratio is equal to three parameters the
radius of the ion path, magnetic field and voltage applied to accelerate
the ions. Both magnetic field and acceleration voltage are constant
through out the analysis. Threfore the change in mass to charge ratio will

be proportional to the radius of the ion path.
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1.4.1.1.3 Detection

Once isotopes are separated, they are collected by Faraday cups. IRMS
instruments use Faraday cups because of their accuracy.”872 Within the
IRMS typically three Faraday Cups are placed in an array to detect
electromagnetically separated signals. Additional cups can be present

depending on the purpose of the analysis.

When an ion makes contact with a faraday cup, its charge causes a small
electric current to flow through the detector. Faraday cups are positioned
on the flight path of a selected isotope, a simplified diagram can be seen

in the Figure 1-4.

+ve ions

Suppréssor L -

Computer

Figure 1-4: Faraday cup diagram

Each cup is connected to a resistor matching its magnitude with the
17



natural abundance of the isotope. For example, the cups positioned to
measure the CO2 gas isotopologues (m/z 44, m/z 45, and m/z 46) are
followed by a resistor 300 MQ, 30 G2 and 100 GQ, respectively. The
electrical current is then amplified and converted to frequency using
voltage to frequency converter (VFC). The frequency is counted and

passed to a digital signal processor and then recorded on a computer.80

1.4.1.1.4 Oxygen compensation

For the purpose of carbon isotope analysis, the IRMS measures
combusted compounds in the form of CO». It is important to note that
the IRMS does not measure R 13C/12C; it measures R #°C0O2/4*CO,. The
latter is affected by the oxygen isotopes and the exact mass of those is
presented in Table 1-1. Some carbon and oxygen isotope combinations
will form isotopologues of the same mass to charge ratio, interfere with

carbon measurements and introduce inaccuracies on the analysis.

Table 1-1: Isotopologues of COz with 12C, 13C, 160, 170, and 180.

CO:2 Isotopologues Mass (Da)
12C160160 43.989830
12C17Q016Q 44.994047
12C70t’0 45.998264
12C18Q1eQ 45.994075
12C180170 46.998292
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12C180180 47.998320
13C16016Q 44.993185
13C1701%0 45.997402
13C170170 47.001619
13C18016Q 46.997430
13C180170 48.001647
13C180180 49.001675

To improve the accuracy of the results there are two main ways of

compensation for oxygen Santrock - Studley - Hayes, and Craig.

1.4.1.1.4.1 Santrock - Studley — Hayes (SSH)
One way to convert R 4°C0./4CO2 to R 13C/!2C is through (SSH)
calculation.8! It is one of the two models used in oxygen compensation in

IsoDat v3.0 and it was used in this work.

The SSH model to solve the correction calculation was presented in an
IUPAC Technical Report.8? The calculation is an iterative procedure and is
still an approximation, however, with multiple cycles of calculations to
generate a R 13C/12C the value becomes stable and surpasses the
accuracy of the instrument measurement. The calculation with four cycles
can result with the ratio with no change down to 59 decimal places in
comparison with the previous cycle. The formula uses two constants A

and K. There are a few references that dispute the exact value of these
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guantities.81-83 The calculations used in IsoDat are A = 0.516 and K =
0.0099235 based on comparison with manual manually calculated values.
When values were identical to 7 decimal places when compared between
the manual calculation and from IsoDat. This is the maximum precision

reported by the IsoDat.

This method was used for data processing presented in this thesis unless
otherwise stated. Appendix A includes an R script that was used to
manually calculate ratios of 13C/12C during this project. It can be adapted

and used to calculate the R 13C/12C from a large data set.

1.4.1.1.4.2 Craig
The second method used is to estimate the compensation for 170.84 The
estimation can be calculated by the following equation. This method is

only an estimate and therefore is not widely used during data processing.

Equation 1-6: Craig's estimation for oxygen compensation

5 13C ~ 1.0676 * 456 - 0.0338  § 180

Further discussion and a critique of both approaches may be found in the

literature.82:84
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1.4.1.1.4.3 Others
Since the development of the two main methods presented in previous
sections, literature does not report any other numerical methods that are

routinely used with data analysis.8>

1.4.1.1.5 Calibration
The signal intensities are arbitrarily calibrated. Therefore, each

chromatogram can have two typical strategies to deal with it.

First, each chromatogram can have a series of gas reference pulses that
are compared to a standard and then the same gas is injected to the
mass spectrometer during the sample analysis. Once the values are
calculated they will be on the reference gas scale, for example CO; for
carbon analysis. To express them on an international scales reference
standard must be used to create a conversion plot with ORreference cas and

Olnternational Scale ON each of the axis.

An alternative strategy is to use an internal standard. This approach

allows direct comparisons between the standard and the sample.

In addition to the above strategies, the analysis sometimes considers only
one standard.®® This can be done, however, if possible multiple standards
should be used such as standard bracketing approach. Single standard

calibration makes an assumption that the correlation will happen in a
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perfectly linear fashion. This limits the results in a way that if the
correlation is not perfect the error can be magnified the greater the

difference between the analytes and standards.

There are certain good practices that can be followed to improve the
accuracy of the isotope results. The ideal approach towards the
calibration would involve three or more standards with delta values
spanning a wide range (enough to cover the expected values during the
analysis), the CRSs and laboratory working standards (LWS) would be

identical to the analyte in their molecular structure.

Using multiple standards will enable correction of the slope and accuracy.
One standard can introduce error when converting onto an international
scale. Two standards correct for the slope inaccuracy however the
precision error still remains. For these reasons three or more standards

is recommended.86

Using standards which span the range of d values expected in the set of
samples. Interpolation is preferred; however, such standards may not

always be available therefore extrapolation is accepted.

The ideal approach is identical treatment of standards and analytes.
Whenever available the standards should be the same compound as the

analyte. This way, the combustion process will be the same.®2 However,
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it is worth pointing out that currently all the standards are expressed on
a scale anchored to a single compound like VPDB, VSMOW2, or SLAP.
Transition from the scale has to be made to the remaining compounds.
Standards or LWS are used with every analysis to correct for any

instrument internal calibrations.
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1.4.21Isotope calculation process

During measurement of reference gas isotope ratios there are
isotopologue combinations present in the gas. In such a case the ratio
calculated would be of the combined effect like in CO. To correct for such
effect, it is necessary to perform a mathematical procedure. Isotope data

processing can consist of several stages.

First stage, is to obtain the signal peak areas and calculate the ratio

between the heavy and the light isotope.

Next, the signal ratio needs to compensated for the oxygen in the
measured CO,.8” This can be achieved by applying the Santrock — Studley
- Hayes (SSH) or Craig compensation method.81.84 The SSH approach is
the more accurate of the two as the Craig method is an estimation as it
includes assumptions based on the natural oxygen distribution and should
not be applied for high accuracy measurements.3681,84 Calculations in
RStudio using both approaches are presented in the Appendix A for future
use. Thirdly, once the ratio is compensated for oxygen, it can be
calculated as a 013Czero. This is an arbitrary value specific to the analysis

entity and the instrument.

For the above reason the 0'3Czero Value needs to be expressed on the
VPDB scale using certified standards. This is achieved via a simple XY

calibration graph.
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Software as provided with the installation of the IRMS does not analyse
the individual data points from a chromatogram and it is not routinely
done. Most contemporary analysis involves taking the data from the
commercially available software which uses a ratio of a peak area

obtained from chromatogram integration.

1.4.3The 0 Scale
For historical and ease of reporting the IRMS results are expressed on a

0 scale - Equation 1-8.86:88,89

Equation 1-7: Stable isotope ratio definition.

13
C
“R = 120

Equation 1-8: Delta notation of the carbon isotope ratio.

13RS ’
§13C = (13 - 1) %1000
R Standard

The 13C and 2C are respective signals of the isotopic counterparts. The
ratio of those signals is also interchangeably abbreviated to a ratio

following Equation 1-7.
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The delta notation as presented in Equation 1-8 is relative to an
international standard. The initial values are a ratio of signals between
13C0O; and 12C0.. Therefore, a raw ratio scale could be applied, however,
due to the small changes between values a relative scale is more practical

and convenient.90

The standards have to be traceable to an agreed international standard
to be compatible. Historically the scales have been updated and the scales

are not equivalent, making the comparison of historical data difficult.®?

1.4.4The isotope scales and primary standards

Currently, standards are maintained by IAEA (Table 1-2).

Table 1-2: Scales and reference standard for isotope analysis of most

common elements.

Element Calibration Scale Ratio Gas
Vienna Pee-Dee Belemnite
Carbon 0.011180 82 CO2
(VPDB)
Vienna Standard Mean
Hydrogen 0.00015576 90 H>

Ocean Water (VSMOW)
Vienna Standard Mean
Oxygen 0.0020052 °2 (6(0)
Ocean Water (VSMOW)

Nitrogen Air 0.0036765 °3 N>

Well defined secondary standards are also available with certificates of

analysis provided with the material. Work presented here is
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predominantly focused on the carbon isotope. Therefore, all the results
will be expressed in relation to VPDB. The oxygen isotopes are also of
interest since carbon is measured against CO». The instrument is not able
to distinguish between 13C160160 and 12C170!%0 since the molecular mass

is almost identical: 44.9932 u and 44.9940 u respectively.®*

The standards above are of limited supply. The most practical way is to
select a material easily available and measure it against a set of certified
reference standards (CRS). This selected material is referred to as
working standard (WS). WS are used with every analysis therefore it is
critical there will be a sufficient amount to last for practical amount of
time. The WS isotope ratio is measured alongside every unknown sample.
The WS can be used as an internal standard and mixed with the analyte.
This way the analyte can be measured against the WS directly. An
alternative way is to inject the WS and the analyte separately within a
short period of time. The common practice is to use reference gas pulses
providing a link between analytes and standards. Those are injected in
every chromatogram. This requires the gas to be uninterrupted and the
environmental conditions to stay as constant as possible. Once the data
is collected the laboratory working standards and the analytes are initially
expressed relative to the reference pulse which is collected during the
injection. A reference pulse is pure CO; gas injected directly into the mass
spectrometer. Since it is the same molecule as an analyte after

combustion, it enables the unknown sample to be referenced to the VPDB
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scale. The sample is measured against the reference pulse the same as
the WS. The WS has a known 0 13C value as was measured against
certified or primary reference standards - CRS. CRS standards are
provided with a & 13Cveps values assigned to them. Having a known &
13Cypps value and a d 13Czero value (measured during the analysis against
the reference pulse), these can be plotted against each other on a
calibration graph with the two data sets on corresponding axis. Form the

graph the zero scale can be converted onto the VPDB scale.

1.4.5Isotope chromatographic effect

As much as different isotopes can affect the reaction rates they can also
have an effect on interactions between the analyte and stationary phase
in chromatography. This is known as the isotope chromatographic effect
(ICE) and it is most pronounced in isotopically substituted analytes.®>-2°

Some of the earliest mentions of the ICE date back to late 1950’s.%7

In the study of Wilzbach and Riesz, deuterated and tritiated counterparts
had reduced retention times compared with the non-substituted
counterparts, referred to as reverse isotope effect. It is also one of the
first reports of ICE on the chromatographic peak width. However, the only
detail provided was that peak width due to radioactive isotope can be
twice as much of the non radioactive counterpart. The chromatographic
effects are often referred to as "S” shape. This refers to a shape formed

across a peak when looking at ratio between the heavy and light signal
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ratio as shown in Figure 1-5.
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Figure 1-5: Chromatogram of DEHP peak (black) and ratio

chromatogram compensated for oxygen using SSH calculation (blue).

Isotope effects were observed in and a much more recent study, which
also presented a link between the polarity of the chromatographic column
and the type of isotopic effect.1°0 Some compounds were presented on
the same GC chromatographic columns, and other combinations can be
paired by the compound on different columns. Compounds on different
polarity stationary phase do not always have to exhibit the same isotope
chromatographic effect. This study presented a number compounds with
either no deuterium or some atoms being substituted with this heavy
isotope. The observed trend was that the less polar the stationary column
the reverse isotope effect is more frequent. This trend reverses with
decreased polarity number. It also demonstrated that the isotope effect

can be switched for the same compound depending on the type of column
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being used and presents a link between the chemical interaction and

isotope effect.

Another aspect that affects the isotope effect relate to the shape of the
molecule. This is demonstrated trough a substitution of isotopes in the
sp? and sp3 positions there are retention differences based on such
substitution. The difference between the minimum and maximum
geometrical cross section of the sp? orbital is greater than the sp3. This
means that the peak broadening of the sp? substituted isotopologue

should be greater than the sp3.101

The articles published by Thakur and Aslani are probably the biggest
contribution to understanding the isotope effects to date however they
do not discuss the peak width. To date, no discussion appears to be
present according to literature review that comprehensively explains the
cause of the ICE or any further detail about peak widths due to different
isotopologues. Majority of data is done through the substituted

compounds.®7,100-104
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1.5 Project rationale and hypothesis
The majority of studies have concentrated on quantifying and identifying
compounds mainly found in rivers.195-107 However, interest has spread to

other, larger ecosystems, like lakes 198, seas and oceans.102,110

Some studies have started looking for the origin of contaminants in
aquatic systems using stable isotope analysis.!11-113 Kim studied stable
carbon isotope signatures of compounds and compared the results of
samples obtained from different marine environments.!!! The reported
result was that PAHs analysed in an urban lake had a unique isotopic
composition. A different study analysed phosphates found in rivers and
reported differences in 880 values obtained for PO43- measured in water
from two WWTPs, although they were not able to determine the origin of
the phosphates analysed.!!2 Inorganic nitrogen was studied in a river and
it was reported that the main sources of nitrogen pollution were

agriculture and domestic waste from residential release.!13

To the best of knowledge, there are not many attempts to combine these
two areas, or tried to trace the origin and understand the future of the
organic pollutants in rivers by measuring the ratio of stable isotopes.
Little is known about the isotopic composition of the trace compounds

from rivers lakes and oceans.
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Typical sample amounts required for an IRMS analysis need to be > 10
nMol.36 Therefore, 3.9 ug of DEHP would be required for analysis via GC-
C-IRMS. DEHP is not expected to be found in concentrations greater than
1.3 yg - L1 in the discharge of the WWTP.114 Considering the extent of
dilution of the WWTP effluent when it enters the river the biggest
technical challenge will be to extract sufficient sample size to determine
the stable isotope ratio of a target. Papakosta conducted a study
determining the isotopic composition of extracted lipids from samples <
100 mg.'!> This study determined the isotope ratio of samples at
relatively high concentrations of 0.1 ug - L't per compound. Obtaining
this kind of concentration from a water sample will be one of the biggest
challenges for this project. The reported concentrations of DEHP in WWTP
effluent can range from 0.3 to 8.2 pg - L'1.116-118 This translates onto

approximate range of 0.5 - 13.0 L of WWTP effluent required.

Isotopes of the same element have different masses. This mass effects
the zero-point energy of the bond with heavier isotopes forming a bond
with a lower zero-point energy.!1® The difference between the zero-point
and dissociation energies is the amount of energy required to break the
bond (see Figure 1-1). Therefore, the heavier isotopes form fractionally
more stable bonds. Therefore, due to the BDE value being slightly greater
for bonds with heavier isotope they react and decompose at a slower rate.
As a result, the final product of an incomplete reaction or one reaching

its equilibrium will result in a different ratio of heavier to lighter isotopes.
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Kinetic isotope effect favours the lighter isotope due to its lower BDE,
however thermodynamic effect is dependant if the analyte is a substrate
of a reaction or a product, skewing the equilibrium towards the heavier
isotope. Overall, this process is known as isotopic fractionation and
relative isotopic compositions are often expressed as a o value in %o.120
Fractionation is of compounds is omnipotent in the environment and
occurs in plants depending on the way that they fic CO2 during
photosynthesis and local environmental conditions. This results in a
carbon isotopic composition that differs between plants from different
areas and by virtue of their photosynthetic pathways.3%°3 A hypothesis
tested will be if there is any observable fractionation or difference in
compounds at trace level. Knowing the 33C value compounds extracted
from a river may give an indication of their origins and testing this

hypothesis will contribute towards this knowledge.

IRMS instruments have low sensitivity when compared to other mass
spectrometry techniques, especially ones that utilize a type of signal
multiplier. However, isotopic information related to environmental
pollutants can provide invaluable data about their origin. Trace
concentrations of target compounds often prove to be difficult and
laborious to extract. Challenge that will be undertaken is to extract
analytes from aqueous sample at low concentrations that material still be
analysed by IRMS. The complexity of environmental samples carry a large

amount of information, most of which is related to unknown compounds.
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The following section will explore additional information that can be

extracted from IRMS chromatograms.

Isotopes have some known effects on chromatography. Most notable are
differences in transfer through a chromatographic column between
individual isotopes of an analyte. Considering the complexities of the
chromatographic interactions those differences should be measurable.
The key metrics of a peak are peak height, retention time and peak width,
amongst others. Those are expected to affect the accuracy of & values
and therefore will be further explored under context of non-targeted

isotope analysis (NTIA).
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2 Experimental

2.1 Materials

The materials which follow are as described in Fiedziukiewicz et al.t29.
The general-purpose filter paper grade 601 was purchased from CamLab.
Di-ethylhexyl phthalate (DEHP) (Tokyo Chemical Industries; GC grade),
benzyl butyl phthalate (BBP) (Sigma; 98%), dibutyl phthalate (DBP)
(Sigma; 99%) and diethyl phthalate (DEP) (Sigma; 99.5%) and hexane
(Arcos; Extra Pure 95+%) were used as received to prepare samples,
standards and secondary reference materials. Two certified standards
were used, caffeine (IAEA600) and glucose (BCR-657) to calibrate

everyday working standards of the phthalates on the VPDB scale.?!

2.2 Standards

Two certified standards were selected and used to create working
standards. Those were caffeine (IAEA-600) and glucose (IRMM-BCR 657).
For laboratory working standards compounds selected were phthalates
used to make the mixed reference were: diethyl phthalate, dibutyl

phthalate, benzylbutyl phthalate, di-(2-ethylhexyl) phthalate.

2.2.1 Preparation of standards - Considerations
The analysis of the caffeine LWS was carried out using EA-IRMS. This is

in contrast to usual analysis using GC-IRMS. The reason for the choice of
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elemental analyser was the solid form of primary standards. EA was a
better choice to compare non-volatile compounds with the selected
standards. For this reason, the preparation is unique as opposed to the
rest of the analysis presented in this thesis. Below steps describe the
preventative actions taken to ensure minimum contamination, accurate

and precise results.

2.2.1.1 Area and equipment

Aluminium foil ~5 x 5 cm was placed onto balance pan, a sheet of
aluminium foil was placed on the bench next and around the balance. The
sheet of foil should be big enough to make a comfortable working space
(this will be working area to prevent unintentional contamination from
any deposits and residues left on the bench surface). This was to prevent
any potential contamination of the outside of the weighing boat. Tweezers
were cleaned with methanol and air dried before every analysis. From

this point on the tweezers were only keep within the work space.

2.2.1.2 Blank Preparation
For analysis, two of empty capsules were prepared using tweezers by
flattening and folding a capsule onto itself. Those were the blank

measurements.

2.2.1.3 Sample

Approximately 0.1 mg sample or standard was weighed into tin capsule.
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The capsule was closed in the same manner as the blank and all the
sample and standard capsules were placed into sample tray and
analysed. The EA-IRMS details are present in the suggested order of
analysis that was used during this study: blank, laboratory working

standard, international certified standard.

2.2.2 Laboratory working standards

The use of primary standards may not always be feasible. For the purpose
of this study a caffeine reagent was prepared and stored for routine
analysis and comparison to any further standards. The preparation of the
LWS material is described in detail in the following sections. Phthalates
that were used to make the mixed reference solution were also analysed

using EA-IRMS for the isotopic ratio of the individual phthalates.

2.2.3 Laboratory working standard preparation process

A solid bulk standard was mixed with a clean metal spatula. A small
approximately 1 mL vial was filled with 0.10 g of the standard. Melted
sealing wax was used to seal the lit and the material. Label the standard
with standard details. Ensure the details on the label will be traceable to
the analysis and individual weights. This can be achieved by recording
the batch being prepared, this will provide the isotopic values. It is also
encouraged to keep the record of the specific bottle. This number in
conjunction with the batch number will allow to access both specific

weights dispensed and the isotope value. Once sealed the randomly
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selected bottles and the stock material were analysed and compared to
each other to verify that the process did not introduce any contamination

nor fractionation of the material.

2.3 Sampling and sampling sites

Sampling methodology is reproduced here from Fiedziukiewicz et al.
Samples were collected in 2.5 L amber borosilicate glass bottles, using a
stainless steel bucket for sampling. The bottles were cleaned with
methanol then deionized water prior to sample collection. Effluent
samples were collected from the drain from the Stoke Bardolph Sewage
Treatment Works (What3Words reference: conducted.reference.thigh;
GPS: 52°58’24”N , 001°02’15"”W), as it enters the River Trent. The river
water samples were collected from the river banks. The sample from the
River Trent was collected 750 m downstream from the WWTP drain on
the same side (What3Words reference: croaking.traffic.comments; GPS:
52°58’48”N , 001°02’18”W). The sample from the River Foss was
collected on the east side of the Palmer Street footbridge 1050 m from
where it enters River Ouse (What3Words reference: engine.local.dose;
GPS: 53°57'30”N , 001°04'24”W).»»» Locations are presented in Figure

2-1.
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Figure 2-1: Location of the sampling sites in Nottingham and York.

SPE extraction was completed within 6 hours on the day of collection.
Both rivers were at high flow (River Foss 4.5 m3 - s1 and River Trent 203
m?3 - s1) at the time of collection. The average flows of the Rivers Foss
and Trent are 1 m3 - st and 90 m3 - s'1, respectively 1?2, Flows reported
were based on the Huntington (station reference F2470) and North

Muskham (station reference 4022) measuring stations (2020).12!

2 L samples were extracted using a set of eight 6 mL Oasis MCX SPE
cartridges (Waters, UK) containing 500 mg of sorbent. The cartridge was
first conditioned with 6 mL of MeOH and deionized (DI) water then 250
mL of sample was extracted with a flow rate of 3-5 mL - min-l. Following
extraction, the cartridges were rinsed with DI water and eluted with 6 mL
of pure MeOH. The aliquots were combined and dried on a hot plate set

to < 75 °C under a nitrogen stream. Once dry, the samples were
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transferred to GC vials using hexane and dried again. The choice of
hexane is discussed later in the chapter. The samples were then
resuspended in 5 gL of hexane for analysis. The vials were wrapped in Al
foil during any storage to prevent sample degradation through the UV

radiation.121,123

2.4 Sample preparation and analysis

The samples were collected into 1 L borosillicate glass bottles directly
from the wastewater treatment water treatment plant effluent discharge.
Sample extraction was done as soon as possible with Water Oasis MCX
SPE cartridge (item number 186000776). The cartrige works in mixed
mode cation exchange and has three main groups attracting cataions,
polar compounds and reverse phase attracting hydrophobic compounds.

The limitation of this approach was that it excludes acidic compounds.

The functional group cartridge was selected based on reported use to
analyse similar sample.12* The cartridge was first conditioned with 6 ml
of MeOH and deionized (DI) water. Next, no more than 1 L of sample was
loaded onto a single 6 cm3 cartridge with 500 mg sorbent. The flow was
kept at an average of 5-6 mL - min-l. The sample was then washed with
DI water. The water was discarded and sample was extracted from the
cartridge with pure MeOH, then with 2 % ammonia solution in MeOH.
Further, multiple aligiots were combined together. The collected extract

was dried on a hot plate set to no more than 70 °C.121
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2.5 GC-C-IRMS
The conditions below were reproduced from the from paper by
Fiedziukiewicz et al for completeness as per section publication arising

from this thesis.

The analysis was performed using an Agilent GC 7890 coupled to a
Thermo Delta V Advantage isotope ratio mass spectrometer. GC
parameters were: injector port: 280 °C; oven: 50 °C; ramp: 3 °C/min to
300 °C and hold time of 8 min; column stationary phase (5%-phenyl)-
methylpolysiloxane (Agilent DB-5); column length: 30 m; internal
diameter 0.25 mm; film thickness 0.25 pm. The GC-C-IRMS combustion

reactor was preconditioned at 1000 °C for 1 h before the analysis.1?!

IRMS combustion reactor was preconditioned at 1000 °C for 1 h before

the analysis.

2.6 SSH Correction

Where stated the data were manually corrected for oxygen using SSH
oxygen compensation calculation. Calculations were performed using
RStudio and R programming. Calculations were adapted from papers by
Santrock, Studley, Hayes (1985) and Brand, Assonov, Coplen, (2010).
Value for 18R is an iterative process and to calculate it starts by an

approximation of this value with Equation 2-1. Then the iteration follows
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the Equation 2-2, Equation 2-3, and Equation 2-4.

Equation 2-1: SSH calculation first step

4-6R

18
R =
2

Here 18R represents ratio of 180 and 0. 4R represents ratio of m/z 46

and m/z 44.

Equation 2-2: Calculation of first intermediate to 18R represented by 18fR.

BFR = (—3K?% » "®R?Y) + (2K * *°R » '®R*) + (2"°R — *°R)

18fR is a first intermediate value, K is a constant equal to 0.0099235, A is

also constant equal to 0.516. 4°R represents ratio of m/z 45 and m/z 44.

Equation 2-3: Calculation of second intermediate to 18R represented by

18£fR.

BfFR = (—6K? * 1+ 1BR?A71) + (2K = R+ A+ B RA"1) + 2

Equation 2-4: Final fourth step of 18R iteration.

18fR

18 18
R = R -
18ffR

This iteration is performed four times and once complete the process if
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finished by following Equation 2-4 again and then Equation 2-5, and

Equation 2-6 below.

Equation 2-5: Calculation of ratio 170 / 160 .

17R — K « 18R/1

17R represents ratio of 17O and 160.

Equation 2-6: Final expression of 13C ratio.

13p _ 45p _ 9 18pi

Here 13R represents ratio of caron 3C and 12C.

A result from Equation 2-6 is 13C / 12C ratio excluding impact from oxygen
isotopes present in CO2> molecule. This process was applied to individual
data points across chromatogram signals resulting in individual values
that are oxygen corrected. The entire process is presented in Appendix A

for RStudio.
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3 Screen experiment of an aqueous matrix

3.1 Introduction
The first stage of the project was to select compounds of interest. The
approach used during this work was to collect multiple samples and from

a selection of different places.

The initial goal of the project was to measure the isotope value of an
analyte in the complex sample. The purpose of this measurement was to

find a link between a potential contaminant and its source.

3.2 Experiment rationale

The purpose of this first experiment is to identify compounds that
repeatedly occur in a number of different WWTP effluents. It is to be
expected to find a greater number and higher concentration of

compounds in the effluent samples compared to the river water samples

I The information and the some of the content of this chapter has been adapted from
published peer reviewed article “Compound specific isotope analysis (CSIA) of
phthalates and non-targeted isotope analysis (NTIA) of SPE-extractable organic carbon
in dilute aquatic environments”. All the work presented here was performed by me with

supervision and guidance from Dr Quentin Hanley.
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from the where the effluent discharges into the river. This initial
experiment was designed to match mass spectra obtained using gas
chromatography — mass spectrometry to the NIST database. GC-MS was
the prefered method of analysis due to the same chromatographic
technique used by the isotope ratio mass spectrometer, which is planned
to be used in future studies. Analytical methods were selected and
followed so that they could also be used for stable isotope ratio analysis
using GC-C-IRMS. The aim of this experiment was to establish a list of

copounds that could be the target coumpounds for IRMS analysis.

3.3 Methodology
Methods presented below were described and/or adapted in a paper

published as outcome of this work in later chapters. 121

3.4 GC-MS

The analysis was performed using an Agilent GC 7890 coupled to a single
quadrupole mass spectrometer. GC parameters were: injector port: 250
°C; oven: 50 °C; ramp: 10 °C - mint to 300 °C and hold time of 10 min;
column stationary phase (5%-Phenyl)-methylpolysiloxane (Agilent DB-
5); column length: 30 m; internal diameter 0.250 mm; film thickness

0.25 pm.

3.5 Results and discussion

A screening experiment using GC-MS was performed on six samples
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collected from three different sites (four from Nottingham, one from York
and one from Retford). The water samples were collected across a period
of time from 09 Dec 2016 to 17 Jul 2017. The samples were collected
from waste water treatment plants and directly from rivers. As the main
aim of the study was to measure selected compounds in a river the
approach adopted was a collection of the single point in time for the entire
study. The approach was the best balance of the timing and practicality.
The timing and extraction of the samples was prioritised to avoid any

decomposition and / or fractionation.

As the samples were analysed by GC-MS there were total there were
1082 compounds that were matched to NIST v2.0 database across all
samples. The factor used to find those matches was minimum match
factor of 80. According to the AMDIS software manual this is a good
match to use for identification.'?> The list of compounds (as presented in
an appendix C) was compiled based on sampling from different location
the ranking was organised based on the frequency the compounds
occurred. There are five compounds that were found in all samples; eight
compounds were found in five samples and 13 of the compounds were
found in four samples. The list of the most frequent compounds can be
found in Table 3-1. None of those compounds were detected in
corresponding blank samples which were extracted and run at the same

time.
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Table 3-1: List of selected compounds previously identified by GC-MS and NIST database in all analysed samples with their
structure, CAS number and brief information on use and origin.

This compound is a

Bis(2-ethylhexyl) ester 1,3- i )I\ i
137-89-3 we” ““”’“j/\ O’ “7 | plasticiser. It is used in food

benzenedicarboxylic acid
containers 126.127

Cl
HaC This compound and
2-Propanol, 1-chloro-, ?
13674-84-5 HaC CHa derivatives are used as
phosphate (3:1) f =
Il common flame retardants 128
Cl 0 Cl
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Compound is used as

ﬁ /— CHs | fungicide, plasticizer, and in
N-ethyl-2-methyl- — N
1077-56-1 | H pharmaceutical production
benzenesulfonamide 0
CHs processes !2°(Richter et al.,
2008)
Farnesol presents
antibacterial and animicrobial
2,6,10-Dodecatrien-1-ol,
H properties 130, For that it is
3,7,11-trimethyl-, (E,E)- | 106-28-5 .,L\_,‘_ A~ S~

(Farnesol)

used in perfumery and wide
range of dermatological

products 131,
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7,9-Di-tert-butyl-1-
oxaspiro(4,5)deca-6,9-

diene-2,8-dione

82304-66-3

H;C

HzC

H3;C

Hs3C

CHs

Compound is detected in
sheep fat. It is reported to be
a product of 2,6-di-t-
butylphenol oxidation 132, The
compound also has been

found in landfill leachates 133,
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Compounds of most interest were those that frequently appear in effluent
and river water based on the screen study. A list of all the compounds
was created with a number of how many samples those were detected
in. The most frequent compounds were listed and presented in Table 3-1.
Out of the compounds in the table above the one that was selected for
future study was the phthalate ester. Some phthalates are known
endocrine disruptors, and others are commonly used as plasticisers.
Those two factors make phthalates of potential interest. In addition,
phthalates have been measured at higher concentrations than the other

compounds from the list,42,118,134-137

Some of the more frequent compounds encountered were phthalates, an
ethyl hexyl and di-ethyl hexyl esters of phthalic acid- plasticisers. Other
frequently observed compounds were short chain fatty acids, sterols and

carotenoids.

One of the most commonly identified is 1,2-benzenedicarboxylic acid,
mono(2-ethylhexyl) ester or mono(2-ethylhexyl) phthalate (see Figure
3-1). This is a hydrolysis product of the common plasticiser - di-(2-
ethylhexyl) phthalate (DEHP) - which in acidic conditions can be a
product of hydrolysis. Phthalates are present as additives in many types

of plastics within the household and they do not bond with those plastics
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allowing them to wash out and find their way to waste water treatment
plants (WWTP).138 If the cleaning process of a WWTP is not fully efficient,

compounds such this will be present in effluent discharged into rivers.

Figure 3-1: 1,2-Benzenedicarboxylic acid, mono(2-ethylhexyl) ester -

CAS: 4376-20-9

As an example of the range of compounds found in WWTP,
carbamazepine, is a common medication prescribed for conditions such
as epilepsy, bipolar, schizophrenia and neuropathic pain.3° This drug was

matched in 4 out of 6 samples tested.

Phenoxyethanol is widely used in cosmetics and is deemed safe at
concentrations of less than 1%, however, some concerns about its safety
have been raised.*® Some harmful effects include eye irritation and skin

dermatitis.14!
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Figure 3-2: Phenoxyethanol - CAS: 122-99-6

Another common compound found in the water samples was squalene
(see Figure 3-3). It was identified against the database in all 7 samples.
Squalene is a C3g hydrocarbon, it is an oily viscous liquid that is immiscible
in water. Squalene can have different origins, it is naturally occurring in
humans, fish, variety of oils (olive, wheat and rice) and yeast,142-144
Squalene must be handled with care as it is present in human sweat and
makes it very easy to cross contaminate samples. From the point of
isotopic ratio this diversity combined with complex reactions that
occurred by the point of sampling, makes this compound of potential
interest to further project. However, it is outside of the scope of the
current work, presented here. A full list of compounds matched with NIST

database is attached as Appendix D: Compound screen list.

Figure 3-3: Squalene - CAS: 111-02-4
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3.6 Conclusion

Results obtained gave a good insight into the possible list of compounds
that can be expected in effluent samples from various WWTPs. Any
compounds found in the corresponding blanks were excluded from the
list of compounds found in the sample. This was done to avoid listing
compounds that were introduced through glassware or equipment. Due
to the number of possibilities, it was impractical to be able to verify the
identity of all of them and focus was emphasised on the selected few
compounds that were verified with standards. The list of the compounds
was compiled based on the possible matches with NIST database.
Compounds of interest were selected from the list of possible matches
based on their frequency and to confirm the identification they were

matched with standards.

Diethylhexyl phthalate was selected to be the main subject of the study
together with DEP, DBP, and BBP. This compound has a number of
biological and environmental effects, this is discussed in the following

chapter. It also has pronounced peak and it is of anthropogenic origin.

The next steps to this experiment will be to quantify some of the
frequently reoccurring compounds and measure the isotope values of a

compound at trace level present in the complex matrix.
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4 Phthalates in aquatic systems following
compound specific isotope analysis

(CSIA) U

4.1 Introduction

Anthropogenic polluting compounds in rivers have been widely studied
for some time. Examples include drugs, medicines, healthcare products
and others.121.145-148 phthalic acid esters (PAEs) are common plasticizers
and a proportion of those, in their life cycle, find their way into WWTP
effluent and rivers via a range of sources. Those sources include human
excretion after ingestion of food exposed to PAE present in the plastic
packaging, cosmetics, and other typically domestic sources.!21/149-151
PAEs are more easily detected in WWTP effluent as opposed to river water
due to their presence in higher concentrations.121:152 Most domestic waste

will end up in a WWTP as sludge that is treated and, subsequently,

I'The information and the content of this chapter has been published in a peer reviewed
article "Compound specific isotope analysis (CSIA) of phthalates and non-targeted
isotope analysis (NTIA) of SPE-extractable organic carbon in dilute aquatic
environments”. Fragments of this paper have been used or adapted in this chapter. All
the work presented here was performed by the author with supervision and guidance

from Dr Quentin Hanley.
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discharged into rivers as effluent with any remaining compounds mixing

with a wide range of natural and man-made materials.!2!

4.1.1 Phthalates

Based on the considerations in Chapter 3, phthalates were selected to
demonstrate CSIA applications in dilute aquatic systems. Phthalates are
a group of mostly synthetic compounds used as additives mainly in the
manufacture of poly vinyl chloride (PVC) plastics which are used in nearly

every aspect of everyday life.

Phthalates are esters of phthalic acid with a generic structure presented
in Figure 4-1. Addition of phthalates to plastics makes the material more
flexible and elastic and has been used for this purpose since about
1920.153 The degree of flexibility and elasticity depends on the amount of
the phthalate added, hence its wide use in the industry. Currently it is
widely considered that the phthalates are mainly synthetic. However,
some studies are emerging, reporting biosynthesis of these compounds

by certain type of algae and fungi.t>4-157
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Figure 4-1: Di-ester of phthalic acid. Ri, R> are generic organic groups

containing ester forming oxygen.

4.1.1.1 Health effects of phthalates

Once mixed with a polymer, phthalates do not chemically bind with the
matrix and are free to leach out of plastic.1>8 If used in food containers
this allows those phthalates to transfer into organisms and then further
into environment. Transfer of phthalates to environment and other
organisms have wide negative effects since phthalates are thought to be
endocrine disruptors, cardiotoxic and a cause of obesity amongst other
health effects.1>9-161 In children, they are reported to be associated with
obesity, ADHD, autism spectrum disorder, neurodevelopment, asthma,
and allergies.162-166 Similar effects are also observed in broader animal
kingdom. 167,168 A|| those negative effects in a wide range of environments
stress the importance of studding, controlling and minimising the

exposure of phthalates.
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4.1.1.2 Restrictions on the use of phthalates

DBP and DEHP are allowed to be used in plastics at concentrations not
more than 0.05 % and 0.1 %, but up to 20% of plastics that are in contact
with food, might contain plasticisers at concentrations greater than the
allowed limit.162:170 According to the US FDA, dibutyl phthalate (DBP) and
dimethyl phthalate (DMP) are used rarely and only DEP is still used in
cosmetics manufacture.l’! The European Union restricts the use of certain
phthalates such as DEHP, DBP, as well as benzyl butyl phthalate (BBP) in
children’s toys and other childcare products where concentrations less
than 0.1 % are permitted.!’? Some phthalates such as DEHP are banned
in cosmetic products by the EU.173 In the UK, the MHRA recognises and
is encouraging all the manufacturers of plastics used in medical items to
replace DEHP with alternatives. However, it was decided that no

additional measures are required to regulate the use of DEHP.174

4.1.1.3 Phthalate exposure

Studies have even presented data showing that phthalates can be
detected and quantified in the atmosphere, 17>-177 surface waters and
soils 178179 phthalates found in domestic households find their way into
waste. The compounds are then transported to a WWTP where waste is
cleaned. Studies compared the efficiencies of waste water treatment
plants.114.179-181 Any WWTP using more than one technology to purify the

influent will increase the purification efficiency from ~65% to ~95
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%.135182 Once purified, effluent is discharged into rivers, however,
effluent is rarely free of pollutants. Once discharged, DEHP levels of about
0.5 pg - L1 can be found in fresh water, as shown by a study conducted

in Netherlands.182

Babu reported that certain phthalates might be biosynthesised by
bacteria.!83 They extracted selected strains of bacteria and observed an
increase in concentration of phthalates in bacterial medium. Spirogyra
sp. gave the highest concentration of MEHP. DEHP was not quantified in
this study, however, it was noted that DEHP was detected in all the
cultures tested but that it then degraded to MEHP. For comparison of
selected phthalates (DMP, DBP, DEHP, and BBP) levels in WWTP effluent

were 0-5.95 ug - L1, 0-0.68 ug - L'}, 0-188 ug - L1, and 0-0.32 ug - L

1.179,184

4.1.1.4 Phthalate decomposition and their metabolites

Majority of di-ester phthalates are metabolized to their mono-ester
analogues.8 and are typically excreted in urine as, for example, mono
2-ethyl-5-hydroxyhexyl phthalate, mono 2-ethyl-5-oxohexyl phthalate,
mono-2-ethyl-5-carboxypentyl phthalate, mono-[2-(carboxy-
methyl)hexyl] phthalate.186-189 phthalates (DMP, DEP, DBP, BBP, DNOP,
DPP, DEHP) decompose, to variable degrees yielding benzoic acid, by

biodegradation mediated by Bacillus mojavensis.1°® B. mojavensis was
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detected in the WWTP effluent(?).191.192,

In WWTPs, phthalates have been shown to undergo ~60% decomposition
during activated sludge processing.1®3 A similar study comparing the
efficiency of DEHP removal in two treatment plants 164 revealed that the
oxidation pond (OP) process was less effective at purifying the sludge
influent than the activated sludge and aeration (ASA) system. The OP
WWTP removed 43.3% of phthalate esters while the ASA plant removed
54%. Results also show that DEHP removal on average was 17% and

33% in OP and ASA, respectively.136

Decomposition of DEHP in WWTP sludge at 35 °C treated as a first order
reaction gave rate constant, k, in a range of 0.03 - 0.07 d-1.194195 This
study was based on an anaerobic continuous flow stirred tank reactor

model, operated at 5 to 20 °C.

4.1.1.5 Phthalate sources in the environment

A study has described the effects of pH and heat on the leaching of DBP
from food containers.1%6:197 They showed that the leaching of DBP
depends on the pH of the food material. Both acidic and alkaline samples
leached more phthalate than the neutral pH. This could be due to
increased polarity of the solvents however no in depth discussion was

provided.
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4.1.1.6 Phthalate isotopic fractionation

Lab-based studies have investigated fractionation of phthalates. For
example, isotopic fractionation of hydrogen and carbon isotopes in
phthalates was observed when decomposed by persulfate oxidation and
demonstrates hydroxyl radical.1®® This study demonstrates that isotopic
information could distinguish which process are involved in the
decomposition of the selected phthalates (dimethyl phthalate, diethyl

phthalate and dibutyl phthalate).

For example, it has been shown that the longer the ester chain in a given
phthalate, the smaller the carbon fractionation.®® When decomposed by
a single strain bacteria in laboratory controlled conditions. This
information indicates that the size of the molecule may have difference
in fractionation rate under the same bacterial conditions. Similarly, the

size of a molecule can affect the chromatography and separation.

Photolytic decomposition under UV increases the heavy carbon isotope in
DMP, DBP and DOP. The smaller the molecule the greater the
fractionation.!23 Phthalates in this research were only studied at a
laboratory scale of the degradation model using a selection of phthalate
esters: di-methyl phthalate, di-ethyl phthalate, and di-butyl
phthalate.19°:200 Isotope values reported range was from 313C -29 %o to
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013C -26 %o. This is comparable to the results presented later in this

chapter.

The technical challenge was to extract sufficient sample size to measure
isotope ratios. Previous work has determined the isotope ratio of
extracted lipids from samples < 100 mg.!!> This study claims to have
measured isotope ratio of samples at concentrations of 0.1 mg - mL? of
an individual compound, an unrealistically high concentration for water
pollution studies. Obtaining this kind of concentration from a water
sample will be one of the biggest challenges of this project. A second big
challenge that is expected during this project is to obtain a good
chromatographic separation of very complex samples, as well as

minimizing the base line noise.

Although several laboratory studies have considered the isotopic
composition of phthalates, none have been conducted in dilute aquatic

systems and WWTP effluent.

4.1.2 Compound specific isotope analysis !

Compound specific isotope analysis (CSIA) in either WWTP effluent or

I This section has been reproduced from the article by Fiedziukiewicz et al. as per

section Publication Arising from this Thesis.
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river samples has not been done previously. Such information can help
and identify the origin of the pollution if the processes are sufficiently
understood. This will not be possible without first being able to measure
the isotope compounds in aquatic systems. Furthermore, the
understanding of the real life and scale purification might provide a tool

to measure the efficiency of the WWTP based on the level of fractionation.

Most studies focus on either spiked samples or lab scale study. Analysis
of samples directly from the environment can allow for monitoring of the
selected compounds but also for potential links with the sources.
However, the field CSIA is commonly used in forensic and environmental
studies but it also has applications in sport, geochemistry, food and
extraterrestrial chemistry.199:.201-203 1t incorporates a separation step
followed by combustion, to produce CO, CO2, N2, or Hz prior to measuring
the isotope ratios.1?1204 This allows for multiple compounds to be
separated and analysed at once making the analysis more efficient. Such
aspect very important in routine or larger scale analysis of complex

matrices.

The major advantage of CSIA over elemental analysis (EA) IRMS is the
application of chromatography to separate complex samples. CSIA was
successfully applied to a selection of compounds in the range of 138 -

1389 ng - L using 10 - 12 litres of groundwater.34 It is also used for
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laboratory scale studies of isotope behaviour.192.205,206 CSIA offers the
possibility of assessing source and fractionation of anthropogenic material
released into the environment.207.298 [sotopic fractionation of carbon in
the environment is affected by, but not limited to, factors such as
humidity, temperature, atmospheric pressure and chemical
reactions.31:198,209 Qver the past decade, a number of studies have been
published presenting model results of the analysis of emerging pollutants
in spiked environmental samples using CSIA finding an inverse
relationship between the size of the molecule and the level of isotopic
fractionation.121.205,210,211 These combined factors have made it possible

to determine the origins of samples.30:31,63,212

A linear correlation has also been shown between two GC detectors - the
GC-FID and GC-IRMS.213 This supports the idea to use the GC-IRMS to

measure the quantity of analyte in an unknow sample.

4.2 Results and discussion

4.2.1 Measurement of laboratory working standards

Once the working standard was prepared as described in the previous
sections, samples were taken from the pool individual aliquots for
analysis. Three individual samples were selected at random and tested in
triplicate. The aim is to determine the uniformity of the references across

the prepared batch and within the individual vial. Delta values in
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comparison to the reference peak only are presented within the Table 4-1

below.

Table 4-1: Individual results of the working standards of caffeine

expressed on a zero scale (reference pulse ratio is set as zero).

813Czero value Average Average Total
—-7.64
-7.77 £ 0.12
Vial 3 -7.77
n=3
—7.88
-7.79
—-7.88 £ 0.13 —-7.86 £ 0.13
Vial 40 -7.82
n=3 n=9
—-8.02
-7.91
-7.94 £ 0.12
Vial 84 —-8.07
n=3
—-7.83

Above results show that reproducible results can be obtained from the
individual reference vial and that randomly selected vials are comparable

to each other.

4.2.2 Matrix solvent

Solvents can have a large effect on the sensitivity of the mass
spectrometer.?4 The type of ionisation The intention of measuring
compounds at very low concentrations required method optimisation. The

selection of solvent was done by comparison of three selected solvents:
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acetone, methanol, and hexane. The concern was to make sure that

during the preparation the analytes would not react with the matrix.

Six solutions of DEHP were prepared at two concentrations and in three
solvents each. Each of the solutions was injected 11 times. The runs and
injections were expected to be lengthy due to the complexity of the
sample. From the previous chapter a environmental sample can include
upwards of 300 compounds. Separating every individual compound was
unfeasible. Therefore, purpose was to examine chromatographic changes
across as long a period as possible. The concern was around degradation
of the standards and potential isotope fractionation. The sequence was
arranged so that the injections were evenly spread out across 90 hours.
There were 11 time points with approximately 8 h intervals. Such an
arrangement allows for an evaluation of the solution stability over the
given period. This is important consideration especially if a reference

solution is used for a prolonged period of time.

Table 4-2: Descriptive statistics of the solvent effect at nominal
concentration of 100 ug - L't (n = 11) The values compare the Peak

Area (PA), and the 3'3Czero.

Matri Average SD PA RSD PA | Average SD
atrix

PA (VS) (VS) (°/o) 813Czero 813Czero
Acetone 3.247 0.393 12.095 3.80%o0 0.50%o0
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Hexane 4.301 0.395 9.179 3.70%o0 0.42%o0
Methanol 0.095 0.031 32.726 2.51%o0 5.42%o0

Data presented in the Table 4-2 show the average, standard deviation
and relative standard deviation of the peak areas. However, delta values
only have average and standard deviation. This is because delta values
are expressed as relative ratio of a standard and are not absolute. Similar
values of the analyte and the standard can result in very high values of

% RSD, even if the variability is within the instrument specification.

Based on the data in the Table 4-2, hexane had the highest peak area,
the lowest RSD, and the smallest SD for the 813Czero. Hexane was selected

as an optimal solvent and used for the remainder of this work.
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Figure 4-2: Comparison of DEHP in hexane peak area and 33Czero being

reinjected over time (black — peak area; blue - 313Czero).
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From the data presented in the Figure 4-2 it can be concluded that the
length of the sequence can be about one day. The peak area does not
deviate from the mean by more than 9.2 %. Within the same time frame

the delta values standard deviation was = 0.4 %eo.

4.2.3 Water sample GC-IRMS analysis

Due to the volumes of the preparation process a new extraction is
required with every analysis. The presence of di-(2-ethylhexyl) phthalate
was confirmed in samples by matching the retention time with a reference
run at the same time. For an example of a IRMS chromatogram see Figure

4-3.
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Figure 4-3: A partial gas chromatogram (m/z 44) obtained from

Nottingham waste water treatment plant effluent.

Phthalate samples were analysed using solid phase extraction sampling

techniques.

4.2.4Compound specific isotope analysis - phthalates from a
WWTP IV
To evaluate the relationship between signal level and & 3C values in
phthalates, a range of concentrations from 5-100 ug - mLl. Standards
were run at the same time as the isotope analysis. With 1 pL injections
this is equivalent to 5-100 ng of compound being introduced into the
system. GC-C-IRMS is reported to require 10-100 ng of an analyte for
reproducible results 1°2, The SD for 13C values was = 0.4%eo0 across the
full range including the lowest standard concentration (5 pg - mL1).
Standard deviation values (n=5), at separate concentrations, ranged
between +0.1%o0 and +0.2%o for a set of 30 pg - mL1. The average &
13C value at each concentration ranged from —26.6%o0 to —26.4%o0. No

significant trends were observed in either the mean values or precision

IV Below section has been reproduced from the article by Fiedziukiewicz et al. as per

section Publication Arising from this Thesis.
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throughout the range of concentrations. The minimum concentration
considered was 5 pug - mL! which corresponds to 0.013 ug - mL?! in a
field sample when following the extraction procedure. For reference for
the 5 ug - mL! DEHP sample, a signal of 479 arbitrary raw intensity units

for m/z 44 was obtained.
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Figure 4-4: DEHP & ®3C values across a range of concentrations with

standard error represented by error bars.

Phthalate esters: DEHP, BBP, DBP and DEP, were detected and
characterised in waters from WWTP effluent discharge and the two rivers.
Figure 4-4 presents the stability of DEHP & !3C values across a selected

range of concentrations. To date phthalates have been studied in model
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experiments and spiked samples.®09.200,205.215 Tg the best of the author’s
knowledge, this is the first report of CSIA conducted on these compounds
extracted directly from real environmental samples. Figure 4-3 depicts a
representative GC-C-IRMS chromatogram with a mixed standard
superimposed. The presence of the phthalates was confirmed by GC-MS.
DEHP was found in all samples analysed. This is consistent with this ester
being the most widely produced plasticiser in the world, previous

published reports and data presented in

4.2.5 Quantitative compound specific isotope analysis

A range of concentration standards were run at the same time as the
isotope analysis. The range of concentration evaluated was 5-100 pg -
mL-t. With sample injection size of 1 pL, this range is equivalent to 5-
100ng of being introduced into the system. GC-C-IRMS is reported to
require 10-100 ng of an analyte for reproducible results.'®® The SD for
013C values was + 0.4%o0 across the full range, and the same value for
standard at lowest concentration - 5 pg - mL1. No trending change of
accuracy or precision was observed throughout the range of
concentrations. The slope value was calculated to be -0.0011. SD values
at separate concentrations ranged between + 0.2 %o for set of 45 ug -
mL-! standards and £+ 0.5%o for set of 30 ug - mL! (n = 5). The average
013C value at each concentration ranged from —26.6 %o to —26.4 %o (see
below).121
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4.3 Quantification calibration curve

Different concentrations at which standard solutions were made: 0.5 mg
- L1, 10 mg - L'1; 100 mg - L'1; and 1000 mg - L' by series of dilution
steps. Each solution was injected onto the system five times. Figure 4-5

presents data obtained.

4.3.1 GC-C-IRMS vs GC-MS: A comparison of the two techniques
in relation of their suitability to quantify the sample
amounts

To assess the suitability of the GC-C-IRMS system for quantification

purposes and to evaluate 613C values at a set of different concentrations.

Solutions spanning four orders of magnitude were measured using GC-

C-IRMS and GC-MS.
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DEHP Calibration Plot
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Figure 4-5: Calibration graph for DEHP in the range 0.5- 1000 mg - L

presented on a log-log scale as obtained by GC-C-IRMS and presented as

a sum of the channels.

The exact concentration of the analyte in a sample of surface water could

vary. Therefore, it was important to assess the sensitivity of the GC-C -

IRMS. This was achieved by measuring solutions of DEHP. Table 4-3

below presents the d!3C values for the different concentrations.

Table 4-3: Individual results of the calibration DEHP calibration graph

used to calculate d!3C from the effluent sample and DEHP concentration.

mg - L?

0 13C value (%o)

1000

—26.647

—26.784 %o0- Average
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1000 —26.743 0.1 %o - SD
1000 —26.795
1000 —26.880
1000 —26.855
100 —27.083
100 —26.593
—26.985 %o - Average
100 —27.453
0.4 %o - SD
100 —26.663
100 —-27.133
10 —26.278
10 —-26.070
—26.576 %o - Average
10 —28.903
1.3 %o - SD
10 —25.923
10 —-25.706
0.5 —-24.931
0.5 —73.948
—39.629 %o - Average
0.5 —-86.033
38.0 %o - SD
0.5 —11.480
0.5 —1.755

As expected, the precision presented in the Table 4-3 decreases with

lower concentration of the solution analysed. Further information about

the relationship between concentration and d 13C was possible due to the

complexity of the chromatograms.

Table 4-4: Table presents average, standard deviation and relative

standard deviation data for each concentration on the calibration graph
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for each isotopologue

All DEHP 44 45 46 3 13C

1000 mg - L1
Ave 38.18 37.58 0.48 0.16 -26.78
SD 1.6 1.6 0.02 0.007 0.1
RSD 4.3 4.3 4.4 4.5

100 mg - L!
Ave 2.33 2.29 0.029 0.0098 -26.99
SD 0.06 0.05 0.0007 0.0004 0.4
RSD 2.4 2.4 2.4 4.6

10 mg - L!
Ave 0.21 0.21 0.003 0.001 -26.58
SD 0.008 0.008 0 0 1.3
RSD 3.9 4.0 0 0

0.5mg - L!
Ave 0.0072 0.007 0 0 -39.63
SD 0.002 0.002 0 0 38.0
RSD 28.5 26.7

As can be seen (Table 4-4), the most consistent quantitative data were
obtained in a range of about 100 mg - L'1. However, the 10 mg - L't and
1000 mg - L! were also consistent. The 3!3C values were improve with

increasing concentration of the standard solutions up to 1000 mg - L.

The same solutions were also analysed by GC-MS. Table 4-5 presents the

comparison of the measurements.

Table 4-5: Table presents total peak area average, standard deviation
and relative standard deviation data for each concentration obtained by

GC-C-IRMS and GC-MS
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DEHP GC-C-IRMS GC-MS
1000 mg - L1
Ave 38.2 569 * 10°
SD 1.65 457 * 104
RSD 4.32 % 8.03 %
100 mg - L!
Ave 2.33 161 * 10°
SD 0.0553 360 * 104
RSD 2.38 % 22.3 %
10 mg - L!
Ave 0.207 129 * 104
SD 0.00811 677 * 103
RSD 3.92 % 52.4 %
0.5mg - L1
Ave 0.0072 446 * 102
SD 0.0020 372 * 102
RSD 28.5 % 83.4 %

Based on the relative standard deviations from the above results GC-C-
IRMS shown greater precision than GC-MS. GC-C-IRMS gave consistent
accuracy in the range between 10 mg - L1 -1000 mg - L'1. The instrument
precision was poor only when a concentration of 0.5 mg -
analysed, however, when in the range between 0.5 mg - L' to 10 mg - L

1 the response was low and was not evaluated.

The precision of GC-MS correlates with the concentration. As the

concentration of solutions decreases the precision of the measurement
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decreased with it. Based on the values shown in Table 4-5, using the GC-
C-IRMS can be used to quantify content DEHP at concentrations of 10 mg

- L't and higher.

4.3.2 Quantification of phthalates with GC-C-IRMS

As already established and demonstrated in an earlier section, a linear
response of faraday cups in IRMS is already well-known.216.217 The
excellent precision and good linearity of the GC-C-IRMS indicated, the
GC-IRMS data is capable of providing quantitative CSIA (qCSIA) to a low
concentration environmental sample. The quantification of DEHP was

performed by GC-C-IRMS.121

Analysis of the effluent sample gave the following results. DEHP
concentration in effluent and river Trent water down the stream from the
WWTP drain were in the range of approximately 200 ng - Ll. As per
Environmental Quality Standard directive 2008/105/EC the DEHP limit in
surface waters is <1.3 pg - L for annual average. Therefore, the rivers
are meeting this standard on the days sampled. This directive does not
specify a maximum allowed concentration for DEHP. Concentration values
correspond to 3.5 kg of DEHP passing through the river Trent every day.
In comparison, only 53.1 g of DEHP passes through the river Foss every
day. Slower river flow and therefore daily DEHP retention rates correlate

with the observed enrichment of 313C values. The slower the river flow
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the longer the pollutants are in the river extending the time for any in
river decomposition to progress. This can be an indication of DEHP
degradation instead of dilution. However, further work needs to be

carried out.12!

The concentrations of DEHP in WWTP Effluent, River Trent and River Foss
were 0.20 pg - L1, 0.22 ug - L%, and 0.14 pg - L respectively. However,
as GC-C-IRMS involves a quantitative combustion, it might afford the
opportunity to use one set of quantitative standards for multiple known
compounds. This concept can work because the signal measured by the
MS is from one type of molecule - carbon dioxide when measuring the
carbon isotope ratios. By converting a known quantity of an identified
compound into corresponding quantity of carbon dioxide and vice versa,
it is not necessary to create a calibration graph for each compound. A
quantity of CO2 gas assessed can be mathematically converted into
corresponding amount of the original molecules. However, standards are
still necessary to confirm the identity of the peaks. The GC-C-IRMS does
not evaluate the fragmentation of the analytes. Therefore, it will not
provide any structural information about the analyte. Alternative can be
use of the internal standard. This could be an option in a simple matrix
where the internal standard could be isolated. However, adding an
internal standard to a complex sample could render the standard

unusable. High potential of lack of separation would interfere with the
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standard.

4.4 Conclusion
The findings in this chapter have been previously published and document
the first time carbon isotopes were measured in the phthalates extracted

directly from WWTP effluent and river.

The standard deviations obtained for this CSIA technique were in the
range from 0.1%o0 — 0.2%eo0. This precision will be the benchmark for this
study. When 013C values of the above phthalates were compared, very
small differences were observed between pre- and post-purification of the
samples. It should be noted, however, that a small 13C enrichment was

observed in two of three samples.

The work has been cited by a review article prepared by the French
Geological Survey.?® They stated that this is an early example of CISA
presented from surface waters at low concentrations. It was also stated
that this was an important step towards large volume SPE for CSIA. The
result of the phthalates presented in chapter 4, were also referred to by
the Russian Academy of Science. They compared their results to ones
obtained from this study and build on the knowledge about the stable
composition of phthalates in surface waters.?1° The values presented were

comparable to ones presented in these studies. Despite emerging data
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showing that the phthalates can be of natural origin, currently the data

seem to indicate that the phthalates are more of anthropogenic origin.
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5 Non-targeted isotope analysisY

5.1 Introduction

The samples collected for CSIA gave chromatograms with over 100 peaks
of which only four were used for CSIA. The complex chromatograms
provided an opportunity to understand the isotopic behaviour of these
unknown compounds. Prior to this work, such material that might be in
the river, could be analysed using a range of targeted approaches (GC-
MS, LC-MS, etc.) without IRMS or by total organic carbon (TOC).12! TOC
has been combined with IRMS to study organic material in rivers with
typical values in the range —25 %o to —29 %0.220-222 However, almost
nothing is known about isotope & values of the compounds within the

complex samples

Therefore, a non-targeted approach was used to examine the isotope

ratios in wastewater treatment effluent (WWTE) and river samples using

V The information and the content of this chapter has been published in a peer reviewed
article "Compound specific isotope analysis (CSIA) of phthalates and non-targeted
isotope analysis (NTIA) of SPE-extractable organic carbon in dilute aquatic
environments”. Fragments of this paper have been used or adapted into this chapter.
All the work presented here was performed by me with supervision and guidance from

Dr Quentin Hanley.
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GC-C-IRMS after solid phase extraction (SPE). NTIA was applied to over
100 unidentified compounds. The aim was to use GC-IRMS and analyse
wastewater and environmental samples with analytes at trace

concentrations in order to measure the 313C in a range of compounds.121

5.2 Sensitivity check of IRMS

In Figure 5-1 a range of unknown compounds were compiled together.
When 813C values were plotted against the corresponding peak intensity
there is a clear wide spread of isotopic values at low intensities. This
demonstrates that there is an optimum threshold that can be defined for

analysis of organic compounds in surface water.
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Figure 5-1: Presentation of the precision distribution across a range of
intensities. The data presented is of three water samples: river Trent,

Foss and from WWTP Effluent.

Results are accompanied by a minimum of four standards analysed at the
same time (DEP, DBP, BBP, DEHP). There is to be at least one standard
before and after the sample run. All replicates of standards should not

deviate from the mean by more than two standard deviations.

5.3 NTIA - Non-targeted isotope analysis V!

The GC-C-IRMS analyses produced a large number of peaks
corresponding to unknown compounds (Figure 4-3). The signals from
these non-targeted unknown compounds can be used to obtain 613C
values using the phthalate standards as references. It is unrealistic to
identify all, prove with authentic standards, and generate appropriate
isotope standards before examining isotope ratios. NTIA allows
comparison of compounds between samples (e.g. different rivers) and
the identification of exceptional compounds for subsequent CSIA.
Standards ideally should be chemically close to the sample.3® Future

studies can examine the amount of bias introduced by this

VI This section is based and largely adapted from published article by Fiedziukiewicz et

al. as per section Publication arising from this thesis.
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standardisation, but the NTIA results presented here will reflect the use

of these standards.!2!

The sample chromatograms were assessed to gain an idea of the scope
of pollutants this method can be applied to. After examination of the
chromatograms, 56 peaks in effluent sample were considered adequate
for isotopic analysis. In the river Foss this number was 26 and in river
Trent it was 34. Two factors were identified for the purpose of this
assessment: the resolution to be >1.0, and the intensity to be of or above
minimal stable signal. The resolution ensures almost complete separation
between the peaks 223 therefore will minimise isotopic interference
between neighbouring peaks. Greater separation threshold can be
applied this however will in turn dismiss a greater number of peaks.
Examining the IRMS signal ratio across a peak allows for further

reassurance of peak purity and potential impact on the isotope results.

As the second parameter, the smallest stable signal identified was 100
mV. The standard deviation of the 0!3C measurements at the said

intensity was <0.06%o0, hence the value was set to be the threshold limit.

5.4 The WWTP, Trent, and Foss samples provided 117, 127, 121

peaks, respectively after SPE extraction. The samples used
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were the same as discussed in Materials
The materials which follow are as described in Fiedziukiewicz et al.t29.
The general-purpose filter paper grade 601 was purchased from CamLab.
Di-ethylhexyl phthalate (DEHP) (Tokyo Chemical Industries; GC grade),
benzyl butyl phthalate (BBP) (Sigma; 98%), dibutyl phthalate (DBP)
(Sigma; 99%) and diethyl phthalate (DEP) (Sigma; 99.5%) and hexane
(Arcos; Extra Pure 95+%) were used as received to prepare samples,
standards and secondary reference materials. Two certified standards
were used, caffeine (IAEA600) and glucose (BCR-657) to calibrate

everyday working standards of the phthalates on the VPDB scale.!?!

5.5 Standards

Two certified standards were selected and used to create working
standards. Those were caffeine (IAEA-600) and glucose (IRMM-BCR 657).
For laboratory working standards compounds selected were phthalates
used to make the mixed reference were: diethyl phthalate, dibutyl

phthalate, benzylbutyl phthalate, di-(2-ethylhexyl) phthalate.

5.5.1 Preparation of standards - Considerations
The analysis of the caffeine LWS was carried out using EA-IRMS. This is
in contrast to usual analysis using GC-IRMS. The reason for the choice of

elemental analyser was the solid form of primary standards. EA was a
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better choice to compare non-volatile compounds with the selected
standards. For this reason, the preparation is unique as opposed to the
rest of the analysis presented in this thesis. Below steps describe the
preventative actions taken to ensure minimum contamination, accurate

and precise results.

5.5.1.1 Area and equipment

Aluminium foil ~5 x 5 cm was placed onto balance pan, a sheet of
aluminium foil was placed on the bench next and around the balance. The
sheet of foil should be big enough to make a comfortable working space
(this will be working area to prevent unintentional contamination from
any deposits and residues left on the bench surface). This was to prevent
any potential contamination of the outside of the weighing boat. Tweezers
were cleaned with methanol and air dried before every analysis. From

this point on the tweezers were only keep within the work space.

5.5.1.2 Blank Preparation
For analysis, two of empty capsules were prepared using tweezers by
flattening and folding a capsule onto itself. Those were the blank

measurements.

5.5.1.3 Sample

Approximately 0.1 mg sample or standard was weighed into tin capsule.
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The capsule was closed in the same manner as the blank and all the
sample and standard capsules were placed into sample tray and
analysed. The EA-IRMS details are present in the suggested order of
analysis that was used during this study: blank, laboratory working

standard, international certified standard.

5.5.2 Laboratory working standards

The use of primary standards may not always be feasible. For the purpose
of this study a caffeine reagent was prepared and stored for routine
analysis and comparison to any further standards. The preparation of the
LWS material is described in detail in the following sections. Phthalates
that were used to make the mixed reference solution were also analysed

using EA-IRMS for the isotopic ratio of the individual phthalates.

5.5.3 Laboratory working standard preparation process

A solid bulk standard was mixed with a clean metal spatula. A small
approximately 1 mL vial was filled with 0.10 g of the standard. Melted
sealing wax was used to seal the lit and the material. Label the standard
with standard details. Ensure the details on the label will be traceable to
the analysis and individual weights. This can be achieved by recording
the batch being prepared, this will provide the isotopic values. It is also
encouraged to keep the record of the specific bottle. This number in

conjunction with the batch number will allow to access both specific
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weights dispensed and the isotope value. Once sealed the randomly
selected bottles and the stock material were analysed and compared to
each other to verify that the process did not introduce any contamination

nor fractionation of the material.

5.6 Sampling and sampling sites

Sampling methodology is reproduced here from Fiedziukiewicz et al.
Samples were collected in 2.5 L amber borosilicate glass bottles, using a
stainless steel bucket for sampling. The bottles were cleaned with
methanol then deionized water prior to sample collection. Effluent
samples were collected from the drain from the Stoke Bardolph Sewage
Treatment Works (What3Words reference: conducted.reference.thigh;
GPS: 52°58’24”"N , 001°02'15”W), as it enters the River Trent. The river
water samples were collected from the river banks. The sample from the
River Trent was collected 750 m downstream from the WWTP drain on
the same side (What3Words reference: croaking.traffic.comments; GPS:
52°58’48”N , 001°02'18”W). The sample from the River Foss was
collected on the east side of the Palmer Street footbridge 1050 m from
where it enters River Ouse (What3Words reference: engine.local.dose;
GPS: 53°57’30”N , 001°04’24”W).» Locations are presented in Figure

2-1.
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Figure 2-1: Location of the sampling sites in Nottingham and York.

SPE extraction was completed within 6 hours on the day of collection.
Both rivers were at high flow (River Foss 4.5 m3 - s1 and River Trent 203
m3 - s1) at the time of collection. The average flows of the Rivers Foss
and Trent are 1 m3 - st and 90 m3 - st, respectively 122, Flows reported
were based on the Huntington (station reference F2470) and North

Muskham (station reference 4022) measuring stations (2020).12!

2 L samples were extracted using a set of eight 6 mL Oasis MCX SPE
cartridges (Waters, UK) containing 500 mg of sorbent. The cartridge was
first conditioned with 6 mL of MeOH and deionized (DI) water then 250
mL of sample was extracted with a flow rate of 3-5 mL - min-. Following
extraction, the cartridges were rinsed with DI water and eluted with 6 mL

of pure MeOH. The aliquots were combined and dried on a hot plate set
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to < 75 °C under a nitrogen stream. Once dry, the samples were
transferred to GC vials using hexane and dried again. The choice of
hexane is discussed later in the chapter. The samples were then
resuspended in 5 pL of hexane for analysis. The vials were wrapped in Al
foil during any storage to prevent sample degradation through the UV

radiation.121,123

5.7 Sample preparation and analysis

The samples were collected into 1 L borosillicate glass bottles directly
from the wastewater treatment water treatment plant effluent discharge.
Sample extraction was done as soon as possible with Water Oasis MCX
SPE cartridge (item number 186000776). The cartrige works in mixed
mode cation exchange and has three main groups attracting cataions,
polar compounds and reverse phase attracting hydrophobic compounds.

The limitation of this approach was that it excludes acidic compounds.

The functional group cartridge was selected based on reported use to
analyse similar sample.1?* The cartridge was first conditioned with 6 ml
of MeOH and deionized (DI) water. Next, no more than 1 L of sample was
loaded onto a single 6 cm3 cartridge with 500 mg sorbent. The flow was
kept at an average of 5-6 mL - min-l. The sample was then washed with
DI water. The water was discarded and sample was extracted from the

cartridge with pure MeOH, then with 2 % ammonia solution in MeOH.
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Further, multiple aligiots were combined together. The collected extract

was dried on a hot plate set to no more than 70 °C.121

5.8 GC-C-IRMS
The conditions below were reproduced from the from paper by
Fiedziukiewicz et al for completeness as per section publication arising

from this thesis.

The analysis was performed using an Agilent GC 7890 coupled to a
Thermo Delta V Advantage isotope ratio mass spectrometer. GC
parameters were: injector port: 280 °C; oven: 50 °C; ramp: 3 °C/min to
300 °C and hold time of 8 min; column stationary phase (5%-phenyl)-
methylpolysiloxane (Agilent DB-5); column length: 30 m; internal
diameter 0.25 mm; film thickness 0.25 um. The GC-C-IRMS combustion

reactor was preconditioned at 1000 °C for 1 h before the analysis.?!

IRMS combustion reactor was preconditioned at 1000 °C for 1 h before

the analysis.

5.9 SSH Correction
Where stated the data were manually corrected for oxygen using SSH
oxygen compensation calculation. Calculations were performed using

RStudio and R programming. Calculations were adapted from papers by
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Santrock, Studley, Hayes (1985) and Brand, Assonov, Coplen, (2010).
Value for 18R is an iterative process and to calculate it starts by an
approximation of this value with Equation 2-1. Then the iteration follows

the Equation 2-2, Equation 2-3, and Equation 2-4.

Equation 2-1: SSH calculation first step

46R

18
R =
2

Here 18R represents ratio of 180 and 0. #6R represents ratio of m/z 46

and m/z 44.

Equation 2-2: Calculation of first intermediate to 18R represented by 18fR.

"BfR = (—3K2 x "*R?}) + (2K = R« ®°R*) + (2"°R — *°R)

18fR is a first intermediate value, K is a constant equal to 0.0099235, A is

also constant equal to 0.516. 4°R represents ratio of m/z 45 and m/z 44.

Equation 2-3: Calculation of second intermediate to 18R represented by

18£fR.

BFFR = (—6K? x A= "®R2A71) 4 (2K + R x A+ "®RA71) + 2
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Equation 2-4: Final fourth step of 18R iteration.

18fR

18 18
R= "°R—
18ffR

This iteration is performed four times and once complete the process if
finished by following Equation 2-4 again and then Equation 2-5, and

Equation 2-6 below.

Equation 2-5: Calculation of ratio 170 / 160 .

17R — K « 18R,1

7R represents ratio of 170 and 0.

Equation 2-6: Final expression of 13C ratio.

13p _ 45p _ 9 18pi

Here 13R represents ratio of caron 3C and 12C.

A result from Equation 2-6 is 13C / 12C ratio excluding impact from oxygen
isotopes present in CO2> molecule. This process was applied to individual
data points across chromatogram signals resulting in individual values
that are oxygen corrected. The entire process is presented in Appendix A
for RStudio.
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Screen experiment of an aqueous matrix Were further analysed Most of
the 100+ peaks in these chromatograms are unknown. The &!3C values
from all peaks were plotted against the raw m/z 44 signal (Figure 5-1)
which indicated low intensity signal correlated with a bigger spread of
measured 013C. If the variability of the 5 pg/mL DEHP standard is
considered as a cut off, values can be used down to ~479 intensity units.
After imposing the intensity threshold from the 5 pg - mL! DEHP standard
44, 26, and 31 peaks remained providing best quality 313C values for the
WWTP, Trent, and Foss samples, respectively. Although we used this
threshold, the 3'3C and intensity plot suggests that a lower threshold
(~150) could be used. The initial wide spread of the data becomes more
stable within the range of 80 - 100 intensity units and improves further
as intensity rises. For this work, the more stringent intensity threshold
was applied; however, future users of NTIA may consider relaxing this as
long as the moving standard deviation, standard signal levels and well-
resolved peaks justify it. The moving standard deviation is the standard
deviation of the moving average (n=10) computed on the intensity rank

sorted arrays of 813C values for the three sample locations.?!

Peak resolution is known to influence isotopic analysis 3 and a valley
between two peaks of up to 10 % is considered sufficient for GC-IRMS,224

For inclusion, peak resolution >1.0 was required which gives 2.3 %
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overlap with adjacent peaks.121

Without these criteria, average 0!3C of compounds in both rivers was
slightly enriched relative to the effluent. After applying the minimum
intensity threshold, the effect inverted (Table 5-1, column 3). The
averages were similar to dissolved organic carbon reported in the
literature of —26 %o to —27 %o however with added granularity providing
variability, that cannot be achieved by EA-IRMS.?2> Average values of soil
organic matter from Cs type plants are also close with values close to
013C —26 %o0.22° Dissolved inorganic carbon found in rivers is reported to
be in a range of —10 %o to —12 %o. %27 These results prove that 513C
values can be measured on individual compounds composing volatile
organic carbon from WWTP and river samples.!2! Such approach provides
a screening tool to help identify any abnormalities and target potential

compounds of interest.

Table 5-1: Average 8!3C values of the total volatile organic carbon based
on individual values measured. Slope (significance) between samples. S:
slope; C: correlation coefficient. Values were considered significant if p
<0.05/6 to adjust for multiple comparisons. These are indicated with a
*, The data in this table were published in the article as mentioned at the

beginning of the chapter.

95



Average 513C *

SD
WWTP -28.4 £ 7.6%o0
Effluent (n=117)
S:
River -25.7 * 20.3%o0 | (0.013)
Trent Full intensity | (n=127) C: 0.54
range (1.1E-13)*
S: -0.062|S: 0.066
-24.6 £ 14.0%0 | (0.46) (0.37)
River Foss
(n=121) C: -0.093|C: 0.060
(0.27) (0.42)
WWTP -28.6 £ 2.2%o0
Effluent (n=44)
Intensity
range >479
River -30.8 £ 4.4%0
mV
Trent (n=26)
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S: 0.041|S: 1.1

-29.7 * 3.4%o0 | (0.85) (1.4E-10)*

River Foss
(n=31) C: 0.046 | C: 0.96
(0.83) (2.1E-12)*

More important than the average is the relationship between matched
peaks appearing in the different samples. To investigate this, the 513C
values were aligned by retention time (Figure 5-2) for peaks with
resolution =21.0, retention time within £3 s, and max intensity =479 at
m/z 44. Nearly all 813C values from the river Trent were more negative
than in the river Foss indicating greater depletion of the heavier isotope.
The 813C values were significantly and highly correlated with a slope 1.1
between these two rivers (Table 5-1, column 5).121 Depletion of heavy
isotope in compounds in the river suggests that the bacteria present
selectively consume 13C, opposite to normal kinetic fractionation effects.
An explanation for such results could be that the phthalates have a form
of an environmental sink. This has been observed for bacteria degrading
asphaltenes in sea water °° leading to 813C values ~1 %o more negative
in the remaining asphaltenes. This has also been reported for D. postgatei
and D. hydrogenophilus which depleted 13C while degrading acetate. As
a result, the d13C values became more negative.?2® In addition, radical C-
H bond cleavage has shown a reverse isotope effect. The reaction was

catalysed specifically under hydrogen peroxide and titanium dioxide.?2°
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This suggests that bacteria and / or other process depleting heavy

isotopes in their metabolism may also be present in the rivers.

There was no significant correlation in matched compounds between the
WWTP effluent and compounds in the river Foss. The strongest correlation
was observed between compounds in river Trent and Foss (0.96). There
was a tendency for compounds in the rivers to be depleted in 13C relative
to the corresponding compounds in the effluent - Figure 5-2. This is
specifically based on the intensity range limited to by being more stable.
The full range was considered to be in adequate to quantify the data since
ratio is based on positive only values the ratio between the two signals
was not normally distributed. Therefore, greater relative inaccuracy was
observed towards higher values as shown in Figure 5-1. The difference
between average &!3C values was calculated at 1.2%o0 and 1.1%o, leaving
the river compounds on average depleted from the heavy isotope. The
range of differences between compounds in effluent and river Trent was
between -3.4%o0 to 5.6%o0. Notably, three compounds out of twelve
changed by less than 1.0%o0. Between rivers Trent and Foss (Figure 5-2,
bottom), the correlation value was 0.96 and the average difference
between them was measured at 1.5%o. This analysis highlighted a pair
of compounds with 313C values near -35%o0 and -43%o0 which may offer
an intriguing marker of algal-herbivore productivity in tributaries and

downstream sites acting as an indicator for further analysis.23°
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Figure 5-2: 813C comparison of distribution of individual compounds in
WWTP effluent and rivers. Top graph (A) presents a comparison between
WWTP effluent and river, bottom (B) compares between two rivers Trent

and Foss.
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The strongest correlation coefficient value was observed between the
sample from the effluent and the water from river Trent at 0.52.
Compounds in the river are being depleted in 13C with respect to the
corresponding peaks in the effluent. The difference between average 0
values was calculated at 1.6 %o. Leaving the river compounds on average
depleted from the heavy isotope. The range of differences between
compounds in effluent and river Trent was between (-) 8.3 %o to (+) 5.5
%o0. A study reported the D. postgatei and D. hydrogenophilus were
promoting degradation of acetate with 13C, depleting the remaining pool
from the heavy isotope, shifting the 613C values more negative.?3! Both
types of bacteria mentioned above are sulphate reducing and may

contribute to the isotope fractionation.

Between rivers Trent and Foss, the correlation value was only 0.12 and
the average difference between them was measured at only 0.4%eo0. Even
though the average values are close the correlation provides a level of
distinction between the two samples. Similarly, no correlation has been
observed between effluent and river Foss. The correlation coefficient was
-0.05 and the average difference 2.3%eo0. River Foss has smaller amount

of heavy isotopes, similarly as river Trent.

T-Scores of the comparisons were as follows: SB WWTP Effluent - river
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Trent (0.9); river Trent - river Foss (0.1); and river Foss - SB WWTP
effluent (1.4). Two tailed critical values were 2.1, 2.2, and 2.1,
respectively. None of the samples were significantly different from each
other. However, because the individual compounds in the sample can
become either isotopically enriched or depleted during the degradation
process, average difference may not change significantly. The limitation
of the statistical test applied, is measuring the difference between the

average value of the two sets.

Increased correlation and difference of the &!3C values between the
samples can be interpreted as an indication of the different nature of the
samples which have a common factor. An example of this deduction is
the WWTP effluent and the river the effluent is discharged into. No
correlation and little average isotopic difference between the samples has
been observed between two independent samples of the same nature.
Therefore, it may be possible to distinguish between different bodies of
water using stable isotopes form volatile organic compounds found in

them.

5.10 Conclusion
This work demonstrated isotope ratio analysis on individual compounds
in dilute aquatic samples can be done in a non-targeted way on unknown

compounds. The averages obtained are consistent with IRMS done on
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TOC while leaving intriguing targets for additional work. This work
performed GC-C-IRMS which restricted the analysis to volatile organic
compounds. This broadens the existing techniques for the analysis of

river systems allowing compound degradation to be better understood.

121,232-236

The methods described in this chapter can be applied to any dilute water
sample compatible with SPE techniques. Such approach will allow an
individual compound to be monitored as it progresses through the
ecosystem. Carrying out the NTIA on a broad environmental matrices will
contribute to understanding the complexity of organic compounds in
aguatic systems, even when those compounds are unknown.2! This was
a particularly useful tool for samples of very limited volume where

analysis via GC - MS as well as GC-C-IRMS may not be possible.
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6 Isotope chromatographic effects

Combining gas chromatography with isotope ratio mass spectrometry
leads to variation between the readings of the individual isotope signals.
The chromatography temperature ramps cause the baseline to drift by
increasing the rate of column bleed. A challenge to measuring in a
complex matrix is the homogeneity of this background signal. In addition,
various compounds can co-elute with the peak of interest. Therefore,
complete separation of peaks and minimal baseline is currently deemed
a pre-requisite for valid isotope analysis.?3/-240 This means that the
analysis of complex samples, such as water in rivers or WWTP effluent
are not being done routinely and thus environmental studies are limited
in their isotopic analysis. This chapter investigates whether differential
isotope effects caused by gas chromatographic separations preceding the
isotope measurement can allow incomplete separations on drifting

backgrounds to be used.

Despite the well-established approach of compound specific isotope
analysis 46:47,121,241 more can be achieved with better understanding of
the behaviour of peak separation and broadening in complex
chromatograms. This chapter will explore further the aspects of isotope
analysis. Topics discussed here are intended to supplement the previous

chapters and support the non-targeted isotope analysis (NTIA).
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6.1 Chapter aims and objectives

The work presented in this chapter attempts to improve the analysis of
complex samples, such as the extracts of water from a river, using the
GC-C-IRMS chromatogram and the NIE / RIE and related isotope changes
across a peak of interest (e.g. in the presence of an unknown background
and imperfect resolution). These are expected to subtly affect retention
times and peak width giving hints about the number of peaks present.
The key is understanding baseline interference and neighbouring
compounds and their impact on the signal from the compound of interest.
For example, a chromatogram recorded for the heavy and light isotope
signal generated by a fully separated compound can be converted to a
ratio of the data points of the two signals. A clean 'S’ shape is expected
when there are no overlapping or underlying peaks.22 See Figure 6-2 for
an example. However, if there are additional compounds, even in the
apparently base resolved chromatography, these will be detected in the

isotope ratio chromatogram.

This chapter also investigates potential systematic errors introduced by
isotope effects on retention times and band broadening. The main
consideration is focused on chromatographic detection parameters (the
start and end points). The aim was to observe the impact of the complex

chromatogram and chromatography parameters on recovered 06!3C
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values. During the course of the project the isotope calculation process
was applied to each individual time point obtaining the d chromatograms.
The goal was to demonstrate methods to robustly verify the interference
using GC-C-IRMS chromatograms and assess the impact of overlapping
compounds and the matrix. The data collected is expected to support a
change of approach allowing complex mixtures of compounds to be more

routinely analysed using 0 chromatograms.

6.2 Methodology

The data obtained in this chapter were obtained with GC-C-IRMS. The
IRMS parameters were the same as presented in the previous sections.
The changes were made to the GC programmes as follows. To analyse
the changes to the recovered & values, a set of 11 temperature

programmes were used while analysing standard materials (Table 6-1).

Table 6-1: The GC ramp values used to run the isotope changes.

GC Programme Rate (°C - min)
P1 0.253
P2 0.5
P3 1.0
P4 3.0
P5 5.0
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P6 10.0
P7 20.0
P8 30.0
P9 40.0
P10 50.0
P11 120.0

The GC temperature gradients were adapted from the paper published in

accordance with the Table 6-1, above.121

6.3 Results and discussion

6.3.1 Chromatographic isotope effect - Molecule comparison

To better describe the temperature effect on isotope behaviour a set of
DEP and DBP standards were, under different conditions as described in
the Table 6-1, injected and the retention and peak width ratios calculated
using a range of different GC oven programmes as described in the Table
6-1, this effect ranges from 0.99994 to 0.99997 for average
temperatures ranging from 79.8 to 128.0 °C. Despite the values
appearing close to ratio of one (indicating the isotope signals to be the
same) they represent multiple conditions and under each the ratio was
less than one. Under the same conditions the peak broadening ratio
ranges from 1.01961 to 1.06533. The magnitude of the isotope effect is

reversed and greater when considering band broadening. This means that
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the sorption and desorption effects play fractional role in the band
broadening and that longitudinal diffusion happens predominantly in the
gas phase. Therefore, they demonstrate a consistent isotope effect on
both retention time and peak width that has not been discussed in

detail in the literature.

The extent of isotope induced peak width variation has not been
discussed in the literature in a quantitative context. Some integration
techniques assume the peak widths to be the same between
isotopologues.?43 Contrary to this assumption the biggest effect in
retention time shift was 0.006% but for band broadening it was 6.5%

(Table 6-2).

Table 6-2: Ratios obtained for the retention times and WO0.5 for both
standards. The repeated values are at different GC temperature
programmes. The programmes with temperature gradient of 10 °C -

min-! and above did not resolve therefore those are not reported.

5 GC DEP DBP
rogramme Rt 45/44 () 45\7404.5(5) Rt 45/44 (s) W0.5(:35/44
1 0.99996 1.065 0.99995 1.048
2 0.99995 1.064 0.99996 1.050
3 0.99996 1.049 0.99997 1.045
4 0.99996 1.020 0.99997 1.021
5 0.99994 1.026 0.99995 1.029
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Figure 6-1: Comparison of DEP and DBP peak Wy s. Black dots show the
datapoints; blue line is a linear correlation; green line represents a two-

degree polynomial correlation.

Figure 6-1 shows a comparison of linear and polynomial correlation
between Wo.s DEP and DBP. The R? values calculated were 0.951 and
0.996 for linear and polynomial models, respectively. This is an indication

that the two compounds behave in slightly different way to each other.

The data were bootstrapped for the purpose of the evaluation to n =
3000. The retention time datasets failed the Shapiro-Wilks and

Kolmogorov-Smirnov tests for normality.?44 Therefore, retention times
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and peak widths were compared between the DEP and DBP with the
unpaired Mann-Whitney U test. When DEP and DBP Rt data were
compared with the obtained p-value was 2.2 * 10-1¢ and the U value was
11019120. The peak width comparison was also significantly different
with p-value 2.2 * 10716 and the U value was 6523613. The statistical
testing has been performed on the datasets bootstrapped with random
numbers, therefore the exact U values as calculated might differ slightly.
The ratios of the metrics were significantly different between the two

standards.

For reference, the R programme code for bootstrapping is presented in

Appendix B: Statistical bootstrapping (RStudio script).

This means the two compounds have significantly different isotope effects
despite both analytes being similar in structure. Both DEP and DBP are
di-esters of phthalic acid. They differ by ethyl and butyl chains,
respectively. The chain length affects the cross section of the molecule.
Also, the size of a molecule affects it’s dipole moment and therefore their
interaction within a chromatographic system. Therefore, differences
between the chains were enough to observe significantly different isotope

chromatographic effects.
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6.3.2 Peak width and retention time

The empirical data collected through this study shows that compounds
separated using a non-polar chromatographic column will result in wider
peaks obtained on the channel measuring the heavier isotope - m/z 45.
The measured sigma and effective FSH diffusion values are presented in
the Table 6-3 and Table 6-4. The average measured total diffusion
coefficients were calculated as 0.0021 and 0.0023 cm - s for light and
heavy isotopologues of DEP and respectively 0.0012 and 0.0013 cm - s

for DBP. The magnitude of the effect between heavy and light isotopes is

10 %. More detailed values are found in Table 6-4.

Table 6-3: Ratios of retention times with corresponding average
temperatures based on elution time. The values were obtained from two

standards DEP and DBP.

Av temp (°C) Standard Rt (s) Rt45 / Rt44
79.8 DEP 14527.17 0.999964
97.5 DBP 23022.04 0.999950
86.0 DEP 8870.073 0.999953
104.2 DBP 13242.61 0.999961
92.3 DEP 5318.859 0.999961
110.9 DBP 7540.947 0.999972
103.3 DEP 2367.163 0.999956
122.2 DBP 3124.831 0.999967
108.9 DEP 1644.566 0.999936
128.0 DBP 2104.22 0.999950
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The average temperatures were calculated as they are an important
element of the diffusion and mass transfer in GC. As the instrument
programmes were set up with an incremental temperature ramp.
Therefore, two compounds eluting under the same programme will have
different average temperatures. Hence, the presentation of average

temperatures in Table 6-3.
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Table 6-4: Measured / effective diffusions

oc . 12C 13C
Standard 1 Rt (s)

min Wo.s (s) a2 (s) D eff Wo.s (S) a2 (s) D eff
DEP 0.25 14527.17 41.59 313.3 0.0108 44 .31 355.5 0.0122
DBP 0.25 23022.04 37.10 249.2 0.0054 38.88 273.7 0.0059
DEP 0.5 8870.07 23.01 95.9 0.0054 24.48 108.5 0.0061
DBP 0.5 13242.61 20.81 78.5 0.0030 21.86 86.5 0.0032
DEP 1 5318.86 12.77 29.5 0.0028 13.40 32.5 0.0030
DBP 1 7540.95 11.51 24.0 0.0016 12.04 26.2 0.0017
DEP 3 2367.16 5.34 5.2 0.0011 5.44 5.4 0.0011
DBP 3 3124.83 4.92 4.4 0.0007 5.02 4.6 0.0007
DEP 5 1644.57 3.98 2.9 0.0009 4.08 3.0 0.0009
DBP 5 2104.22 3.56 2.3 0.0005 3.66 2.4 0.0006
DEP 10 1383.98 2.72 1.3 0.0005 2.72 1.3 0.0005
DBP 10 1621.69 2.51 1.1 0.0003 2.51 1.1 0.0004
DEP 20 1210.98 2.20 0.9 0.0004 2.20 0.9 0.0004
DBP 20 1333.67 2.20 0.9 0.0003 2.20 0.9 0.0003
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DEP 30 1138.10 2.09 0.8 0.0003 2.09 0.8 0.0003
DBP 30 1221.68 2.09 0.8 0.0003 2.09 0.8 0.0003
DEP 40 1099.58 1.99 0.7 0.0003 1.99 0.7 0.0003
DBP 40 1164.15 2.19 0.9 0.0004 2.19 0.9 0.0004
DEP 50 1076.11 2.09 0.8 0.0004 2.09 0.8 0.0004
DBP 50 1130.37 1.99 0.7 0.0003 1.99 0.7 0.0003
DEP 120 1038.97 2.09 0.8 0.0004 2.09 0.8 0.0004
DBP 120 1086.41 2.09 0.8 0.0004 2.09 0.8 0.0004
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6.4 Introduction

6.4.1 Characteristics of the isotope effect

Gas chromatography causes a slight but observable temporal shift
between isotopologues of an analyte.®97.237.242  When the
chromatographic technique is coupled with the IRMS the ratio can be
calculated from the signal channels corresponding to the heavy and
lighter isotopologues. When the ratios of individual points are plotted
against corresponding time, the pattern resembles a letter ‘S’.237
Modelled and observed 'S’ shapes are presented in later in this chapter.
The observation of this effect goes back to a study by Wilzbach in 1957.°7
The study presented the separation and retention of cyclohexane with its
deuterated and tritiated counterparts. Deuterated and tritiated
counterparts had a similar effect of 5 % difference in retention time.
Despite the initial observation over 60 years ago, little research has been
done subsequently to describe and explain the isotopic effect in gas

chromatography.

Recent studies report that the isotope effect can vary between the NIE
and RIE. A recent study reported a correlation between the normal and
the reverse isotope effects, reported to be dictated by the polarity of the
GC column.19° The data published shows that the more polar the column,
more compounds show regular isotope effect (lighter isotope leading).

Non - polar columns show the reverse isotope effect. This indicates the
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dipole interactions play a key role in the type of isotope effect. The
difference in elution times carries information that can be explored

drawing conclusions.

It was also demonstrated through the isotope substitution that position
of an isotope impacts the isotope chromatographic effect. This is apparent
when the isotope is located on an sp? or sp3 orbital. The difference
between the minimum and maximum geometrical profile of the sp? orbital
is greater than the sp3 This means that the peak broadening of the sp?

substituted isotopologue should be greater than the sp3.

The temporal shifts of the isotopologues can be described by either of the
two isotope chromatographic effects.24? The normal isotope effect (NIE)
is when the lighter isotope elutes earlier than its heavier counterpart Lrt
< Hrt. The reverse isotope effect (RIE) is a direct opposite, Hrt < Lrt. Lrt
represents the retention time of the lighter isotope and Hr: represents

retention time of the heavy isotopologue.

The retention time directly correlates to the proportion of time the analyte
spends in the stationary and mobile phase (accepting that analytes all
spend the same amount of time in the mobile phase). It is frequently

described as the partition coefficient - k using the following formula:
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Equation 6-1: Partition coefficient equation.

Lo B Rt, — Rt,,
~ty Rty

Where ts and tm are the average time analyte spends in stationary and
mobile phases, respectively. The Rtn» and Rts represent retention time of

the mobile phase and sample respectively.

In gas chromatography, there are many factors affecting the isotope
dynamics of molecule mobility. The main ones are, temperature,
pressure, forces between the analyte molecule and stationary phase,
cross section and molecular weights of analyte molecule and the mobile
phase. Interaction between analyte and stationary molecule in gas
chromatography are typically based on the polarity of both. The polarity
of an analyte will depend on the size of the molecule and that is affected
by the isotope coordination and substitution in a particular molecule. As
presented in Equation 6-2 the polarity depends on two factors the charge
and the distance between them. Therefore, as per the Equation 1-2 the
distance between the atoms will be affected by the isotopes on either end
of the bond. This means a geometry of a molecule will also have an effect.
The polarity is proportional to the distance between the charges. Meaning
that molecule with heavier isotope will show lesser polarity than its light

isotope counterpart.
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RIE and NIE effects have been linked to column polarity.1%0 Since the
apparent prevailing factor is the dipole interaction. The dipole moment
was pointed out to be a factor in the switch between the isotope and
reverse isotope effect.>’:190 In the studies there is a correlation between
NIE and increased polarity of columns and between RIE and decreased
polarity. This indicates, polarity interactions play an important role in
isotope chromatographic effects. Polarity is characterised by the
distribution of charges across a molecule. A simple diatomic molecule can

be characterised as per Equation 6-2.

Equation 6-2: Expression of polarity for diatomic molecule

p=qxr
Where g represents a charge, and r is the distance between those

charges.

The dipole moment or the polarity of a molecule is calculated by
multiplying two factors: the charges and the distance between them.
Isotopes 1?2C and 13C create single bonds with lengths of 1.5312 and
1.5311 A respectively when bonded to hydrogen in a methane
molecule.?*> This means, the polarity of the molecule with 13C is smaller

than the corresponding one with 12C and the weak force interactions will
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be stronger in a larger molecule (one with only 12C).

For reference, all the data presented in this thesis was performed using
a nonpolar capillary column. The gas used in gas chromatography is inert
and has not been shown to influence polarity. This leaves the separation
to predominantly rely on the dipole moment of the analyte and stationary
phase.100.246 Therefore, chemical interactions are limited in comparison
with liquid chromatography and the main separation mechanism can be

described as friction: 48

Equation 6-3: Friction coefficient

B ,[2/1 147

f = 380Rpod, l? <E + M—Z)]
In the formula above the R is a gas constant, p is the pressure in
atmospheres, o012 is a collision cross section in angstroms, T is absolute
temperature in Kelvin, M, are molecular weights of the analyte and
mobile phase. Following the above formula there are two main factors
distinguishing two isotopologues: the molecular weight, and the size of a
molecule. All the other parameters are dependant of the separation

conditions and are identical for all isotopologues of an analyte.
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Calculated friction coefficients for the phthalate standards used are
presented in the Table 6-5 along with the values used for the calculation.
DEP and DBP molecules have 12 and 16 carbon atoms using binomial
distribution. There is an approximately 0.6 % to 0.7 % chance of having
two or more heavy isotopes in a DEP molecule, and approximately 0.9 %
- 1.3% chance in DBP molecule. The values were calculated using a
binomial distribution function in R (example of the RStudio code is shown
in Appendix C. The percentage of 13C used for this purpose was 0.9626
% and 1.1466 %.%4” The Therefore, the values presented in the Table 6-5
are calculated based on no 13C isotope being present in the molecule or

just one.

Friction coefficients are inversely proportional to the velocity of the
analyte therefore, greater fiction coefficients will result in slower mass
transfer into the stationary phase. The calculated frictions are in line with
the observed elution orders. The molecule cross sections are not studied
frequently. The cross sections of heavy singly substituted isotopologues
of DEP and DBP are estimated based on bond length difference of
~0.0001 A. The value is based on the difference between 1!3C-12C

(0.007738 A) and 12C-12C (0.007824 R). 248

Table 6-5: Theoretical friction coefficients for DEP and DBP 12C 13C
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isotopologues
Isotope 12¢ 13C
DEP - Friction Coefficient 2110671 2110614
DBP - Friction Coefficient 2966116 2966037
DEP cross section 131.9000 A24° 131.8999 A
DBP cross section 156.4000 A 249 156.3999 A
Pressure 1.01 Atm
Temperature 352.917 °K

Sorption and desorption ratios will be the same as the k value. The
relative isotopic effect for sorption and desorption can be estimated by
dividing the retention times of the heavier isotope and the lighter one and

this predicts a small change in k which results in a change in retention

time.

Equation 6-4: Relation of equilibrium to chromatography phase volumes,

equilibrium values, time spent in corresponding phases and mean

adsorption and desorption times.

R Vi om tm tg
1-R KV, ¢ t tg
R - retention ratio
Vim, Vs - Mobile and stationary phase volume
K - Partition coefficient
Cm, Cs - Equilibrium values in stationary and mobile phase of the
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corresponding concentrations.
tm, ts - Average time spent in the mobile and stationary phase

ta, ta - Average adsorption and desorption times

The ratio Vm/Vs, affects the proportion of the analyte between those
phases as presented by the Equation 6-4. In addition, the longer the
analytes spend interacting with the stationary phase the greater its
elution time. Based on the column dimensions of 30 m long diameter,
250 pm, and film thickness of 0.25 pm the volume of the mobile phase
is 1.5 cm3 and the volume of the stationary phase is 0.006 cm3, this
results in a ratio between the two phases of 250. With this value k can

be assessed.

In standard treatments, zone spreading has three main contributing
factors: longitudinal diffusion, sorption and desorption of the analyte
between the mobile phase and stationary phase and eddy diffusion. In
capillary gas chromatography there are no particles and therefore the
eddy diffusion is negligible and therefore can be replaced by the Golay

equation (Equation 6-5) for capillary gas chromatography.

Equation 6-5: Simplified Golay equation 2°¢

B
HETP = 5 +Cpv + Csv
121



B - longitudal diffusion

Cm - mass transfer in the mobile phase
Cs - mass transfer in the stationary phase
Y - average velocity of the mobile phase

When B, Cm, and Cs are substituted the above expression becomes the

following:

Equation 6-6: Expanded Golay equation 48

2D, <(1 + 6k + 11k?)d? 2kd? )

HETP = —— +
v \T96(1+ 17D, T 301+ kD,

In the Equation 6-6, the terms Dm and Ds represent diffusion coefficients
in mobile phase and stationary phase respectively; dcis column diameter,

dr represent a film thickness of the stationary phase.

Diffusion in the respective phases is represented by Equation 6-8 and
Equation 6-9 later in this chapter. However, both formulas show that
diffusion is proportional to the temperature and inversely proportional to
the size of a molecule. Therefore, it is to be expected that GC temperature
programs appear to have an apparent effect on the isotope & values and

those change depending on the temperature set up.?42 However, no
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research appears to have been performed to investigate the
chromatographic effect on the isotope distribution across a peak at

different temperature ramps.

When the isotopologues fractionate due to temperature on a gradient this
causes a small average temperature difference between them. Diffusion
models present the temperature factor as T!75.251 The average
temperature for DEP on a 5 °C/min ramp is 127.961 °C for 2C and
127.957 °C for 13C. Such a temperature difference is expected to have

only 0.03% effect on diffusion in the mobile phase.

Since a molecule cross section can be smaller for heavier isotopologues
252,253 this contributes to the explanation of the chromatographic isotope
effect that can be deduced from chromatography models and
approximations.482°1 The result indicates the following relationship, the
smaller the molecular cross section the smaller the friction coefficient and

therefore, less resistance to travel through the chromatographic medium.

6.4.2 Peak broadening

The peak broadening is commonly discussed using the following model:
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Equation 6-7: Dependence of the peak width, total diffusion and time

0-2 == ZDtt

o refers to the unit of peak width. Peak width at 50% is equal to 2.350.
Dt is total diffusion or also referred to effective diffusion. Value t expresses
time in seconds. The model assumes gaussian distribution of a peak

hence the constant associated between the peak width at 50% and o.

Discussions about the peak broadening involve some kinetic factors. Most
are related to instrument parameters, however, two are related to the
isotopologues - the molecular weight and a factor related to the collision
cross section. The commonly applied diffusion model was developed by

Fuller-Shetler-Giddings as presented below: 2°%

Equation 6-8: Fuller-Shetler-Giddings diffusion model

1

1 1\ 72
1.75

0.00125T (_M1 + _MZ)

Dy =

2

p ((ZVi solute)1/3 + (ZVi mp)1/3)

Within the equation T stands for temperature; M1 and M2 are molecular

weights of the analyte and interacting mobile phase; p is pressure; Vi is
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molecular volume.

Similarly, to the friction coefficient (Equation 6-3), there are two factors
that contribute to differentiating between the isotopologues: the

molecular weight and an expression of the size of a molecule.

The stationary phase must be considered to fully introduce the gas
chromatography separation dynamics. Commonly, the diffusion can be

presented by Stokes — Einstein formula.2>>

Equation 6-9: Stokes Einstein diffusion equation.

D — RT
S 6mrnN

In the formula terms are as follows: R is gas constant; T is temperature;

r is solute molecule radius; n is viscosity; and N Avogadro’s number.

The isotopomers molecular cross section varies with the isotope position
256,257 This means the heavier isotope will result in greater uncertainty of
the measurements. Based on the models presented in this chapter it can
be concluded that under adequate conditions and elongated columns, it
would be possible to perform a separation of the isotopomers with a

regular GC technique.
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6.4.3 Baseline and background signal

Chromatographic baselines can shift and change with the temperature
ramp, this can be due to column bleed from the stationary phase or can
be an indication of unresolved peaks. In the context of NTIA and CSIA

unresolved compounds can introduce errors to the values.

30004 20

20004 10
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2690 2695 2700 2705 2710

Time (s)
Figure 6-2: Chromatogram of DEHP peak (black) and ratio

chromatogram compensated for oxygen using SSH calculation (blue).

Figure 6-2 shows an example of a peak as from a fragment of a complex
chromatogram (Figure 4-3) and its corresponding 0!3Cero value across
the same time frame. Data shown in Figure 6-2 is a fragment of a full
chromatogram depicted in Figure 4-3 and 313Czero Value chromatogram in
Figure 6-7 which is shown later in this chapter. The chromatographic peak

as shown in Figure 6-2 is on a baseline of approximately 700 mV. Typical
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analysis would discard such a peak on the basis of the uncertainty of the
underlying baseline isotopes and its inhomogeneity. Examining the peak,
it is apparent there are minimal / negligible isotopic interferences due to
the simple S-shape observed. With support of isotope chromatograms,
the peaks on a raised baseline can be used and reported with accurate
values as shown on an example in Figure 6-2. Heightened baseline
presents to be isotopically homogenous showing negligible effect on the

peak.

6.4.4 GC temperature effect on 513C
As shown previously, the temperature of a GC instrument influences the
isotope elution and values, however, the impact has not been previously

shown on the underlying isotopic distribution across the peak.

Standards are typically the same compound or very similar chemically to
the analyte.®?2 However, since all international analysis is done on the
VPDB scale, the values are expressed in relation to one compound and
by natural consequence there will be comparisons between different
compounds. The information about how the compounds compare under
different conditions is important, especially as it was demonstrated that

chromatographic isotope effects influence isotope results.

To assess this 013C values were evaluated across a series of temperature
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ramps (Table 6-6, Figure 6-3).

Table 6-6: Isotope effect in relation to the GC temperature ramp.

Ramp °C/min DEP 313Czero Value DBP 313Czero value
0.253 8.538 3.579
0.5 6.64 3.223
1.0 5.248 1.754
3.0 5.347 1.454
5.0 5.055 0.796
10.0 5.372 1.064
20.0 5.263 0.901
30.0 5.323 0.769
40.0 5.307 1.016
50.0 5.68 1.244
120.0 5.569 1.071

To obtain the values in Table 6-6, all the signals were processed under
the same peak start and end conditions, both 0.1 mV - s, The GC
temperature ramp was tested from 0.253 °C - min! to 120 °C - min-
respectively. The 0 values decreased between 0.253 °C - min-! and 3 °C

min! indicating an isotope effect related to the temperature
programming. The differences between the isotope signals at higher ramp

rates were no longer distinguishable due to low data frequency.
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Figure 6-3: Isotope changes of DEP (¢) and DBP (*) d13C on a zero scale
chromatogram (compared against a reference pulse of an IRMS)

compensated for oxygen using SSH calculation.

At the ramps of 3 °C - min! and above the isotope values are more
reproducible as the standard deviation of the data above that ramp is
013Czero 0.2 for both DEP and DBP. The slope of the data from 3 °C/min
and above show no significance and slope p-values are above 0.12 (n =
8) for both compounds lacking of statistical significance within this range.
This is shown more clearly in a graph of the data in Table 6-6 (Figure
6-3). The R? values were calculated as 0.04 and 0.15 for DEP and DBP.

Therefore, above 3 °C - min't, 3 could be considered constant
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The data correlate with the changes to the 813Czero. Table 6-4 and Table
6-6 present the data of the peak retention time, peak width at 50%, and
the corresponding 013Czero. This enables calculation of the plate counts -
N, and a comparison with the 3!3Czero value. The results show an initial
overall negative correlation between the two parameters. However, the
correlation does not meet the statistical significance with p-value of 0.81

(n =11).

This provides an indication that the excessive column efficiency is
detrimental to the isotope values. The largest plate count values
correspond to the biggest isotope data spread. When developing a
method on GC-IRMS, the temperature ramp needs to be considered. As
demonstrated in Figure 6-3, there is a section of rapid change to 83Czero
values. Based on the data presented the caution must be taken when
comparing data between different GC programmes. This is especially true
for low temperatures and long programmes above 1 hour and could vary
considerably for different compounds. Although > 3 °C - min'! gave
constant & for these compounds and conditions, this is not likely to be

general to all compounds and all conditions.
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Figure 6-4: Relation between 3!3C and corresponding HETP. Blue markers

represents DEP and black are DBP.

The two compounds were taken from the same corresponding
manufacturing batches, when measured under different conditions.
Therefore, the differences between them were expected to be constant.
The 0 differences between the DEP and DBP were calculated and
expressed as 013Czero values, (Figure 6-5) against the GC temperature
ramp. Against expectation, the difference in 313C value of 1.5 %o from
0.253 °C - min'tto 3 °C - minl. From this point onwards the spread of
the data is smaller RSD was calculated as 0.3 313C. In this observation,
DEP and DBP (813C were shown in Table 6-6: Isotope effect in relation to
the GC temperature ramp.) come from the same group of compounds,
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solutions were also prepared with both analytes at the same
concentration. Therefore, the experimental variability was kept to
minimum. This means that a chromatographic bias is being introduced
based on the GC temperature parameters and even similar compounds
are changing with respect to each other under the same conditions. GC

temperature programs used should be of at least 3 °C - min-1.
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Figure 6-5: Isotope difference changes between DEP and DBP in relation

to each other across different temperatures.

As shown above, changing only the temperature may cause
chromatographic variability in & between similar compounds, even when

standards are chemically similar. In consequence the comparable
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samples may be shifted unless also analysed under the same GC
program. This must be taken under consideration whenever GC-C-IRMS

results are being compared under different chromatographic conditions.

6.4.5 Complex chromatogram

The previous results discussed the chromatographic effects in the context
of standards. The application is intended for challenging complex
chromatograms. The following section will discuss isotope effects
determined in the complex samples extracted from effluent water from

WWTP.

Common practice in isotope analysis does not include examining isotope
ratio chromatograms. The primary advantage of changing this is having
sight of the individual data points. The specific example would be the
analysis of total organic carbon (TOC) determine a bulk 813C value. The
total content measures the sample as a collective entity disregarding any
underlying complexity. The ratio and isotope &!3C value still contain
useful information that is not routinely scrutinised. This section discusses
323 peaks detected, using the software available (IsotDat 3.0), by

examining slope changes.

An example of a complex chromatogram can be seen in Figure 1. Using

the commercial software (IsoDat 3.0) there were 117 peaks detected with
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the start and end slope of 5 mV - st and 3 mV - s1, respectively.

20007
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Figure 6-6: An example of a GC-C-IRMS chromatogram - Effluent
sample. The reference pulses and the IRMS idle section were removed

for simplicity.
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Figure 6-7: Chromatogram of 8 3Czero values.

The above Figure 6-7 presents the delta chromatogram vs zero calculated
and plotted for every data point of the chromatogram presented in the
Figure 6-6. Presentation of data in this way enables examination of the
individual peaks through the chromatogram and the 3!3Czero distribution
of complex samples normally represented as homogenised representative
number. The approach at this stage does not require the calculating 0
against the standards. To examine and express isotope changes within a
chromatogram and a peak a zero scale is sufficient. Such non targeted
isotope analysis will provide information about the distribution of

unknown individual compounds individually and as a wider sample.
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Three surface water samples were compared to each other in this manner
and tested for isotope drift across the chromatogram (Table 6-7 and
Figure 6-8). The drift is represented by the slope calculated between the
0 values and retention times. Lack of any significant drift allows to use
one standard to measure all peaks. In case of observed drift this can be

corrected for.

Table 6-7: Complex sample isotope drift. The samples were performed

under the P5 programme.

Sample Slope Intercept | n SD p-value
Notts River -0.000043 | 0.2987 111 | 0.48 |0.059
Notts Effluent -0.000028 |0.3279 101 |0.42 |0.185
Foss River -0.000007 |0.2747 111 | 0.45 |0.752
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Figure 6-8: An overlay of the three chromatograms. Black - Effluent

water, blue - river Foss water, red - river Trent water.

Individually, none of the sample’s p-values were below 0.05 indicating
lack of 95 % confidence that the slope is significant however any slope
can be corrected.3® Sample collected from the river Trent was measured
close with a p value 0.059. Using the peaks on an increased or drifting
baseline raises some concerns. A raised baseline would be caused by a
multitude of compounds which are not separated. A signal from such
unresolved peaks is summed up causing the increased signal. Those
underlying compounds, may cause the changes in the chromatographic
matrix, this in turn could cause isotopic irregularities across the peak.

However, since no slope effect was observed the drifting baseline does
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not affect the & values of compounds.

The real chromatograms can be assessed to determine the extent of NIE
and RIE. When all the complex chromatograms were compared using
unknown peaks (n=477), three had NIE and 107 peaks showed RIE. The
remaining of the peaks could not be determined and may have either
effect. The instrument samples data at 5 Hz and this limits the minimum
signal differences between isotope channels, below that the difference

between the signal are not possible to measure.

When a slope changes from positive values to zero to negative, the centre
of the slope measurement window will indicate the centre of the peak.
The IRMS sampling frequency is quite low, typically 5-10 Hz. Measuring
small changes that would correspond to values below the data collections
frequencies is difficult. Using the slope of a peak on either side and their

intercept, allows to extrapolate the peak centre.

Therefore Figure 6-9 presents collective retention times that were
enhanced by calculating more precise peak maxima based on the
inflections of the peak slopes. This was followed by subtracting the Rt
time m/z 44 from m/z 45. Proportion between the retention times
inherently would give a drifting values. The ratio between two values

would be greater for higher values than smaller ones (assuming the
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difference between them would be the same). Therefore, to expressed
the value was expressed as the difference and not a ratio. The difference
was divided by the Rt (s) to normalise the data for time. The division was
done to because the raw separation can be affected by time over which
the separation occurs. The data were obtained by the same gradient GC
programme. Therefore, the normalising time also acts as proxy for
temperature. The difference above zero (threshold indicate by dashed cut

off line) mean the normal isotope effect.

Difference Rt45-Rt44 =0

Qe+00

Difference K45 - Rtd4
-2e-05

-4e-05

I I I I I I I I
1400 1600 1800 2000 2200 2400 2600 2800

Rention Time (s)
Figure 6-9: Signal differences of the retention times between the signal
m/z 45 and m/z 44. The difference then was divided by retention time in

s. Normalised difference < 0 means reverse isotope effect and >0 means

normal isotope effect.
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This leaves the main factor to be a quality of the molecule itself. The
molecular mass and its size correlate with boiling point of the
material.2>82%2 In the GC analysis longer eluting peaks tend to have
higher boiling points and therefore also can have heavier molecular
weights. Figure 6-9, presents, for the first time, an indirect correlation of
the shift between corresponding signals (isotope effect) and the molecule
size. This data shows that early eluting isotope molecules separate more
than later ones. Substituting an atom in a small molecule with a heavier
isotope has a larger proportional impact on that molecule than a

substitution of an isotope on a larger one.

There are three unknown compounds with a positive difference. All of
them eluted at higher temperatures also indicating they are of higher
molecular weight than the majority. There is a significant relation
between the elution time and the extent of an isotopic effect. The
normalised slope as demonstrated was calculated to be significant

(p<0.00; n=373).

The same isotopic effect was expected to be observed on the peak width
at 50 % parameter. Figure 6-12 presents the ratio of the Wo.5s between
the heavy and light isotope signals. The ratio of 1.0 indicates that there

is no observable difference in Wo.s between the heavy and light isotope,
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ratio of < 1.0 indicate the heavy isotope peak was narrower than the
lighter one and therefore showing the reverse isotope effect. Ratios > 1.0

indicate the normal isotope effect.
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Figure 6-10: Peak width at 50 % ratio between the heavy and light signal.

Red line represents slope.
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Figure 6-11: Histogram of peak width at 50% ratio between the heavy

and light signal.

Figure 6-10 and Figure 6-11 present the ratio of Wo.s of the unknown
peaks. The average of the ratios is 0.9981345. However no significant
trends can be observed. Therefore, this data was bootstrapped using code
presented in the Appendix B: Statistical bootstrapping (RStudio script).
Because this data is no longer associated with Rt it is presented on a

histogram (Figure 6-12).
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Figure 6-12: Frequency of ratios of peak withs at 50 % presented on a

histogram. Initial data bootstrapped to one million datapoints.

When the collective peak width ratios are bootstrapped ton = 1,000,000,
the new data set show a significant shift and the ratio is different from 1
according to one sample Wilcox test (p-value is 2.2 * 10716). However,
the average ratio was 0.9981 with first and third quartile being 0.9969
and 0.9995 (n = 1,000,000), respectively indicate the peak width will
affect the accuracy of the results. This means there is a chromatographic
effect that affects not only the retention times but the peak broadening

as well in both standards and complex sample.

A bond with at least one heavier isotope will have shorter bond length.
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Considering molecular cross section contributes to mass transfer terms
for both mobile and stationary phases creating difference in retention
time and peak width as per Equation 6-6. Combined further with
chromatography theory presented in the section 6.4 demonstrates that
peak width is dependant on the molecule size. Also, isotopes affect the
dipole moment of a bond, further contributing to difference in retention
time. There is little discussion in the literature regarding the effects
isotopes have on peak widths. This data presented here is new
information about chromatographic isotope effect and contributes to the

understanding of those effects.

6.4.6 Single vs multi-channel integration

As explained in the earlier section the isotope signals have both retention
time and peak dispersion effects. This section presents like for like
comparison of the commercial approach and an approach that considers
all the channels an individual chromatogram. The goal is to undo clipping
of peaks which will differ slightly in retention time and peak width. The
commercial approach extends the integration from one channel and
projects it onto the remaining ones. However, as shown above, there is

an effect on peaks due to the presence of heavy isotopes.

A representative standard was selected to examine the extent of the

effect under controlled conditions. Two peaks DEP and DBP were
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calculated following the two approaches. The start and end point slope
were selected as 2 mV - s’1. The points of interest were selected as the
closest datapoint to the nominal value. An example integration is

presented in Figure 6-13.
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Figure 6-13: Left — an example of DEP peak integration of the m/z 45
channel. Start and end points used were projected from channel m/z 44
(coloured in grey). Right - zoomed in fragment of the same peak from
channel m/z 45. Independent integration (was added and highlighted in

blue.

The commercial software available used the following approach (grey
zone in Figure 6-13). The integration was performed on the peak from
the channel m/z 44, then the start and end points were considered
identical and projected onto channels m/z 45 and m/z 46. The integration

145



can be based off any channel however for this purpose the base

integration was done on channel m/z 44.

Based on the demonstrated differences between peak shapes of heavy
and light isotopes an alternative approach is to integrate the channels
separately. Figure 6-13 the right side shows a zoomed baseline. The blue
area shows the additional space on the channel m/z 45 (heavy isotope)
after integrating it independently. The exact values of calculated peak
areas are presented in the Table 6-8. The extent of the peak area (m/z
45) difference is 0.13 % for DEP and 0.18 % for DBP. The difference of
the integrations are presented on the channel corresponding to the heavy
isotope because the light one was selected as the primary chromatogram.
The reason for this selection is related to the lower level of amplification

and therefore lower level of noise.

The integrations discussed in this section were applied to the same peak
under the same detection conditions. For numerical expression of the
effect both approaches were applied to the delta notation substituting the
sample with both the commercial approach and standard with

independent approach.

Table 6-8: Table presents individual peak areas obtained by two

different approaches. m/z 45 and 46 start and end point was exactly
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the same as the m/z 44. The second approach was by integrating the
three channels independently. The definition of star and end point was

the closest slope point to 2 mV/s.

Peak Areas DEP DBP

m/z 44 16178.8449 | 14561.0451
m/z 45 (start and end point = m/z 44) | 18935.8849 | 16971.5676
m/z 45 integrated independently 18959.9653 | 17002.5676
m/z 46 (start and end point = m/z 44) |21950.4331 |19757.5118
m/z 46 integrated independently 22026.3176 | 19834.4201

The two approaches were calculated using a delta notation with respect
to each other. The calculated differences for two standards, DEP and DBP,
were 1.26 %o and 1.82 %o respectively. The values were calculated
based on the initial values presented in the Table 6-7. In both cases,
applying the same start and end points to all the channels resulted in an

increased value for the two phthalates.

This indicates inaccuracies can occur by assuming all isotope
chromatograms are chromatographically equivalent. The signals should
be treated independently to yield more accurate results. Concluding from
the previous sections, the error was inherited from the lack of a better
understanding of the isotope effects indicating a need for a

reconsideration of how the data is handled.
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6.4.7 Slope selection effects

The start and end point are determined by the degree of the slope at the
front and tail of a peak expressed as mV - s'1. The two points can be
determined on one channel and imposed onto the rest of them. Following
on the fact that isotopes affect retention time and peak width this aspect
of integration needs to be addressed. The signal of the peak presented in
Figure 4-3 changes by 54 mV across 3 seconds from 2706 s to 2709s.
This is approx. 2.9% of the peak height however the same section of the

ratio accounts for 3.0%.

Table 6-9 presents the changes related to the integration aspects of the
isotope analysis. The default detection parameter suggestion is start 0.2
(mV - s'!) and the end is 0.4 (mV - s'!). Therefore, to account for the
smaller peaks, the range examined was decided to be from 0.04 mVs and
0.4 mVs. For the start points the difference between the highest and the
lowest slope examined is & 3Czero 0.092%0 and & *3Czero 0.114%0 for the
DEP and DBP respectively. For the same range for the end point slope the
result changes d 13Czero 1.143%0 and & 13Czero 0.634%o0 for the DEP and
DBP respectively. The change between the slope detection for the end
point and the isotope value is highly correlated (R? equals 0.947 and
0.923 for DEP and DBP, respectively). Corresponding R? values for the
start point were 0.340 and 0.007 indicating very weak correlation. The

start and end points changes show that the integration is more sensitive
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to end point slope adjustment than the start point. Due to the near linear
correlation of the isotope values and the arbitrary slope selection, the
isotope chromatogram helps to select both start and end point by
applying order of derivatives as a comparable technique that can be used

to evaluate both raw chromatogram and isotope ratio.
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Table 6-9: Complex sample isotope drift. The samples were performed under the P5 programme.

Start point effect

End point effect

Start point End point DEP (o DBP (0 Start point End point DEP (0 DBP (0
(mV/s) (mV/s) 13Czero) 13Czero) (mV/S) (mV/S) 13Czero) 13Czero)
0.40 0.1 8.717 3.772 0.1 0.40 11.020 5.196
0.37 0.1 8.717 3.545 0.1 0.37 10.780 5.155
0.34 0.1 8.717 3.544 0.1 0.34 10.880 4.832
0.30 0.1 8.771 3.910 0.1 0.30 10.490 4.751
0.27 0.1 8.771 3.916 0.1 0.27 10.210 4.782
0.24 0.1 8.468 3.543 0.1 0.24 10.430 4.691
0.20 0.1 8.625 3.886 0.1 0.20 9.877 4.562
0.17 0.1 8.523 4.076 0.1 0.17 9.265 4.002
0.14 0.1 8.528 3.823 0.1 0.14 9.372 3.456
0.10 0.1 8.538 3.579 0.1 0.10 8.538 3.579
0.07 0.1 8.528 3.823 0.1 0.07 8.552 3.282
0.04 0.1 8.686 3.586 0.1 0.04 8.225 3.109
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6.4.8 Peak derivatives

An alternative way to demonstrate the start and end point based on the
isotope data is to apply first and second derivatives. Second derivatives
are already used in peak detection in chromatographic systems.260.261
Derivatives can provide a means to compare start and end points for both

raw and ratio chromatogram.

The exponentially modified Gaussian (EMG) is commonly used to model
real chromatographic data.?62-26% For this work, however, the EMG was
selected because it is considered to be one of the most accurate.26°266
The EMG is defined by y, o, and A. Where p is the mean, o is the variance
and A is the exponential rate. In chromatography it will include an
intensity adjustment related to peak area and a baseline. The EMG
parameters for the model applied are presented in Table 6-10. The model
was based on the initial arbitrary sequence from -4, to 5, with increments

of 0.05.

Table 6-10: Exponentially modified Gaussian parameters applied to

calculate the isotope model.

EMG Parameter Peak Channel - m/z | Peak Channel - m/z
44 45
M 0.06 0
0.4 0.405
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A 5 5.2
Intensity Adjustment 3500 4300
Baseline 80 100

Once the EMG model was calculated (as shown in Figure 6-14) it was
used for treating the data in the same way as raw data obtained from the

IRMS instrument.
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Figure 6-14: Left - EMG modelled peaks for m/z 44 (black) and m/z 45

(blue). Right - Isotope ratio calculated from EMG modelled peaks.

Due to the rapid changes of the isotope data, it was necessary to obtain
derivatives from the raw signal and the isotope ratio chromatogram. The
two maxima of the first and second derivatives (raw signal and isotope

ratio, respectively) were used to identify the peak start and end point.
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Figure 6-15: Overlayed the first derivative (blue) of the corresponding
ratio of the modelled raw signal as shown on left in Figure 26 and
second derivates (black) of the modelled signal m/z 44 as presented in

Figure 26 on the right.

The second order derivative uses the two maxima to define peak start
and end point as does the first derivative of the isotope signal ratio. The
isotope chromatogram shows the same two points with first order
derivative obtained from the isotope chromatogram. Those two points
also can be taken as a start and end points of a peak. The two derivatives
can be used as a more consistent method to determine the peak start

and end point especially in the isotope context.

The two derivatives were compared against each other as presented in
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Figure 6-15. The blue trace was the first derivative of the isotope
chromatogram and the black trace shows the second derivative of the
raw signal corresponding peak. Those two graphs as shown in Figure 6-15
present two maxima each. Those maxima are the identifying points of
the peak. The isotope derivative is slightly wider than the raw signal. The
peak widths were calculated based on the maxima of the data presented
in figure 6. Width calculated for the derivative based on the raw model
was 1.60 whereas the width when based on the isotope ratio was 2.65 in
arbitrary time units, emulated to be in seconds. A similar effect was
observed using the empirical data. The peak width was measured to be
6.7 s based on the chromatogram and 9.4 s based on the signal ratio.
The difference was 2.7 s between the two ways of measurement. This
indicates that if the second derivative detection was to be applied the
results would end up inaccurate. Trying to account for complete isotope
data the better approach would be to apply a derivative of the isotope
signal. This means that basing an evaluation on the chromatogram alone
may be dismissing isotopic data and may affect the accuracy of the

isotopic results.

6.5 Conclusion
In this chapter it was demonstrated the importance of examining the
isotope data across the peaks. The chromatographic theories and

empirical data show the molecular weight and molecular cross section
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vary between different isotopologues and affect the resulting
chromatography. Relatively little known isotope effect on peak width was
examined in more detail. It shows that peak width is a variable that needs
to be considered when integrating isotope peaks. The isotope retention
time was shown to be affected by GC temperature programme. Those

differences affect the final result.

Based on this it is expected that the peak start and end points vary
between the isotope channels. It is recommended that the future analysis
considers the isotope chromatograms. This practice will help to verify the
separation of the peaks in a complex chromatogram but it will also
confirm the alignment between the raw signal peak and the isotope peak.
Such approach can aid examining the complex chromatograms such as
obtained from environmental samples and expands the opportunity to
investigate complex samples. It will also assure the completeness of the

isotopic data being evaluated.

There is a drift of the differences between the retention time which
appears to be due to the molecule itself. The data was obtained using the
GC and there is a correlation between the size of the molecule and the
boiling point. Therefore, the molecules eluting later in the GC
chromatogram will also tend to be larger. Since the chromatographic

effect has been shown to be greater for smaller molecules it can be
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indirectly correlated with the size of the molecule.

As a widely accepted approach towards the isotope chromatograms, the
peak start and end point are applied in the exactly the same manner to
all the isotopologue signals.8” However, based on the observed peak shift
some chromatography may require separate processing of each signal to
be integrated separately. The suggested approach was to use first
derivatives to the isotope signal. The observation supports the feasibility
of multi compounds analysis, with some points of caution. A peak of
interest should be examined for its isotope ratio signal. Therefore, the

scrutiny of the peak chromatogram on the isotope level can prove useful.

This chapter highlights previously unaccounted chromatographic bias GC-
C-IRMS analysis. This bias may skew the results between compounds
depending on temperature and molecular size. It will have a significant
impact on reporting of the isotopic values when comparing those multiple

studies that did not use the same temperature setting.

With the natural distribution of the 13C being 1.1 %, approx. 15.3 % of
molecules containing 15 carbon atoms will contain at least one heavy
isotope atom in its structure. In a molecule with 62 to 63 carbons there
is a 50 % chance that the it will contain only 12C or at least one 13C isotope

within its structure. However, as the size of the molecule grows so does
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the occurrence of the multiple isotope substitutions. Therefore, the
position and width of the isotope peaks depends on the molecule shape

and where the isotopes are located.
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7 Summary and conclusions

The work presented in this thesis considers two approaches to
applications of IRMS. First, is an application of the IRMS to the
measurement of analytes - phthalates as example compounds. The
second aspect discussed were the isotopic effects in gas chromatography
This was necessary to explain the effects of gradients and integration and

impacts on final values.

Initial work identified phthalates as compounds of interest. To date, there
was no information about isotopic composition of phthalates in rivers and
WWTPs. Work proceeded by extracting phthalates at trace levels directly
from two rivers and a waste water treatment plant. This work reported
013C values of the selected phthalates for the first time from a complex
aquatic sample at trace levels. DEHP d 13C was measured at 28.8 %o and
28.4 %o in the WWTP and the river Trent. The same compound was

measured at 27.1 %o in river Foss.

Furthermore, the study takes advantage of the linear response of the
detector in IRMS to quantify the phthalates. The unorthodox application
of GC-C-IRMS resulted in a combined technique of quantification and &
13C measurement. With this new technique DEHP concentrations were

measured between 0.14 to 0.22 ug - L1. The combined application of the
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isotopic and quantitative determinations has not been reported.The
findings in this chapter have been previously published and document the
first time carbon isotopes were measured in the phthalates extracted

directly from WWTP effluent and river.

The standard deviations obtained for this CSIA technique were in the
range from 0.1%o - 0.2%o0. This precision will be the benchmark for this
study. When 813C values of the above phthalates were compared, very
small differences were observed between pre- and post-purification of the
samples. It should be noted, however, that a sma 13C enrichment was

observed in two of three samples.

The work has been cited by a review article prepared by the French
Geological Survey.?!® They stated that this is an early example of CISA
presented from surface waters at low concentrations. It was also stated
that this was an important step towards large volume SPE for CSIA. The
result of the phthalates presented in chapter 4, were also referred to by
the Russian Academy of Science. They compared their results to ones
obtained from this study and build on the knowledge about the stable
composition of phthalates in surface waters.219 The values presented
were comparable to ones presented in these studies. Despite emerging
data showing that the phthalates can P¢ of natural origin, currently the datg

seem to indicate that the phthalates are more of anthropogenic origin.
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Non-targeted isotope was also based on a published in a peer reviewed
article. This is the first time organic carbon isotopes were measured in an
aquatic sample presenting such wide data from one sample and a greater

granularity of isotope values.

The 6!3C in environmental samples is usually measured through the
combined / average ratio of the sample i.e. organic compounds extracted
form water would be homogenised and measured thus. This is a particular
case when measuring & !3C of total organic compounds. During the
analysis it became apparent that aside from the compounds of interest
there are hundreds of unidentified compounds that could be used for

additional information.

A new approach proposed in this chapter outlines a technique which
allows the measurement of the complex sample with greater granularity.
The method will have benefits and applications in environmental pollution
studies. The approach has shown that it can be used for surface waters.
The results obtained from those can be applied as a wide scale screening
or targeted analysis. The benefit it provides is the combined approach of
isotope ratio evaluation and quantitative analysis. This will allow
detection of abnormal isotopes which in turn can be indicators of their
origin. Combined quantitative aspect may prove particularly useful if the

sample size is limited. Next steps suggested to this approach would be to
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measure illicit drugs such as cocaine extracted directly in surface water.

Due to the nature of the IRMS, it was proposed that regardless of the
molecule it is still possible to determine its 613C value. When averaged,
the 313C values for all the peaks the total organic volatile carbon were
28.6, 30.8 and 29.7 %o in WWTP, river Trent and Foss respectively. The
correlation value between the two rivers was 0.96 and it was not

significant when comparing the WWTP effluent to river water.

The following chapter presents and elaborates on isotopic effects in gas
chromatography. Relatively little is known about those effects despite a
wide application of the technique.3® Isotope chromatographic effect is
when light isotope travels faster through a chromatographic column than
its heavier counterparts. There is a second effect - a reverse isotope
effect, when the elution order is opposite. Both effects are results of the
differences in the cross-sections of the molecules due to affected bond
energies. The heavier molecules can have slightly smaller cross-sections
than the lighter counterparts. This affects the dipole moment and any
interactions that result from this, between the analyte molecules and

other taking part in the chromatographic separation.

Current integration practice determines start and end points of a base

signal and applies them to the remaining channels. Such approach
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dismisses both isotope effects. However, when measured the values can
be shifted by over one unit. The peak detection happens by setting up a
slope gradient for the beginning and end of the peak. The level of the

gradient can affect the measured result by as much as 2 — 3 %o.

An overlay of the signal ratio and the signal alone showed there that there
is isotopic information systematically being dismissed. There is still
isotope data before a start and after the end of a typical peak. This data
difference can contribute to as much as 2.7 %o between the d!3C values
as obtained from a chromatographic peak and based off the ratio the
signals and this highlights the importance of more thorough evaluation of

peaks.

Work presented aimed to measure compound specific isotope ratio of
selected phthalates. Once CISA was achieved, the collected data were
further utilised to examine the unknown compounds and new tool of non-
targeted isotope analysis was proposed. NTIA was supported by model
studies and chromatographic effects. Chromatographic effects show that
the GC temperature gradient has an effect on the isotope values as well

as the integration method of peaks.
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8 Future perspective

Any future, environmental studies will benefit from the non-targeted
analysis and the hybrid method of quantitative compound specific isotope
analysis of individual compounds. Many studies using the CSIA approach
could apply these techniques from this point on. There are multiple paths

the work can be continued on any compound of interest in dilute system.

The NTIA and quantitative CSIA has a great potential for range of
applications. Every study involving CSIA, can use those methods. Future
work can include screening of organic compounds. All the work here was
demonstrated based on carbon isotope, however more information can
be gained if similar studies are done with other elements in parallel. A
two dimensional isotope studies allow for better distinction between study
subject groups.?®” Experiment, presented in chapter 5 looking at
nitrogen, hydrogen or oxygen elements would be a next stage
development of this work. Nitrogen could be suggested for such work as
it is quite common element in the environment but also it is quite rarely
present in GC column make up. This could mean even with a gradient
temperature the column interference with this element would be

minimised.

In the work presented here the NTIA is performed using a GC. However,
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this can be extended to HPLC / UPLC. A good screening method could be
using 250 mm HPLC RP C18 column. Such approach is commonly used
for wide spectrum analysis allowing to screen for a wide range of
compounds. With an isocratic method many compounds still could be
screened at once. Gradient method may not be suitable for isotope
analysis as changes in make up can shift isotope background and that

may limit the elements gradient liquid chromatography could be used for.

All of those aspects can be applied to a range of different compounds.
This work focused on phthalates, however, other compounds with
environmental impacts should be looked into. For example, illicit drugs
are being detected in surface waters all over the world. This may involve
larger scale extraction. For example, cocaine concentration in rivers is
between <1 ng - L'! to over 700 ng - L1.268 With similar sensitivity of

analysis, comparable levels of extraction may be required.

Thakur presented an effect of sp? and sp3 isotope location.1%% Further
questions remain about more complex samples. Would the extent of the
effect be the same if an isotope was located at a different sp? and sp?3
location / position? Such knowledge could help in modelling the
chromatography. This in turn would help with narrowing compounds of
interest from a wide and complex chromatogram. For example, having a

complex sample can be challenging in identifying the components that
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research could focus on. This can require an additional testing and
multiple techniques. Being able to understand different behaviours will
help study pollutants in the environment by setting an expectation for

the outcome. Any outliers from that can be of potential further interest.

An interesting aspect of the approaches presented in this thesis would be
to measure a wide spectrum of compounds for their isotope values along
the river. Understanding of such changes might allow for a back
calculation to the point of origin but also environmental sinks. An
approach in theory could be done from concentration changes. However,
this would require knowing an initial concentration. Isotope approach
might avoid such limitation. For example, with multiple WWTPs located
along the same river all discharging the same compound of the same
origin by knowing the rate of isotopic fractionations it could be possible

to pinpoint the primary plant discharging the pollution.
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Appendix A: Santrock - Studley - Hayes

(RStudio script)

#H#H#### SSH calculation ######
#Santrock, J., Studley, S.A., Hayes, J.M., 1985. Isotopic analyses based
#on the mass spectra of carbon dioxide. Anal. Chem. 57, 1444-1448.

#10.1021/ac00284a060

#Brand, W.A., Assonov, S.S., Coplen, T.B., 2010. Correction for the 170
#interference in 8(13C) measurements when analyzing CO2 with stable
#isotope mass spectrometry (IUPAC Technical Report). Pure Appl. Chem.

#82, 1719-1733.

#Input ratios (example)
R45 <- 0.0119756

R46 <- 0.0040168

#Constants
Lambda <- 0.51600000

K <-0.00992350

#Defines number of cycles for calculation
cycles <-4
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#Initial R18 calculation

R18 <-R46/ 2

#R18 cycled calculation
for (i in 1:cycles){

fR18 <- (-3*K~2*R187(2*Lambda)) + (2*K*R45*(R18”~Lambda)) +
((2*R18)-R46)

ffR18 <- -6*K~2*Lambda*R18”(2*Lambda-1) +
2*K*R45*Lambda*R18”(Lambda-1) +2

R18 <- R18-fR18/ffR18

i <-i+1

#Final R18, and R13 calculation

R18_Final <- R18-(fR18/ffR18)

R17 <- K*(R18_Final~Lambda)

R13 <- R45-2*K*(R18_Final~Lambda)

#Print output - R13 to 59 decimal places

print(sprintf("%.59f", R13)
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Appendix B: Statistical bootstrapping

(RStudio script)

#Table for bootstrapping with B number of columns.

#nrow should be = n[x]

bootdata<- matrix(0, ncol = B, nrow = 19)

#Populates the table 'bootdatax B number of times

#Uses 'sample()' function to rantomly select a value from x
#and puts that number to populate a column.

#The 'for()' function repeats the operation B number of times.
for(b in 1:B){

bootdata[, b]<- sample(data$x, dim(data)[1], replace =TRUE)

#Creates a mean value for each column from 'bootdata’' table.

meansx <- apply(bootdata,2, mean)
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Appendix C: Binomial calculation of
distribution of 13C in a molecule (RStudio

script)

#probability of 13C
n <- 0.009626

#how many carbon atoms in a molecule
b<-12

#how many 13C in a molecule
m <-0

#binomial

X <- dbinom(m, b, n)

X

#convert a factor to percentage
X <- x*¥100

X

#how many 13C in a molecule
k <-1

#binomial
y <- dbinom(k, b, n)

#convert a factor to percentage
y <- y*100

#Percentage chance of two or more 13C
100 - (x+y)
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Appendix D: Compound screen list

The table below present the list of possible compounds based on the NIST

database identification.

Compound Name Count
Cholesterol

Ethanol, 2-phenoxy-

Nonanoic acid

Octanoic Acid

Pentadecanoic acid

Pentanoic acid

Squalene

Tris(1,3-dichloroisopropyl)phosphate
1,2-Benzenedicarboxylic acid, mono(2-ethylhexyl) ester
1H-Pyrrole-2,5-dione, 3-ethyl-4-methyl-
2,6,6-Trimethyl-2-cyclohexene-1,4-dione

Benzoic acid

Carbamazepine

Cholestan-3-ol, (33,53)-

Ethyl citrate

Heptadecanoic acid

Nonanal

Phenol, 2,4-bis(1,1-dimethylethyl)-

Ribitol, 1,3:2,4-di-O-benzylidene-

Triphenyl phosphate

Vitamin E

1(3H)-Isobenzofuranone

13-Docosenamide, (Z)- (Erucylamide)
1H-Pyrrole-2,5-dione, 3-ethenyl-4-methyl-
1-Penten-3-one, 1-(2,6,6-trimethyl-2-cyclohexen-1-yl)-
2,4-Dimethylcyclohex-1-ene-5-carboxylic acid (trans)
2H-Indol-2-one, 1-(2,6-dichlorophenyl)-1,3-dihydro-
2-Propenenitrile, 3,3-diphenyl-

Ul
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3,5-di-tert-Butyl-4-hydroxyphenylpropionic acid

7-Acetyl-6-ethyl-1,1,4,4-tetramethyltetralin

Acetamide, 2,2,2-trifluoro-

Benzeneacetic acid, 3-methoxy-a,4-bis[(trimethylsilyl)oxy]-
Jtrimethylsilyl ester

(O8] W W Ww

Benzenecarbothioic acid, 2,4,6-triethyl-, S-(2-phenylethyl)
ester

Benzenesulfonamide, 2-methyl-

Benzenesulfonamide, N-butyl-

Benzoic acid, 4-(4-propylcyclohexyl)-, 4'-cyano[1,1'-
biphenyl]-4-yl ester

Bumetrizole

Butyl citrate

Diphenyl sulfone

Ethanol, 2-butoxy-, phosphate (3:1)

Ethanone, 2,2'-(octahydro-2,3-quinoxalinediylidene)bis[1-
phenyl-

Hexacosane

Hexanoic acid

Iminostilbene (dibenzazepine)

Methyl tetradecanoate

n-Decanoic acid

n-Hexadecanoic acid

n-Hexyl salicylate

Nonanamide

Phlorobutyrophenone

p-Octylacetophenone

Silane, trimethyl(3-methylphenoxy)-

Tetracosane

Tetradecanamide

Tri(2-chloroethyl) phosphate

Tributyl phosphate

1-(Prop-2-ynyloxy)-3,4-methylenedioxybenzene

1,2,4,5-Tetrazine

1,2-Bis(4-methoxyphenyl)-N,N,N',N'-tetramethylethane-
1,2-diamine

1,2-Dimethyl-4-tertbutyl-6-cyclopentylbenzene

1,3-Dioxolane, 2-methyl-2-(5-phenyl-3-pentenyl)-

NN N INNWWWWWWWWWWWWWwww| W  WWwWww w WwWw w
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1,4-Naphthoquinone, 6-acetyl-2,5-dihydroxy-

1,8-Naphthalic anhydride

11,12-Dihydroxyseychellane

17,21-Dimethylheptatriacontane

1-Dodecanamine, N,N-dimethyl-

1-Ethyl-1-nonyloxy-1-silacylopentane

1H-Indole, 5,7-dibromo-

1-Penten-3-one, 1-(2,6,6-trimethyl-1-cyclohexen-1-yl)-

1-Phenyl-1-decanol

2,3-Diphenyl-6,7-dimethylquinoxaline

2,5-di-tert-Butyl-1,4-benzoquinone

2,5-Furandione, 3,4-dimethyl-

2,6,10-Dodecatrien-1-ol, 3,7,11-trimethyl-, acetate, (E,E)-
(Farnesyl acetate)

N (NININININNNNDNNNN

2,6-Bis(1,1-dimethylethyl)-4-phenylmethylenecyclohexa-
2,5-dien-1-one

2-Acetyl-5-methylfuran

2-Cyclohexen-1-one, 3,5-dimethyl-

2-Ethylhexanoic acid, dimethyl(tert-butyl)silyl ester

2-Ethylhexyl trans-4-methoxycinnamate

2-Furancarboxaldehyde, 5-methyl-

2H-1-Benzopyran-2-one, 7-amino-4-(trifluoromethyl)-

2H-Azepin-2-one, hexahydro-7-methyl-

2-Methyl-3-(2-chloro-5-hydroxyphenyl)-4(3H)-
quinazolinone

2-Propenoic acid

3(2H)-Benzofuranone, 6-methoxy-2-[(3-
methylphenyl)methylene]-, (E)-

3,4-Dichlorophenylacetic acid

4-(2-Hydroxy-1-naphthylmethylidene)-2-phenyl-2-
oxazolin-5-one

4-Acetoxy-3-methoxystyrene

4-Ethylbenzoic acid

4-Methylurazole

5-Cyano-2-methyl-4-methylthio-6-phenylpyrimidine

6-Thiopyrazolo[3,4-d]pyrimidin-4,6(5H,7H)-dione-3-
carboxamide

7-Methyl-5-phenyl-5H-pyrazolo[3,4-e]-1,2,4-triazine-3-

NI N [ININNING N (NN NN ININNNNNDNN
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thiol

8-Phenyl-6-thio-theophylline

Acetic acid, (3,4-dimethoxyphenyl)(trimethylsiloxy)-,
methyl ester

Acridine, 9-butyl-9,10-dihydro-

Acridine-9-carbaldehyde

a-Damascone

a-D-Fructopyranose, 2,3:4,5-bis-O-(1-methylethylidene)-
(Topiramate derivative)

Bayer 28,589

Benzaldehyde

Benzenamine, 4,4'-[(1-methylethylidene)bis(4,1-
phenyleneoxy)]bis-

N (NN N [ININDNDN N

Benzenamine, N-(1,1-dimethyl-2-propenyl)-4-(1-
methylethyl)-

Benzenepropanoic acid

Benzenesulfonamide, 4-methyl-

Benzenesulfonamide, 4-methyl-N-propyl-

Benzenesulfonamide, N-ethyl-4-methyl-

Benzenesulfonanilide

Benzoic acid, 2,4,6-trimethyl-

Benzoic acid, 2-phenoxy-

Benzoic acid, 3,5-bis(1,1-dimethylethyl)-4-hydroxy-

Benzoic acid, 4-[(2,4-dimethoxy-6-pentylbenzoyl)oxy]-2-
methoxy-6-pentyl-, methyl ester

Benzoic acid, octyl ester

Benzophenone

Benzophenone, 2',5-dichloro-2-[methyl[(4-
methylphenyl)sulfonyl]lamino]-

N (NN N ININNNNDNNDNN

Bicyclo[3.1.0]hexan-2-one, 1,5-bis(1,1-dimethylethyl)-3,3-
dimethyl-

Bicyclo[3.1.0]hexan-3-one (Chrysanthone)

Bis(1-chloro-2-propyl)(3-chloro-1-propyl)phosphate

Butanedioic acid, monomethyl ester

Butanoic acid, 2,2-dimethyl-

Butanoic acid, 3-methyl-

Cholest-3-ene, (5a)-

Cholestanol

NINININNININGDN

217




Codeine

¢-Tocopherol

Cyclobutaneacetonitrile, 1-methyl-2-(1-methylethenyl)-

Cyclohexanol, 2-[(dimethylamino)methyl]-1-(3-
methoxyphenyl)-,trans-(f)-

N NININ

Cyclopenta[g]-2-benzopyran, 1,3,4,6,7,8-hexahydro-
4,6,6,7,8,8-hexamethyl-

N

Cyclopentanone, 2-acetyl-3,3-dimethyl-2-(3-0x0-1-
butenyl)-, (E)-

Dextromethorphan

Diethyl Phthalate

Dimethoxymethyl-hydroxy-triphenyl phosphide

Dimethyl trisulfide

Disiloxane, hexamethyl-

Docosanoic acid

Dodecane, 1,1-dimethoxy-

Dodecanoic acid

Dodecanoic acid (Lauric acid)

Ethanamine, 2,2'-oxybis[N,N-dimethyl-

Ethanone, 1-(2-hydroxy-5-methylphenyl)-

Ethyl [5-hydroxy-1-(6-methoxy-4-methyl-3-quinolinyl)-3-
methyl-1Hpyrazol- 4-yl]acetate

Furan, 2-methoxy-

Furo[2,3-b]pyridine, 2-methyl-

Galaxolide 1

Guaifenesin

Heptanoic acid

Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl)ethyl ester
(2 - Monopalmitin)

Hexadecenoic acid, Z-11-

Hexanedioic acid, monomethyl ester

Hexanoic acid, 2-ethyl-

Hydrogen chloride

Indano[2,1-d]1,3-dioxane,

Isopropyl Palmitate

Methane, diethoxy-

N-(But-1-enyl)-pyrrolidin-2-one

Nonanal dimethyl acetal

NINININININNINNGDN INNNNN N (NDNNNNNNNNNNNDN
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Octadecanoic acid

Octanal, 2-(phenylmethylene)-

Octicizer

Oleanitrile

Oxime-, methoxy-phenyl-

Oxybenzone

Phenol

Phenol, 2,4-bis(1,1-dimethylpropyl)-

Phenol, 2,4-di-t-butyl-6-nitro-

Phenol, 2,6-bis(1,1-dimethylethyl)-4-isocyano-

Phenol, 4,4'-(1-methylethylidene)bis-

Phenol, 4-ethyl-

Phenol, p-tert-butyl-

Phentermine, N-4-carbethoxyhexafluorobutyryl deriv.

Phentermine, n-heptafluorobutyryl deriv

Phosphoric acid, (1-methylethyl)phenyl diphenyl ester

Phthalic acid, 3,5-dimethylphenyl 4-methoxyphenyl ester

Propanamide

Propanoic acid

Propanoic acid, 2-methyl-, 1-(1,1-dimethylethyl)-2-methyl-
1,3-propanediyl ester

Propanoic acid, 2-methyl-3-[4-t-butyl]phenyl-

Pyrazine, 2,3-dimethyl-

Pyrazine, trimethyl-

Pyridine

Pyrimidine, 4-(2-hydroxy-5-methoxyphenyl)-

Quinoline-7-carboxylic acid, 2-phenyl-, methyl ester

Salicylic acid

Silane, (1,1-dimethylethyl)dimethyl(phenylmethoxy)-

Silane, (3-iodopropyl)trimethyl-

Silane, decyldiethylmethyl-

Silanol, (1,1-dimethylethyl)dimethyl-, benzoate

Tetradecanoic acid

Tetradecanoic acid (Myristic acid)

Tetradecanoic acid, 10,13-dimethyl-, methyl ester

Triacetin

Triclosan

Tridecanoic acid

NINININNININNNNNNNNNNN N [ NNNNDNNNNNNNDNNNNNNNDN
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Triisopropylphosphate

Trimethyl(2,6 ditert.-butylphenoxy)silane

Tris(3-chloropropyl) phosphate

Undecanoic acid

Venlafaxine

(+-)-3-Methyl-1-penten-3-ol

RININININN

(1aR,3S,3aS,7R,7aR,7bS)-(-)-1a,2,3,3a,4,5,6,7,7a,7b-
Decahydro-1,1,7,7a-tetramethyl-1H-
cyclopropal[a]naphthalen-3-ol

(2R,4S)-2,4-Dimethyladipic acid dimethyl ester

(4-[(E)-2-(4-Bromophenyl)ethenyl]phenoxy)acetic acid

(4'-Methoxycarbonylmethoxy-biphenyl-4-yloxy)-acetic acid,
methyl ester

(7-Methylbenzo(b)thien-3-yl)acetic acid

(9S,10R)-9,10-Epoxy-3Z,6Z-heneicosadiene

(E)-2-Hydroxy-4'-dimethylamino-stilbene

(E)-4-Hydroxy-2-methyl-pent-2-enoic acid

(N-Methylcarbamoyloxymethyl)trivinylsilane

(Z2)-tert-Amylsulfinyl-2-phenylethene

[1,1'-Biphenyl]-2-acetic acid

[1,1'-Biphenyl]-4-carboxylic acid, 2'4'-dimethyl-, ethyl
ester

[1,2,4]0xadiazole, 5-phenoxymethyl-3-(thiophen-2-yl)-

[1,2,4]Triazolo[4,3-b][1,2,4]triazole, 7-amino-3-(2-
butylsulfanylethylsulfanyl)-

[1,2'-Binaphthalene]-5,5',8,8'-tetrone, 1',4-dihydroxy-2,3'-
dimethyl-, (-)-

1-(1-Adamantyl)-2-tripropylsilyloxyethane

1-(2-Chloroethyl)-4-dimethylamino-6-(N-methoxy-N-
methylamino)-1,3,5-triazin-2(1H)-one

1(3H)-Isobenzofuranone, 6-nitro-

1-(4-Nitrophenyl)piperazine

1-(Anilinomethylene)-2-indanone

1-(Trihexylsilyloxy)heptane

1-(Trihexylsilyloxy)octane

1,1-Cyclobutanedicarboxamide, N,N'-dimethyl-

e R

1,1-Cyclopropanedicarboxylic acid, 2,6-bis(1,1-
dimethylethyl)-4-methylphenyl methyl ester
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1,1-Dimethoxy-2-phenylpropane

1,1-Dimethyl-2,2-di(pentafluorobenzoyl)-hydrazine

1,1-Ethanediol, diacetate

1,2,3,3a,4,5,7,8,9,10,11,12,12a-
Tetradecahydrobenzo[a]pyrene

1,2,3-Propanetriol, diacetate

1,2,3-Propanetriol, monoacetate

1,2,4-Thiadiazole, 5-amino-

1,2,4-Thiadiazole, 5-hydrazino-3-methyl-

1,2,4-Triazine-5-thiol, 3-amino-6-methyl-

1,2:3,4-Di-O-isopropylidene-6-O-(5-dimethylamino-1-
naphthalenesulfonyl)-a-d-galactopyranose

1,2-Benzenedicarboperoxoic acid, bis(1,1-dimethylethyl)
ester

1,2-Benzenedicarboxylic acid

1,2-Benzenedicarboxylic acid (Phthalic acid)

1,2-Benzenedicarboxylic acid, dicyclohexyl ester

1,2-Benzenedicarboxylic acid, monobutyl ester

1,2-Benzenediol

1,2-Bis(3,5,5-trimethyl-2-cyclohexenylidene)hydrazine

1,2-Cyclopropanedicarbonitrile, 3-(2-pyridinyl)-

1,2-Dibenzoyl-3-methyldiaziridine

1,2-Ethanediamine, N,N,N',N'-tetramethyl-

1,2-Ethanediol, monobenzoate

1,2-Hydrazinedicarboxamide

1,2-Hydrazinedicarboxylic acid, diethyl ester

1,2-Propanediol, 2-methyl-, 1-methanesulfonate

1,3,5-Triazine-2,4,6(1H,3H,5H)-trione

RiR R RRRRRRRRRR|~

1,3,5-Triazine-2,4,6(1H,3H,5H)-trione, 1,3,5-tri-2-
propenyl-

1,3,5-Triazine-2,4-diamine, N,N'-bis(3-aminophenyl)-

1,3,6-Trioxocane

1,3-Benzenediol, 2-[5-methyl-2-(1-
methylethyl)cyclohexyl]-5-pentyl-

1,3-Cyclohexadiene, 1,2,3,4,5,5,6,6-octafluoro-

1,3-Diamino-5,6-dihydro-8-methoxybenzo[f]quinazoline

1,3-Dimethyl-5,7-di-n-propyladamantane

1,3-Dioxa-2,4,6-trisilacyclohexane, 2,2,4,4,6,6-

el
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hexamethyl-

1,3-Dioxan-4-one, 2-(1,1-dimethylethyl)-5-methyl-, (2s-
cis)-

-

1,3-Dioxepane, 2-pentadecyl-

1,3-Dioxolane, 2-(1-phenylethyl)-

1,3-Dioxolane, 2-(2-phenyl-2-propyl)-

1,3-Dioxolane, 2,2-dimethyl-

1,3-Dioxolane-2-heptanenitrile, a-methyl-é-oxo-2-phenyl-

1,3-Dioxolane-2-propanoic acid, 2,4-dimethyl-, ethyl ester

1,3-Dioxolane-2-propanoic acid, 2-methyl-, methyl ester

1,3-Dioxolane-4-methanol, 2-ethyl-

e R

1,3-Dithiol-1-ium, 2-(4-chlorophenyl)-4-hydroxy-,
hydroxide, inner salt

1,3-Oxazetidin-2-one, 3-phenyl-

1,3-Propanediol, 2-(hydroxymethyl)-2-methyl-,
monobenzoate

1,4-Benzenedicarboxylic acid, bis(2-hydroxyethyl) ester

1,4-Dioxacyclohexadecane-5,16-dione

1,4-Methanobenzocyclodecene, 1,2,3,4,4a,5,8,9,12,12a-
decahydro-

1,4-Naphthalenedione, 2,3-dimethyl-

1,4-Naphthalenedione, 2-methyl-3-(3-methyl-2-butenyl)-

1,4-Oxathian-2-one, 6-methyl-

1,5-Benzoxazepin-4(5H)-one, 2,3-dihydro-3-phenyl-

1,5-Diphenyl-2H-1,2,4-triazoline-3-thione

e L

1,8:2,7-Dimethanodibenzo[a,e]cyclobuta[c]cycloocten-13-
one, 1,2,2a,7,8,12b-hexahydro-1-methoxy-

-

1,8-cis-Undecadien-5-yne 3,7-bis-trimethylsilyl ether

1,8-Diazacyclotetradecane-2,7-dione

1,8-Dihydroxy-3-methylanthraquinone

1,8-Naphthalenediol, 2,7-diacetyl-3,6-dimethyl-

1,N-Dimethyl-2-phenylethylamine, pentafluorobenzoyl-

1-[(2-Hydroxyphenyl)thioxomethyl]piperidine

1-[2-Methoxy-5-nitrophenyl]-3-amidineurea

10H-Phenoxaphosphine, 2,8-diethyl-10-hydroxy-, 10-oxide

10-Pentadecen-5-yn-1-ol, (E)-

13,14-Benzo-1,4,8,11-tetrathiacyclopentadecane

17-(1,5-Dimethylhexyl)-1,10,13-

R RrRRRRRRR R
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trimethylhexadecahydrocyclopenta[a]phenanthren-3-one

17a-Methyl-173a-hydroxy-1,4,6-androstatrien-3-one, mono-
TMS

-

1-Amino-2-methylnaphthalene

1-Butanamine, N-butyl-

1-Butanamine, N-ethyl-

1-Butanol, 3-methoxy-

1-Butanone, 4-chloro-1-(4-hydroxyphenyl)-

1-Butene, 4-isothiocyanato-

1-Chloromethyl-3,5-dimethylbenzene

1-Ethyl-1-(2-ethylhexyloxy)-1-silacyclopentane

1-Ethyl-2-pyrrolidinone

1-Ethyl-3-propyladamantane

RiR R RRRRRRR

1-Formyl-2,2-dimethyl-3-trans-(3-methyl-but-2-enyl)-6-
methylidenecyclohexane

1-Formyl-2-hydroxy-9-methyl-anthracene

1H-1,4-Diazepine-5,7(2H,6H)-dione, 3-(dimethylamino)-
6,6-diethyl-2,2-dimethyl-

1H-1-Benzazepine-3,4-dicarboxylic acid, 1-methyl-,
dimethyl ester

|

1H-Azepine, 1-(phenylsulfonyl)-

1H-Benz[de]lisoquinoline-1,3(2H)-dione

1H-Benzoimidazole, 2-(3-nitrophenyl)-

1H-Imidazole-4-carboxamide, 5-amino-

1H-Indene, 2,3-dihydro-1,1,3-trimethyl-3-phenyl-

1H-Indole, 1-benzoyl-

e L L

1H-Indole-2-carboxylic acid, 6-(4-ethoxyphenyl)-3-methyl-
4-o0x0-4,5,6,7-tetrahydro-, isobutyl ester

-

1H-Isoindole-1,3(2H)-dione, 2-hydroxy-

1H-Purine-6-carbonitrile

1H-Pyrazole, 5-methoxy-1,3-dimethyl-

1H-Pyrrole, 1-(2,3,4,6-tetrachloro-5-methylphenyl)-

1H-Pyrrole, 1-(2-furanylmethyl)-

1H-Pyrrole, 2,4-diphenyl-

1H-Pyrrole, 2-ethyl-

1H-Pyrrole, 2-methyl-

1H-Pyrrole, 3-ethyl-2,4,5-trimethyl-

1H-Pyrrolo[2,3-b]pyridine, 3-amino-2-phenyl-

RR R R RRRRR=
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1-Hydroxycyclohexanecarboxylic acid

1-Imidazolidinecarboxamide-4-oxo,N1-(1-methylethyl)-2-
(1,1-dimethylethyl)-3-methyl

1-Methyl-2-(quinoxolin-3-yl)benzimidazole

1-Methyl-bis(1,2,4)-triazole-5,1

1-Phenanthrenecarboxylic acid, 1,2,3,4,4a,9,10,10a-
octahydro-1,4adimethyl-7-(1-methylethyl)-, [1R-
(13,423,10aa)]-

1-Proline, N-(2-thienylcarbonyl)-, methyl ester

1-Propanol, 2-(2-hydroxypropoxy)-

1-Propene, 3-(2-cyclopentenyl)-2-methyl-1,1-diphenyl-

1s,4R,7R,11R-8-Hydroxy-1,3,4,7-
tetramethyltricyclo[5.3.1.0(4,11) Jundec-2-ene

1-Tritylhistamine

2(1H)-Pyridinone, 3-acetyl-4-hydroxy-1,6-dimethyl-

2(1H)-Pyridinone, 3-acetyl-4-hydroxy-6-methyl-

2(1H)-Quinolinone, 3-[(trifluoromethyl)thio]-4-methyl-

2-(1-Hydroxy-1-methylethyl)cyclohexanol

2-(1-Methylcyclopentyloxy)-tetrahydropyran

2-(2-Naphthyl)-2-propanol

2-(3a,5-Cyclo-6a-methoxynorcholanyl)-1,1-
diphenylethylene

2(3H)-Furanone, 5-methyl-

2(3H)-Furanone, dihydro-5-(2-octenyl)-, (Z)-

2(4H)-Benzofuranone, 5,6,7,7a-tetrahydro-4,4,7a-
trimethyl-, (R)-

2(5H)-Furanone

2-(Bromovinyl)trimethylsilane

2-(E)-Hexenoic acid, (4S)-amino-5-methyl-

2-(p-Fluorophenyl)-1-methylbenzimidazole

2,2,3,3,4,4-Hexamethyltetrahydrofuran

2,2-Bis(hydroxymethyl)-2,2',2"-nitrilotriethanol

2,2-Bis[(4-trimethylsiloxy)phenyl]propane

2,2-Diethyl-2-sila-1,3-dioxacyclohexane

2,2-Diisopropyl-1,3-dioxolane

2,2'-Trimethylenebis-1,3-dioxolane

2',3',4'5,7,8-Hexamethoxyflavone

2,3,4,6-Tetramethoxystyrene

RRRrRRRRRRR PR
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2,3,5,6-Tetrafluoroanisole 1
2,3,5-Trimethyl-6-isopentylpyrazine 1
2,3-Benzofurandione 1
2,3-Butanediol, 2,3-dimethyl- 1
2,3-Dihydro-1-ethyl-1H-3-methylcyclopenta[b]quinoxaline 1
2,3-Dihydro-2-methyl-4-(4-methylphenyl)-1H-1,5- 1
benzodiazepine

2,3-Dimethyl-5-(2,6,10-trimethylundecyl) furan 1
2,3-Di-O-methyl-D-xylopyranose 1
2,3-Disila-5-heptene, 2,2,3,3,4-pentamethyl-4- 1
(phenylthio)-

2,4,6-Trimethylpropiophenone 1
2,4,6-Tris(1,1-dimethylethyl)-4-methylcyclohexa-2,5-dien- 1
1-one

2,4-Diphenyl-4-methyl-2(E)-pentene 1
2,4-Pyrimidinediamine, 6-methyl-N4-phenyl- 1
2,5,10-Undecanetrione, 6,6-dimethyl- 1
2,5,5-Trimethyl-2-0x0-1,2,3,-dioxophosphorinane 1
2,5,6-Tri-O-acetyl-3,4-di-O-methyl-D-mannonitrile 1
2,5-Cyclohexadiene-1,4-dione, 2,5-bis(1,1-dimethylpropyl)- 1
2,5-Dimethoxymandelic acid, di-TMS 1
2,5-Dimethylbenzophenone 1
2,5-Dimethylpyrimidine 1
2,5-Furandione, 3-methyl- 1
2,5-Pyrrolidinedione 1
2,6-Bis(1,1-dimethylethyl)-4-(1-oxopropyl)phenol 1
2,6-Difluorobenzoic acid, 4-nitrophenyl ester 1
2,6-Pyridinedicarboxylic acid 1
2-[(2RS)-2-(2-Hydroxyethoxy)propyl]-2-methyl-1,3- 1
dioxolane
2-[6-(1-Hydroxy-1-methylethyl)naphthalen-2-yl]propanoic 1
acid

21.5553 ? Octadecanoic acid (ID#:57-11-4) 1
22,23-Dihydrospinasterone 1
24Xi-methylcholestane-33,5a,6a-triol-33,64a-diacetate 1
27-Norergosta-5,22-dien-3-ol, (34,222)- 1
2-Acetyl-2-methyltetrahydrofuran 1
2-Acetyl-5-methylthiophene 1
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2-Acetylmethylamino-4,5,6,7-tetrahydrobenzothiazol-7-one

2-Amino-4,6-dimethyl-5-iodopyrimidine

2-Amino-4-acetamino anisole

2-Amino-4-hydroxy-6,7-bis[3-phenylpropyl]pteridine

2-Amino-benzoic acid

2-Anilino-4-methylquinoline

2-Benzyl-6-methyl-4(3H)-pyrimidinone

2-Bromo-3-methyl-6-phenyl-thiazolo(3,2-b)-1,2,4-triazole

2-Butanamine, N,N-dimethyl-

2-Butanol, 3,3'-oxybis-

2-Butanone, 1-(4-tert-butyl-2,6-xylyl)-3-o-tolyl-

2-Butanone, 3-hydroxy-

2-Buten-1-one, 1-(2,6,6-trimethyl-2-cyclohexen-1-yl)-, (E)-

2-Butene, 1,4-diethoxy-

2-Carbomethoxy-8-methyl-8-azabicyclo[3.2.1]oct-2-ene

2-Chloroethyl benzoate

2-Chloroethyl methyl sulfide

2-Chloromethyl-1H-benzoimidazole-5-carboxylic acid

2-Cyano-2-isopropyl-3-methylbutanoic acid

2-Cyclobutyl-N-(4-iodo-phenyl)-acetamide

2-Cyclohexene-1-thione, 3,5,5-trimethyl-

2-Cyclopenten-1-one, 2-hydroxy-

2-Cyclopentene-1,4-dione

2-Dodecanol, 2-methyl-

RiRrRrRRRRRARRRRRRRRRRRRRRRRR

2E,4E-Hexadiene, adduct with 4-methyl-1,2,4-triazolin-3,5-

dione 1
2-Ethyl-3-hydroxypropionic acid, di-TMS 1
2-Ethylidenehydrazono-3-methyl-7-chloro-2,3- 1
dihydrobenzothiazole
2-Ethylthio-7-methylthio-1,3,4-thiadiazolo(3,2- 1
a)(1,3,5)triazine-5-one

2-Fluoro-4-bromobenzaldehyde 1
2-Fluorobenzylamine, N,N-dibutyl 1
2-Fluorobenzylamine, N,N-dioctyl 1
2H,8H-Benzo[1,2-b:5,4-b']dipyran-10-propanal, 5- 1
methoxy-2,2,8,8-tetramethyl-
2H,8H-Benzo[1,2-b:5,4-b']dipyran-2-one, 5-methoxy-8,8- 1

dimethyl-10-(3-methyl-2-butenyl)-
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2H-[1,2,3]Triazole, 4-nitro- 1
2H-1-Benzopyran-2-one, 7-methoxy-6-(3-methyl-2- 1
oxobutyl)-

2H-1-Benzopyran-5-carboxylic acid, 3,4-dihydro-2-methyl- 1
4-0x0-

2H-Pyran, 2-[[(334)-cholest-5-en-3-yl]Joxy]tetrahydro- 1
2H-Pyran-2-one, tetrahydro-4-methyl- 1
2H-Tetrazole, 2-methyl- 1
2-Hydroxy-4,5-methylenedioxypropiophenone 1
2-Imidazolidinone, 1,3-dimethyl- 1
2-Isopropenyl-3,6-dimethylpyrazine 1
2-Methoxy-1,3-dioxolane 1
2-Methyl-1,1-bis(2,4-dimetoxyphenyl)propane 1
2-Methyl-2-propyl methylphosphonofluoridate 1
2-Methylheptanoic acid 1
2-Methylpropionic acid, 4-cyanophenyl ester 1
2-Monopalmitin 1
2-Naphthaleneacetic acid, 6-methoxy-a-methyl- 1
2-Norbornen-7-ol, 7-(p-methoxyphenyl)-, p-nitrobenzoate, 1
anti-

2-Octanol, 2,6-dimethyl- 1
2-Octenoic acid 1
2-Oxetanone, 3,3-dimethyl- 1
2-0xo0-3-phenyl-2H-pyrane-6-carboxylic acid, ethyl ester 1
2-0x0-5-benzyl-4,6-diphenyl-1,2-dihydropyrimidine 1
2-Pentenoic acid, 4-oxo-, methyl ester, (Z)- 1
2-Phenazinol, 6-amino- 1
2-Phenyl-2-trimethylsilyloxypropanoic acid, trimethylsilyl 1
ester

2-Phenyl-8-methyl-4H-imidazo(2,1-c)(1,4)benzoxazine 1
2-Piperidinone 1
2-p-Nitrophenyl-5-isopropyloxy-oxadiazole-1,3,4 1
2-Propanol, 1,1'-[(1-methyl-1,2-ethanediyl)bis(oxy)]bis- 1
2-Propenamide, 3-methoxy-N-phenyl-, (E)- 1
2-Propenamide, N-(1-methylethyl)-N,3-diphenyl- 1
2-Propenoic acid, 3-(4-methoxyphenyl)-, 2-ethylhexyl ester 1
2-Propenoic acid, 3-(dimethylamino)-, methyl ester 1
2-Propenoic acid, 3-bromo-, methyl ester, (2)- 1
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2-Pyrazoline-1-carboxamide, 3-methyl- 1
2-pyrrolidinone 1
2-t-Butyl-1-methanesulfonyl-3-methyl-imidazolidin-4-one 1
2-t-Butyl-1-methyl-3-phenyl-imidazolidin-4-one 1
2-Thiazolamine, 5-nitro- 1
2-Thiazolidinone, 3-(1-methylethyl)-4-methyl- 1
2-Thioacetylimino-3-methyl-2,3-dihydrobenzothiazole 1
2-Thiophenecarboxylic acid, 4-nitrophenyl ester 1
2-Undecen-4-ol 1
2-Undecenoic acid, trimethylsilyl ester 1
3-(2'-Chloro-phenyl)-2-methyl-4(3H)-quinazolinone 1
3(2H)-Benzofuranone, 6-methoxy-2-[(2- 1
methoxyphenyl)methylene]-, (E)-

3(2H)-Furanone, 5-methyl-2-octyl- 1
3(2H)-Isoquinolinone, octahydro-, (4ar-trans)- 1
3-(2-Methylphenyl)propionic acid 1
3-(2-t-Butoxyethyl)decahydroisoquinoline 1
3-(3-Hydroxyphenyl)-3-trifluoromethyl-3H-diazirine 1
3-(4-Fluorobenzoyl)-2(3H)-thioxo-4-thiazolyl 4- 1
fluorobenzoate

3(4H)-Phenanthrenone, 4a,4b,5,6,7,8,8a,9,10,10a- 1
decahydro-4b,8,8-trimethyl-, [4aS-(4aa,4ba,8aa,10ad)]-
3-(Dioxolan-2-yl)-1,1-dimethyl-2- 1
phenylpropylhydroxylamine

3-(Fluorosulfonyl)benzoic acid 1
3(N,N-Dimethylmyristylammonio)propanesulfonate 1
3,3,5-Trichloro-2,4-dithiahexane 2,2,4,4-tetroxide 1
3,3-Dimethoxy-2-butanone 1
3,4-Dihydroxy-5-methoxybenzaldehyde 1
3,4-Dihydroxypropiophenone 1
3,4-Methylenedioxymandelic acid 1
3,5,6-Trimethoxyfurano-(7,8,2",3")-flavone 1
3,5-Dihydroxybenzamide 1
3,5-Dimethoxyphenethylamine 1
3,5-Dimethyl-1-dimethylphenylsilyloxybenzene 1
3,5-Dimethyl-1-dimethylvinylsilyloxybenzene 1
3,5-Dimethyl-2,4,6-trichlorophenol 1
3,5-di-tert-Butyl-4-hydroxybenzaldehyde 1
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3,5-di-tert-Butyl-4-hydroxybenzyl alcohol 1
3,6,10-Trioxa-2,11-disiladodecane, 2,2,11,11-tetramethyl- 1
3,6,9,12-Tetraoxa-2,13-disilatetradecane, 2,2,13,13- 1
tetramethyl-

3,6-Dioxa-2,4,5,7-tetrasilaoctane, 2,2,4,4,5,5,7,7- 1
octamethyl-

3,6-Dioxa-2,7-disilaoctane, 2,2,4,7,7-pentamethyl- 1
3,6-Diphenyl-5-(2,4-dihydroxyphenyl)-1,2,4-triazine 1
3,7,11,15-Tetramethyl-2-hexadecen-1-ol 1
3,7a-Diazacyclohepta[jk]fluorene-5-acetaldehyde, a- 1
ethylidene-1,2,3,3a,4,5,6,7-octahydro-7,10-
33,164a,2243,30-Tetrahydroxy-13,28-epoxyoleanane 1
3-Amino-6-isobutylthieno[2,3-b]pyridine-2-carboxylic 1
acid,phenylamide

3-Chloro.2,4-pentanedione 1
3-Chloro-benzo[b]thiophene-2-carboxylic acid [2-(4- 1
methoxyphenoxy)-ethyl]-amide
3-Cyano-1,3-dimethyl-5,5-dimethoxycarbonylisoxazolidine 1
3-Cyano-5,5-dimethoxycarbonyl-N-methylisoxazolidine 1
3-Dodecanol, 3,7,11-trimethyl- 1
3-Ethoxy-2-bromo-1-propanol 1
3-Furan-2-yl-acrylic acid 4-[(2-chloro-benzoyl)- 1
hydrazonomethyl]-phenyl ester

3-Furanmethanol 1
3-Hexanone, 2-methyl- 1
3-Hexen-1-ol, benzoate, (Z)- 1
3-Hexenamide, N,N,2-trimethyl-, (E)-(.+-.)- 1
3H-Pyrazolo[4,3-c]pyridazin-3-one, octahydro-7-hydroxy-6-

. 1
methylene-2,5-diphenyl-
3-Hydroxyisoxazole-5-(N-isopropyl)carboxamide 1
3-Isopropoxy-1,1,1,7,7,7-hexamethyl-3,5,5- 1
tris(trimethylsiloxy)tetrasiloxane
3-Isopropyl-4-methyl-dec-1-en-4-ol 1
3-Methanesulphonyl-thiophene-2-carboxamide 1
3-Methyl-1,2-diphenyl-3-(2-thienyl)cyclopropene 1
3'-Methyl-2-benzylidene-coumaran-3-one 1
3-Methyl-4-amino-4,5(1H)-dihydro-1,2,4-triazole-5-one 1
3-Methylbutyl N-(heptafluorobutyryl)leucinate 1
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3-Methylbutyl N,O-bis(heptafluorobutyryl)hydroxyprolinate

3-Phenyl-2,9-dioxa-4-aza-fluoren-1-one

3-Pyridinecarbonitrile, 1,4-dihydro-1-methyl-

3-tert-Butyl-4-hydroxyanisole

i i

4-(2-Chloroethoxy)-6-methoxy-N,N-dimethyl-1,3,5-triazin-
2-amine

4-(2-t-Butyl-5-oxooxazolidine-3-carbonyl)-N,N-
dimethylbenzamide

4-(4-Aminophenyl)-2,6-diphenyl pyrimidine

4-(4-Fluorophenyl)-2,3-dihydro-2-methyl-1H-1,5-
benzodiazepine

4-(4-Methylbenzoylmethyl)-2H-1,4-benzoxazin-3(4H)-one

4-(9-Acridinyl)-N,N-diethylbenzenamine

4-(Hydroxymethyl)-1-phenyl-2-azetidinone

4-(m-Nitrophenyl)-2-thiazolamine

4-(Trifluoromethylsulfonyl)anisole

e L

4,2-Cresotic acid, 6-methoxy-, methyl ester, 3,5-dichloro-
4,6-dimethoxy-o-toluate

4,4'-(m-Phenylenedioxy)diphenol

4,5-Dihydro-4,4-diisopropyl-2-phenyl-1,3-oxazin-6-one

4,5-Dihydro-N-hydroxy-N-phenyl-3-furamide

4,6-Bis(isopropylamino)-1,3,5-triazine-2-carboxylic acid

4',6'-Dimethoxy-2',3"'-dimethylacetophenone

4,6-Octadiyn-3-one, 2-methyl-

e L

4,7-Methano-1H-inden-6-ol, 3a,4,5,6,7,7a-hexahydro-,
acetate

-

4,9-Dimethyl-2-nitroanthra[2,1-b]furan

4-[4-Nitrophenyl]-2,4-dioxobutyric acid

4-Amino-2-methyl-5,6-trimethylenepyrimidine

4-Deoxypyridoxine

4'-Dimethylamino acetanilide

4-Ethoxy-N-(1H-[1,2,4]triazol-3-yl)-benzamide

4H-1,2,4-Triazol-4-amine

e e I

4H-1,3,5-Oxadiazine-4-carboxylic acid, 2-(dimethylamino)-
6-(2-fluorophenyl)-4-(trifluoromethyl)-, ethyl ester

4H-1-Benzopyran-8-carboxylic acid, 3-methyl-4-oxo-2-
phenyl-

4-Heptanol, 2,6-dimethyl-4-propyl-
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4-Hexen-3-one

4H-Pyrido[1,2-a]pyrimidine-4-thione, 2-methyl-

4-Hydroxyanthraquinone-2-carboxylic acid, di-TMS

4-Iodoimidazole

4-Methyl itaconate

e L

4-Methyl-2-(2-nitro-5-piperidin-1-yl-phenyl)-2H-phthalazin-
1-one

|

4-Methyl-2-trimethylsilyloxy-acetophenone

4-Methylbenzene

4-Octen-3-one

4-Penten-2-ol, 1,1,1-trifluoro-2-(trifluoromethyl)-

4-Phenyldibenzofuran

4-Pyridinecarboxaldehyde

4-Pyridinol, 3,5-dichloro-2,6-diethyl-

4-Pyrimidinamine, 5-methyl-

4-t-Butyl-2-(4-methoxy-phenyl)-6-p-tolyl-pyridine

RlRRrRRRR R

4-Trichloromethyl-3,4(1H)-dihydro-2,3-benzothiazine 2,2-
dioxide

4-Vinylbenzoic acid

5-(2,4-Dimethylphenyl)-3-(5-nitrofuran-2-ylmethylene)-
3H-furan-2-one

5-(4-Hexyloxybenzoyloxy)-2-(4-nitrophenyl)pyrimidine

5-(p-tert-Butylphenoxymethyl)-3-(1-naphthyl)-2-
oxazolidone

5,7,4'-Trihydroxy-8-(3-hydroxy-3-methylbutyl)isoflavone

5,7-Dichloro-2-naphthylamine

5,8,11,14,17-Eicosapentaenoic acid, methyl ester, (all-Z)-

5-Amino-2-methoxyphenol

5-Amino-3-phenylpyrazole

e

5a-Pregnane-34,20a-diamine, N3-isopropylidene-N20,N20-
dimethyl-

-

5-Fluoro-2-hydroxyacetophenone

5-Hepten-3-one, 5-ethyl-2-methyl-

5-Iodo-2-trimethylsilyloxy-acetophenone

5-Methylenehydantoin

5-Nitro-3-phenyl-1H-indazole

5-Propoxy-2,2'-bipyridyl

5-Thiazoleethanol, 4-methyl-

L L
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6-[3,4-Dichlorophenyl]-N,N-dimethyl-1,2,4-triazin-3-amine 1
6H,12H-Indazolo[2,1-a]indazole-6,12-dione 1
6H-Dibenzo[b,d]pyran-1,9-diol, 6a,7,8,9,10,10a- 1
hexahydro-6,6,9-trimethyl-3-pentyl-, [6aR-(6aa,94,10ad)]-
6H-Dibenzo[b,d]pyran-6-one, 7,9-dihydroxy-3-methoxy-1- 1
methyl-
6-Hydroxy-5-(3-methyl-butyl)-2-(2-morpholin-4-yl- 1
ethylsulfanyl)-3-phenyl-3H-pyrimidin-4-one
6-Isoquinolinamine 1
6-Methoxycarbonyl-9-methyl-7-ox0-4,7-dihydro[1,2,4]- 1
triazolo(3,4-c)[1,2,4]triazine
6-methylpyridine 1
6-Phenylisoquinoline 1
7,10-Methanofluoranthene, 8,9-dichloro-6b,7,8,9,10,10a- 1
hexahydro-,(6ba,74,8a,93,104,10aa)-
7,8-Dimethoxy-2-methyl-3H-pyrimido[4,5-b]quinolin-4-one 1
7a-Ethyl-8a-hydroxy-2,6-dimethylbicyclo[4.4.0]dec-1-ene 1
7-Azabicyclo[4,2,0]octan-8-one 1
7H-Benzo[c]furo[2,3-f][1]benzopyran, 2,7,7,10-

1
tetramethyl-4-pentyl-
7-Methoxy-2,2,4,8- 1
tetramethyltricyclo[5.3.1.0(4,11)]undecane
7-Propyl-cis-bicyclo[3.2.0]hept-6-en-2-one 1
8-C-a-d-[2-0-(E)-p-Coumaroyl]glucopyranosyl-2-[(R)-2- 1
hydroxy]propyl-7-methoxy-5-methylchromone
8-Chloro-6-[2-piperidino-1-hydroxyethyl]-2-phenylquinoline 1
8-Methyl-5,6,7,8-tetrahydro-2,4-quinazolinedione 1
8-Phenylquinoline-6-carboxylic acid 1
9H-Carbazole, 9-ethyl- 1
9-Hexadecenoic acid, methyl ester, (2)- 1
9H-Fluorene, 1,9-dimethyl- 1
9H-Purine 1
9-Octadecenamide, (Z)- 1
9-Octadecenoic acid, (E)- 1
a Isomethyl ionone 1
a,qa,a’',a'-Tetramethyl-1,4-benzenedimethanol 1
a,a-Methyl-2-deoxy-D-ribopyranoside 1
a-Alanine,N-hydroxy-N-[2,3-0O-(1-methylethylidene)-5-0- 1
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(triphenylmethyl)-a-d-ribofuranosyl]-, methyl ester

Acetaldehyde, tetramer

Acetamide, N-(1-naphthyl)-2,2,2-trifluoro-

Acetamide, N-ethyl-

Acetic acid

Acetic acid, (2,4-dichlorophenoxy)-, 2-ethylhexyl ester

Acetic acid, (2,4-xylyl)-

Acetic acid, mercapto-, 2-methoxyethyl ester

Acetic acid, phenoxy-

Acetic acid, trichloro-, ethyl ester

Acetyl iodide

Adamantane-1-carboxamide, N-(4-amino-3-furazanyl)-

Adenosine

a-D-Glucopyranoside, 6-deoxy-a-Lmannopyranosyl

a-D-Glucopyranoside, methyl 2,3,4,6-tetra-O-methyl-

Alanine

Allyl dithioacetate

Allyl fluoride

Aluminum, tetraethylbis(ae-methylaminato)di-

Amine, N,N,N-tris(trimethylsiloxymethyl)-

Amitriptyline

Ammonium Chloride

Amphetamine PFP

Androstan-17-one, 3,16-bis(acetyloxy)-, (3a,5a,16a)-

Anthracen-9-one, 10-heptyl-10-hydroxy-

RiRrRrRRRRRARRRRRRRRRARRRRRR AR~

Azadirachtin, de[(E)-2-methyl-1-ox0-2-butenyl](1,2-
dioxopropyl)dihydro-

|

Azetidine, 1-acetyl-2-methyl-

Benzaldehyde, 2,4-dihydroxy-6-methyl-

Benzaldehyde, 3-fluoro-4,5-dihydroxy-

Benzaldehyde, 4-benzyloxy-3-methoxy-2-nitro-

Benzamide, 4-allyloxy-N-(1-isochromenylmethyl)-

Benzamide, 4-fluoro-N-(3-ethylphenyl)-

Benzamide, 4-methyl-

Benzamide, N,N-diethyl-4-methyl-

Benzenamine, 2-iodo-

Benzene, (1-butylhexyl)-

Benzene, (1-propyldecyl)-

RRr R R RRRRRR|~
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Benzene, (2,2-dimethylbutyl)-

Benzene, 1-(chloromethyl)-3-methoxy-

Benzene, 1-(chloromethyl)-4-methoxy-

Benzene,1,1'-(1,1,2,2,3,3-hexafluoro-1,3-propanediyl)
bis[2,3,4,5,6-pentafluoro-

Benzene, 1,1'-(1,1,2,2-tetramethyl-1,2-ethanediyl)bis-

Benzene, 1,1'-(1-methylethylidene)bis[4-methoxy-

Benzene, 1,1'-sulfonylbis[2-methyl-

Benzene, 1,1'-thiobis[2,4,6-trinitro-

Benzene, 1,2,4-trimethyl-

Benzene, 1,3,5-trichloro-2,4,6-trimethyl-

Benzene, 1-bromo-2-methoxy- (2-Bromoanisole)

Benzene, 1-chloro-2-dimethoxymethyl-

Benzene, 1-fluoro-4-(2-methoxyethenyl)-, (2)-

Benzene, 1-methoxy-4-(phenylethynyl)-

Benzene, 1-methyl-4-propyl-

Benzene, iodo-

Benzeneacetic acid, 4-(1,1-dimethylethyl)-

Benzeneacetic acid, 4-methoxy

Benzeneacetic acid, a-methyl-, methyl ester

Benzeneacetonitrile, 4-(1,2,3,6-tetrahydro-4-pyridinyl)-

Benzenebutanoic acid, 2,5-dimethyl-

Benzenecarbothioic acid,S-propyl ester

Benzeneethanol, a-bromo-

Benzenemethanamine, N-(phenylmethyl)-

Benzenemethanol, a-[1-(methylamino)ethyl]-

Benzenemethanol, a-methyl-a-(1-methyl-2-propenyl)-

Benzenemethanol, a-phenyl-

Benzenepropanoic acid, 2-pentyl ester

Benzenesulfin-p-anisidide

Benzenethiol, 2-(phenylamino)-

Benzenetridecanoic acid, 3-chloro-4-methoxy-, 2-decyl-3-
methoxy-5-pentylphenyl ester

Benzhydrazide, 3-methyl-N2-[1-methyl-2-(5-methyl-3-
nitro-1-pyrazolyl)ethylideno]-

Benzhydrazide, 4-[4-(4-methoxyphenyl)-5-methylthiazol-2-
ylamino]-

Benzo[1,2-b:5,4-b']difuran-4,8-dione, 5-methyl-2-(1-

234

RRrRRrRRRRRARRRRRRRRRARRRRRRRRRRR

-




methylethenyl)-

Benzo[b][1,5]-naphthyridine, 4-chloro-

Benzo[b]1,4-dioxine-6,7-diamine, 2,3-dihydro-

Benzofuran, 2,3-dihydro-

Benzofuran, 4,5,6,7-tetrahydro-3,6-dimethyl-

Benzoic acid, 1-methylethyl ester

Benzoic acid, 2-(6-phenanthridinyl)-, methyl ester

Benzoic acid, 2-(acetyloxy)-, methyl ester

Benzoic acid, 2,3,4,5-tetrafluoro-, methyl ester

Benzoic acid, 2,6-bis(trimethylsiloxy)-, methyl ester

Benzoic acid, 2,6-dichloro-

Benzoic acid, 2-amino-, ethyl ester

Benzoic acid, 2-amino-, methyl ester

Benzoic acid, 2-benzoyl-

Benzoic acid, 2-ethyl-6-hydroxy-, methyl ester

Benzoic acid, 2-methoxy-

Benzoic acid, 3-(5-chloro-2-methoxybenzoyl)-4-hydroxy-

RIR R RRRRRARRRRRRRR~=

Benzoic acid, 3,5-dichloro-2,4-dihydroxy-6-pentyl-, 4-
carboxy-3-methoxy-5-pentylphenyl ester

Benzoic acid, 4-(1-methylethyl)-

Benzoic acid, 4-(4-butylcyclohexyl)-, 2,3-dicyano-4-
ethoxyphenyl ester

Benzoic acid, 4-(4-pentylcyclohexyl)-, 4'-cyano[1l,1'-
biphenyl]-4-yl ester

Benzoic acid, 4-(4-propylcyclohexyl)-, 4'-cyano[1,1'-
biphenyl]-4-yl

Benzoic acid, 4-fluoro-, 2-oxo-2-phenylethyl ester

Benzoic acid, 4-methyl-

Benzoic acid, methyl ester

Benzoic,acid,thio-,S-(2-methoxy-ethyl)ester

Benzothiazole, 2-(methylthio)-

Benzyl butyl phthalate

Benzyl chloride

Bicyclo[2.2.2]oct-2-ene, 1,2,4,5,5,6,6-heptafluoro-3-
methoxy-

Bicyclo[3.2.0]hepta-2,6-diene, 5-chloro-

Bis(3-chloro-1-propyl)(1-chloro-2-propyl)phosphate

Bis(N-methoxy-N-methylamino)methane
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Bis(trifluoromethyl)fluorophosphine 1
Bismuthine, tripropyl- 1
Bis-S-triazolo[4,3-b,3',4'-f]pyridazine, 3,3'-dimethyl 1
Borane, methanetetrayltetrakis[difluoro- 1
Boric acid, triphenyl ester 1
Butabarbital 1
Butanal 1
Butanamide 1
Butane, 1,2,4-trimethoxy- 1
Butanoic acid 1
Butanoic acid, 2-(pentafluoropropionylamino)-, isopropyl 1
ester, L-

Butanoic acid, 2-ethyl-, 1,2,3-propanetriyl ester 1
Butanoic acid, tributylsilyl ester 1
Caffeine 1
Capparisinine 1
Caprolactam 1
Carbamazepine-10,11-dibromo- 1
Carbamic acid, methyl ester 1
Carbamodithioic acid, dimethyl-, bis(anhydrosulfide) with 1
methylarsonodithious acid

Carbomethoxysulfenyl ethyltrithiocarbonate 1
Carbon dioxide 1
Carbonic acid, 3-hexenyl methyl ester, (Z)- 1
Carbonic acid, phenyl ester, ester with methyl p- 1
hydroxybenzoate

Carbonodithioic acid, S,S'-(diphenylmethylene) O,0O'-diethyl 1
ester

Carbonotrithioic acid, bis(trifluoromethyl) ester 1
Carbonotrithioic acid, diethyl ester 1
Carbostyril, 3-ethyl-4-hydroxy-7-methoxy- 1
Cherylline, 2-(p-bromobenzoyl)-2-demethyl-O,0-dimethyl- 1
Chirald 1
Cholest-5-en-3-ol (3a)- 1
Cholest-5-en-3-ol (3a)-, trifluoroacetate 1
Cholesta-4,6-dien-3-ol, (3a)- 1
Cholestan-3-one, (5a)- 1
Cholesterol 1
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Chromium, bis[(1,2,3,4,5,6-0)-1,1"-biphenyl]-

Cinoxate

cis-9,10-Epoxyoctadecanamide

Clorophene

Clozapine

e L

Cobalt, (U5-2,4-cyclopentadiene-1-yI)[(1,2,3,3a,7a-0)-1H-
inden-1-yl]-

|

Cobalt, cyclopentadienyl-(cyclopenta-1,3-diene)

Cobalt, di-a-chlorotetranitrosyldi-

Cocaine

Crotonic acid, o-formylphenyl ester

Cyanogen chloride

Cyclic octaatomic sulfur

Cyclizine

L R L

Cyclobuta[1,2-d:3,4-d']bis[1,3]dioxole, tetrahydro-,
(3aa,3bpB,6aa,6bp)-

|

Cyclobuta[de]naphthalene

Cyclobutanecarboxylic acid, 2-tetrahydrofurylmethyl ester

Cyclobutanone, 2,3,3-trimethyl-

Cyclobutanone, 2-tetradecyl-

Cyclohexane, decyl-

Cyclohexanecarboxylic acid, 1-amino-

Cyclohexanemethanol, a,a,4-trimethyl-, cis-

Cyclohexanone, 2-(2-chlorophenyl)-2-(methylamino)-, (f)-

Cyclohexene, 3,3,5,5-tetramethyl-1-(trimethylsilyloxy)-

Cyclohexene, 3-methyl-6-(1-methylethylidene)-

Cyclopentane-1,2-dicarboxylic acid dipiperidide

Cyclopentaneacetic acid, 3-oxo-2-pentyl-, methyl ester

Cyclopropene, 1-chloro-2,3,3-trifluoro-

RIR R RRRRRRRRRR

Decanoic acid, 2,2-bis[[(1-oxodecyl)oxy]methyl]-1,3-
propanediyl ester

-

Decanoic acid, 4-oxo-

Dehydroacetic Acid

Desmethyltramadol, O-

Dextrorphan

D-Glucopyranoside, 4-O-decyl-

D-Glucose, 3-O-[6-deoxy-a-Lmannopyranosyl]-

Di(pentamethylphenyl)ketone

e i L T
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Dibutyl phthalate

Dichlorophenoxy methyl acetate, 2,4-

Diclofenac

Diethylene glycol dibenzoate

Diethylene glycol monododecyl ether

Diethyltoluamide

Difluorophosphoric acid

Dihydrocodeine Bitartrate

Dimethyl trimethylsilylmethylphosphonate

Dimethyl Sulfone

Dimethyl-(allyl)-silyloxybenzene

Dimethylphosphinic fluoride

di-p-Tolyl sulfone

RIR R R RRRRRR R RR

Dipyrrolo[1,2-a:-1',2'-d]pyrazine-5,10-dione, octahydro-
2,7-dihydroxy-

|

Disilane, hexakis(4-methylphenyl)-

Dixyrazine

dl-2-Benzylaminooctanol

dl-7-Azatryptophan

Dodecanamide

Dodecanamide (Lauramide)

Dodecanoic acid, 3-hydroxypropyl ester

Dodecanoic acid, ethenyl ester

Dodecanoic acid, methyl ester

Dothiepin

RRrRrRRRRRRRR

d-Ribo-tetrofuranose, 4-c-cyclopropyl-1,2-O-isopropylidene-
, aa-

|

Epicholestanol

Ergosta-5,24-dien-3-ol, acetate, (3a)-

Ethane, 1,1,2,2-tetrafluoro-

Ethane-1,1-diol dibutanoate

Ethaneperoxoic acid, 1-cyano-1,4-diphenylpentyl ester

Ethanol, 1-(2-butoxyethoxy)-

el

Ethanol, 1-(2-methyl-2H-tetrazol-5-yl)-2-[(thiophen-2-
ylmethyl)amino]-

Ethanol, 2-(2-butoxyethoxy)-

Ethanol, 2-(2-ethoxyethoxy)-

Ethanol, 2-(2-methoxyethoxy)-
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Ethanol, 2-(dibutylamino)-

Ethanol, 2-(dodecyloxy)-

Ethanol, 2-butoxy-

Ethanone, 1-(2,4,6-trihydroxyphenyl)-

Ethanone, 1-(2,6-dihydroxy-4-methoxyphenyl)-

e L

Ethanone, 1-(5,6,7,8-tetrahydro-3,5,5,6,8,8-hexamethyl-2-
naphthalenyl)- (Tonalide)

|

Ethanone, 1-(5-methoxy-2-methyl-3(1H)-indolyl)-

Ethanone, 1,1'-(1,4-phenylene)bis-

Ethanone, 1,1'-(6-methoxy-2,5-benzofurandiyl)bis-

Ethanone, 1-[4-(1,1-dimethylethyl)phenyl]-

Ethenetricarbonitrile, (2,4,6-trimethylanilino)-

Ethenetricarbonitrile, 3,4-xylidino-

Ether, a,a-dimethylbenzyl bis(trifluoromethyl)methyl

Ethyl 2-isocyanatopropionate

Ethyl 4-(ethyloxy)-2-oxobut-3-enoate

Ethyl N-tert-butylformimidate

Ethyl Vanillin

RiRRRRRRRRR~

Ethylamine, 2-((p-bromo-a-methyl-a-phenylbenzyl)oxy)-
N,N-dimethyl-

|

Ethylamine, N,N-bis(trifluoromethyl)-2-(trifluorosilyl)-

Ethylamine, N,N-dinonyl-2-(2-thiophenyl)-

Ethylamine, N-heptyl-N-octyl-2-(2-thiophenyl)-

Ethylene brassylate

Ethylene glycol monoisobutyl ether

Ethylene oxide

e L

Ethylenediamine, N-(p-fluorophenyl)-N,N'-dimethyl-N'-
phenyl-

|

Ethylheptavinyloctasilsesquioxane

Ethylvinyl sulfide

Formamide

Formamide, N,N-diethyl-

Formamide, N-methyl-

Fosfosal

Fumaric Acid

Furan, 2-(methoxymethyl)-

el I e e

Furan, 2,2'-[1,2-ethanediylbis(oxy)]bis[tetrahydro-5-(2-
methoxy-4-methylphenyl)-5-methyl-

-
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Furan-2-carboxamide, N-(2-fluorophenyl)-

Furo[2,3-b]quinolin-4(9H)-one, 7,8-dimethoxy-9-methyl-

Glucose propylglycoside tetraacetate

Glycerol tricaprylate

Guaifenesin di-tms derivative

Guanidine, N-(4-fluorophenyl)-

Guanidine, N,N-dimethyl-

Heptyl ethylphosphonofluoridate

Hexadecanamide

Hexadecanoic acid propyl ester

Hexadecanoic acid, methyl ester

Hexadecanoic acid, methyl ester

Hexanamide (Caproamide)

Hexanedioic acid, bis(2-ethylhexyl) ester

Hexanedioic acid, bis(2-methylpropyl) ester

Hexanedioic acid, dicyclohexyl ester

Hexanedioic acid, mono(2-ethylhexyl)ester

Hexanoic acid, 2-ethyl-, ethyl ester

Hexanoic acid, 4-methyl-

Homosalate

Hydrazine, 1,1-diethyl-2-(1-methylpropyl)-

Hydrazine, 1,2-dibutyl-

Hydrazine, 2-[fluorobis(1-methylpropyl)silyl]-1,1-dimethyl-

RRrRrRRRRRRRRRRARRRRRRRRRRRRRRR

Hydrocodone

Hydroxymethyl 2-hydroxy-2-methylpropionate

Ibuprofen

Imidazo[2,1-a]isoquinoline

Imidazo[2,1-c]1,2,4-triazine, 1,4-dihydro-3-(4- 1
methylphenyl)-6,7-diphenyl-
Imidazo[4,5-e][1,4]diazepine-5,8-dione, 1,4,6,7- 1
tetrahydro-

Imidazolidine, 1,3-dimethyl-2-(4-pyridyl)- 1
Indeno[3a,4-b]oxiren-2-ol, octahydro-4a-methyl-5- 1
[(tetrahydro-2H-pyran-2-yl)oxy]-, (1aa,2a,4aq,5a,7aS*)-

Indole 1
Iodoacetylene 1
Iridium, [2-(diphenylphosphino)phenyl- 1

C,P]bis(triphenylphosphine)-,
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Isobutyric acid 3,5-dichloro-2,6-dimethyl-4-pyridyl ester

Isoparvifuran

iso-Pentanal N-methyl-N-formylhydrazone

Isopropyl Myristate

Isopropyl stearate

e L

Isothiourea, 2-methyl-1-(2,4-dimethylphenyl)-3-(1,1-
dimethyl-2-propynyl)-

|

Isoxazolo[4,3-a]phenazine, 1-phenyl-

Ketone, methyl 2-methyl-1,3-oxothiolan-2-yl

L-Glucose, 6-deoxy-3-O-methyl-

Lilial

L-Valine

Malonamide, 2-(propylamino)-N,N'-diheptyl-N,N'-dimethyl-

Malononitrile, 2-phenylazo-

m-Aminophenylacetylene

Mequinol

Metacetamol

Methadone N-oxide

Methanamine

Methane, dimethoxy-

Methane, isocyanato-

Methane, trimethoxy-

Methanesulfonic anhydride

Methanethiol

Methanol, (1-ethyl-2-benzimidazolyl)(2-methoxyphenyl)-

Methanol, chloro-, acetate

Methanone, (4,5-dihydro-3,5-diphenyl-4-isoxazolyl)phenyl-

Methyl 2,3,4-tri-O-methyl-6-deoxy-a-D-mannopyranoside

RRrRrRRRRRRRRRRRARRRRRRRR~

Methyl 2-[2-(4-chlorophenyl)-5-methyl-1H-imidazol-1-
ylldithiobenzoate

|

Methyl 2a-carboxymethyl-3a-hydroxy-nor-A(1)-lup-20(29)-
en-28-oate

Methyl 2-ethyl hexylphthalate

Methyl 2-ethyldecanoate

Methyl 4,4-dichlorobutanoate

Methyl 4-methyl-4-nitroso-2-trimethylsiloxy-pentanoate

Methyl N-(thioformyl)dithiocarbamate

Methyl n-hexyl ketone-1-phenyl-1,2-ethanediol ketal 1

e L e
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Methyl salicylate

Methyl(methyl-4-deoxy-2,3-di-O-methylal-threo-hex-4-
enopyranosid)uronate

Methyl(methyl-4-deoxy-2-0O-methylal-threo-hex-4-
enolpyranosid)uronate

Methyl(methyl-4-deoxyal-threo-hex-4-
enopyranosid)uronate

|

Methylene fluoride

Methylglyoxal

Methyltris(trimethylsiloxy)silane

Mirtazapine

m-Methoxybenzoic acid, hexadecyl ester

morpholine

Morpholine, 4-(3-methylcyclohex-1-enyl)-

Myristic acid, 2,3-bis(trimethylsiloxy)propyl ester

N-(1,1-Dimethyl-2-propynyl)-N,N-dimethylamine

N-(2,3,4,5,6-Pentafluorobenzyl)piperidine

N-(4-Aminophenyl)-N'-phenyl-urea

RiRrRrRRRRRRR~

N-(5-Oxo0-6-trifluoromethyl-2,3,5,6-tetrahydro-
imidazo[2,1-b]thiazol-6-yl)-2-phenyl-acetamide

|

N,3-Diethyl-3-nonanamine

N,N',N",N""-Tetrakis(trifluoroacetyl)arginine

N,N-Dimethyl-1-propanamine

N,N'-Dimethyl-N,N'-dioctadecyl-ethane-1,2-diamine

N-[2-(4-Methylphenylthio)ethyl]alanine

N-[4-Methoxy-3-methoxycarbonyl)benzoyloxy]succininide

N-Acetyl-d-threo-O-methylthreonine

e L T

Naphthalen-1,4-imine-2,3-dicarboxylic acid, 5,6,7,8-
tetrachloro-9-(1,1-dimethylethyl)-1,4-dihydro-, dimethyl
ester

Naphthalene, 1,2-dihydro-1,1,6-trimethyl-

Naphthalene, 1,7-dimethoxy-

Naphthalene, 1-isothiocyanato-

Naphtho[1,2-b]furan-2,6(3H,4H)-dione, 3a,5,5a,9,9a,9b-
hexahydro-9-hydroxy-3,5a,9-trimethyl-

Naphtho[1,2-b]furan-2,8(3H,4H)-dione, octahydro-3,5a,9-
trimethyl-, [3S-(3a,3aa,5aaq,9a,9aa,9ba)]-

Naphtho[2,1-b]furan-2(1H)-one, decahydro-3a,6,6,9a-
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tetramethyl-, [3ar-(3aaq,5aaq,9aa,9ba)]-

N-Ethyl-4-hydroxypiperidine

n-Hexadecanoic acid (Palmitic acid)

n-Hexyl-6-methoxy-4-methyl-8-quinolinamine

Nickel tetracarbonyl

N-Methylpyrrole-2-carboxylic acid

N-Nitroso diethanolamine

Nonane, 1-iodo-

Norvenlafaxine

n-Pentanal N-methyl-N-formylhydrazone

n-Propyl benzoate

O-Acetylprzewaquinone b

Obtusenol

Octadecanamide

Octadecanenitrile

Octadecanoic acid (Stearic acid)

Octadecanoic acid, methyl ester

Octane, 2,7-dimethyl-

Octanoic acid, 4-nitrophenyl ester

Octanoic acid, 5-(acetyloxy)-, ethyl ester

Octyldimethylsilyloxybenzene

O-Methyl,bis(0-1,2,2-trimethylpropyl) phosphate

Oxalic acid, monoamide, N-(2-ethylphenyl)-, heptyl ester

Oxamide, N-(3-methoxypropyl)-N'-cycloheptylidenamino-

oxyoctanoic acid

HiRRERRRERRRERERERR R R R R ==

p-((Dimethylcarbamoylmethyl)amino)-N,N-

dimethylbenzamide 1
Pempidine 1
Pent-1-en-3-one, 1-amino-4,4-dimethyl-1-(3-pyridyl)- 1
Pentanamide, 2-(dimethylamino)-3-methyl-N-[3-(1-
methylethyl)-7-(2-methylpropyl)-5,8-dioxo-2-oxa-6,9- 1
diazabicyclo[10.2.2]hexadeca-10,12,14,15-tetraen-4-yl]-,
[BR-[3R*,45*(25%*,35%*),75*]]-

Pentane, 1-bromo-5-methoxy- 1
Pentane,-2,2-bis(2-[5-methylfuryl-])-5-nitro- 1
Pentanedioic acid, (2,4-di-t-butylphenyl) mono-ester 1
Pentanedioic acid, dimethyl ester 1
Pentanoic acid, 2-acetyl-4-methyl-, methyl ester 1
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Pentanoic acid, 4-oxo-,

Pentanoic acid, 5-hydroxy-, 2,4-di-t-butylphenyl esters

Pentasiloxane, dodecamethyl-

Perfluoropropane

Perhydro-histrionicotoxin, 1-methyl-2-depentyl-, acetate

Phenanthrene, 3,6-dimethoxy-9,10-dimethyl-

Phenol, 2,4-bis(1-methyl-1-phenylethyl)-

Phenol, 2,6-bis(1,1-dimethylethyl)-

Phenol, 2,6-dimethoxy-4-(2-propenyl)-

Phenol, 2-bromo-4-(1,1-dimethylethyl)-

Phenol, 2-methoxy-

Phenol, 3,4-dimethyl-

Phenol, 4-amino-2,5-dimethyl-

Phenol, 4-bromo-

Phenol, 4-ethyl-2-methoxy-

Phenol, p-(2-methyl-4-thiazolyl)-

Phenylethyl Alcohol

Phenytoin

Phosphine, 1,2-ethanediylbis[dicyclohexyl-

Phosphinic acid, diethyl-, methyl ester

Phosphonic acid, methyl-, dipentyl ester

Phosphonic acid, pentyl-, diethyl ester

Phosphonofluoridothioic hydrazide, P-ethyl-2,2-dimethyl-

Phosphoric acid, 2-chloroethenyl dimethyl ester

Phosphoric acid, bis(trimethylsilyl)monomethyl ester

Phosphoric acid, diethyl pentyl ester

Phosphoric acid, isodecyl diphenyl ester

Phosphoric acid, tris(2-ethylhexyl) ester

Phosphorochloridic acid, dimethyl ester

Phthalic acid, decyl 2-pentyl ester

Phthalic acid, di(3-chlorophenyl) ester

RRRrRRRRRRRRRRRRRARRRRRRRRRRRRRRRR

Phthalic acid, monoamide, N-ethyl-N-(3-methylphenyl)-,

heptyl ester 1
Phthalic acid, nonyl 4-octyl ester 1
Phthalic anhydride 1
Piperidin-2-one-5-carboxylic acid, 5,6-didehydro-, 1
methyl(ester)

Piperidine 1
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Piperidine, 1,2-dimethyl-

Piperidine-2,5-dione

Pregn-16-en-20-one, 3,18-bis(acetyloxy)-14,15-epoxy-,
(3a,5a,14a,15a)-

Primidone

Proline, 3-hydroxy-4-methyl-

Propan-2-one, 1-(3-nitro-[1,2,4]-triazolo[3,2,-c][1,2,4]-
triazol-1-yl)-

Propan-2-one, 1-(4-isopropoxy-3-methoxyphenyl)-

Propanal, butylhydrazone

Propanamide, N-(4-ethoxyphenyl)-

Propane, 1-(chloromethoxy)-2-methyl-

Propane, 1,1,3,3-tetramethoxy-

Propanedioic acid, dimethyl ester

Propanoic acid, 2-(4-chloro-2-methylphenoxy)- (Mecoprop)

Propanoic acid, 2-methyl-

RRRR R RR~

Propanoic acid, 2-methyl-, 2,2-dimethyl-1-(2-hydroxy-1-
methylethyl)propyl ester

Propanoic acid, 2-methyl-, 2-ethyl-3-hydroxyhexyl ester

Propanoic acid, 2-methyl-, 3-hydroxy-2,4,4-trimethylpentyl
ester

Propanoic acid, 2-methyl-, methyl ester

Propenoic acid, 3-[3,5-di-t-butyl-4-hydroxyphenyl]-

Propionic acid, 3-(butylthio)-, methyl ester

Propylhexadrine, n-heptafluorobutyryl deriv.

Protriptyline, N-acetyl-

p-tert-Butyl cyclohexyl-acetate cis

Pyridine, 2,5-dimethyl-

Pyridine, 3-(ethylthio)-

Pyridine, 3-[1-(2-propynyl)-2-piperidino]-

Pyridine, 3-methoxy-

Pyridine, 3-trimethylsiloxy-

Pyridine-3-carboxamidoxime

RR R RRRARRRRRR~

Pyrido[1,2-a]benzimidazolium, 1,2,3,4-tetrahydro-5-
(1,2,3,4-tetrahydro-6-hydroxy-1,3-dimethyl-2,4-dioxo-5-
pyrimidinyl)-, hydroxide, inner salt

Pyrido[2,3-d]pyridazine-5(6H)-thione

Pyrilamine
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Pyrimido[1,6-a]indole, 7-chloro-1,2,3,4-tetrahydro-2,5-

dimethyl- 1
Pyrolo[3,2-d]pyrimidin-2,4(1H,3H)-dione 1
Pyrrole 1
Pyrrolidine, 1,1'-methylenebis- 1
Pyrrolo[3,4-f]lisoindole-1,3,5,7-tetraone, 2,6-di(pyridin-4- 1
yl)-

Quinoline, 4-(2-hydroxy-2-methoxy-1-thioxoethyl)-2- 1
phenyl-

Quinoxaline, 5,8-dimethoxy-6-((2- 1
(dimethylamino)ethyl)amino)-

Salsalate 1
Sarin 1
S-Ethyl S-(2-diisopropylaminoethyl) 1
methylphosphonodithioate

Silabenzene,1-methyl- 1
Silacyclopen-2-ene, 1,1-difluoro- 1
Silanamine, N-[2,6-dimethyl-phenyl]-1,1,1-trimethyl- 1
Silane, (1,1-dimethylethyl)(hexadecyloxy)dimethyl- 1
Silane, (diphenylmethoxy)trimethyl- 1
Silane, (diphenylmethyl)trimethyl- 1
Silane, [(3,7,11,15-tetramethyl-2- 1
hexadecenyl)oxy]trimethyl-

Silane, [(dimethylsilyl)methyl]trimethyl- 1
Silane, [[(3a,5a)-cholestan-3-yl]oxy]trimethyl- 1
Silane, [[(3a,5q,20S)-pregnane-3,20- 1
diyl]bis(oxy)]bis[tripropyl-

Silane, [[4-(7-methoxyheptyl)-5-(3-methyl-2-butenyl)-1,3- 1
cyclopentanediyl]bis(oxy)]bis[trimethyl-, (1a,3a,4a,5a)-

Silane, [1,4-phenylenebis(oxy)]bis[trimethyl- 1
Silane, 1,3-decadiynyltrimethyl- 1
Silane, dimethyl(octadecyloxy)propyl- 1
Silane, methoxytrimethyl- 1
Silane, methylenebis[dimethyl- 1
Silane, trimethyl(2-methyl-2,4-cyclopentadien-1-yl)- 1
Silane, trimethyl(3-methyl-1-butynyl)- 1
Silanol, allyldimethyl- 1
Silanol, trimethyl- 1
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Silanol, trimethyl-, 2-aminobenzoate

Silicic acid, diethyl ester

Stearyltrimethylammonium chloride

s-Triazine, 2-amino-4-(morpholinomethyl)-6-piperidino-

S-Triazolo(1,5-a)pyrimidine, 5-methyl-7-ethylamino-

Sulfonyl-bis[8-methylthiophylline

Sulfoximine, S-methyl-S-(1-oxohexyl)-S-phenyl-

t-Butyldiphenyl(prop-2-ynyloxy)silane

Tetracosanoic acid, methyl ester

Tetradecanoic acid, tetradecyl ester (Myristyl Palmitate)

Tetrakis(pentafluorobenzoyl)-hydrazine

Tetrasulfide, dimethyl

Thiazolidine-4-carboxylic acid

Thiophene, 2-hexyl-

Thiophene, 3-(1,1-dimethylethyl)-

Thiophenetetracarbonitrile

Thiosalicylic acid

Thiourea, N,N'-dimethyl-

RR R RRRRRRRRRRRR R RR

Thorium, tetrakis(2,4-pentanedionato-0,0')-, (SA-8-
11I111H1|1IH1I1III)_

|

threo-2,5-Dimethyl-2-(2-methyl-2-
tetrahydrofuryl)tetrahydrofuran

|

Tocopherol-¢-tms-derivative (high mass adjustment=100%)

Tributyl acetylcitrate

Tricosanoic acid, tert-butyldimethylsilyl ester

Tricyclo[4.4.0.0(2,5)]dec-8-ene, 1,2,3,3,4,4,5,6-octafluoro-

Triethyl phosphate

Triethylene glycol monododecyl ether

Trifluoromethyldisulfane

Triisopropylsilyloxycyclobutane

Trimethyl(4-tert.-butylphenoxy)silane

Trimethylene oxide

Trimethylsilyloxycyclobutane

Trisiloxane, octamethyl-

Tritriacontan-3-one

Urea, ethyl-

Vanillin

Xanthene, 9,9-dimethyl-

RiRrRrRRRRRRRARRRRRR~

247




xanthine, 1,3,7,8-tetramethyl- (Methylcaffeine)

Zirconium, tetrakis(2,4-pentanedionato-0,0")-
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