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Chapter 1

Introduction

During the last almost 60 years, the nuclear magnetic resonance (NMR) spectroscopy has
become more and more important in structure elucidation and quantitative analysis for
purity determination and reference material analysis [1], [2], [3]. The broad applicability
of NMR spectroscopy in quality assessment of food, cosmetics, personal care and phar-
maceuticals has been well proven [4]. Besides that, NMR spectroscopic analysis enjoys
great popularity due to its numerous advantages: it can be readily automated for a high-
throughput analysis; the technique requires in most cases only little sample preparation
as well as little amount of solvents, and it is highly reproducible and non-destructive [3],
[5]. Consequently, the number of publications dealing with quantitative nuclear magnetic
resonance ((QNMR) spectroscopy, whose fundamentals are presented in chapter and
shows a significant increase within the last 20 years [3]. This represents the potential and
the growing interest in qNMR spectroscopy as an analytical tool. By way of example, five
NMR methods are presented as applications for the quality control of heparin, milk, edible
oils, metal ions and enantiomeric products in chapter

In this thesis, analytical issues are solved by gqNMR spectroscopy using tagging reagents,
whereby tagging is defined in chapter . An interlaboratory comparison (ILC) test for the
analysis of edible oils by using NMR spectroscopy is organized (chapter [3|) and three NMR
methods are developed: determination of peroxides in vegetable and animal oils (chapter
4), examination of divalent cations such as Mg?*, Ca®", Sr*T, Zn?*T, Cd*T, Hg?", Sn** and
Pb2?* (chapter [3]), and study of the enantiomeric excess of chiral alcohols (chapter @

In chapter [7] an overview of the NMR methods including sample preparation and NMR
experiment is given. Moreover, the advantages as well as the drawbacks and limits of the
developed methods are discussed in detail, and prospects for future research are presented.
The results of the thesis are summarized in German and English in chapter [§ and [9
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1.1 Basics of QNMR spectroscopy

NMR spectroscopy is the examination of molecules containing NMR active nuclei in a
strong homogeneous magnetic field by recording the absorbtion of electromagnetic radi-
ations at an isotope-characteristic frequency. The basics of NMR spectroscopy are well-
known and explained by, among others, Timothy D.W. Claridge [6]. The current work
focuses on the liquid gNMR spectroscopy, whereby solid state NMR spectroscopy is not
part of this thesis.

The direct proportionality of the signal intensity I, in the NMR spectrum to the num-
ber of nuclei N, responsible for the particular resonance, represents the fundamental,
quantitative relationship of qNMR spectroscopy (equation . The spectrometer con-
stant K is the same for all resonances in an NMR spectrum. Since the signals of only
one NMR spectrum are integrated and compared, the spectrometer constant K, does not
affect the quantitative results [6], [7].

I, x N, sol,=K, N, (1.1)

The NMR spectrum is quantitative if the six rules, also known as SCSSRS are obeyed:
Selectivity, Chemical Inertness, Solubility, Sufficient Resolution, Relaxation, and Stability
[6], [7], [8]. In the following, each rule of SCSSRS is introduced in detail.

1.1.1 Selectivity

Selectivity belongs to the critical quality attributes, presenting the ability of a method to
determine all analytes of interest in parallel without interferences between them [9]. The
specificity, on the other hand, enables a substance or substance class to be recorded without
being falsified by other components which are present in the sample. NMR detectable
components show signals in the NMR spectrum, like for example, all proton containing
substances show proton signals in the 'H NMR spectrum in a suitable solvent. In order
to integrate the signals and, thus, to quantify the content of the substance, the signals
of an internal standard as well as of the substance of interest should not interfere with
other signals. To overcome signal overlapping, the following procedures can be applied:
measurement on an NMR spectrometer with a different magnetic field, changing the pH
value, using another signal for quantification, applying another solvent or quantifying by
alternative integration procedures such as deconvolution [§].

1.1.2 Chemical Inertness

After the selection of a suitable solvent and an appropriate internal standard, the solution
is checked to examine its inertness in order to avoid chemical reactions between analyte,
internal standard and solvent. If any reaction is detected, different internal standard or
solvent should be chosen.
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1.1.3 Solubility

A prerequisite for liquid gNMR spectroscopy is the complete solubility of the substance
which is examined in a suitable solvent. The choice of solvent determines the chemical
shift of the signals, their visibility and coupling pattern. When analyzing substances with
exchangeable protons such as hydroxy and amine groups, they often appear as broad signals
which may disturb the integration. In aprotic solvents, the addition of small amounts of
protic solvents such as deuterated water (D20O) or deuterated methanol (MeOD) may be
advantageous because, due to a fast hydrogen-deuterium exchange, the broad signals are
no longer visible [10].

1.1.4 Sufficient Resolution

A sufficient resolution includes the signal-to-noise ratio and the digital resolution:

1. Signal-to-noise (S/N) ratio: The S/N ratio influences the accuracy of the quan-
tification significantly. For a quantitative analysis of the main component, a S/N
ratio of > 150:1 [I1], 200:1 [12] or 250:1 [13] of the integrated 'H NMR signal is re-
quired to obtain a measurement uncertainty of <1%. High-precision determinations
can be achieved when the S/N ratio reaches values of 10000:1 [I4]. The S/N ratio
is influenced by the quality of the NMR tube, sample concentration, concentration
of solid particles (turbidity) and paramagnetic impurities as well as the hardware
of the NMR spectrometer such as cryogenically cooled probe technology, and NMR
measurement parameters like the number of scans (ns). According to equation ([1.2))
doubling the ns results in an increase of the S/N ratio of a factor v/2 ~ 1.414 [6]. To
double the S/N ratio, it is necessary to increase the ns by a factor of 4, resulting in
a four times longer experiment time.

S/N o /ns (1.2)

2. Digital resolution: qNMR analysis requires an adequate digital resolution, which
is calculated by dividing the spectral width (SW) by the number of data points (TD)
[Hz/point]. The spectral resolution equals the spectral width SW divided by the
size of the real spectrum (si, unit in k = 1000). A sufficient resolution is at less
than 0.5 Hz/point [10], [15]. If the NMR spectrum is acquired with a low number of
data points, there are not enough points to describe the Lorenzian line of the signal,
leading to an inaccurate signal, and thus, to an inaccurate integral value as shown in
the example of an 'H NMR spectrum of Cs-EDTA in D,O where different si values

are used (figure [L.1)).
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Figure 1.1: 'H NMR spectra of Cs-EDTA in D,O with si=1k, si=4k and si=128k (from
left to right), 500 MHz.

1.1.5 Relaxation

When a sample is placed in a homogenous magnetic field, the spins of the nuclei align
parallel or antiparallel to the magnetic field. A radio frequency pulse excits all spins to
a certain angle versus the spectrometer magnetic field. After the pulse is terminated,
the spins return to their original equilibrium state. This process is known as relazation.
The length of the relaxation delay depends on inter alia the irradiated pulse angle as well
as on the longest spin-lattice relaxation time 71 of the resonances used for integration.
Protons usually have a T1 relaxation time of < 10 s. Small, symmetrical compounds or
substances with isolated protons have significantly higher T'7 times than large, asymmet-
rical molecules with adjacent protons or other residues such as fluorine, hydroxy or amino
groups. To determine the T'7 relaxation time, several experiments can be used. Because in
this research work, the T1 determination of protons was performed by using an inversion-
recovery sequence, this experiment is explained in detail here (figure . By a 180° pulse,
the magnetization of the protons is inverted from the +z-axis along to the -z-axis (figure
1.3} state A to state B, page @ Without any further intervention, the magnetization
relaxes from the -z-axis back toward its initial equilibrium position along the +z-axis [6].

To convert the longitudinal magnetization into a visible NMR signal, an additional 90
pulse is implemented resulting in a transverse magnetization (i.e., in x’y’-plane). The sub-
sequent 902 pulse can be applied soon or late after the first 1802 pulse (short or long 7).
If the 90 pulse is carried out right after the 1803 pulse (short 7), the magnetization will
be rotated from the -z-position into the -y’-axis giving a negative signal (figure : state
B to state Cspore t0 Dgport, page @ If the evolution period 7 is longer, the 90; pulse will
be applied while the z-magnetization recedes along the -z-axis to zero value (figure
state B to state Cipng to Diong, page @ Thus, the longer the 7 intervals are, the more
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180° 90°,

Acquisition

‘ T
Interpulse
Delay «— Evoluton ——————* Detection

Figure 1.2: Inversion-recovery sequence [6] [Copyright (2016) Elsevier].

the magnetization rotates along the +z-axis toward its original equilibrium value (figure
: state A, page @ Within the inversion-recovery sequence a series of NMR spectra are
produced: with negative signals for short 7, and after going through a null point, positive
NMR signals for longer evolution processes 7. The successive pulse sequence is repeated n
times. Here, the pulses are executed, 7 and the fixed relaxation delays between successive
pulses are adjusted automatically. After plotting the signal intensities as a function of
the pulse width, the "zero" point, where the signal intensity is switched from a negative
towards a positive value, is determined. This point is called zero transition time 15. The
zero transition time 7y is used to calculate the T'71 relaxation time according the equation

6.

To[sec] _ 0 [sec]
n(2)  0.693

T, = (1.3)

For an accurate quantification, it must be ensured that the resonances, which are used for
the quantification, are fully relaxed. A 99.3% relaxation can be achieved by running the
recycling with a time difference of 5 times the longest T'1, by increasing the waiting time
to 7 times the longest 77, 99.9% of the spin magnitization is totally relaxed [5], [16].
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Figure 1.3: Rotation of magnetization during inversion-recovery sequence [6] [Copyright
(2016) Elsevier].
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1.1.6 Stability

Stability is defined as the ability of a method to provide comparable results over a specified
period of time. The chemical stability of the test and reference substance in the prepared
sample solution must be ensured at least for the duration of an NMR experiment or for the
duration of an analytical series. To check this parameter, several prcedures are possible.
One procedure is to measure a control sample several times over a previously defined period
of time against a freshly prepared comparison sample of the sample stored at the defined
storage conditions (e.g. room temperature, refrigerator temperature, light protection).
The difference in content determines the process stability. If the test item is not stable in
the solvent, the content of the active ingredient will change significantly over time [5]. In
the following example, a sample with the active ingredient R-2-chloroacetate (comment:
R is a rest which cannot be outlined in detail due to a non-disclosure agreement with
the manufacturer of the sample) has been analyzed immediately after sample preparation,
after 24 hours and after 72 hours as a six-fold determination, respectively, according to
customer’s request. The average content of the active ingredient R-2-chloroacetate as well
as the deviations of the six-fold determination after 0 hours, 24 hours and 72 hours are
presented in figure [[.5h. As shown in figure [I.5h, within 72 hours the content of the active
ingredient decreased from 98.05% to 96.52%. Conversely, the amount of the degradation
products increased. Degradation product 1 was identified as 2-chloroacetic acid whose
amount more or less doubled from 0.28% to 0.57% (figure [L.5b, green). Additionally, an
alcohol was identified as another degradation product whose amount also rose from 0.39%
to 0.74% (figure [L.5p, red). Consequently, it was stated that the sample was not stable
at the given parameters. After presenting the results, the customer agreed hygroscopic
properties which have been studied in the past without informing us prior the validation
study (figure . Thus, the active ingredient degraded at each vial opening. The example
illustrated that as an analyical chemist, it is essential to have as much information of the
sample as possible to provide an accurate and precise quantitative result. Additionally,
this example demonstrates the importance of validation studies.

O. H,O OH
C|ﬁ( R —2» CI/\”/ + HOo
0 0

Figure 1.4: Degradation reaction of the active ingredient R-2-chloroacetate forming the two
degradation products 2-chloroacetic acid and an alcohol with R (no further information on
the rest R is allowed to be provided).
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Figure 1.5: Varying concentration of (a) the active ingredient R-2-chloroacetate, and (b)
the degradation products 2-chloroacetic acid and alcohol over 72 hours.
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1.2 Quantification

gNMR spectroscopy is a relative primary method which is defined by the Consultative
Committee for Amount of Substance (CCQM) as follows:

e A primary method of measurement is a method of the highest metrological
quality, whose operation can be completely described and understood, and for which
a complete uncertainty statement can be written in terms of the International System
of Units (SI, abbreviated from the French Systéme international d’unités).

e A relative primary method measures the value of ratio of an unknown standard
of the same quantity; its operation must be completely described by a measurement
equation [I7], [18], [19], [20].

The principle of gNMR spectroscopy is based on the measurement and subsequent signal
area comparison which makes the determination of a ratio of the substances and as well
as of an absolute measures possible. The different methods of determination including
relative determination, absolute determination by means of standard addition as well as
external and internal standards are discussed in detail in the following sections.

1.2.1 Relative Quantification Method

Thus, the determination of the substance quantity ratio nx/ny of two components X and
Y in a substance mixture is carried out by comparing the signal intensities Ix /Iy with
simultaneous consideration of the number of nuclei N according to equation [11], [21].

nx ]X Ny
— L 1.4
nNy Iy NX ( )

As long as the experimental parameters are optimized, all molecules underlie the same
experimental conditions. Thus, K (equation is equal for the resonances which are
included in the equation and can be cancelled. The determination of the substance
quantity fraction of a component X in a substance mixture consisting of Z components is
carried out according to equation [11], [22].

nx [X . NX
= L. 100% (1.5)
Zizzl U2 Zizzl 1{71
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1.2.2 Absolute Quantification Method
Standard Addition Method

The standard addition method is an often used technique in cases if the analyte is very
reactive or if no suitable internal standard is present. In the spiking process, a known
amount of analyte is added to the sample stepwise, the sample solution is measured after
each addition and the increase of the analyte signal is determined. The integral value
(=y-axis) is plotted against the sample concentration (=x-axis), showing ideally a linear
correlation with the function y = ax + b. The original content of the analyte is determined
as the absolute value of the intersection of the straight line with the x-axis (y=0) as
illustrated in figure [I.6] Although the technique belongs to the standard methods in an
analytical laboratory, the disadvantages of the method are the following: (i) for each
analyte of interest a reference material is needed to be purchased which is very expensive
depending on the substance and the number of substances, (ii) additionally, the purity
of the reference substances have to be known which makes a prior quantification of them
essential, (iii) since the added amount should be in the same range as the amount of
present analyte, several dilution steps can be required, (iv) and finally, the method is very
time-consuming, which is not optimal for a fast routine analysis in industry [23].

4500
4000 ! Addition #3
3500
© 3000 . Addition #2
=}
S 2500
g 2000 ° Addition #1
Q
= 1500
1000 o Sample without
Concentration of addition
unknown analyte in 500
origin sample
X 0
-10 -5 0 5 10 15 20

Concentration [mg/mL]

Figure 1.6: Example of a determination of an unknown concentration by standard addition.

Internal Standard

The most common qNMR method is the internal standard method. The content of the
analyte is determined by the addition of a suitable reference material of defined purity,
known as the internal standard. Primary standards are produced and supplied by scientific
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organizations such as the European and United States Pharmacopoeia [24]. Therefore,
internationally accepted primary reference material serves as an primary internal standard,
ensuring SI traceability. The National Institute of Standards and Technology (NIST) offers
benzoic acid as a primary reference material intended for use as a primary standard for
gNMR analysis [25]. Furthermore, secondary standards are standardized against primary
standard representing traceable certified reference materials [26]. Secondary standards
can be purchased with a certification by e. g. Sigma Aldrich whose relative standard
uncertainty, based on the uncertainty budget illustrated in figure (1.7, is determined to
a typical value of 0.15% to 0.3% [27], [28], [29]. 1,2,4,5,-Tetrachloro-3-nitro-benzene; 2,4-
Dichloro-benzotrifluoride and Triphenylphosphate are examples of routinely used secondary
stardards for 'H qNMR, F gNMR and 3'P qNMR spectroscopy, respectively.

Mass of analyte Molar mass of analyte

Calibration of
balance Atomic mass of

. each nucleus
Repeatability

of weighing

. Purity of
Ll

Molar mass analyte
of internal standard

Purity of
internal standard

NOE 13C satellites Repeatability / Atom mass of
each nucleus
Amount of
\ \ \ substance of
Lnal! . / internal standard
anal’‘cal / / »

Calibration of
balance
Repeatability
of weighing
Baseline Shimming
Mass of internal

Amount of substance of analyte standard

Figure 1.7: Uncertainty budget of qNMR spectroscopy [29]. [Copyright (2004) John Wiley
and Sons.]

Unlike chromatography, in NMR analysis the chemical structure of the internal standard
does not have to be similar to the analyte. However, the internal standard should met
following conditions: presence of nucleus of interest, high purity, stable, chemical inert,
non-volatile, non-hygroscopic, easy handling within the weighing process (e.g. not liquid,
nonhazardous), suitable molecular weight, short 7’1 time and preferably simple signal mul-
tiplicity (singlet better than multiplet) as well as cost-effective [5], [30].

The process of a qNMR analysis can be presented as follows: analyte and internal stan-
dard are weighed and dissolved, the solution is measured by NMR spectroscopy and the
NMR spectrum is evaluated. One signal of analyte and reference material, respectively, is
integrated. The content of the analyte (X) is determined by the weighing amount (W),
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molecular weight (M), number of atoms (N), integrals (I) as well as the purity (P) for the
internal standard (IS) according to equation [1.6| [11], [5]. As shown in the uncertainty bud-
get of the qNMR measurement in figure [I.7, the measurement uncertainty of the internal
standard method is determined by uncertainties of the weighing process, as well as of the
spectrum evaluation and atom masses.

_Ix Nis My Wis
Its Nx Mg Wx

Py Prs (1.6)

Since the number of atoms (N) has no uncertainties, the molecular weight (M) is a well
described value with a very low uncertainty and the purity of the internal standard should
also show a low uncertainty, the weighing amount as well as the integration have a signifi-
cant influence on the quantitative results. Thus, training and excercising in weighing and
evaluating NMR spectra are essential for providing a precise and accurate qNMR result

[5].

External Standard Method

If a contamination of the sample by adding standards should be avoided, the content can
be determined alternatively by using the External Standard Method according the following
two ways: (i) "tube-in-tube" method, also known as "two-tube" method or (ii) the use of
two separate NMR tubes [5], [30].

The first option uses a concentric NMR tube, where a capillary, which is filled with the
external standard, is placed in the NMR tube, filled with the analyte solution. The sam-
ple and reference substance are measured simultaneously, but without being mixed. The
interpretation of the NMR spectrum is comparable with the internal standard method. In
the second option, the sample and the reference substance are measured in two separate
NMR tubes in succession. Here, it is essential that the same measuring conditions such
as measurement parameters are used for both experiments. An advantage of the external
standard method is that the sample is not being contaminated with other substances except
the solvent. However, this procedure is more time-consuming and error-prone compared
with the internal standard method [5], [30]. One source of error is the NMR tube volume
and, thus, the amount of sample and standard. A research, carried out by Kristie Adams,
has shown that the diameter and wall thickness of the latest precision-NMR tubes deviate,
indicating a volume deviation of up to 4% (research has not been published yet). Other
researchers reported uncertainties of the external standard technique of up to 2%, which
is siginificantly higher than uncertainties of 0.5% which has been published for the gqNMR
method using internal standards [12], [28], [31]. In routine, the internal standard analysis
is primarily used, but the external standard technique is considered as an alternative if the
internal standard method cannot be applied [5].
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1.3 Applications of gNMR Spectroscopy

NMR has found its way into European (Ph. Eur.) and United States Pharmacopoeias
(USP) after numerous research articles presented NMR spectroscopy as a powerful analy-
tical technique for the determination of identity and content of small and larger molecules.
Ph. Eur. has incorporated the NMR spectroscopy in method 2.2.33 including general
requirements, NMR analysis of different nuclei but mainly 'H and *C, qualitative and
quantitative NMR methods, parameters, fourier transform NMR as well as solid-state
spectroscopy [32]. A variety of Ph. Eur. NMR methods is presented in table .

Table 1.1: NMR methods in European Pharmacopoeia (status 08/2020)

‘ Method Title ‘ Identification ‘ Quantification ‘ Publication date & no.
Peptide identification by nuclear 'H NMR - 07/2011:20264 [33]
magnetic resonance spectrometry
Medronic acid for radio- 'H NMR - 07/2017:2350 [34]
pharmaceutical preparations
Buserelin 'H NMR - 01/2016:1077 corrected 10.0 [35]
Cod-liver oil, farmed 13C NMR - 07/2012:2398 [36]
Gonadorelin acetate 'H NMR - 04,/2018:0827 corrected 10.0 [37]
Goserelin 'H NMR - 01/2013:1636 corrected 9.6 [38]
Heparin calcium 'H NMR - 01,/2020:0332 [39]
Heparin sodium 'H NMR - 01/2020:0333 [40]
Heparins, low-molecular-mass 13C NMR - 07/2019:0828 corrected 10.0 [4T]
Hydroxypropylbetadex - 'H NMR 01/2017:1804 [42]
Lauromacrogol 400 - 3C NMR 01,/2020:2046 [43]
Octreotide T NMR - 01/2020:2414 [44]
Pemetrexed disodium heptahydrate 'H NMR - 01/2017:2637 corrected 10.0 [45]
Salmon oil, farmed 13C NMR 13C NMR 07/2012:1910 [46]
Starch, hydroxypropyl 13C NMR 'H NMR 01/2013:2165 corrected 10.0 [47]
Starch, hydroxypropyl, pregelatinised 13C NMR 'H NMR 07/2013:2645 corrected 10.0 [48]
Sulfobutylbetadex sodium 13C NMR 'H NMR 07/2019:2804 corrected 10.0 [49]
Terlipressin 'H NMR - 07/2027:2414 [50]

In the USP, NMR spectroscopy including qualification (installation, operational and per-
formance), validation and verification is explained in the general chapter <761>, whereby
chapter <1761> presents the various applications of NMR spectroscopy [51], [62].

As shown by the number of official NMR methods, the study of pharmaceutical products
belongs to the most important applications of qNMR spectroscopy. Here, within only one
analysis run active ingredients, by- and degradation products, excipients, as well as sol-
vent residues in the starting, intermediate and finished products can be examined which
are required for drug acceptance or storage stability. The development of gNMR methods
for analyzing various pharmaceutical formulations is increasing continuously. Five appli-
cations are introduced in this chapter to present the wide range of applications of qNMR
spectroscopy.
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1.3.1 Quality Control of Heparin

One of the examples which demonstrates the power of NMR spectroscopy in the quality
control of pharmaceutical products is the analysis of heparin sodium. Heparin is a linear
sulfated polysaccharide with repeating 1 — 4 glycosidically linked residues of hexuronic acid
and glucosamine, which represents one of the most widely used anticoagulant drugs (figure
[53], [54], [55]. In 2008, a significant high number of negative effects was associated
with heparin sodium, even death of patients have been reported. After a short while,
the Food & Drug Administration (FDA) and the European Directorate for the Quality
of Medicines and Healthcare (EDQM) have published a "H NMR method for the quality
control of sodium heparin by screening the products for contaminations and conspicuities
[56], [57]. A contamination was detected in some heparin batches at a chemical shift of
9 =2.15ppm, which was identified as oversulfated chondroitin sulfate (OSCS). Since this
discovery, heparin sodium monographs have been updated promptly and hormonized within
the following years by the Ph. Eur., USP and Japanese Pharmacopoeia obligating the
manufacturers to perform identity (and purity) testings by 'H NMR spectroscopy [58], [59],
[60]. By the dissolution of an appropriate amount of the heparin sample in DyO containing
3-(trimethylsilyl)propionic acid-d4 sodium salt (TMSP) as reference standard, the analysis
of identity of heparin as well as the control of potentially existing contaminations or fraud
substances can be performed [61]. This case shows that NMR spectroscopy can be used
as a powerful analytical technique for the qualitative and quantitative study of the active
ingredient as well as contaminations.
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Figure 1.8: 'H NMR spectrum of heparin sample (blue) and of heparin system suitability
sample spiked with OSCS (red), based on [62]. [Copyright (2012) Dr. Francisco Cardenas.]
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1.3.2 Quality Control of Infant Milk

Authentication is an important part of the quality control which has come even more into
focus after several fraud scandals. One of the best-known food scandal was the epidemic
caused by melamine poisoning in infant milk products in China in 2008. Melamine (2,4,6-
triamino-1,3,5-triazine, figure is commonly used in several industrial sectors, especially
in the production of plastics [63]. However, in 2008, Chinese manufacturers of infant milk
benefited from the high nitrogen content in melamine of about 67 mass-% to increase
artificially the nitrogen amount in their products by adding melamine. The addition of only
1% resulted in a 4% higher nitrogen concentration, which represented the protein amount
and, thus, a quality parameter of milk products. The analysis of nitrogen was performed
at that time by using the Kjedahl technique [64]. However, since the Kjedahl technique is
an unspecific method, melamine was not identified in the contaminated products and the
infant milk products passed the quality control and entered the market. Several thousand
infants fell ill suffering from a formation of urinary stones, inflammatory reactions and
hyperplasia in the urinary bladder, and even some of them died [65], [66].

NH

2
S

N

AL
H,N” SN TNH

Figure 1.9: Chemical structure of melamine.

2

Since the reason of the epidemic was unknown at that time, alternative analytical tech-
niques were looked for to find the background of the cases of illness and death. A 'H NMR
spectroscopic method was developed by Lachenmeier et al. Here, in some batches of in-
fant milk samples an additional singlet was detected at 0 =5.93 ppm, which was identified
as melamine. An 'H NMR spectrum of non-contaminated and contaminated infant milk
products is presented in figure[1.10] This NH, signal was quantified by an external calibra-
tion [67]. Based on the research results, in the years between 2008 and 2012, the United
Nations Food and Agriculture Organization (FAO) and the World Health Organization
(WHO) set a maximum melamine level of 1 mg/kg and 0.15 mg/kg for powdered and
liquid infant milk products, respectively, as well as 2.5 mg/kg for other foods and animal
feed [68], [69]. This example demonstrated that the NMR spectroscopy is a powerful tool
for the analysis of adulterations and contaminations, especially in infant milk products.
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Figure 1.10: Comparison of a collection of non-contaminated infant milk samples (colored)
with a melamine-contaminated sample (black) [67]. [Copyright (2009) ACS.]

1.3.3 Quality Control of Oxidation in Edible Oils

Edible oils play an important role in our daily food nutrition [70]. As a food product,
oil must pass several quality control tests. A major cause of oil quality deterioration is
lipid oxidation where lipids undergo oxidative processes in the presence of catalysts such
as light, heat, enzymes and metals. Dependent on the condition, the oxidation processes
can be divided into autoxidation, photo-oxidation, thermal oxidation, and enzymatic oxi-
dation, whereby autoxidation is the most common lipid deterioration process forming lipid
hydroperoxides as primary oxidation products [71], [72], [73], [74]. During the oxidation,
saturated fatty acids show higher dissociation energies between hydrogens and carbons
than unsaturated do. Thus, unsaturated fatty acids are prone to being oxidized because
of their lower bond dissociation energy. As an example, the hydrogens and carbon in the
C18 position of linoleic acid show a dissociation energy of 418 kJ/mol, whereby only 314
kJ/mol are required to break the bond between hydrogen and C14, and even less, namely
209 kJ/mol, are required for the breakage of the bond between hydrogen and C11 (figure
[75]. The relative rate of lipid peroxidation is given as 1 : 100 : 1200 : 2500 for
stearic acid, oleic acid, linoleic acid and linolenic acid [76].

Numerous analytical methods are used for the quality control of lipid batches. The perox-
ide value (PV), one of the quality parameter, is usually measured by iodometric titration,
infrared (IR), high-performance liquid chromatography (HPLC), fourier transform-near in-
frared (FT-NIR) and NMR spectroscopy. In this chapter, FT-NIR and NMR spectroscopy
are discussed in detail.
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Figure 1.11: Oxidation process of linoleic acid; dissociation energies in green [75], [77], [7§].

Determination of Peroxide Value by FT-NIR Spectroscopy

A FT-NIR spectroscopic method has been developed by van de Voort et al. to deter-
mine the PV in oils at levels between 10 to 100 meq/kg [79]. This FT-NIR method was
improved to enable the quantitative determination of PV less than 10 meq/kg, which is
a range of high interest for the edible oil industry. Therefore, a derivatization was im-
plemented, where the reaction of triphenylphosphine (TPP) with hydroperoxides forming
triphenylphosphine oxide (TPPO) was examined. TPP and TPPO showed bands between
4800 and 4500 cm™! (figure [1.12). The derivatization of an oxidized oil led to a simulta-
neous presence of TPP and TPPO whose bands are overlapped in the spectrum. Thus,
a quantification was performed by using calibration curves and chemometric techniques.
The method was validated showing an applicability for edible oils with a PV over a range
of 1 to 10 meq/kg with a reproducibility of £ 1.0 meq/kg. [80]
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Figure 1.12: Differential spectra of (A) TPP, (B) TPPO, and (C) TPP and TPPO in
canola oil [80]. [Copyright (2000) John Wiley and Sons.]

NMR Spectroscopic Method for Measuring Lipid Oxidation

NMR spectroscopy plays an important role in the analysis of fats and lipids concerning
the structural determination of fatty acid profiles. 'H and *C NMR experiments provide
insights of the natural composition of the fatty acid profile as well as the different classes
of lipid oxidation products [81], [82], [83], [84], [85]. In the last two decades, the relevance
of NMR spectroscopy as a non-destructive analytical tool for the study of lipid oxidation
has increased, especially due its advantages of minor sample preparation, small solvent and
sample volumes as well as short experimental times. Several NMR studies on oxidative
deterioration of edible oils has been published by Guillén and her research groups [80],
[87], [88], [89], [90]. Primary and secondary oxidation products have also been studied by
Skiera et al. Skiera developed a 'H NMR assay to determine the hydroperoxide amount
in edible oils without the addition of an internal standard [91], [92]. A typical 'H NMR
spectrum of an oxidized sunflower oil solved in CDCl;/DMSO-dg (4:1) is presented in figure
[[.13] As shown, hydroperoxides are detectable at a chemical shift of 6 = 10.8 - 11.2 ppm.
Skiera et al. established an equation which determined the linear relationship between the
PV and the peroxide amount determined by NMR spectroscopy. This equation was used
to compare the analytical results of 290 edible oil samples including black seed oils, corn
oils, nut oils, olive oils, pumpkin seed oils, rapeseed oils and sunflower oils and thistle oils
which have been analyzed by 'H NMR spectroscopy and by titration according to Wheeler
[91], [93]. The NMR data of corn oils, nut oils, rapeseed oils, sunflower oils and thistle
oils were in good agreement with the titration results. However, black seed oils, pumpkin
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Figure 1.13: *H NMR spectrum of oxidized sunflower oil with the chemical structure of
a fatty triglyceride which contains palmitic acid, oleic acid, a-linolenic acid (from top to
bottom), used for signal assignment.

seed oils and olive oils exhibited significantly deviations: while the PV of black seed oils,
analyzed by NMR, was too high, the PV of the olive oils and pumpkin seed oils was too
low. Further investigations showed that natural oxidizing or reducing compounds such as
thymochinone in black seed oils or hydroxytyrosol in olive oils have an impact on the PV
results according to Wheeler. However, because cross-reactions could not be excluded in
titration, it is recommended to re-evaluate the titration method as the official technique
and to find a method where only peroxides are determined to represent the primary oxi-
dation state of the oil as a quality parameter. Therefore, Skiera et al. presented the 'H
NMR spectroscopy as a powerful alternative technique for the quantitative determination
of peroxides in edible oils [91].

1.3.4 Quality Control of Inorganic Divalent Metal Ions

The wide range of magnetically active nuclei makes NMR spectroscopy attractive for the
chemical analysis of organic and inorganic substances in different kinds of matrices [94].
Some divalent cations such as Mg?™ and Ca?* can be measured indirectly after being com-
plexed with ethylenediaminetetraacetic acid (EDTA), whereby other nuclei are attractive
for a direct measurement [95]. In this chapter a focus is set on the direct NMR analysis of
cadmium, tin, lead and mercury, because "/113Cd,17/1198n 207Ph and YHg, are predes-
tinated for the direct NMR analysis because of their spin of I=1/2.
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Cadmium and tin are elements which have each two NMR active, spin 1/2 nuclei. "'Cd
shows a natural abundance of 12.8%, 0.6% higher than 3Cd does. The narrow singlet in
the cadmium NMR spectrum is shifted between -650 ppm and 0 ppm, showing couplings
to other nuclei such as protons, carbons and phosphorous. In the *C NMR spectrum two
set of couplings around 500 Hz are identified, whereby the ¥C-'1Cd coupling is slightly
smaller than the *C-"3Cd coupling. In the 'H NMR spectrum, the 'H-"1/113Cd coupling
constants are typically in the region of 50 Hz, having such a small difference that both
coupling signals appear as being merged in the 'H NMR spectrum [96]. ''/113Cd NMR is
applied for the examination of organocadmium compounds, cadmium complexes, inorganic
cadmium and cadmium binding to proteins and other molecules of biological interest [97],
[98], [99].

Tin has three NMR active spin 1/2 nuclei, '**Sn, '7Sn and 9Sn. Due to favorable
nuclear magnetic properties and fairly high natural abundances of 8.6% and 7.7%, respec-
tively, 1°Sn and !'7Sn are attractive for NMR analysis. Since ''°Sn has a low natural
abundance of only 0.3%, '°Sn and '7Sn are therefore usually the nuclei of choice. Tin
results in narrow signals over a chemical shift range of 6500 ppm, from +4000 ppm to
-2500 ppm with 6"9Sng,,a7,=0 ppm. Because the chemical shift of tin signals is influenced
by the temperature gradient in the sample, a constant temperature is essential to ensure
that the chemical shift and signal width are only influenced by the substance and not by
the experimental conditions [100], [I0I]. Tin NMR is often applied for the structure study
of organic and inorganic tin compounds [102], [I03]. However, by now a quantitative tin
NMR method has not been published yet.

In lead chemistry, solid-state and liquid-state NMR spectroscopy has become an important
analysis tool. Lead is an NMR spin 1/2 nucleus with a natural abundance of 22.1%, that
yields signals over a chemical shift range of about 20,000 ppm. 2°"Pb NMR spectroscopy
is used for structure determination of organo lead compounds, where also 'H-2"Pb and
13C-207Ph coupling constants have structural uses. However, 27Pb NMR spectroscopy is
not applied as a quantitative method so far [94], [104], [105].

19Hg and 2'Hg are the two NMR active nuclei of mercury, whereby *Hg is a spin 1/2
nucleus with a natural abundance of 16.9% yielding sharp signals in the NMR spectrum
between -3000 ppm and 500 ppm. 2'Hg has a spin of [=3/2. NMR active nuclei with
spin > 1/2, which are called quadrupole nuclei, have a lower symmetry and thus, an electric
quadrupole moment. The rapid relaxation time of quadrupole nuclei leads to broadened
signals observed in the NMR spectra, which can be identified and confirmed in ?*'Hg
NMR spectra [94]. Consequently, "Hg is the mercury nucleus of choice. "Hg couples
with many nuclei such as protons whose 'H-1%Hg coupling contants are between 100 Hz
and 270 Hz, and with carbon whose 3C-"Hg couplings are between 70 Hz and 3000 Hz
depending on the bond [106].



1.3 Applications of gNMR Spectroscopy 21

Mercury NMR is applied in the structure and dynamics study of mercury compounds
[107], [108]. However, to the best of my knowledge, there is no quantitative mercury NMR
method published.

As shown, several cations can be measured directly by NMR spectroscopy because of
their NMR active nuclei. Even though these methods are powerful techniques applied for
structure elucidation, they are not used routinely for quantitative determinations. The
literature search indicated that there are only few published qNMR methods that has been
used for determination of cations in authentic samples. Monakhova et al. developed a
quantitative 'H NMR method to analyze Mg?t and Ca?* in mineral water with a limit
of detection below 0.5mg/L by using EDTA as complexation reagent [95]. A comparable
method with EDTA was also applied for the quality control of aloe vera by quantifying
the inorganic cations Mg?™ and Ca?' as an additional criterion of authenticity of aloe vera
[109]. Consequently, as presented, NMR spectroscopy shows various applications for the
direct and indirect analysis of divalent metal ions.

1.3.5 Quality Control of Enantiomeric Products

Chirality influences significantly the biological and pharmacological properties of a phar-
maceutical product regarding the interaction of the substance and the human or animal
body [110]. Stereoselective methods have been developed to enable an investigation of
enantioselective metabolic profiling of active substances [I11]. Chiral drugs make up 40%
to 50% of the market over the last years. In racemic drugs, one enantiomer often exerts the
beneficial effect, whereas the other enantiomer has less, another or no effect, resulting in
an effectiveness of only about 50% of the pharmaceutical product [112], [I13], [114], [I15].
Furthermore, different effects in the body regarding pharmacokinetics, bioavailability, pro-
tein binding, elimination half-life, pharmacodynamics, and toxicity are detectable [116].
Thus, several guidelines have been published by the United States Food and Drug Admin-
istration (FDA) and European Medicines Agency (EMA) concerning the investigation of
stereoisomeric drugs [I17], [I18]. Based on these guidelines, most pharmaceutical compa-
nies and research institutes have been focusing on manufacturing single enantiomers in new
drugs. For those pharmaceutical products, which can be already purchased as racemates,
manufacturers work on alternative products containing only the active enantiomer [114].
Consequently, the analysis of the enantiomeric purity and enantiomeric excess presents an
important part of the quality control of chiral drugs in the development, discovery, deve-
lopment and marketing of new drugs [112], [113], [I14], [115].

Enantiomeric excess (ee) is a measurement of the purity of chiral molecules reflecting the
degree of the enantiomeric composition where one enantiomer (R or S) exists in the product
in a higher amount than the other one (S or R) [I19]. The enantiomeric composition was
traditionally examined by determining the optical purity which is the "ratio of the observed
optical rotation of a sample consisting of a mixture of enantiomers to the optical rotation
of one pure enantiomer" [120]. Ideally, the composition of the enantiomeric mixture is
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directly proportional to the optical purity. However, since the optical purity cannot be
measured in all substances [121], further analytical methods using chromatography [122],
[123] and NMR spectroscopy [119], [124], [125] have been developed. Here, enantiomeric
excess is determined by comparing the amount of both enantiomers. The enantiomeric
excess is calculated according to equation [120]. For example, since a racemic mixture
consists of 50% R and 50% S, the enantiomeric excess is determined with 0%, while a pure
enantiomer has an enantiomeric excess of 100% [119].

[R5
R+ S

ee|%| = -100 (1.7)

Even though numerous analytical techniques have been developed for the analysis of enan-
tiomeric composition, the focus in this work is placed on the NMR spectroscopy.

Chiral Derivatization Agents (CDA) in NMR Spectroscopy

Enantiomeric molecules show identical NMR spectra because the corresponding nuclei
have the same electronic surrounding. Upon derivatization of the enantiomers R and S
with CDA, diastereomers are formed, which show different chemical and physical proper-
ties. Since diastereotopic hydrogens are non-equivalent, they appear at different chemical
shifts in the 'H NMR spectra which enables the determination of the enantiomeric excess
according to equation by using the respective integrals [119]. In the case of perform-
ing derivatization reactions, a quantitative conversion of the enantiomers to diastereomers
without any chiral discrimination originating from kinetic resolution is required. In the
NMR spectroscopy, one of the most used derivatization reagents for alcohols and amines
is a-methoxy-a-trifluormethyl-phenylacetic acid, known as Mosher’s reagent or MTPA.

CH3
MeQ, CF; MeO, CFj HO" MeO
©>\OH socl, ©>\CI HsC~ “CHs
—_—
R-(+)-MTPA R-(+)-MTPA-CI (--Menthol }-MTPA ester

Figure 1.14: MTPA reacts with thionyl chloride forming MTPA-CI which is used for the
derivatization reaction of (-)-Menthol forming MTPA-ester.

The reaction of MTPA and the substance of interest is commonly activated by a car-
boxylic acid-activating agent such as N,N’-dicyclohexylcarbodiimide (DCC). Alternatively,
Mosher-Chloride (MTPA-CI), which can be formed by the reaction of MTPA and thionyl
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chloride, can be used directly for derivatization reactions as active acylating agent (figure
1.14) [126], [127]. The derivatization reaction of primary and secondary alcohols or amines
with Mosher-Chloride was developed in 1969. The advantage of the use of Mosher-Chloride
is the impossible racemization during derivatization due to the lack of a-hydrogen at the
carboxy group [126]. However, the purity of MTPA-CI of 99.0% with an enantiomeric ratio
of > 99.5: 0.5 % declared by the distributer leads to a limitation of the determination of
the enantiomeric excess.

Chiral Lanthanide Shift Reagents (CSR) and Chiral Solvating Agents (CSA)
in NMR Spectroscopy

Chiral lanthanide shift reagents (CSR), such as tris(((heptafluoropropyl) hydroxy methylene)-
d-camphorato)europium (Fu(hfc)s, figure a), which is often used for NMR spec-
trometer with a lower field strength, or tris[3-(tri fluoro methyl hydroxy methylene)-d-
camphorato]ytterbium (Yb(tfc)s, figure b) are widely used for chiral discrimination.
By the complexation of analytes by CSR, diastereomeric complexes are formed whose sig-
nals are shifted in the NMR spectrum. These separated signals are used to determine the
enantiomeric excess [119], [128].

1 [ CH
oM CF,CF,CF, HsC ™ GF,
o) —-Eu ~ "0t Yb
| H3C o~ 15 B H3C O 1q
a) Eu(hfc)s b) Yb(tfc)s

Figure 1.15: Examples of chiral lanthanide shift reagents (CSR).

Another option are chiral solvating agents (CSA), in which the enantiomeric analyte is
exposed to a chiral environment without the formation of a covalent bond. This can
be performed by running the analysis in chiral solvents or by the formation of adducts
of the substrate at a chiral, enantiomerically pure complex. Hence, CSA and the an-
alyte should contain common features of functional groups such as carboxylic, hydroxy
or amine group. In figure [I.16] (S)-(-)-1-(1-Naphthyl)ethylamine and (-)-(18-crown-6)-
2,3,11,12-tetracarboxylic acid are presented as two examples representing a small selection
of CSA [119].

In routine 'H NMR ,'F NMR and *C NMR techniques are used to discriminate chi-
ral compounds, to determine the enantiomeric excess and to assign absolute configuration
by usind CSA, CSR and CDA.
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Figure 1.16: Examples of chiral solvating agents (CSA).

1.4 Tagging

In information systems, tags are keywords associated to information which helps to de-
scribe and to find items [129]. In medicine, tagging or labelling is the introduction of e.g.
radioactive isotopes or fluorescent groups into a molecule in order to distinguish the tagged
molecule from other molecules without that tag [I30]. In this thesis, tagging respresents
the collective term of making the substances of analytical interest visible by performing
reactions such as derivatizations, complexations and isotope labellings.



Chapter 2

Aims of the study

The aim of the present thesis is to solve analytical issues by developing new quantitative
NMR methods using tagging reagents. The developed methods are applied to chemical,
pharmaceutical and food applications.

Issue #1: The titration method, which belongs to the official methods for the deter-
mination of peroxide values, show several disadvantages: high sample and solvent amount
needed, not applicable for phospholipid-containing oils like krill oil, not robust. Hence,
Skiera et al. developed a new 'H NMR method to determine peroxides in edible oils [91].

Aim #1.1: Test the NMR method, developed by Skiera et al. [91], concerning
its applicability for low-oxidized edible oils.

Solution #1.1: Organization and evaluation of an interlaboratory
comparison test to examine the applicability of the 'H NMR method
as a technique for the quality analysis of edible oils with a focus on
peroxides.

Aim #1.2: Develop a 'H NMR method for a fast, accurate, precise, robust and
simple determination of peroxides in oils, independent of the level of oxidation,
color or the presence of phospholipids.

Solution #1.2: Development of an 'H NMR method to determine
the peroxide value in vegetable and krill oil by using triphenylphos-
phine as tagging reagent.

Issue #2: Divalent cations such as Mg?*, Ca?*, Sr?*, Zn?*, Cd?*, Hg?t, Sn?*, and Pb2*
have been commonly analyzed with complexometric titration, flame atomic absorption
spectrometry, ion chromatography, inductively coupled plasma atomic absorption or mass
spectrometry. Most of the methods require time-consuming separations via extraction or
precipitations, high amounts of chemicals, solvents and calibration curves.

Aim #2: Develop a fast and simple NMR method for the qualitative and
quantitative determination of inorganic divalent cations.
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Solution #2: Development of a qualitative and quantitative 'H
NMR method to determine divalent metal cations in model salt solu-
tions, food supplements and pharmaceutical products by using EDTA
as tagging reagent.

Issue #3: In industry, Mosher’s reagent is the most used derivatization substance for the
determination of enantiomeric excess of alcohols and amines by using NMR spectroscopy.
However, since Mosher’s reagent cannot be produced with an enantiomeric ratio of higher
than 99.5%, the determination of the enantiomeric ratio of the analyte is limited to these
values making the determination of enantiomeric ratios between 99.5 - 100% impossible.

Aim #3: Develop a NMR method which is applicable for the determination
of enantiomeric ratios of > 99.50% as an alternative to Mosher’s reagent.

Solution #3: Development of a 13C NMR method to determine the
enantiomeric excess of chiral alcohols by using phosgene as tagging
reagent.



Chapter 3

Interlaboratory Comparison Test

Original title: Interlaboratory Comparison Test as an Evaluation of Applica-
bility of an Alternative Edible Oil Analysis by 'H NMR Spectroscopy [131]
[Copyright (2017) J. AOAC Int.]

Elina Zailer, Ulrike Holzgrabe, Bernd Diehl; J. AOAC Int., 100: 1819-1830, 2017.

3.1 Abstract

A proton (*H) NMR spectroscopic method was established for the quality assessment of
vegetable oils. To date, several research studies have been published demonstrating the
high potential of the NMR technique in lipid analysis. An interlaboratory comparison
was organized with the following main objectives: (1) to evaluate an alternative analysis
of edible oils by using 'H NMR spectroscopy; and (2) to determine the robustness and
reproducibility of the method. Five different edible oil samples were analyzed by evaluating
15 signals (free fatty acids, peroxides, aldehydes, double bonds, and linoleic and linolenic
acids) in each spectrum. A total of 21 NMR data sets were obtained from 17 international
participant laboratories. The performance of each laboratory was assessed by their z-scores.
The test was successfully passed by 90.5% of the participants. Results showed that NMR
spectroscopy is a robust alternative method for edible oil analysis.

3.2 Introduction

Over the last few years, an increasing awareness of the demand for more effective quality
assessment and authenticity control of edible oils, especially olive oil, has led to techno-
logical advances in the analysis of fats and oils [I32], [I33]. Assessment of the quality
and authenticity of edible oils has traditionally been performed by several official ana-
lytical methods, including the evaluation of acid, peroxide, anisidine, and iodine values;
di- and triglycerides; total polar compounds; tocopherols; and other parameters, such as
color index, phosphorus, copper, and iron. Requirements for these indices are issued by
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the European Pharmacopoeia (8th Ed.), the Council of Europe, Deutsche Gesellschaft fiir
Fettwissenschaft, and the American Oil Chemists’ Society (AOCS). Acid value is an im-
portant indicator of the quality of edible oil, which determines the amount of carboxylic
acid groups in free fatty acids (FFAs). Most national and international standards for acid
value assessment in edible oils are based on an acid—base titration technique in nonaque-
ous solvents expressing the amount of potassium hydroxide necessary to neutralize FFAs
[134], [135], [136]. Peroxide value (PV) is analyzed by titration methods according to
Wheeler [DGF-C-VI 2(05) Part 1] or Sully [DGF-C-VI 2(05) Part 2] that were adopted
and approved with small differences by the AOCS as Cd 8-53 (using chloroform) and Cd
8b-90 (11) (using isooctane). The International Organization for Standardization (ISO)
has published two titration methods, ISO 3960:2007 [visual (iodometric) endpoint] and
ISO 27107:2008 (potentiometric endpoint), and publishes the European Pharmacopoeia
for the determination of the PV of oils [137]. Furthermore, near-infrared methods have
been designed to determine PVs in triglycerides at levels from 0 to 100 [8], [80]. Aldehydes
are analyzed as an anisidine value, which is measured by AOCS Official Method Cd 18-
90(11) using a spectrophotometric analysis that takes 10 min to measure absorbance at 350
nm after reaction including p-anisidine and aldehydic compounds. Iodine value, another
important quality parameter, determines the amount of unsaturation in FAs analyzed by
titration with iodine-based compounds [138], [139], [140], [141]. All of these techniques
have several drawbacks, such as the use of high amounts of toxic solvents, lengthy times,
and subsequent high costs.

In this paper, a proton (H) NMR spectroscopic method was developed for the targeted
control, quality assessment, and characterization of vegetable oils by *H NMR spectroscopy.
Quality parameters, such as FFAs, PV, and aldehydes, as well as the characterization of
FAs in lipids and the grade of saturation, were determined in only one 'H NMR analysis
run, providing a rapid alternative to classical oil analyses. The presented method can be
applied to a wide range of different vegetable oils. To evaluate the applicability of the
alternative oil analysis by 'H NMR spectroscopy and determine the robustness and re-
producibility of the method, an international interlaboratory comparison was organized as
an external laboratory-based quality assurance method to demonstrate individual perfor-
mance. Here, we report on an interlaboratory comparison of the analysis of five edible oil
samples by 'H NMR NMR spectroscopy utilizing instruments with different probes and
magnetic field frequencies (400, 500, and 600 MHz). Comparison between the 21 data sets
that were obtained from the 17 participants is discussed in terms of mean value, SDs, and
z-scores, which can be considered a performance index. Operator and instrument influence,
as well as reasons for erroneous integration values are discussed.
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3.3 Method

3.3.1 DMaterials

Five edible oils —safflower (oil 1), peanut (oil 2), walnut (oil 4), and olive (oils 3 and 5) -
were purchased from local supermarkets and oil mills and sent to the participants. National
participants used tetramethylsilane (TMS; Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many) for NMR calibration, chloroform-d1 (CDCls; degree of deuteration 99.8%; Euriso-
Top, Saarbriicken, Germany), and dimethyl sulfoxide-dg (DMSO-dg; degree of deuteration
99.8%; Buriso-Top) as solvents dried over molecular sieve (4 A;AppliChem, Darmstadt,
Germany). International participants used calibration materials, solvents, and molecular
sieves of comparable quality.

3.3.2 Sample Preparation

CDCl3; and DMSO-dg were mixed in a ratio of 4:1. A small amount of TMS was added
to calibrate the chemical shift. Five milliliters of solvent were dried over a layer of the
molecular sieve. This solvent was named “CDCl3-DMSO (4 + 1).” Approximately 200 +
10 mg oil sample were accurately weighed (with a weighing accuracy of + 0.1 mg) into
individual 4 mL sample vials. One milliliter of dry CDCl3-DMSO-dg (4 + 1) solution was
added and carefully mixed. About 1 mL of solution was transferred to the NMR tubes.
The samples were analyzed within 24 h after sample preparation. The prepared samples
had been stable for at least 1 week. For oxidation parameters, prepared samples should be
analyzed within 24 h after sample preparation.

3.3.3 Experimental NMR Analysis Procedures

Experiments were performed at a temperature of 298 + 5 K. For all experiments, a zg30
program with 64-128 scans was used to achieve an adequate S/N of 40,000 for a-CH,-
triplet at 0 52.3 ppm. The spectral widthwas set to 24 ppm with an O1P of 8 ppm. The
D1 was set to 1.00 s, the TD to 128k, and the SI to 64k. Adjustment of D1 and AQ was
not necessary due to the rapid relaxation of all sample components. Rotation was optional,
a non-spinning analysis was found to be optimal. Chemical shifts were referenced to TMS
at 6 0.00 ppm.

3.3.4 Experimental Data Procedures

The identification and quantification of 15 signals was performed according to the signals
listed in table[3.1] The chemical shifts shown in table may have differed by £ 0.1 ppm.
The signal at 6 = 2.3 ppm was calibrated to 2000. Participants individually decided how
to integrate peroxide and aldehyde signals (i.e., either separately or all together). Further-
more, baseline correction and integration could be manually or automatically performed.
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Table 3.1: Signal assignment in the 'H NMR spectrum

Signal | Chemical shift | Multiplicity Component/
No. 0, ppm structural element
1 12.0-114 Multiplet FFA/-COOH
2 10.6-11.1 Multiplet Peroxides/~-CHOOH
3 9.8-94 Multiplet Aldehydes/~CHO
4 5.32 Multiplet Double bonds
5 5.23 Multiplet Glycerine backbone, -CH—
6 4.3 Multiplet Glycerine backbone, -CHy—
7 4.1 Multiplet Glycerine backbone, -CHy—
8 2.79 Triplet Bisallyl in C18:3
~CH=CH-CH,;-CH=CH-CH,-CH=CH-
9 2.75 Triplet Bisallyl in C18:2
~-CH=CH-CH,-CH=CH-
10 2.3 Triplet a-CH,
11 2.23 Triplet FFA o-CH,
12 2.1-1.92 Multiplet Allyl -CH,—~CH=CH-CH,—
13 1.6 Multiplet [-CH,
14 1.53-1.05 Multiplet ~CH5— long chain
15 0.99-0.84 Multiplet Terminal —-CHj

3.3.5 NMR Data Collection

Seventeen NMR laboratories took part in the interlaboratory trial (see table [3.2). In
total, 21 data sets were submitted for each sample and included different operators and
different spectrometers. The participants’ identities were kept anonymous. Therefore, the
laboratorieswere randomly numbered. The laboratory numbers listed in table equate
to the data set number, not the laboratory number. Six laboratories participated with a
at 400 MHz spectrometer, eight with a 500 MHz, and seven with a 600 MHz. Double-
resonance broadband probes and cryoprobes [broadband inverse (BBI), Prodigy nitrogen-
cooled broadband (CPPBBO), CPQNO, PABBO BB, and CPMNP]| were used.

3.3.6 Statistical Data Analysis

Integrals of the 15 signals from all the samples measured by all the participants were eval-
uated using Excel XLSTAT (Version 2016.05.33324). The number of outliers is presented
in table (page . The integrals collected from each sample underwent a two-sided
Grubbs’ test, with a significance level of o = 0.05, to identify possible outliers. Outliers
were not considered in the successive evaluation process. After outliers were removed, in-
tegral values were run through a proficiency test to elaborate the data and determine the
mean integral value (“mean”), the corresponding absolute SDs and RSDs, and z-scores.
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Table 3.2: Affiliations of the participants in the interlaboratory comparison study

’ Company \ City \ Country ‘
Sigma-Aldrich Production GmbH Buchs Switzerland
Crop Science Division Bayer Monheim Germany
CropScience Aktiengesellschaft
Roche Diagnostics GmbH Penzberg Germany
DSM Nutritional Products Columbia, MD United States
Department of Chemistry, University of Cologne Cologne Germany
Bruker BioSpin GmbH Rheinstetten Germany
Dupont Nutritional Biosciences Aps Brabrand Denmark
Institute of Pharmacy, University of Wiirzburg Wiirzburg Germany
Pennsylvania State University University Park, PA | United States
Bayerisches Landesamt fiir Wiirzburg Germany
Gesundheit und Lebensmittelsicherheit
Bundeskriminalamt Wiesbaden Germany
Bundesanstalt fiir Materialforschung und -priifung Berlin-Adlershof Germany
SYNLAB Umweltinstitut GmbH Hiirth Germany
Chemisches und Veterinaruntersuchungsamt Karlsruhe Germany
SINTEF Fiskeri og havbruk Trondheim Norway
BASF SE Ludwigshafen/Rhein Germany
Spectral Service AG Cologne Germany

z-Scores were calculated by the “standardization” command. Results of |z| < 2.0 were con-
sidered to be acceptable, 2.0 < |z| < 3.0 considered questionable, and |z| > 3.0 considered
unacceptable. Participation in the interlaboratory comparison was deemed successful if
80% of all required results exhibited a score of |z| < 3.0.

To examine the influence of the three different frequencies (400, 500, and 600 MHz) on
the shape and thus integral values of the 'H-NMR signals for linoleic acid (C18:2) and
linolenic acid (C18:3), an analysis of variance (ANOVA) was used to determine statistical
significance. A confidence interval of 95% and a tolerance of 0.0001 were used for the
statistical evaluation. A posthoc Tukey’s honest significant difference (HSD) test was also
performed to determine individual means that were significantly different from each other.
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Table 3.3: Number of integral outliers in samples safflower, peanut, walnut, and two olive
oils.

Signal | Safflower oil | Peanut oil | Olive oil | Walnut oil | Olive oil
No. oil 1 oil 2 oil 3 oil 4 oil 5
1 1 2 3 1 2
2 1 1 1 1 1
3 1 1 1 1 2
4 2 2 1 1 1
5 2 1 1 2 1
6 2 1 1 1 1
7 1 1 1 2 1
8 0 0 1 1 1
9 1 0 1 1 1
11 0 0 1 1 1
12 1 1 2 2 2
13 1 1 0 1 1
14 2 1 2 1 2
15 1 1 1 0 2

3.4 Results and Discussion

3.4.1 Vegetable Oil Analysis by 'H-NMR Spectroscopy

A 500 MHz 'H-NMR spectrum of a representative vegetable oil (walnut) in CDCl3/DMSO-
ds (4 + 1) is presented in figure 3.1} the corresponding signal assignment appears in table
. The structures of the major triacylglycerides (TAGs) that are present in vegetable
oil showed signals for each hydrogen inthe 'H NMR spectra (figure , page . Glyc-
erine backbone signals resonate at 6 = 5.23, 4.3, and 4.1 ppm in a ratio of 1:2:2. Vinylic
hydrogen (H,) has a characteristic signal at § = 5.32 ppm, which represents the number
of double bonds and thus the degree of lipid unsaturation. Allylic hydrogen (H,) at 6 =
2.1-1.92 ppm and bisallylic hydrogen (H;) at § = 2.79 and 2.75 ppm are used to character-
ize unsaturated FAs, such as C18:3 and C18:2. The COOH proton in FFAs resonates as a
singlet in the 'H NMR spectrum at § = 12.0-11.4 ppm when a CDCl3-DMSO mixture is
used as the solvent. For quantification, COOH and the a-CHj signals (6 = 2.23 ppm) were
integrated. Quantification of the a-CH, group in FFAs was difficult, due to the group’s
low intensity and overlap with the a-CHy group present in other FAs (of which the oils
were primarily comprised) at 6 = 2.30 ppm. Skiera et al. [142] had similar results, though
they used a different solvent ratio.

PV is another important quality parameter. Hydroperoxides are formed during autoxi-
dation processes, having a typical pattern in the 'H NMR spectrum at § = 11.1-10.6 ppm
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Figure 3.1: 'H-NMR spectrum of a representative edible oil [walnut; oil 4, CDCl3-DMSO-
dg (4 + 1), 500 MHz|.

[132], [142], [143], [144]. The three main FAs of edible oils are oleic (C18:1), C18:2, and
C18:3. Due to the varying compositions of these FAs, the number and pattern of hydroper-
oxide signals varies. Each fatty acid (FA) reacts to several FA peroxide types, thus there
can be several low-intensity peroxide signals. Direct quantification of peroxides with 'H
NMR spectroscopy in low-oxidized edible oils, however, is a challenge due to low S/N.
Aldehydes, which are secondary oxidation products, are generated from the degradation
processes of hydroperoxides and are associated with the rancidity of oils and fats [145].
Signals from the proton bonded to the carbonyl center of aldehydes can typically be found
at 0 = 9.8-9.4 ppm. Different aldehydes form based on the FA composition of an edible
oil and the oxidation conditions present. Skiera et al. presented an 'H NMR approach as
an alternative to the classical p-anisidin value method [92]. By recalculating the integrals
from signals 1-15, various edible oil parameters — such as FFAs, peroxides, aldehydes, and
C18:1, C18:2, and C18:3 - can be determined in mol-% and mol%o. The integral for the
double bonds can be recalculated as the degree of saturation with amean double-bond
number per FA.
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Figure 3.2: Chemical structure of the main TAGs in vegetable oils.

3.4.2 Statistical Analysis and Performance Assessment

Several national and international laboratorieswere invited in 2016 to participate in the
interlaboratory comparison test for the evaluation of applicability of an alternative edible
oil analysis by 'H NMR spectroscopy (see table . Twenty laboratories joined the trial.
Of the 20 laboratories, 17 using different operators and different spectrometers, returned a
total 21 data sets; the 21 data sets were identified as “Labs 1-21.” (Multiple participating
laboratories from Germany, Switzerland, the United States, and Nordic countries reflected
international interest in determining the quality of edible oils by alternative techniques.)
Prior to the interlaboratory comparison, detailed information on chemicals, sample prepa-
ration, NMR analysis parameters, and evaluation (see section were sent to the par-
ticipants to ensure comparable conditions for all instruments. Data were collected using a
standard 'H NMR pulse program (zg30) across a sweep width of 24 ppm in all cases. The
number of scans varied depending on probe type and magnetic field strength. SafHower,
peanut, walnut, and two olive oil samples with unknown compositions and quality were
analyzed and evaluated by the participating laboratories (table , page . For each
sample, participants integrated 15 signals (listed in table , page , leading to a total
number of available theoretical data of 1575. Some signals - such as FFAs, peroxides, and
aldehydes - were not integrated because of their low intensity. Therefore, in total, 1362
data were submitted. Before computing, outliers were detected by a two-sided Grubbs test,
with a significance level of a = 0.05, and eliminated from any further statistical evalua-
tion. Figure (page displays the total number of integral outliers in all five samples.
The mean, SD, and RSD were computed from data according to ISO 13528:2015 and are

presented in tables - , (pages [35] - .
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The results of the proficiency tests were assessed with the help of z-scores. Classical z-scores
were calculated according to ISO 13528:2015:

_ (mi—wp)

Z:
3 opt

where x; = proficiency test result; x, = assigned value; and o0, = SD. A z-score was

assigned to each participant laboratory for its performance. To simplify the interpretation
of z-scores, the following agreements were established (an example is presented in figure

33):

|z| < 2.0, satisfactory participation (figure 3.3} light-gray bars)
2.0 < |z| < 3.0, questionable result (figure [3.3} medium-gray bars)

|z| > 3.0, unsatisfactory participation (figure dark-gray bars)

Safflower oil (oil 1): FFA COOH

[

&

5

4
@ A [ 7-5c0re
E f v z-score 1
: 0 ~mm B || } ssssss Z-gcore 2

1 _H:Jl IHIHIHIHIEIHIEIEIE Iﬂ‘l | I 2 I1‘1|-13I 7 10 sesssF-5C0MR 3
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Figure 3.3: Statistical evaluation of z-scores presented in an example of the integration
FFAs (COOH) signals in safflower oil.

Participation in an interlaboratory comparison was deemed successful if 80% of all required
results exhibited a value of |z| < 3. In the present interlaboratory comparison, 89.5% of
all submitted data showed |z| < 2.0, 5.9% showed 2.0 < |z| < 3.0, and 4.6% showed |z
> 3.0. Figure presents the percentages of z-scores the participants achieved, with a
limit of |z| < 3. Nineteen of the 21 laboratories successfully passed the test (figure
light gray bars). Ten laboratories provided excellent results, passing the interlaboratory



42 3. Interlaboratory Comparison Test

comparison at 100%. Two laboratories did not pass the interlaboratory comparison (figure
, black bars). Laboratory 12 had integrated additional signals to the determined range
of § = 11.1-10.6 ppm, which resulted in increased values for the PV (signal 2). Results of
laboratory 10 showed several evaluation deviations.
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10
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Figure 3.4: Performance assessment based on z-scores, with light grey bars as successful
participation and dark grey bars as non-successful participation.

3.4.3 Challenging Signals

It is well known that operator error commonly affects quantitative NMR (qNMR) results.
To obtain accurate results, phase and baseline corrections, as well as integration, had to
be precisely performed [144], [145], [146], [I47]. To cover 99% of the total signal intensity
(the signal being a Lorentzian line), integration would need to be extended to 64 times
the full width at half maximum [1], [5], [22], [148]. In these NMR spectra, such large-scale
integration was not possible because of the high number of signals. Nevertheless, a broad
enough integration range had to be chosen to cover a maximum percentage of the total area
(figure ) One of the most ubiquitous issues with qNMR is baseline correction, which
significantly affects the integrated area under a signal. Usually the baseline is automati-
cally corrected, but some additional minor baseline correction may be needed to achieve
optimal integration values. In this study, automated and manual baseline corrections were
performed. Phase correction has been found to be one of the most challenging aspects in
evaluating NMR spectra; an incorrectly phased spectrum cannot correctly be evaluated.
de Brouwer showed that a group of six experienced NMR operators who performed
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a manual phase correction had an average difference up to 1% for a set of 14 integrals,
with individual integrals deviating up to 2.5%. Because not all of the operators included
in our study were experienced in evaluating oil, the deviation in our study was higher. In
our case, the erroneous phase highly influenced signals at 6 = 4.0-6.0 ppm. Because of
these problems, several automatic baseline correction algorithms were already presented
to replace the time-consuming manual correction, but were not applied here [I50], [I51].

(@)

T T T T T T T
11.78 11.70 11.65 11.60 11.55 11.50 11.45 ppm

(b)

T
1.9 1.8 1.7 116 1.5 1.4 11.3 ppm

Figure 3.5: 'H NMR spectra of olive oil (sample 3) with (a) different contents of protic
compound H,O in solvent and (b) different integration ranges; details: FFA COOH.

About 60% of data had an RSD of < 3%. However, a higher RSD was observed for sig-
nals 1, 2, 3, 8, and 11. Signal 1 represented the carboxyl group in FFAs. The COOH
proton in all FFAs resonates as a broad singlet at 6 = 12.0-11.4 ppm. It is well known
that protic matrix or solvent impurities affect proton transfer processes, which results in
signal broadening. Figure demonstrates how FFA COOH signal shape is affected by
the different components of the protic compound H,O in the samples and solvent. The
integration range significantly influenced the integration value (see figure ), especially
when broad signals were integrated.

Signal 2 was assigned to peroxide hydrogens. As already discussed, peroxides are rou-
tinely measured as PV according to Wheeler. PV is expressed in milliequivalents of active
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oxygen per kilogram, covering all compounds that oxidize potassium iodide under the de-
fined conditions [152], [I53]. The proposed method was not specific, leading to partially
erroneous results because of cross-reactions, false-positives, or frauds. Skiera et al. re-
ported a new 'H NMR assay as a tool to determine the amount of hydroperoxide needed
for the assessment of oxidative state in edible oils. Performance of the NMR method was
compared with the Wheeler approach by relative sensitivity. The results demonstrated
that the Wheeler method and NMR spectroscopy method exhibit similar analytical per-
formance [91]. Figure shows the peroxide signals in the spectra of all five edible oil
samples. Safflower oil (sample 1) is highly oxidized with a peroxide S/N of 170 (600 MHz,
64 ns), representing a relative measurement uncertainty of about 1%. In contrast, under
the same conditions, sample 5 contained a smaller peroxide concentration with an S/N of
30. Such a low S/N leads to higher relative measurement uncertainties, in this case more
than 10%. Correlation between the S/N of the signals and the SD and RSD results is well
known [I].
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Figure 3.6: 'H NMR spectra: Integration range of the peroxides in all five edible oil
samples.

The quantification of signal 3 (representing aldehydes) showed the highest deviations
(100-260%). The aldehyde signals had a very low S/N (2-5; 600 MHz, 64 ns; figure
. Mathematically, the LOD is determined as the intensity for which the S/N equals 3.
Visual evaluation of the LOD in sample 5 revealed several aldehyde signals. However, in all
five samples, the S/N values were lower than the LOQ, some lower than the LOD, result-
ing in the very high SDs observed. Some participants provided negative signal intensities,
which were the result of erroneous baseline correction (see tables [3.513.9, pages .
Quantification of the a-CHg-group in FFAs (signal 11, § = 2.24 ppm) was challenging due
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to the low S/N of the signal and overlap with the a-CH; group (6 = 2.30 ppm) in the FAs,
which is part of a TAG. Because of that the a-CHs-integral of the FFA is overestimated.
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Figure 3.7: 'H NMR spectra: Integration range of the aldehydes in all five edible oil
samples.

3.4.4 Effect of the Instrument

The interlaboratory comparison comprised NMR instruments from different vendors and
of varying frequencies (400, 500, and 600 MHz) and used a range of probe types (BBI,
CPPBO, CPQNO, PABBO BB, and CPMNP). ANOVA was used to compare the three
frequencies (400, 500, and 600 MHz) for statistical significance. A posthoc Tukey’s HSD
test was also performed to identify individual means that significantly differed from each
other. The Tukey HSD test proved that the results for signals 1-7 and 9-15 recorded by the
400, 500, and 600 MHz spectrometers were comparable. Only signal 8 (18:3 FAs) was not
comparable, distinguished by high deviation (RSD >> 3%). Figure demonstrates the
dependence of signal width and overlap for 18:3 and 18:2 on the strength of the magnetic
field. Confirmed by Tukey’s HSD test, the 18:3 signal recorded by the 400 MHz spectrom-
eters significantly differed in shape and integral value compared with the spectra from the
500 and 600 MHz spectrometers. Because there were increased errors associated with the
evaluation of the 18:3 signal in 'HNMR spectra recorded by 400 MHz spectrometer, we
recommend that analysis of FA distribution be conducted on NMR spectrometers with
frequencies greater than 400 MHz.
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Figure 3.8: 'H NMR spectra: Integration range of 18:3 and 18:2 FAs.

3.5 Conclusions

An interlaboratory comparison was carried out to evaluate the applicability of an alterna-
tive NMR analysis of edible oil. Seventeen international laboratories, using different NMR
spectrometers and different operators, demonstrated their individual performance by pre-
senting a total 21 data sets. The interlaboratory comparison was successfully completed
for 19 data sets; 2 data sets did not pass the interlaboratory comparison test because those
laboratories had not achieved the required success limit of 80%. The results of the pre-
sented interlaboratory test confirmed the robustness of the NMR spectroscopy method and
the reproducibility of the quality parameter values from the edible oils. High-resolution
NMR offered several advantages over conventional methods, providing a straightforward
approach for the qualitative and quantitative analysis of oils and fats. Furthermore, this
interlaboratory comparison determined that there is a need for NMR education, practice,
and exercise in young and experienced NMR scientists alike. A well-founded understanding
of NMR spectra evaluation is a basic learning goal for students of spectroscopy, as well as
specialists of the subject area. A hands-on approach in NMR data acquisition, processing,
and analysis is the most powerful and effective method of teaching. Practical experience
with acquiring and processing NMR spectra to determine the correct integral values is
extremely valuable for chemistry students and specialists and provides the foundation for
all the results presented in this paper.
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Peroxide Value

Original titel: NMR Spectroscopy: Determination of Peroxide Value in Veg-
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4.1 Abstract

Hydroperoxides are formed as the primary product during lipid oxidation being analyzed as
the peroxide value to detect the degradation level of oils and fats. As an alternative to the
classical titration method according to Wheeler, a "H-{*'P} decoupled NMR method was
developed using triphenylphosphine as a tagging agent. Triphenylphosphine reacted with
peroxides to form triphenylphosphine oxides. The quantification of the peroxide value was
performed by comparing the amount of reacted triphenylphosphine oxide and non-reacted
triphenylphosphine. This approach eliminated the requirement for an additional internal
standard. Low-oxidized oils (peroxide value < 3 meq/kg) and high-oxidized oils with per-
oxide values of 150 meq/kg were precisely quantified with an RSD of 4.90 % and 0.16
%, respectively. A total number of 108 oil samples have been examined using the newly-
developed 'H-{3'P} decoupled NMR method, indicating the applicability for vegetable oils
and krill oils.

Keywords
NMR spectroscopy, peroxide, triphenylphosphine, peroxide value, oxidation
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Abbreviations
BHT butylated hydroxytoluene NMR  Nuclear Magnetic Resonance
CgDg deuterated benzene PC phosphatidylcholine
CDCl3 Deuterated chloroform PV peroxide value
EPA eicosapentaenoic acid S/N signal-to-noise ratio
D1 relaxation delay T1 relaxation time
DHA docosahexaenoic acid TAG  triacylglyceride
DMSO-dg deuterated Dimethyl sulfoxide | TPP triphenylphosphine
LOD Limit of Detection TPPO triphenylphosphine oxide

4.2 Introduction

Oils and fats are valuable natural products that are highly promoted for their nutrient
content and contribution to the human diet, and in numerous industrial and pharmaceu-
tical applications, therapeutic and/or cosmetic products [I55], [I56], [I57]. Oxidation of
oils and fats influences the nutritional quality, flavor and price; high levels of oxidation
reduce the shelf-life and increases the toxicity of the product [I58], [159]. Polyunsaturated
fatty acids are especially prone to oxidative degradation by several factors such as fatty
acid composition, concentration of antioxidants and pro-oxidants, type and concentration
of reactive oxygen species, temperature, light and presence of metals [160]. The major
processes of lipid oxidation during food processing and storage is autoxidation [77]. In au-
toxidation and photooxidation, hydroperoxides are formed as primary products that can
degrade in further reaction processes to aldehydes, ketones, alcohols and acids (figure
[160], [161], [162].

Initiation RH _Metals.UV | pe, e
Propagation R+ 0, ROO*
ROO.'F RH ROOH + Ro
Termination ROO'+ R’ ROOR
R+R RR
ROO + ROO’ ROOR + O,
RO+R ROR

2RO+ 2ROO 2ROOR + 0,

Figure 4.1: Oxidation process of fatty acid forming a hydroperoxide within three steps:
initiation, propagation, termination [162].
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Several analytical methods are available to determine the degree of oxidation, but none of
them is optimal. One of the first successful methods was the iodometric titration devel-
oped by Lea [163] and Wheeler [93]. The method was standardized by several scientific
organizations like the American Oil Chemists’ Society as AOCS method Cd 8-53 [164], as
a DIN norm [I65], an European Pharmacopoeia method in chapter 2.5.5 [166] or as DGF
method C-VI 6a Part 1 (05) by the German Society for Fat Science [167]. In the iodometric
titration method, formed iodine 12 is titrated with sodium thiosulfate after the reaction of
potassium iodide with the peroxide. Because the amount of formed iodine is proportional
to the peroxide concentration, the peroxide value (PV) is determined by the consumption
of thiosulfate. The PV states the milliequivalents of active oxygen per kilogram of oil/fat
(unit: meq/kg).

Despite being the official method used routinely in industry today, the iodometric titra-
tion method has several limitations. The technique is labor-intensive, time-consuming and
condition-dependent; it requires large amounts of sample (up to 10 grams) and chemicals
which generate a significant amount of waste [168], [I69]. A ring test has unraveled the
weakness with regard to reproducibility; this is due to the problem that the titration results
depend on the reaction time and sample amount [I70]. Furthermore, titration methods
show several limits: specificity and error susceptibility [I71]. Presented by Skiera et al.,
titration results are significantly influenced by the matrix, the composition and concen-
tration of secondary phytochemicals leading to false positive or false negative PV results
[172], [173]. Especially olive oil, which has a high commercial value, is subject to strict food
quality control, which is regulated in the European Union by the Commission Regulation
No 2568/91. The official PV limits are set to 20 meq/kg for (extra) virgin olive oil, and
to 5 meq/kg for refined olive oil [I74]. To obtain correct PVs which are not influenced by
external conditions or matrix, it is essential to find an alternative method which is fast,
robust, error-free and sustainable. In contrast to the titration technique, the alternative
method should be applicable for pigmented oils and phospholipid-containing products like
krill oil.

Over the past decades, several alternative methods have been developed to determine
the PV of oils and fats such as colorimetry, chromatography, infrared spectroscopy and
Nuclear Magnetic Resonance (NMR) spectroscopy [175], [176], [L77], [I78], [179]. Saito,
and later Shahidi and Wanasundara used 'H NMR spectroscopy to determine the perox-
ide concentration by comparing the ratio of olefinic and aliphatic protons as well as the
ratio of aliphatic and diallylmethylene protons in fatty acids [I77], [I78]. A further NMR
method was developed by Skiera et al.; here hydroperoxides (6 = 10.5-11.5 ppm) were
quantified directly [I72]. The primary limitation of this NMR method is the low sensitiv-
ity. Because various triacylglycerides lead to different hydroperoxides, the signal-to-noise
ratio (S/N) of each individual hydroperoxide signal is low, and thus, the uncertainty of
low-oxidized oils with PV < 10 meq/kg can increase to > 10% of S/N of 30) [I31]. Thus,
the NMR method according to Skiera et al. was not applicable for either low-oxidized oils
or phospholipid-containing samples, whereby phospholipid-containing samples also cannot
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Figure 4.2: Deoxygenation reaction of hydroperoxides with TPP to form TPPO and the
corresponding alcohol [I80].

be examined by iodometric titration [93], [I72]. To overcome this challenge, an alternative
quantitative NMR method was developed to determine the peroxide amount in edible oils
by using triphenylphosphine (TPP) as a derivatization agent. TPP reacts with peroxides
to form triphenylphosphine oxide (TPPO; figure . By the comparison of the integrals
of the signals of TPPO and non-reacted TPP, the PV could be determined quantitatively

[meq/kg].

Here, 'H and 3P NMR analyses were investigated as potential analytical techniques. The
performance of the TPP NMR method was compared with the NMR method presented by
Skiera et al. [I72] and the iodometric titration method [93].

4.3 Method

4.3.1 Materials

A total of 79 vegetable oil samples including olive oil, sunflower oil, rapeseed oil, nut oils,
pumpkin seed oil, corn oil, linseed oil, grape seed oil, soya oil, wheat germ oil, black seed
oil, 2 fish oils, 3 lecithins and 24 krill oil samples were collected from diverse German su-
permarkets or were provided by German oil mills.

NMR Spectroscopy: Triphenylphosphine (TPP) and benzaldehyde were purchased from
Sigma Aldrich (MERCK). Deuterated chloroform (CDCls, 99.8 atom% D) 4 0.3% tetram-
ethylsilane (TMS), hexadeuteriodimethylsulfoxide (DMSO-dg, 99.9 atom% D) + 0.3% TMS
and benzene (CgDg, 99.50 atom% D) were purchased from Eurisotop. endo-1,4,5,6,7,8,8-
Heptachloro-2,3-epoxy-4,7-methano-3a,4,7,7a-tetrahydroindane, dichloromethane and buty-
lated hydroxytoluene (BHT) were purchased from Riedel-de Haen, LGC Promochem, TCI
Europe, respectively.

Titration: Potassium iodide (Sigma-Aldrich), sodium thiosulfate solution (0.1 mol/L, Ap-
pliChem), acetic acid 100% (Roth) and isooctane (Roth) for the titration of the PV were
of analytical grade. Cumene hydroperoxide (Merck) was of technical grade.
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4.3.2 Sample Preparation
3.3.2.1 Holistic NMR Method
200 mg of the oil sample was dissolved in 0.8 mL of CDCl3/DMSO-dg (v/v 4:1). After

shaking, the solution was transferred into a 5-mm diameter NMR tube.

Spiking of krill oil: 4 samples were prepared using oxidized materials: (a) 200 mg sunflower
phosphatidylcholine (PC), (b) a mixture of 100 mg sunflower PC and 100 mg sunflower oil
(c) 200 mg krill oil, (d) a mixture of 100 mg krill oil, 50 mg of sunflower PC and 50 mg of
sunflower oil. All samples were then dissolved in 1 mL of CDCl3/DMSO-dg (v/v 4:1).

3.3.2.2 TPP 'H-{*'P} decoupled NMR Method

Derivatization reaction with TPP: (a) 200 mg oxidized sunflower oil and (b) a mixture of

200 mg oxidized sunflower oil and 5 mg TPP were accurately weighed and dissolved in 1
mL CDCl3 / DMSO-dg (4:1 v/v-%), respectively.

Solvent: 20 mg of TPP were dissolved in 1 mL of the following solvents: (a) CDCls,
(b) CDCl3 / DMSO-dg (4:1 v/v-%), (¢) CDCl3 / MeOD (2:1 v/v-%) and (d) Cg¢Dg, respec-
tively. Each solution was analyzed hourly over the course of 6 hours.

TPP 'H-{*'P} decoupled NMR Method as Routine Analysis
200 mg oil sample and 5-10 mg Triphenylphosphine (TPP) were weighed and dissolved in
1 mL CGDG-

S/N ratio comparison

200 mg oil sample and 5 mg TPP were weighed and dissolved in 1 mL CgDg. 'H-{3!P}
decoupled NMR and 3P NMR analyses were performed.

Linearity

A cumene hydroperoxide solution was prepared by solving 15 uL. cumene hydroperoxide in
1 mL CgDg. 5 separate oil/cumene hydroperoxide mixtures were prepared by spiking a 200
mg of sunflower oil with 0 puL, 5 pL, 10 pL, 15 pL and 20 pL of the cumene hydroperoxide
solution. 5 mg TPP and 1 mL CgDg were then added to each spiked oil sample.

Robustness

10 mg of benzaldehyde, heptachloro-endo-epoxide, dichloromethane, butylated hydroxy-
toluene (BHT) were weighed, mixed with 5 mg TPP and dissolved in 1 mL CgDs.
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Astaxanthin

(a) 200 mg krill oil and 5 mg TPP and (b) 200 mg krill oil, 5 mg TPP and 0.4 pmol
astaxanthin were weighed and dissolved in 1 mL CgDg, respectively.

Krill Oil Oxidation Test

5 krill oil / sunflower oil samples have been prepared with a total weight of 200 mg: 100%
krill oil, 75% krill oil, 50% krill oil, 25% krill oil, and 0% krill oil. Each sample and 5 mg
TPP were weighed and dissolved in 1 mL CgDg.

3.3.2.3 Titration Method according to Wheeler

The PV was analyzed according to the official DGF method C-VI 6a [167]. 5 g of the
oil sample was weighed and dissolved in a mixture of isooctane and glacial acetic acid.
After adding a saturated potassium iodide solution to the oil sample, the elemental iodine
was titrated with a thiosulfate solution and starch was used indicator. The PV was then
calculated using the amount of thiosulfate required to reach the titration endpoint.

4.3.3 Experimental NMR Analysis
NMR Methodology

All NMR spectra were recorded on an Avance III HD NMR spectrometer (Bruker, Karl-
sruhe, Germany, 500.41 MHz) and equipped with a BBFOXVS SmartProbe. The 'H NMR
spectra were recorded with the following acquisition parameters: spectral width 24 ppm,
number of scans 32, relaxation delay 1 s, acquisition time 5.45 s.

For the holistic method, the relaxation time (T1) values of the hydroperoxide protons
were approximately equivalent to the T1 values of the triacylglyceride protons, the in-
tegration values were influenced in the same way. Thus, a complete relaxation was not
necessary.

The 'H-{3!'P} decoupled NMR spectra were recorded with the following acquisition param-
eters were: spectral width 24 ppm, number of scans 32, relaxation delay 2 s, acquisition
time 5.45 s.

The 3P NMR spectra were recorded with the following acquisition parameters: spec-
tral width 100 ppm, number of scans 512, relaxation delay 10 s, acquisition time 6.50 s.

For a two-dimensional 1H J-resolved (JRES) experiment the sample presented in the chap-
ter 3.3.2.2 TPP 'H-{>'P} decoupled NMR Method: Derivatization reaction with TPP was
used. The JRES spectrum was recorded with the following acquisition parameters: spec-
tral width 2.5 ppm, number of scans 8, relaxation delay 2 s.
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The experiments were carried out at 298 K, Data was processed by using Bruker’s TOPSPIN-
NMR software version 3.5 (Bruker, Rheinstetten, Germany).

4.4 Results and Discussion

4.4.1 Holistic NMR Method

The holistic NMR method was developed by Skiera et al. [I72]. A typical 'H NMR
spectrum of an oxidized sunflower oil, acquired using the holistic approach, is presented in

figure [4.3]

SINO 123
X 256
A N
11|1 11|0 ppm
l “ U
I I T T | I I I T T T T
11 10 9 8 7 6 5 4 3 2 1 ppm

Figure 4.3: *H NMR spectrum of an oxidized sunflower oil with a PV of 38 meq/kg; in
CDClg / DMSO—dG (41 V/V—%)

The hydroperoxide signal (-OOH) of each fatty acid hydroperoxide resonates as a singlet
at a chemical shift of 6 = 11.0-11.3 ppm. Phosphatidylcholin (PC) hydroperoxides give
observable signals in the 'H NMR spectra because PC possesses a zwitterionic structure.
The signals of the PC hydroperoxides are shifted to lower field (6 = 11.4-11.6) [I81], [182].
Because the chemical shifts of the signals of the triacylglyceride (TAG) hydroperoxide and
the PC hydroperoxide are significantly different, the molar ratio of TAG and PC hydroper-
oxides can be determined (figure ) This makes the NMR method applicable for the
analysis of the oxidation grade of PC samples (figure [4.4h).
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Figure 4.4: "H NMR spectra of (a) oxidized sunflower PC, (b) sunflower PC + sunflower
oil, (c) krill oil, (d) krill oil 4+ sunflower PC + sunflower oil (from bottom to top) ; in
CDCl3 / DMSO-dg (4:1 v/v-%).

The 'H NMR spectrum of oxidized krill oil (figure [4.4c) shows a very broad, non-evaluable
signal between § = 11 and 14 ppm. The signal broadening effect is due to the fast ex-
change of all exchangeable protons of the peroxide, carboxylic and phosphate groups in
krill oil, which contains a mixture of TAG and a variety of phospholipids such as PC, phos-
phatidylinositol and phosphatidylethanolamine. Thus, the protons exchange too fast as to
being measured during an NMR experiment. To prove that the krill oil as a matrix has
this effect on the 'H NMR spectrum, krill oil was spiked with oxidized PC and sunflower
which gave individually well resolved signals. However, after being added to krill oil, well
resolved signals of the peroxides have not been identified any more. However, the spiking
experiment resulted in a broad signal at 6 = 11.4 ppm (figure ) These results confirm
that the holistic NMR method, developed by Skiera et al., was applicable for analyzing
the PV in oxidized PC samples, but not for other phospholipid-containing samples such as
krill oil. Therefore, a new method is developed.

4.4.2 TPP 'H-{*'P} decoupled NMR Method
Derivatization with TPP

The developed “TPP NMR” method is based on the well-characterized stoichiometric
conversion of triphenylphosphine (TPP) with peroxides to form triphenylphosphine oxide
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Figure 4.5: '"H NMR spectra of oxidized sunflower before (a) and after the addition of
TPP (b), top, with the corresponding JRES NMR spectrum of oxidized sunflower before
(c) and after the addition of TPP (d), bottom.
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(TPPO) and alcohols (figure 4.2 figure [4.5]). The reaction occurred rapidly in non-polar
solvents in less than 2 minutes [31]. Using an excess of TPP ensures that all peroxides
present are converted to TPPO. The 'H NMR spectra (solvent: CDCl3/DMSO-dg, 4:1)
are compared before and after the addition of TPP. After the addition of TPP, the hy-
droperoxide signals disappear and alcohol signals increase (figure top: before (a) and
after the addition of TPP (b)). Other deviations are not identified. Thus, the observ-
able substances do not influence the tagging reaction and as shown in the JRES NMR
spectrum, TPP reacts only with the present peroxides (figure bottom: before (c) and
after the additiona of TPP (d)). Based on the stoichiometric conversion of TPP to TPPO
[180], the oxidation degree [meq/kg| can be calculated by the ratio of the integrals of the
non-reacted TPP and the reacted TPPO, where TPP serves as a reductant and also as an
internal standard, which obviates the need for an additional internal standard.

Solvent

The influence of the solvent was studied using 'H NMR spectroscopy. A mixture of CDCl;
and DMSO-dg is commonly used for the quality analysis of lipids by NMR spectroscopy [20].
For the TPP NMR method, the effect of the following solvents was investigated: CDCls,
CDCl; / DMSO-dg (4:1 v/v-%), CDCl3 / MeOD (2:1 v/v-%) and C¢Dg. To quantify the
degree of autooxidation, and thus assess the stability of TPP after sample preparation, an
amount of TPP was dissolved in the appropriate solvent. The TPPO amount was ana-
lyzed quantitatively every hour and compared with the starting TPPO amount. In CDCl3,
the amount of TPPO increased by 8.5% after six hours, indicating that CDCl3 is not a
suitable solvent. Furthermore, the TPPO signal overlapped with the CHCI3 residual in
CDCls, thus complicating accurate integration of the TPPO signal. The amount of TPPO
in CDCl3 / MeOD (2:1 v/v-%) and CDCl3 / DMSO-dg (4:1 v/v-%) increased 1.5% after
six hours. CgDg showed the lowest level of autooxidation; the amount of TPPO increased
only 0.7% after 6 hours. Based on the very low autoxidation rate of TPP in CgDg, CgDg
was selected as an appropriate solvent for the TPP NMR method.

TPP NMR Experiment

Because TPP and TPPO contain both protons and phosphorus nuclei, these substances
can be measured using both 'H and 3'P NMR spectroscopy. A 'H NMR spectrum was
compared with a 'H-{3!P} decoupled NMR spectrum. Application of 3P decoupling led to
a less complex multiplet, thus increasing the S/N and the precision of integration. Thus,
the following investigations were performed as 'H-{3!P} decoupled NMR experiments.

To check which method is more appropriate for PV analysis, the S/N and relaxation
time (T1) were compared for a sunflower oil with a PV of 38 meq/kg using the alternative
TPP NMR method (*H-{3!'P} decoupled NMR spectroscopy) and the traditional 3'P NMR,
spectroscopic method developed by Skiera et al. [I72]. Typical 'H-{3!P} decoupled NMR,
and 3'P NMR spectra of an oxidized sunflower oil are displayed in figure respectively.
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Figure 4.6: 'H-{3'P} decoupled NMR spectrum (top) and 31P NMR spectrum (bottom)
of an oxidized sunflower oil with a PV of 38 meq/kg (TPP NMR method); in CgDg.

The advantages and drawbacks of both *H-{3!P} decoupled NMR and 3!P NMR spectro-
scopic techniques were compared. The advantage of 3P NMR spectroscopy was the low
number of singlets: TPP was shifted to § = -5.7 ppm and TPPO to § = 24.8 ppm, without
any signal overlapping (figure . However, 3'P NMR spectroscopy had two drawbacks:
the low S/N compared to 'H-{3'P} decoupled NMR spectra and the high D1 and, thus
high T1 values of TPP and TPPO (table .1)). As presented in table [4.1]in the *'P NMR
measurement, the T1 of TPP was very long and considerably different compared to the
T1 of TPPO, which renders the 3'P NMR analysis unsuitable as a fast routine method. In
the 'H-{*'P} decoupled NMR spectra, the T1 values of the TPP protons and the TPPO
protons were in the same order of magnitude, leading to a required relaxation delay (D1)
of 20 seconds to achieve full relaxation of all protons (figure . However, because short
relaxation times are advantageous for suitable routine analyses, a D1 of 2 seconds was
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Table 4.1: S/N and T1 of TPP and TPPO in 'H-{*'P} decoupled NMR and 3'P NMR
spectra, PV = 38 meq/kg (figure [4.5).

| NMR Analysis | '"H-{*'P} decoupled NMR | *'P NMR |
Number of scans (ns) 32 512
S/Nrpp 1763 2337
S/Nrpro 1126 468
Tlrpp [seq] 3.5 15.1
TlTppO [sec] 2.6 2.9

examined. The fully relaxed (D1 = 20 sec) and partly relaxed NMR signals (D1 = 2 sec)
were integrated and compared. A D1 time of 2 sec led to a quantification error of 1%,
which was deemed acceptable for this type of analysis. Decreasing the D1 value to 2 sec-
onds shortens the experiment by 10 minutes, which makes the TPP 'H-{3!P} decoupled
NMR method ideal as a routine PV analysis technique. Based on the comparison of the
"H-{3'P} decoupled and 3P NMR methods, the '"H-{3!P} decoupled NMR. spectroscopy
with D1 = 2 sec offered the best prerequisites as a technique of choice to determine the
PV routinely.

Validation of the TPP 'H-{*'P} decoupled NMR method

Selectivity

In the "H-{3'P} decoupled NMR spectra, the chemical shifts of TPPO and TPP were § =
7.8 ppm and 0 = 7.4 ppm, respectively. In the NMR spectrum of oxidized oil in CgDg, the
benzene signal was detected at § = 7.25 ppm with the *C satellites at &= 80 Hz. Thus, the
TPP signal which was used for the integration was overlapped with the 3C satellites of
benzene. The integral of one C satellite was calculated by integrating the benzene signal,
and this value was subtracted from the TPP signal. Consequently, the TPPO amount was
quantifiable. The selectivity was confirmed.

Linearity and range

The compound-specific linearity was examined. To assess the linearity and the measuring
range, a sunflower oil sample was spiked with five different concentrations of cumene hy-
droperoxide to simulate an artificial oxidized oil. The PV was plotted against the added
amount of cumene hydroperoxide resulting in a coefficient of determination of R? = 0.9997.
The TPP NMR method was considered valid for the PV range of 1 meq/kg to 170 meq/kg.
However, if an excess of TPP exists, the method will be linear in a range up to a con-
centration where either the oil or TPP cannot be dissolved completely in CgDg. As a
recommendation for the quantitative analysis of PV, 5 mg TPP should be added to 200
mg oil with PV < 170 meq/kg to ensure complete reaction of the hydroperoxides. In very
low-oxidized oils, the amount of TPP should be decreased to obtain TPPO signals with a
better S/N.
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Precision

lodometric titration measurements according to Wheeler were found to have a limit of
detection (LOD) of PV > 2.0 meq/kg with an uncertainty of 2% [183]. The precision of
the TPP NMR method was assessed by performing the sample preparation with a high-
oxidized and a low-oxidized oil five times, respectively. The PV of the low-oxidized oil was
determined to be 2.78 meq/kg with a relative standard deviation (RSD) of 4.90%. The
high RSD was due to the relatively low S/N of the TPPO signal (S/Nyppo = 72). The
PV of the high-oxidized oil was determined to be 158.72 meq/kg with an RSD of 0.16%
(S/Nrppo = 4020). Previous studies demonstrated that a S/N of 30 resulted in an RSD
of 10%, and a S/N of 150 of 1% [11], [I84]. Though the RSD was lower in this research,
the overall trend was confirmed: the higher the PV, the higher the S/N, and the lower the
RSD. To further decrease the RSD, the S/N of the TPPO signal should be increased by
examining the following options: use less TPP, use more sample amount, or increase the
number of scans.

Limits of Detection (LOD) and Quantification (LOQ)

The main purpose in this study was the quantitative determination of the PV in low-
oxidized oils. LOQ was determined in a routine sample (200 mg oil sample, 5 mg TPP,
ns = 32). In this case, a low-oxidized oil with a PV of 2.78 meq/kg resulted in a TPPO
signal with a S/N of 72 (figure [4.7). Based on the presented parameters, the LOD is 0.1
meq/kg and the LOQ 0.4 meq/kg.

Robustness

The validation of robustness included the examination of possible influencing substances.
Because oils are a complex mixture of more or less bioactive non-nutrient compounds with
oxidative or antioxidative properties such as tri- and diacyglycerides, free fatty acids, tan-
nins, flavones, triterpenoids, steroids, saponins, alkaloids, and aldehydes, the following
chemicals were investigated as potential cross-reaction partners of TPP: n-oxides, alde-
hydes, phenols and epoxides [I85]. TPP was mixed with a definite amount of n-oxides,
benzaldehyde, phenols and epoxides. The TPPO signals were compared with pure TPP
sample. The respective 'H-{3!P} decoupled NMR spectra showed that n-oxides, aldehydes,
phenols and epoxides did not influence the formation of TPPO. Furthermore, to prevent
oil oxidation, several kinds of natural and synthetic antioxidants are often used. One of
the most used synthetic antioxidants is butylated hydroxytoluene (BHT, E321) [186]. No
antioxidant signals were identified in the 'H-{>'P} decoupled NMR spectrum, due to the
high number of signals of the TAG and the low S/N. To examine whether TPP would react
with the antioxidant BHT, pure BHT and TPP were dissolved in CDCl;/DMSO-dg (4:1).
The respective 'H NMR spectrum showed signals of the reactants BHT and TPP, but no
signals of a reaction product were identified. Thus, BHT does not react with TPP.
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Figure 4.7: 'H-{*'P} decoupled NMR spectrum of a low-oxidized sunflower oil (PV = 2.78
meq/kg) after the reaction with TPP; S/Nrppo = 72; in CgDs.

4.4.3 Comparison of titration and NMR methods

Iodometric titration with thiosulfate according to Wheeler is considered as one of the most
used method to evaluate the content of hydroperoxides [93]. Here, the PV represents the
amount of iodine which is formed during the reaction of present lipid peroxides and iodide,
and then titrated with sodium thiosulfate:

LOOH 4 21" 4+ 2H" — I, 4 LOH + H,0

2Nay,S,05 + Iy —> 2Nal + Na,S,04

To compare the iodometric assay and the NMR methods, 20 fresh and autoxidized oil
samples were analyzed using the titration method according to Wheeler, the holistic NMR
method by Skiera et al. and the TPP NMR method [93], [I72]. 44 vegetable oil samples
were analyzed NMR spectroscopically according to Skiera et al. [172] and by using TPP
as a derivatization agent. 13 oils have been examined by the TPP NMR method and by
titration according to Wheeler [93]. For the oils, the PV extended over a range of 0.78
meq/kg and 191.4 meq/kg. Because the aim of the new method was the quantitative
determination of PV in oils, especially in low-oxidized samples, a high number of fresh
oils was examined. 54% of the analyzed oils showed PV < 50 meq/kg. The results of the
analyses were presented in table [£.2] The mean deviation between the results obtained by
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the TPP NMR and the NMR holistic control methods was 5% with higher deviations at
PV < 10. However, the PV results were stated as comparable. Paired sample t-tests found
no significant differences between the peroxide results examined by the TPP 'H-{3!P}
decoupled NMR method and the holistic NMR method (t = 0.0061).

Table 4.2: PV results of 79 vegetable and fish oils and lecithins being examined by titration,
holistic NMR method and TPP NMR method [meq/kg].

PV [mea/ke]

Holistic NMR ‘ TPP NMR ‘ Titration
10 % Olive + 90 % Sunflower Oil - 23.32 23.71
25 % Olive + 75 % Sunflower Oil - 28.39 29.19
50 % Olive + 50 % Sunflower Oil - 39.90 32.96
75 % Olive + 25 % Sunflower Oil - 44.82 42.83
90 % Olive + 10 % Sunflower Oil - 50.29 45.48
Almond Oil 119.80 104.72 -
Camelina Oil 12.15 16.87 23.74
Camelina Oil < LOD 9.63 11.55
Camelina Oil 12.15 16.87 -
Crude Fish Oil 11.60 10.54 13.81
Crude Fish Oil < LOD 6.02 2.99
Lecithin < LOD 4.50 -
Linseed Oil < LOD 1.63 4.28
Linseed Oil 26.04 29.07 -
Olive Oil 83.70 76.36 57.75
Olive Oil 119.44 110.94 96.05
Olive Oil 141.47 134.91 96.00
Olive Oil 86.40 85.89 73.30
Olive Oil 64.37 64.70 51.01
Olive Oil 108.54 102.44 74.57
Olive Oil 190.97 190.35 148.19
Olive Oil 174.44 176.85 141.63
Olive Oil 163.41 163.29 129.70
Olive Oil 58.86 61.58 53.00
Olive Oil 171.12 158.72 -
Olive Oil 9.90 12.80 -
Olive Oil 119.44 110.94 -
Olive Oil 141.47 134.91 -
Olive Oil 86.40 85.89 -
Olive Oil 64.37 64.70 -
Olive Oil 108.54 102.44 -
Olive Oil 190.97 190.35 -
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Olive Oil 122.18 119.97 -
Olive Oil 174.44 176.85 -
Olive Oil 163.41 163.29 -
Olive Oil 58.86 61.58 -
Peanut Oil - 18.28 23.74
Peanut Oil 32.53 31.80 -
Pistachio Oil - 15.40 19.92
Poppy-seed Oil 109.15 166.10 -
Pumpkin Seed Oil - 32.86 49.71
Pumpkin Seed Oil 170.31 191.4 -
Pumpkin Seed Oil 61.16 54.70 -
Pumpkin Seed Oil 137.56 174.13 -
Rapeseed Oil 12.07 12.42 11.14
Rapeseed Oil - 9.81 11.04
Rapeseed Oil 59.13 53.47 -
Rapeseed Oil 21.56 22.56 -
Rapeseed Oil 1.10 1.27 -
Rapeseed Oil 12.07 12.42 -
Rapeseed oil 32.15 33.50 -
Refined Sunflower Oil 113.69 98.10 -
Rice germ Oil 8.26 9.94 -
Safflower Oil 146.37 140.62 119.01
Safflower Oil - 113.27 109.01
Safflower Oil 31.64 27.21 -
Safflower Oil 23.71 24.08 -
Safflower Oil 2.99 3.12 -
Safflower Oil 146.37 140.62 -
Sesame Oil 16.68 15.03 -
Sesame Oil 14.36 15.22 -
Soybean Lecithin < LOD 2.46 -
Soybean Oil - 15.70 18.18
Soybean Oil 14.05 12.80 -
Soybean Oil 87.58 85.10 -
Soybean Oil 8.71 11.41 -
Sunflower Oil 17.60 16.44 19.96
Sunflower Oil 37.02 33.57 25.42
Sunflower Oil - 19.79 25.42
Sunflower Oil 42.15 47.81 -
Sunflower Oil 2.76 2.78 -
Sunflower Lecithin 37.02 33.57 -
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Sunflower Oil, refined 107.72 100.08 -
Unknown Oil < LOD 0.78 0.82
Unknown Oil 144.42 144.30 -
Walnut Oil - 11.88 18.74
Walnut Oil 127.68 123.10 -
Walnut Oil 4.59 4.48 -
Walnut Oil 146.86 144.98 -

Comment: Methods which have not been used for the analysis of an oil are marked with “-*

The mean deviation between the TPP NMR and, classical titration methods was 20%.
These results confirmed the study outcome performed by Skiera et al. [I72]. Using the
paired t-test, a significant difference between the NMR methods and the titration (TPP-
titration: t = 2.7979; holistic-titration: t = 4.2496) was detected. Regarding the TPP
NMR method, small variations of the PV can be explained by the purity of TPP and the
balance uncertainty. However, these parameters cause only small approximations which
are estimated to around 1%. The widely used iodometric titration appears to have more
limits. For instance, even minor modifications of the experiment conditions in tempera-
ture, solvent grade or analyst can influence the titration results significantly. Thus, the
standard operating procedure must be carefully attended to receive reproducible results
[166]. Furthermore, the visual determination of the end point is difficult due to the subjec-
tive assessment of the color change from dark blue to clear, which is even more challenging
in pigmented oil samples like krill oil with its natural red color. In addition, the reaction
itself shows some limitations. Iodine can also be formed by oxygen, which liberates iodine
from the potassium iodine, and by being absorbed by unsaturated fatty acid bonds [I71],
[187]. These processes lead to an overestimation of the measuring PV. Another important
parameter is the reaction time. Lea recommended a storage of 1 hour in the dark, whereas
recent methods recommend a reaction time of 1 minute [163], [164], [165], [166]]. Apart
from these limitations, the reaction process cannot be monitored so that cross-reactions
can take place without being noticed. Since oils are natural products which are composed
of a high number of substances, cross-reactions are possible during the titration with sev-
eral ingredients. The advantage of the NMR spectroscopy is that the reaction of TPP and
hydroperoxides is visible by observing disappearing hydroperoxide signals and growing al-
cohol signals in the 'H NMR spectra (solvent: CDCl3/DMSO-dg); the method is selective
and specific. Olive oils showed significantly higher deviations in the PV examined by the
three methods than other oil samples did. It was demonstrated that in olive oil, the titra-
tion method consistently resulted in lower PV compared to the NMR methods (table [4.2)).
The difference was attributed to the influence of phytochemicals or antioxidants on the
titration reaction [I72]. Furthermore, the PV results obtained by titration were influenced
by substances with a high number of double bonds, such as squalene in olive oil and/or
astaxanthin in krill oil. Astaxanthin is a carotenoid which is present naturally in salmon oil
in a maximum concentration in a range of 26-38 mg/kg [I88]. In this study, it was verified
that an addition of 0.4 pmol astaxanthin to a krill oil reduced the PV from 9.97 meq/kg
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to 8.72 meq/kg, a loss of about 13%. This experiment indicated that a cross-reaction
with astaxanthin took place during the titration. The PV results obtained using the TPP
NMR method were not influenced by the concentration of astaxanthin. This experiment
was an example of possible cross-reactions, representing for several possible cross-reaction
partners. The aim of the research was not to determine all substances which influenced the
titration results, but the example of astaxanthin showed that the titration is an error-prone
technique. Thus, there is a need for alternative methods like the NMR spectroscopy.

4.4.4 Hydroperoxides in krill oil

Five krill /sunflower oil mixtures have been prepared, mixed with TPP and measured over a
time period of 43 hours. Figure presents a typical '"H-{3!P} decoupled NMR spectrum
of krill oil after the reaction with TPP. The signal of the non-reacted TPP was identified
at 0 = 7.35 ppm and the signal of the reaction product TPPO at 6 = 7.70 ppm. In
the 100% krill oil sample, an increase of PV of 3.3% was detected after 2 hours. In the
100% sunflower oil (0% krill oil) sample, the PV increased only up to 0.3% within 2 hours.
Because krill oil is a complex mixture of TAG, phospholipids and characteristic substances
such as astaxanthin, the driver of the higher oxidation was not identified. Nevertheless,
the goal of the presented work was to develop an alternative method for the analysis of
the PV in krill oil, and this goal was achieved. To obtain the most accurate PV results, it
is recommended to run the peroxide analysis within 60 minutes after finishing the sample
preparation.

Figure 4.8: 'H-{*'P} decoupled NMR spectrum of krill oil after reaction with TPP; in
CgDg.

The quality of 24 individual krill oils was examined using the method parameters described
herein (table . Krill oil contains a high number of phospholipids; thus, the Food and
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Table 4.3: PV results of 24 krill oils determined by the TPP NMR method.

’ ‘ PV [meq/kg] H ‘ PV [meq/kg] ‘
Krill oil 1 8.51 Krill oil 13 1.32
Krill oil 2 2.87 Krill oil 14 10.08
Krill oil 3 5.31 Krill oil 15 7.15
Krill oil 4 9.97 Krill oil 16 10.42
Krill oil 5 3.36 Krill oil 17 8.73
Krill oil 6 5.07 Krill oil 18 9.68
Krill oil 7 4.74 Krill oil 19 7.76
Krill oil 8 3.10 Krill oil 20 1.81
Krill oil 9 4.41 Krill oil 21 1.30
Krill oil 10 5.23 Krill oil 22 2.27
Krill oil 11 1.17 Krill oil 23 1.63
Krill oil 12 3.87 Krill oil 24 1.88

Agriculture Organization of the United Nations and the World Health Organization states
that the PV should be less than 5 meq/kg [?]. 13 of 24 krill oil samples showed PV <
5 meq/kg, thus meeting the quality requirements. PV levels higher than 5 meq/kg were
detected in 11 krill oils, thus failing the requirements. It should be noted that these 11 krill
oil samples had been stored over a time period of 3 to 12 months at room temperature.
However, previous studies showed that the PV analysis of krill oil using the AOCS method
is challenging [164], [166], [I89]. Furthermore, 10% to 90% of dietary supplements contain-
ing eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) like krill oil were tested
and reported to be non-compliance in the past decades [190]. Consequently, PV analysis
is an essential part of quality control for krill oil.

4.5 Conclusions

NMR spectroscopy is a powerful analytical tool to determine the amount of peroxides
quantitatively in vegetable and marine oils by using TPP as tagging reagent. The PV can
be determined within 4 minutes with LOD and LOQ values of 0.1 meq/kg and 0.4 meq/kg,
respectively. PV results obtained by the TPP NMR method and the titration method
according to Wheeler showed significant differences, especially when analyzing olive oil
where titration results showed consistently lower PV. During the titration, several external
conditions as well as the matrix can have individual impacts on the reaction leading to
wrong positive or negative PV results. Especially the composition of the analyzed oil is
responsible for cross-reactions. As the matrix does not have any influence on the NMR
TPP method and the validation of the method was successful, the NMR spectroscopy is
stated as a reliable alternative to determine the PV in different kinds of oil products.
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Chapter 5

Divalent Metal Cations

Original title: Qualitative and Quantitative 'H NMR Spectroscopy for De-
termination of Divalent Metal Cation Concentration in Model Salt Solutions,
Food Supplements and Pharmaceutical Products by Using EDTA as Chelating
Agent [191] [Copyright (2020) Magnetic Resonance Chemistry]

Elina Hafer, Ulrike Holzgrabe, Katharina Kraus, Kristie Adams, James M. Hook, Bernd
Diehl;
Magnetic Resonance Chemistry, 58: 653-665, 2020.

5.1 Abstract

This paper introduces an 'H NMR method to identify individual divalent metal cations
Be?t, Mg?t, Ca?t, Sr?t, Zn?*, Cd?**, Hg?**, Sn?", and Pb?' in aqueous salt solutions
through their unique signal shift and coupling after complexation with the salt of ethylene-
diamine tetraacetic acid (EDTA). Furthermore, quantitative determination applied for the
divalent metal cations Ca?t, Mg*", Hg*", Sn?", Pb?** and Zn?** (LOQ: 5-22 pg/mL) can
be achieved using an excess of EDTA with aqueous model salt solutions. An internal
standard is not required since a known excess of EDTA is added and the remaining free
EDTA can be used to recalculate the quantity of chelated metal cations. The utility of the
method is demonstrated for the analysis of divalent cations in some food supplements and
in pharmaceutical products.

Keywords
NMR spectroscopy, metal ions, EDTA, complexation, food supplements, pharmaceutical
products
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5.2 Introduction

Inorganic metal cations are essential for human health and can be found in numerous
foods such as fruits and vegetables, mineral water [95], edible oils [192], and honey [193]
but also in high concentrations in food supplements [194] and in pharmaceutical products
for treating heartburn and stomach ailments [195]. Conversely, some metal ions have a
negative impact on human health e.g., cadmium, mercury and lead. These so-called heavy
metals are toxic and are known to bioaccumulate, becoming concentrated in fish and other
shellfish as well as in plants (e.g. Cd from phosphate fertilisers); thus, ingesting seafoods
with high concentrations of cadmium, mercury or lead should be avoided [196], [197]. For
a long time, inorganic cations have been analyzed quantitatively using complexometric
titration [198]. Generally, ethylenediaminetetraacetic acid (EDTA) is used as a chelating
agent in a titration, where the end point is determined both visually by using an indica-
tor such as eriochrome black T or xylenol orange and by voltammetry, using an electrode
[199], [200], [201]. Because titration is sensitive to several parameters such as pH and
temperature, these values usually need to be monitored and controlled continuously. In
more recent decades, additional methods have been developed for flame atomic absorption
spectrometry (F-AAS) [202], ion chromatography [203], and inductively coupled plasma
atomic absorption or mass spectrometry (ICP-AAS/MS) [204] [205]. These techniques are
advantageous due to their sensitivity, reliability and accuracy. However, there are signifi-
cant drawbacks associated with these methods: they are time-consuming, require complex
sample preparation, and some methods, like the titration technique, are non-specific. While
nuclear magnetic resonance (NMR) spectroscopy is not as sensitive as some other analyt-
ical techniques, it is a powerful tool for providing a broad range of chemical information,
including identification and quantification, within one relatively fast analytical measure-
ment. NMR active nuclei such as magnesium, calcium, zinc, tin, mercury and lead can, in
principle, be analyzed directly with 2?Mg NMR, *3Ca NMR, ®"Zn NMR, "¥/"3Cd NMR,
199Hg NMR and 2°"Pb NMR spectroscopy. However, their sensitivities relative to 'H NMR
are extremely low (< 0.01) [206]. Consequently, the analysis by 'H NMR spectroscopy, af-
ter derivatization with chelating agent, is a powerful alternative. NMR methods exploiting
several nuclei have been developed with 'H, 1F and 3'P NMR spectroscopy. Intracellular
calcium can be measured by F NMR of symmetrically substituted difluoro derivatives
of 1,2-bis(o-aminophenoxy)ethane-N, N, N’ N’-tetra acetic acid (nFBAPTA) as chelators.
Additional cations such as Mg?**, K*, and Zn?" can also be identified in the F NMR
spectra after chelation with nFBAPTA [207]. Similarly, a quantitative **P NMR method
for Mgt complexation with the four nucleoside phosphates adenosine diphosphate, guano-
sine diphosphate, cytidine diphosphate and uridine diphosphate, has also been reported.
The binding of Mg?* to the phosphate chain leads to a variation of the chemical shift 6, of
the signal of P, the integral value of which can used to calculate the Mg?*-concentration
[208]. In contrast, the advantage of the 'H NMR spectroscopy when compared with F
and 3'P NMR spectroscopy is, on the one hand, its inherently higher sensitivity, and, on
the other hand, the additional information which can be extracted directly from the 'H
NMR spectrum such as the presence of other ingredients. Previous 'H NMR methods using
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EDTA for complexation of metal ions have demonstrated that, based on the chelated metal
ion, the Metal-EDTA-complex showed characteristic signals with specific chemical shifts.
Furthermore, the chemical shifts of free EDTA and chelated EDTA differ sufficiently make
quantification possible by the addition of a known excess of EDTA [209]. This has been re-
ported previously for quantifying Y3, AI3*, Zn?*, Cd?* and Pb?* using standard addition
and calibration curves [210]. An internal standard was not needed because the amount of
complexed EDTA is equal to the amount of metal ions present in the sample as presented
by Somashekar who applied the simple pulse-acquire 'H NMR method for the quantita-
tive analysis of calcium and magnesium in human serum [211]. Based on this knowledge,
a quantitative 'H NMR spectroscopic method is now reported using EDTA for the rou-
tine determination of a wide variety of divalent metal cations (Be*", Mg?*, Ca?*, Sr?*t,
Zn*T Cd*T, Hg?*, Sn**, Pb?") in model solutions of mineral salts, and then elaborated
for application to their detection and quantification in authentic food and pharmaceutical
products.

5.3 Method

5.3.1 Materials

Beryllium sulfate tetrahydrate (BeSO4 - 4 H,0O, assay > 99.99 %) was purchased from
Alfa Aesar, Magnesium chloride hexahydrate (MgCly - 6 HyO, assay > 46.5 %) and cal-
cium chloride (CaCly, assay > 98.0 %) from Carl Roth, maleic acid, strontium chloride
(SrCly, assay > 99.99 %), barium chloride dihydrate (BaCly - 2 H,O, assay > 99.0 %) and
tin (II) chloride dihydrate (SnCl, - 2 HyO, assay > 99.995 %) from Sigma Aldrich (Merck),
lead (II) nitrate (Pb(NOj)q, assay > 99.999 %), cadmium chloride (CdCly, assay > 99.99
%) and mercury (II) chloride (HgCly, assay > 99.5 %) from Sigma-Aldrich, and zinc sulfate
heptahydrate (ZnSOy4 - 7 HyO, assay 99.5 — 103 %) from Fluka.

Ethylenediaminetetraacetic acid (EDTA, assay > 99 %) from Carl Roth, cesium carbon-
ate (CseCOg3, assay > 99.9 %) from Albemarle, deuterium oxide (DO, 99.90 %D) and
3-(trimethylsilyl)-propionic acid-d4 Na-salt (TMSP) from Eurisotop were used to prepare
the EDTA/D-O stock solution.

A total of five different food supplements and two pharmaceutical products used to treat
heartburn were purchased from supermarkets in Germany.

5.3.2 Sample Preparation
EDTA /D,O Solution

The EDTA /DO stock solution was prepared by weighing EDTA (11 g) and dissolving in
D50 (200 mL) with 0.002% (w/v) of TMSP as a chemical shift reference. The pH of the
solution was adjusted to 7.2 by addition of approximately 23 g of solid Csy;COs.
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Qualitative Analysis and T; Determination of Met-EDTA-complexes

Salts of magnesium, calcium, zinc, cadmium, mercury, tin and lead (5 to 20 mg) were dis-
solved separately in the EDTA /D50 stock solution (1000.0 xL). After complete dissolution
was achieved, the solution was transferred into a 5 mm NMR tube and measured by 'H
NMR spectroscopy.

Quantitative Analysis of Met-EDTA-complexes

The salts of magnesium, calcium, zinc, cadmium, mercury, tin and lead were dissolved in

D50 (10-20 mg/mL). Different quantities of the salt solutions, the stock solution EDTA /DO
and D,O were prepared as outlined in table (n=3), and then transferred into 5 mm

NMR tubes and measured by *H NMR spectroscopy.

Sample No. | Salt solution | Stock EDTA/D,O | D,O
[1L] 29 [nL]
1 400 600 0
2 200 300 500
3 100 150 750
4 100 100 800
5 50 100 850

Table 5.1: Sample Preparation for the Quantitative Analysis of Metal ITons

Water Samples

A standard solution of lead was prepared from lead nitrate (10 mg) in D,O (2 mL). The
artificial “lead-contaminated” water samples were prepared as presented in table [5.2] to
which EDTA /D0 stock solution (500.0 uL) was added.

Sample No. | Pb(NOj),-solution | H,O
[1L] [11L]
1 500 0
2 300 200
3 100 400
4 50 450
5 10 490

Table 5.2: Preparation of Artificial “lead-contaminated” Water Samples
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Food Supplements

The internal standard reference maleic acid (6 mg) and the food supplement product (10-
20 mg) were dissolved in the stock EDTA/DyO solution (1000.0 pL) and after complete
dissolution, transferred into a 5 mm NMR tube measurement by 'H NMR spectroscopy.

5.3.3 'H NMR Measurements

Qualitative and Quantitative Analysis of Metal Cations in Artificial Salt Solu-
tions

The 'H NMR spectra were recorded on an Avance III HD 500 NMR spectrometer (Bruker,
Karlsruhe, Germany) equipped with a BBFOLVS SmartProbe, operating at 500.41 MHz,
using the “2¢307 pulse sequence. The acquisition parameters were: spectral width, 24 ppm,;
number of scans, 16; acquisition time, 5.45 s. The repetition delay was 1 s. The T1 was
determined using the inversion recovery pulse program on all model salt solutions for the
free and the complexed EDTA signals. The experiment was carried out at 298 K. Data was
processed by using Bruker’s TOPSPIN-NMR software version 3.5 (Bruker, Rheinstetten,
Germany).

Quantitative Determination of Lead in Artificial “Lead-Contaminated” Water
Samples

The 'H NMR spectra were recorded using a water suppression pulse sequence (zgcpgppr)
with the following acquisition parameters: spectral width, 24 ppm; number of scans, 16;
relaxation delay, 1 s; acquisition time 5.45 s. The experiment was carried out and processed
as above.

Intramolecular Exchange Processes of Met-EDTA-complexes

The 'H NMR spectra were recorded using the “2g30” pulse sequence with the following
acquisition parameters: spectral width, 24 ppm; number of scans, 16; relaxation delay; 1
s, acquisition time, 5.45 s. Spectra were measured after changing the temperature of the
sample in 10 K increments from 278 K to 348 K. Data was processed as above.

5.3.4 Calculation

For the calculation of single metal ions equation is used which is based on the well-
known formula for quantitative NMR, spectroscopy (definition in table . Because
of the 1:1 stoichiometry, 1 mole of the cation is chelated by 1 mole EDTA forming 1 mole
EDTA-complex. Thus, the difference of the weighed and the analyzed amount of EDTA
is equivalent to the amount of chelated EDTA and, thus the concentrations of cations. In
equation the amounts of chelated complexes and remaining free EDTA are compared
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Metal-EDTA | Internal
Salt EDTA Complex Standard | Sample
(Met-Salt) (Met-EDTA) (IS)

Molecular weight [g/mol] | Maes—sarr | Mepra | Muer—gpra M;s Msampie
Initial Weight [mg] Mpfet—Salt | MEDTA | MMet—EDTA mrg MSample
Content [%- by weight] Paret—sar | Prpra Pret—EDpTA Prs P sample
Integral Infet—sait lepra Infeti—EDT A Irs Lsample
Number of atoms Naret—sar | Nepra Natet—EDTA Nr1s Nsampie

Table 5.3: Declaration of variables

by taking the integrals, number of protons, known weight of EDTA and the molecular
weights into account.

MEDTA . P T . NEDTA
_ Mgpra EDTA Met—EDTA * Nyt ppra M 5.1
MMet—salt = Nopra © WVIMet—EDT A ( . )
Iniet—EDTA - Norersora T IEpTa
P o ISample NIS mrs MSample P 5.9
Sample — T : N : : M : IS ( . )
IS8 Sample Mmsample 18

In the cases of mixtures or spectra in which signals of the free EDTA were overlapping,
the well-established QNMR equation [5.3] was used.

Nig Intet—-Epra  Mpyet—EDTA Prs

Mpfet—Salt =

-m 5.3
Nrtet—EDTA Is M;is Prret—EpTA 18 (5:3)

5.4 Results and Discussion

The 'H NMR spectrum of free EDTA (figure , top) shows two singlets at 6 =3.67 and
3.28 ppm, arising from the four acetate-methylene protons (-N-CH,-CO,-), and the two
backbone methylene groups (-N-CHy-CH,-N-), respectively. The integral ratio of these
two signals is 2:1, respectively.

5.4.1 pH effect on the chemical shift of EDTA

At pH 7, EDTA is a Lewis base, with six potential binding sites: two tertiary amino groups
which may donate two pairs of electrons to a metal ion, and four carboxylate groups. EDTA
is a highly effective chelating agent, which complexes numerous metal cations with charges
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Figure 5.1: 500 MHz 'H NMR spectra of EDTA (pH 7.20) and periodic group 2 metal
cations after EDTA complexation.
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+1 forming a cage-like structure around the metal ion with 1:1 stoichiometry (figure

212,

Depending on the pH of the solution, EDTA can be present in six protolysis levels. The
first four protolysis steps depend on the carboxylic group (pKs of 0.0, 1.5; 2.0; 2.66) and the
following two levels on the amine group (pKs of 6.16, 10.24) [213], [214]. Thus, increasing
the pH of the solution leads to a high field shifting of the EDTA signals in the 'H NMR
spectrum due to these negative charges. Once the process of protonation or deprotonation
is completed, the EDTA signals do not shift further (figure |5.3]).
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Figure 5.2: Complexation of metal ions by EDTA [206], [210].
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Figure 5.3: 500 MHz 'H NMR spectra of EDTA in D,O, from pH 7.20 to 8.00; edited to
show the -CH5COs- only.
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5.4.2 Qualitative Analysis of Metal Ions and Intramolecular Ex-
change Processes of Met-EDTA-complexes

It is well known that EDTA forms octahedral coordination complexes with divalent cations.
These water-stable metal ion EDTA complexes (abbreviated to “Met-EDTA-complex”)
produce specific 'H NMR signal patterns, depending on the specific metal cation involved
in the coordination complex [215]. The 'H NMR spectra of Be-, Mg-, Ca-, Sr-, Ba-,
Zn-, Cd-, Hg-, Sn-, and Pb-EDTA complexes are shown in figures [5.4] [5.5] with the
respective signal assignments collected together in table[5.4] Based on the thermodynamic
stability, and therefore the dissociation constant, the complexes do not show any processes
of dissociation, protonation or deprotonation under the existing conditions, so that signals
of the Met-EDTA-complex do not change. Thus, in contrast to the signals of the free
EDTA, the signals of the chelated EDTA are unique, as presented in figure 5.7} In each
NMR spectrum, there are two signals of the free EDTA and two signals of the Met-
EDTA-complex, respectively, which can be separately identified. Upon complexation, the
methylene protons in the N-CH,-CH,-N-groups which appear as singlets (6 = 2.48 ppm —
3.14 ppm), and the four acetate-methylene protons (N-CH,-CO3 ) appear as AB patterns
or single lines, both of which are shifted to 6 = 3.08 ppm — 3.55 ppm, except the four
acetate-methylene protons of Pb-EDTA which are shifted to 6 = 3.71 ppm. The two
methylene protons each have different chemical environments due to restricted rotation of
the acetate-methylene groups (N-CH,-CO3 ) in most of the EDTA-complexes leading to
different chemical shifts, v, and vg. Thus, a well resolved AB spin pattern is observed for
EDTA complexes of Mg?t, Ca?t, Zn?*, Cd?*, Hg?", Sn?*, and Pb?**. The J-couplings of
the Met-EDTA complex which contained cations of the elements with a spin of 1/2 were
presented in table [5.5

d (-N-CH,-COO7) | § (-N-CH,-CH,-N-)
[ppm] [ppm]
Free EDTA 3.67 3.28

Be-EDTA-complex 3.54 3.10
Mg-EDTA-complex 3.22 2.70
Ca-EDTA-complex 3.13 2.57
Sr-EDTA-complex 3.12 2.52
Ba-EDTA-complex 3.12 2.48
Zn-EDTA-complex 3.37 2.88
Cd-EDTA-complex | 3.27; 3.23; 3.08; 3.05 2.71
Hg-EDTA-complex 3.18 2.68
Sn-EDTA-complex 3.55 3.02
Pb-EDTA-complex 3.71 3.14

Table 5.4: 500 MHz 'H NMR signal assignment of Met-EDTA-complexes at pH=7.2
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Figure 5.4: 500 MHz 'H NMR spectra of periodic group 12 metal cations after EDTA
complexation.
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Figure 5.5: 500 MHz 'H NMR spectra of periodic group 14 metal cations after EDTA
complexation.
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Figure 5.6: Free energy diagram of the complexation of metal ions using EDTA as chelating
agent with the respective A and A configurations of the Met-EDTA-complexes [206], [210].

500 MHz | ¢ (‘H) | |*J (‘*H-'H)| | |?J ("X-'H)| Figure
[ppm] [Hz] [Hz]
n3c g EDTA | 516 | 585 /6.81 | 11.71 / 13.61 | figure[5.§
2.71 - 11.11
nog gpTA | 500 | 16:54/16.59 | 2.90 / 4.14 figure [5.5|
3.02 - 7.19
3.18 | 16.17 / 16.47 | 35.96 / 37.99 | figure 5.4
199 (3
C-EDTA 1 60 - 58.99
3.18 | 15.98 / 16.39 37.89 figure 5.5
207P},_
PH-EDTA 15 63 - 59.05

Table 5.5: 500 MHz 'H NMR signal assignment of Met-EDTA-complexes at pH=7.2
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Figure 5.7: 500 MHz 'H NMR spectra of a metal cation mixture after complexation with
EDTA.

Because of the restricted rotation, the Met-EDTA-complex is present in two different con-
figurations, A and A, as presented by Gennaro, Mirti and Casalino (figure [209]. A
specific definition of A and A is not made because they are enantiomers behaving as mirror
and mirror images. In each confirmation, the protons are oriented in different directions:
out-of-plane axial (H,?), out-of-plane equatorial (H,®), in-plane axial (H;*) and in-plane
equatorial (H;¢), see figure . In the absence of any intramolecular exchanges an AB
quartet can be identified in the 'H NMR spectrum of Met-EDTA-complex. Since enan-
tiomers show identical signals in the NMR spectra, A and A cannot be distinguished.

When the reaction is slow on the NMR time scale, no chemical exchange occurs:

Av
k<< nm— 5.4
" (5.4)

where £ is the interconversion rate constant and A is the separation of the NMR signals.

By increasing the measurement temperature a faster exchange of free EDTA and chelated
Met-EDTA-complexes (EXSY NMR spectrum not presented) as well as an interconversion
of the two configurations A and A occur which can be identified as a signal broadening or
even a collapse of the AB spin system in the 'H NMR spectra (figure 7 page .
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Figure 5.8: 500 MHz 'H NMR spectrum of a Cd-EDTA-complex.

At high temperatures a broad singlet results at the weighted average chemical shift of the
two conformers, A and A. The temperature at which this occurs, depends on the metal
ion complexed. Here, the first-order interconversion rate constant can be calculated using
the following equation:

Av
kr << m— 5.5
Te 7T\/§ ( )

where kr, is the rate constant at the coalescence temperature, T, [26]. At even higher
temperatures, coalescence of the free and chelated EDTA NMR signals occurs, resulting
in one very broad singlet for the protons in the N-CHy-CHy-N-unit and another singlet
for the N-CHy-COs-unit (figures . The temperatures of the different states and
rate constants depends on the chelated metal ion and, thus, the signal shapes vary for each
Met-EDTA-complex at different temperatures. To explain the interconversion, we mea-
sured 'H NMR spectra of the Hg-EDTA complex at several different temperatures (figure
. At 278 K, the complex was “frozen”, and a well-resolved AB pattern is observed
with a linewidth at full width and half maximum (FWHM) of 3.4 Hz. A 30 K increase
in temperature (308 K) results in a comparable FWHM linewidth. An additional 20 K
increase in temperature (328 K) causes an increase of 7 Hz of the FWHM linewidth.
These results clearly demonstrate the increase of the exchange rate of the complex states
A and A with temperature.



80 5. Divalent Metal Cations

328 K

308 K

278K

T T T T T T T T
3.45 3.40 3.35 3.30 3.25 3.20 3.15 ppm

Figure 5.9: Comparison of 500 MHz 'H NMR spectra of the Hg-EDTA-complex at T =
278 K, 308 K and 328 K.

As presented in figure [5.1] the Sr-EDTA-complex showed a broad signal at T = 298 K,
due to exchange between the A and A states, resulting in broader signals moving towards
coalescence. The Ba-EDTA-complex showed two broad singlets (figure [p.1]). Here, the AB
spin system collapsed completely since the exchange between the configuration A and A
was too fast for being measured by 'H NMR spectroscopy. The same, but less pronounced
effect was detected in the Be-EDTA-complex (figure . Thus, the quantification of Sr**,
Ba?", and Be*" was not possible by using EDTA as a chelating agent in 'H NMR spectra
at room temperature. Met-EDTA-complexes which showed broadened signals at T = 298
K needed to be analyzed at lower temperatures than 298 K to slow down the exchange
rate in order to “freeze” the signals. However, since the goal was to develop a quantita-
tive method for metal ion analysis as a routine measurement at room temperature, only
magnesium, calcium, zinc, cadmium, mercury, tin and lead were analyzed quantitatively
in single-salt solutions and also in mixtures of divalent cations.

5.4.3 Quantitative Analysis of Metal Ions in Artificial Salt Solu-
tions

Quantification of the metal ion concentration was performed by adding an excess of the
stock EDTA solution without inclusion of an internal standard reference material. Com-
paring the initial amount and the non-complexed amount of EDTA results into the deter-
mination of the amount of the metal complex and, thus, the amount of the cation. For
gNMR calculations of Ca?t, Mg?*, Hg?", Pb?T and Zn?*, the NMR signals of the free
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EDTA and of the Met-EDTA-complex were integrated. Based on 1:1 stoichiometry, the
content of the metal ion can be calculated by equation (1) [22]. In the case of mixtures
of different metal ions or if the signal of the free EDTA was overlapped with other signals
such as those from the matrix, the addition of an internal standard, here maleic acid, was
required. Equation (2) was used to calculate the metal ion concentration. Ca®", Mg?*,
Hg?t, Pb?** and Zn?* quantitatively in separate solutions, and the results are presented in
table [5.5] Using the sample preparation conditions outlined in Section 2.2.3, LOQs were
found to be between 5 and 22 pg/mL. These values were higher than the LOQ values
obtained by another NMR method which was developed to quantify cations in mineral
water with LOQs of 1.39 mg/L for Ca?" and 0.87 mg/L for Mg?" [95], and by flame AAS
and ion chromatography [202], [216]. However, to achieve a lower LOQ), several options are
possible. On the one hand, the amount of EDTA can be decreased to reduce the excess,
and thus, the signal of the Met-EDTA-complex will be relatively stronger. Furthermore,
by increasing the number of scans (ns) and by using more sensitive probes will lead to a
lower value for LOQ).

Quantification of the metal ions required measuring the T1 values of both free EDTA
and the respective Met-EDTA-complex, and these were determined to be between 350 ms
to 650 ms. Thus, an acquisition time of 5.45 with a D1 time of 1 sec is sufficient for a full
relaxation of all NMR signals to be quantified (D1 > > 5 x T1).

The 'H NMR spectra of the Met-EDTA-complexes showed linearity between 0.1 mg/L
and 20 mg/L. The regression coefficients of the calibration curves were between 0.9979 and
1 for Ca?*, Mg?*, Hg?", Sn?**, Pb?* and Zn?". However, as presented by Monakhova et al.
the linearity range of Ca®" and Mg?"™ was determined up to 500 mg/L, as long as EDTA
is present in an excess [95]. Comparable values were obtained for nominal and measured
concentrations, as shown in table[5.6] 58 % of the analyses showed a lower difference of the
nominal and measured value of 3 %; 21 % differed by 1 %. All differences were observed
with less than 9% deviation, which are comparable to those presented by Monakhova et
al. [95].
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Table 5.6: Quantification of CaCly, HgCly, MgCly, Pb(NO3)s, ZnSO4 (n = 3)
Salt Nominal value | Measured value | Deviation | LOQs—1¢
[mg/mL] [mg/mL] 7] [ng/mL]

8.00 8.04 0.50
4.00 3.98 0.52

CaCl, 2.00 2.03 1.49 6
1.00 1.01 1.51
0.50 0.51 1.17
8.28 8.38 1.21
4.06 4.21 3.53

HgCl, 2.03 2.12 4.60 14
1.02 1.02 0.27
0.51 0.45 -9.00
8.78 8.75 -0.34
4.29 4.27 -0.34

MgCl, 2.14 2.17 1.46 5
1.07 1.08 1.16
0.54 0.55 2.67
9.54 8.91 -6.60
4.77 4.54 -4.82

Pb(NO;), 2.01 2.10 4.30 22
1.01 1.09 1.99
0.50 0.52 8.05
8.08 8.41 4.08
4.04 4.20 3.96

ZnSOy 2.02 2.09 3.47 10
1.01 1.08 6.90
0.50 0.52 4.00
4.08 4.10 0.52

SnCl, - 2 H,O 2.04 2.03 -0.52 11
1.02 0.99 -1.76
0.51 0.49 -4.80
4.03 4.14 2.76

CdCl, 2.02 2.07 2.66 8
1.01 1.04 3.44
0.50 0.51 2.19
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5.4.4 Application in Artificial Samples: Quantitative Analysis of
Lead in Water

Artificial “lead-contaminated” water samples in a concentration range of 0.05 to 2.53
mg/mL Pb(NO3)2 were analyzed. A comparison of the '"H NMR spectra of a 0.31 uM
and 15.25 M aqueous lead solutions is presented in figure [5.10] The quantitative nominal
and real values are presented in figure [5.11] As observed, the values were comparable,
showing higher deviations at lower concentrations. In 2013, the concentration limit of lead
in potable water was set to 0.010 mg/L (= 0.000010 mg/mL) in Germany [217]. These
low concentration levels of lead in potable water have been recommended also by the
World Health Organization (WHO) [218]. Because of the LOQ of Hg of 0.05 mg/mL, this
NMR method as detailed here is not sensitive enough for quantifying lead in solution at
concentrations considered unsafe for human consumption.

Zoom:x 8 Zoom: x 8

0.31 umol Pb?*
JL in1lmL

15.25 pmol Ph2*
in1lmL

T T T T T T T T T T T T T T T T T
380 375 370 365 360 355 350 345 340 335 330 325 320 315 3.10 3.05 ppm

Figure 5.10: 500 MHz 'H NMR spectrum of 15.25 uM (bottom) and 0.31 uM Pb?* in 1
mL water (top), with a water suppression sequence.

5.4.5 Application to Commercial samples: Quantitative Analysis
of Metal Ions in Food Supplements and Pharmaceutical
Products

The qNMR results for determining the Ca?", Mg?™ and Zn** concentrations in five food

supplements and two pharmaceutical products against heartburn are summarized in table
. The 'H NMR spectrum of the heartburn sample, after complexation with EDTA is
shown in figure[5.12] and are clearly arising from the Ca (major) and Mg (minor) chelates.
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Figure 5.11: Quantification of Pb(NOj3), in artificial “lead-contaminated” water.

The chemical shifts of the signals of the Met-EDTA-complexes did not differ from those
presented in table[5.7] However, based on the high amount of carbonate in the product, the
solution showed a higher pH value, and thus, the signal of the free EDTA shifted to 3.17
ppm. The quantitative results showed a broad variation in metal cation content ranging
from 3.63 w/w-% to 57.51 w/w-% for Ca?", from 1.43 w/w-% to 5.64 w/w-% for Mg®*, and
from 0.03 w/w-% to 5.09 w/w-% for Zn**. Thus, the application of this 'H ¢qNMR method
can be justified for products containing wide-ranging amounts of calcium, magnesium and
zinc. The higher deviations can be explained to a large extent by the labelled amount of
Ca?*, Mg?* and Zn?*. Because the concentrations of these metal cations were labelled as
“amount per tablet”, the variation of the tablet weight leads to a higher deviation of the
nominal and measured values. Furthermore, using this 'H qNMR method, the total cation
amount, e.g. Mg?*", was determined. However, some products contained more than one
magnesium-containing ingredient such as combined with citrate, or in the form of the oxide.
Due to the different molecular weights of these two forms of magnesium and the unknown
ratio of these substances, the calculation of the real value contained a higher deviation.
Samples which contained only one substance with the respective metal cation showed lower
deviations between the nominal and the real value. Taking these uncertainties into account,
the nominal and real values were present in a comparable concentration range.
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Sample Metal ion | Nominal value | Measured value
[w/w-] [w /w-]

Granulate with minerals Ca*t 5.43 5.04
Mg2+ 1.31 1.94
Multivitamins (Peach) Ca?* 2.79 3.63
Multivitamins (Sport) Ca?* 5.80 7.38
Mg?+ 5.80 3.82
Zn* 0.07 0.03
Stomach pastilles Ca’t 41.67 44.62
Heartburn product Ca*t 51.22 57.51
Mg2+ 3.77 1.43
Multivitamins (Mg) Mg?* 4.29 5.64
Granulate with Zinc Zn*+ 4.09 5.09

Table 5.7: Quantification results of calcium, magnesium and zinc content by 'H gNMR

[w/w-7]

EDTA Ca

T T T T T T T T T T T
3.24 3.22 3.20 3.18 3.16 3.14 3.12 3.10 3.08 3.06 ppm

Figure 5.12: 500 MHz 'H NMR spectrum of heartburn product in D,O after complexation
with EDTA.
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5.5 Conclusions

It is well-known that EDTA forms octahedral coordinated complexes with divalent metal
cations which can be distinguished by their individual fingerprint in the 'H NMR spectra.
In this study, 'H NMR spectroscopy was presented as a powerful tool for the qualita-
tive analysis of Be?*, Mg?*, Ca?t, Sr?t, Ba?t, Zn?t, Cd?*, Hg?*, Sn?*, and Pb?*t and
the quantitative determination of Ca?*, Mg®"T, Hg*", Sn?*, Pb?*" and Zn?**t (LOQ: 5-22
pug/mL) by using an excess of EDTA. Since EDTA serves as the complexation agent and
simultaneously as the internal standard, an additional internal standard is not required.
By the addition of a known amount of EDTA, salts of Be?*, Mg?*, Ca?*, Sr?*, Ba?*, Zn?*,
Cd?*, Hg?*, Sn?*, and Pb?* can be identified in all aqueous samples. As an application,
the quantitative analysis of Ca?", Mg?", and Zn?** in food supplements and pharmaceuti-
cal products was chosen. The concentrations of Ca?", Mg?*, and Zn?" analyzed were in
a comparable concentration range to that which was claimed on the label of the product.
This application is just one of a broad range of possible applications for the quantification
of divalent charged cations by 'H NMR spectroscopy, in chemicals, food and pharmaceuti-
cal products. The presented EDTA derivatization is a method which could be adopted for
benchtop NMR, spectrometer in future. The titration by EDTA to examine metal ions is a
technique which is often taught in universities where the titration end point is determined
visually by indicators or voltammetry by electrodes [199], [200], [201]. The use of NMR
spectroscopy in this respect has an educational-didactical reason purpose because it also
enables the analysis of the reaction and the dynamics of the Met-EDTA-complexes.



Chapter 6

Enantiomeric Excess

A Rapid *C NMR Assay for Enantiomeric Excess of Alcohols by using Phos-
gene as Tagging Agent

Elina Hafer, Ulrike Holzgrabe, Bernd Diehl; unpublished

6.1 Abstract

A BC NMR technique for the quantitative determination of the enantiomeric excess of
menthol, borneol, 1-phenylethanol and linalool by use of *C-labelled phosgene as deriva-
tization reagent was described. The derivatization formed RR/SS and meso carbonate
diesters whose carbon signals were separated, whereby in the presented study the carbonyl
signals were used for quantification. Discrimination was studied by analyzing artificial
mixtures of the enantiomers of the tested chiral alcohol menthol. The developed method
was used for the quality control of further alcohols such as borneol, 1-phenylethanol and
linalool. The ¥C NMR method is quantitative in the determination of enantiomeric excess
with LOQ > 99.5%.

6.2 Introduction

Stereoisomers are substances with the same molecular formula and connectivity but a differ-
ent spatial arrangement of atoms [219]. Enantiomers are chiral molecules which are mirror
images of each other, so they represent non-superimposable stereoisomers with identical
chemical and physical properties in an achiral environment. Because living organisms are
themselves chiral, the behavior of each of the enantiomers of a chiral drug can vary in vivo.
In other words, the R-enantiomer of a drug can behave differently than the S-enantiomer
of the same chiral drug in human body [220], [221]. Thalidomid is a well-known example
where the S-enantiomer shows teratogenic properties in contrast to the R-enantiomer which
is sedetive and harmless [222]. This drug disaster demonstrates the need of discrimination
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and quantification of enantiomers in the asymmetric synthesis and pharmaceutical indus-
try. Following the global trend of producing primary eutomers instead of racemates has
brought the need of the analysis of the enantiomeric excess (ee) [223], [224]. Over the years
several analytical methods have been developed to distinguish between the enantiomers:
liquid chromatography (LC), gas chromatography (GC) and capillary electrophoresis (CE)
[225], [226], [227], [228], [229]. Among the stereodiscrimination methods, nuclear magnetic
resonance (NMR) spectroscopy represented a powerful tool for the analysis of the enan-
tiomeric purity. Chiral derivatizing agents (CDAs), and chiral shift reagents (CSRs) with
chiral solvating agents (CSAs) as subset are the most frequently used approaches for the
determination of the enantiomeric ratios by NMR spectroscopy [230]. CSAs associate with
the enantiomers through non-covalent interactions between the CSA and the compound
of interest leading to chiral recognition via the formation of diastereomers or via differ-
ent association constants. Since CSAs generally undergo fast exchanges with the analyte,
there are numerous methods where CSAs are used in routine analysis [230]. To outline
just one example, Wolf et al. presented an enantioselective 'H NMR method by using 3,5-
dinitrobenzoyl-derived amide as a CSA for the analysis of tertiary alcohols exhibiting prox-
imate amide, nitro, and amino functions [231]. CSRs, as subset of CSA, are complexes of a
lanthanide metal and a chiral ligand, whereby lanthanides induce large chemical shifts with-
out excessive broadening of the lines [232], [233]. Viswanathan and Toland applied Tris[3-
trifluoromemylhydroxyrriethylene)-(+)-camphoratoytterbium(lll), known as Yb(tfc)s, as
a chiral lanthanide shift reagent to assess the optical purity of 1-phenylethylamine by 'H
NMR spectroscopy. The addition of Yb(tfc); resulted in the formation of diastereomers
which were distinct in their chemical shifts in 'H and C NMR spectra [234]. By using
CDAs covalent bonds between the CDA and the enantiomers are formed resulting in di-
astereomers which are often analyzed by 'H or '3C NMR spectroscopy [230]. One of the
most widely applied CDAs for the derivatization of alcohols and amines is the Mosher
reagent (a-methoxy-a-trifluoromethylphenylacetic acid, Mosher’s acid, MTPA) which al-
lows the analysis of enantiopurity by 'H and *F NMR spectroscopy due to the presence
of the trifluoromethyl group (figure [235].

F,C OCHj H3CO, CF3
OH HO

Figure 6.1: Chemical structure of (R)-Mosher’s acid (left) and (S)-Mosher’s acid (right).

The main drawback of MTPA is its chiral purity. MTPA can be purchased with an enan-
tiomeric ratio of < 99.5 : 0.5 which is determined by chiral gas chromatography as labelled
by the manufacturer [237]. Since the relative content of the enantiomer of interest depends
on the enantiomeric purity of the derivatization reagent, the content of the examined enan-
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Figure 6.2: Einhorn acylation reaction mechanism of an alcohol with a carboxylic acid
halide forming esters [Material has been modified [236]].

tiomer cannot be analyzed below an enantiomeric ratio of 0.5% by using MTPA. Thus,
the demand of an alternative derivatization reagent to examine enantiomeric ratios of less
than 0.5% is tremedous.

In this research, the focus is on the stereochemical analysis of alcohols. Chiral alcohols
belong to an important substance class in natural and pharmaceutical products, and their
enantioselective recognition represents a challenging task. To overcome this challenge and
the limitation of MTPA, phosgene was examined as an alternative derivatization reagent.
The reaction of alcohols using anhydrides or carboxylic acid halides in a tertiary amine
such as pyridine was reported for the first time in 1898 by Alfred Einhorn and Friedrich
Hollandt [238]. The reaction is called "Einhorn acylation" and it is a variant of the Schotten-
Baumann method [239]. As shown in figure [6.2] the tertiary amine acts as a nucleophilic
acylation catalyst and as an acid scavenger in the Einhorn acylation reaction. Initially, a
nucleophilic attack on the carbon atom takes place, 1 while the halogen is split off. The
next nucleophilic attack takes place through the hydroxide group of the alcohol 2. As a
result, the pyridine can split off again 3 and is ready for the uptake of the hydrogen proton
5, which can be split off from the cationic reagent 4. The alkylated product can then be
separated [238], [240].

It is well known that phosgene reacts with R- and S-alcohols forming the respective chlo-
roformates in the first step following the reaction constant k, and ks, respectively (figure
6.3) [241], [242]. Carbonates are formed as a result of further reaction of alcohol and
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Figure 6.3: Reaction of (R)- and (S)-1-Phenylethanol with phosgene forming RR/SS di-
astereomers and RS/SR as meso compound (highlighted box), according to [241] and [242]

chloroformate [243]. To carry out the research study following five alcohols were explored
(figure[6.4): (1) menthol, a monoterpene which is used as L-menthol in numerous phar-
maceuticals, oral health care products, cosmetics, and tobacco products due to its flavor
and cooling-anesthetic effect [244], [245]; (2) borneol, which is widely used in herbal
medicine and whose isomers (+)- and (-)-borneol show different effects on pharmacokinet-
ics of osthole [246]; (3) 1-phenylethanol, which is often used in the chemical industry
as an intermediate block whose enantiomers (R)-1-phenylethanol and (S)-1-phenylethanol
show different activities [247], [248], and (4) linalool, which is one of the most important
substances to the perfume and flavor industries due to its fruity-fresh odor. Linalool has a
stereogenic center at C3 and is found in two stereoisomeric forms in several plant species:
as (R)-(-)-linalool, also known as licareol, in lavender, and as (S)-(+)-linalool, also known
as coriandrol, in coriander [249]. The enantiomeric distribution of linalool is an impor-
tant criterium for the quality control of essential oils. The chirality evaluation is routinely
performed by the use of GC or multidimensional gas chromatography/mass spectrome-
try (MD-GC/MS) [250], [251]. In this work, the application of *C NMR spectroscopy
in combination with 3C-labelled and non-labelled phosgene as derivatization reagent has
been evaluated for the determination of enantiomeric ratio measurement purposes for the
mentioned alcohols.
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N N WOH
1R 1S
328 2R
OH OH
(1a) L-Menthol (1b) D-Menthol (2) (-)-Borneol
OH
=z OH
XN L~
(3) S-(-)-1-Phenylethanol (4) (-)-Linalool

Figure 6.4: The chemical structures of chiral molecules investigated: L-Menthol,
also known as Levomenthol (la) and D-Menthol (1b), (-)-Borneol (2), (S)-1-
Phenylethanol (3) and (-)-Linalool (4).

6.3 Method

6.3.1 Materials

Phosgene (15-wt% in toluene, non-labelled), '¥*C-labelled phosgene (1.0 M in toluene),
(-)-L-menthol, (-)-borneol, 1-phenylethanol and (-)-linalool were purchased from Sigma
Aldrich (MERCK), (4)-D-menthol from TCI, deuterated pyridine (pyridine-ds, 99.50 atom%
D) and benzene (CgDg, 99.50 atom% D) from Euriso-top.

6.3.2 Sample Preparation
Method development with non-labelled phosgene
An appropriate amount of the substance of interest, which was calculated based on the

molar 2:1 chemical reaction (60 mg — 90 mg), was dissolved in 1 mL benzene (CgDg) and
50 pL pyridine-ds. 200 puL non-labelled phosgene was added.

Quantitative determination of ee with *C-labelled phosgene
The sample preparation was performed as described in Method development with non-

labelled phosgene. For the quantification '*C-labelled phosgene was used instead of non-
labelled phosgene.
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Menthol mixtures

Several menthol mixtures were prepared by mixing L-menthol and D-menthol in the fol-
lowing molar ratios (n=3): 100.00%; 99.86 %; 99.45%; 99.37 %; 99.04%; 98.63%; 98.08%;
97.07%; 96.02%; 89.61%; 79.62%; 69.65%; 59.68%; 53.33%; 51.52%; 50.62%; 49.71%;
49.94%; 47.90%; 46.09%; 43.38%; 36.14%; 27.09%; 16.69%; 9.03%; 4.51%; 3.61%; 2.71%;
1.80%; 0.90%; 0.45%; 0.18%, 0.00% L-menthol.

6.3.3 Experimental NMR Analysis

The ¥C NMR spectra were recorded on an NMR spectrometer Avance IIT HD 500 (Bruker,
Karlsruhe, Germany) BBO Prodigy cryo probe, operating at 125 MHz and Avance 11T HD
600 (Bruker, Karlsruhe, Germany) BBO cryo probe, operating at 151 MHz. The acquisition
13C NMR parameters were: spectral width 259 ppm, number of scans > 256, relaxation
delay 1 s, acquisition time 3.36 s.

6.4 Results and Discussion

The substances 1 to 5 in figure reacted fast with phosgene, the derivatization agent,
by using quantities of deuterated pyridine as a base to neutralize the by-product hydro-
gen chloride [252]. During the reaction chloroformate esters are formed in the first step
and carbonate diesters in the second step. Since the alcohols are present as an R- or an S-
enantiomer, diastereomeric esters are formed as RR, SS or meso (RS and SR, respectively).
Some signals are influenced significantly by the configuration leading to two splitted sig-
nals in the 3C NMR spectrum: a RR/SS signal and a meso signal. In this work the
carbonyl signals were used for the quantification. Both carbonyl signals were integrated
by deconvolution. If the reaction rate constants of the formation of the RR/SS and meso
diastereomers are comparable, the curve and the respective equation in figure |6.5| are used
for the determination of the molar amount and, thus of the ee (equation [253].

ee[%) = R:LS =100 (6.1)

In figure[6.5 the nominal correlation of the molar amount of the higher concentrated enan-
tiomer and the integral of the RR/SS diastereomers was presented. Prerequisite was that
the reaction constant k,. is equal k,. If the interaction between the enantiomers R and R (or
S and S) is not equal the interaction between R and S, a kinetic resolution will be identified
where one diastereomeric formation is preferred leading to a different curve with a different
equation. In this case, the lower the ee, the higher is the effect of a potential preference
and, therefore the diastereoselectivity is leading to wrong calculation results. The maxi-
mum preference effect exists in racemic mixtures. Thus, the higher the ee is, the lower is
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Figure 6.5: Quantification of the molar amount of the higher concentrated enantiomer n
(%] by using the integral of RR/SS signal.

the influence of deviating reaction rates. Consequently, the presented method is applicable
for alcohols with a high enantiomeric purity. Furthermore, the presented method does not
present an approach to determine the absolute configuration. If the higher concentrated
enantiomer is known, the concentrations of the R- and S-enantiomer are measurable. Oth-
erwise, only the ee can be quantified without an assignment of the concentration of the
respective enantiomer.

6.4.1 Menthol

To investigate the derivatization method, menthol (molecule 1, figure was used as a
testing compound. Menthol is cheaply available in its enantiomerically pure natural (-)-L-
form and the synthetic (+)-D-form, as well as a racemate. Menthol reacted with phosgene
forming chloroformate esters in the first step and carbonate diesters in the second step
(figure[6.6). Since menthol contains three chiral centres at C1, C2 and C5 (marked with *),
the (1R,2S,5R)-menthol is called (-)-L-menthol and the (1S,2R,5S)-menthol is called (+)-
D-menthol (figure[6.4). The derivatization of a mixture of L-menthol and D-menthol with
phosgene forms LL/DD and LD/DL diastereomers, respecively, whereby the derivatized
LD /DL menthol carbonate diesters are meso compounds. Meso compounds contain at least
two chiral centers, but they are achiral because of the present internal mirror plane which
makes them "superposable" on its mirror image. Before preparing artificial mixtures of
natural L-menthol and synthetic D-menthol, the absolute chemical purity of both menthol
samples was determined by means of quantitative NMR (qNMR) which has been described
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and applied many times [22], [I48]. The pre-tests to develop a powerful method as well
as the quantification tests of ee < 97% were performed with the non-labelled phosgene. To
increase the sensitivity, *C-labelled phosgene was used as derivatization reagent for the
quantification of ee > 97%. The advantage of the derivatization with ¥C-phosgene is a
higher signal-to-noise ratio (S/N) and thus, a higher precision of the quantification values.
Indeed, the gNMR results confirmed a chemical purity of 99.9% for D-menthol and 99.6%
for L-menthol. The enantiopurity was examined by using the developed *C NMR method.
D- and L-menthol were derivatized, respectively, with 200 pL. phosgene and pyridine-ds; as
nucleophilic acylation catalyst and acid scavenger, forming carbonate diester (figures

and .

H,;C
CH, ® /[/ \j
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13l
+ BN —_— —>
Cl Cl H Pyr-dg
(6]

H,C~ “CH,

HO

3

Figure 6.6: Formation of the menthol carbonate diester by using *C-phosgene as a deriva-
tization reagent.
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Figure 6.7: 3C NMR spectra of the menthol carbonate diesters after the reaction of natural
L-menthol (top) and synthetic D-menthol (bottom) with phosgene.
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If the enantiopurity was less than 100%, DD-, LL-, DL- and LD-ester products were formed
whose ¥C NMR signals were splitted into the DD/LL-form and the DL/LD-form. Here,
the DL/LD-form is a meso form because it is "superposable" on its mirror image. After
the derivatization of L-menthol no *C NMR signals were splitted, thus, it was stated
that L-menthol was 100% entantiopure, as labelled (figure [6.7, top). In the case of D-
menthol, the derivatization resulted in splitted signals which implied that the synthetic
D-menthol was not enantiopure. Since good resolution is required to attain optimal results
upon quantification of diastereomers in a mixture, non-overlapped signals with a large
AS (A6 =|meso-0pp/rr|) should be used for the integration. In this study, it was decided
to perform the quantification on the carbonyl signal. The carbonyl signal of LL/DD men-
thol carbonate diester was shifted to 6 =154.15 ppm and of the meso menthol carbonate
diester to 6 =154.18 ppm (figure bottom), resulting in a AJ=0.03 ppm. A signal sep-
aration of only 0.03 ppm was a very small separation when compared to the full *C NMR
spectrum range of 200 ppm. Nevertheless, this separation is more than sufficient for the
purpose of discrimination and quantitation. The separated carbonyl signals were integrated
by using deconvolution. The concentration of L-menthol in D-menthol was calculated by
means of a six-fold determination using the equations to [6.9] It was calculated that
D-menthol contained 1.60% L-menthol (RSD =4.40%). Thus, the ee was determined with
96.80% which confirmed the labelled value of ee =96%. The results of the D/L ratio and
the chemical purity where implied to obtain the true theoretical (=nominal) ee value when
preparing a series of different mixtures of L-menthol and D-menthol by starting from 100%
to 0% L-menthol in D-menthol.

Quantification Equations
The quantification is based on the measurements shown in figure [6.5 and [6.9 The quan-
tification of actual n of L-menthol based on carbonyl integral value is based on the general

formula (figure [6.9} equation in green).

Quantification of actual n [mol] of L-menthol based on weighed amount

M, —menthol
N [, —menthol , nominal mol| = ———— 6.2
' [ ] ML—menthal ( )
Quantification of nominal ee based on weighed [mol] of L-menthol
Np—menthol — NL—mentho
€€nominal |%0] = | —2—menthol — TLomenthol |- ) (6.3)

ND—menthol + T L—menthol
Quantification of actual n [%] of L-menthol based on carbonyl integral value
The carbonyl integral value is based on a quadratic equation, where x represents an un-
known, and the coefficients of the equation a, b, and ¢ represent known numbers, respec-
tively, with a # 0. a represents the quadratic coefficient, b the linear coefficient and ¢ the
constant [254].
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y=a-1*—b-x+c (6.4)

To solve the equation, different techniques can be applied. Here, the reduced quadratic
equation is presented, where the quadratic coefficient is reduced to one and y to zero. This
produces the reduced quadratic equation (equation [6.5]).

O=2+p-x+g (6.5)

To solve the reduced quadratic equation, equations and are used [254].

(6.6)

g="Y (6.7)

A quadratic equation has two solutions. The quadratic formula for the solutions of the
reduced quadratic equation is presented in equation and , respectively [254].

e RSN EC BRETR

wmg (e[ -5 e

In our case, z is the molar amount n in percentage. Solving the quadratic equation leads
to two molar amounts n; (equation6.8) and n, (equation [6.9).

Quantification of actual n [%] of D-menthol

The information about the enantiomer of the higher concentration is essential for the
equation [6.10, where n; (equation or ny (equation are taken as Ny _menthol-

N D—menthol [%] = 100% — N L—menthol [%] (610)
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Quantification of actual ee

To calculate the actual ee the actual ny_,,enimor 1S used as well as equation [6.10]

ND—menthol — NL—menthol
CCactual |0] = =100 (6.11)
N D—menthol + N —menthol

Quantitative Determination of ee of artifical menthol mixtures

Artificial mixtures of L-menthol and D-menthol were prepared by mixing 100% to 0%
L-menthol in D-menthol. By decreasing the amount of one menthol enantiomer and in-
creasing the amount of the other menthol enantiomer, the integral of the *C NMR signal of
the meso carbonate diester increased and the signal of the LL/DD-product decreased until
the integral values were equal, and then the signal of the LL/DD diastereomer increased
and the meso signal decreased (figure . The splitted carbonyl signals were quantified
by using deconvolution. The quantification was performed as explained above, and the
nominal and actual ee values were compared.

ee=109% M
ee =405 % JJL
ee =905 % J\
ee =100.0 % /\
T T T T T T T T T 1
155.65 155.60 156.56 155.50 155.45 155.40 1565.35 155.30 155.25 ppm

Figure 6.8: ¥C NMR spectra of menthol carbonate diesters after the derivatization with
phosgene with the following enantiomeric excess values: 100.0%, 90.5%, 40.5% and 10.9%,
ns =512 (from bottom to top).

The ee results obtained demonstrated that the lower the ee value, the higher is the signifi-
cant difference between the actual and nominal molar amount, as shown in figure[6.9f The
maximal error was identified in the racemic mixture where an integral ratio of the carbonyl
signals of 42 (meso) to 58 (LL/DD) was examined, resulting in an experimentally deter-
mined ee of 14% instead of 0%. These values confirmed the results presented by Vigneron
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Figure 6.9: Comparison of nominal (black) and actual (grey) molar amount n of L-menthol
considering the signal of the LL/DD menthol carbonate diesters.

et al. who reported a ratio of 40 (meso) to 60 (LL/DD) of the derivatization product
[255]. This ratio demonstrated that the formation of LL/DD menthol carbonate diesters
was preferred over the formation of meso menthol carbonate diesters, also known as he-
terochiral discrimination where a preferential interaction between same enantiomers took
place [256]. The higher the concentration of one enantiomer, the lower is the influence of
the discrimination. Consequently, depending on the requirements the presented ¥C NMR
method was limited for a defined level of ee. Since the objective of the method was to
ensure a relative deviation of < 1%, the method was recommended for the quantification
of the enantiomeric excess of menthol of expected ee >85% or ee <15%. In these ratio
ranges a correction of the ee value was not required. However, since the ratio of preference
is known, the graph in figure can be used for the determination of 85% > ee > 15% by
taking a correction factor into account.

Nevertheless, the method was aimed to being applied for menthol with a high enantiop-
urity. Thus, L/D-menthol mixtures have been prepared in the ee range of 97-100% using
13C-labelled phosgene for derivatization (table [6.1)). The '3C labelling increased the con-
centration of the ¥C-isotope and thus, the S/N ratio of the carbonyl signal which was
used for the quantification of the diastereomers and consequently of the enantiomers. By
derivatizing L/D-menthol mixtures of an enantiomeric purity of > 98% (ee 96%) with
13(C-labelled phosgene, the nominal and actual ee values differed less than 0.1%. The LOQ),
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which is defined as S/N = 10, was determined for the '3C NMR analysis of ee. By us-
ing non-labelled phosgene the LOQ was determined with ee =99.10%, and ee =99.86% by
using 3C-labelled phosgene, running the experiment with 512 scans.

| €pominat [%0] | €€actua [%] | ee difference [%] |

100.00 100.00 0.00
99.86 99.86 0.00
99.46 99.45 0.01
99.37 99.41 0.04
99.04 99.11 0.07
98.63 98.68 0.05
98.08 98.08 0.00
97.07 97.03 0.04

Table 6.1: Comparison of nominal and actual ee > 97 % of menthol by using 3C-labelled
phosgene as tagging reagent based on the '*C NMR carbonyl integrals

The results demonstrated a high-precise quantitative method. In general, 'H and *C
NMR are quantitative if a complete relaxation was performed. As well known, 3C NMR
spectroscopy can be used as a quantitative analysis tool, but it usually requires long re-
laxation delays, resulting in long measuring times to achieve sufficient S/N ratios [257].
However, in the presented study this restriction is not valid because the relaxation times of
the carbon atoms of both diastereomers are equal resulting in carbon signals with the same
relaxation time, which has also been shown in the study performed by Otte et al. [258].
Since the carbonyl integrals of the DD /LL ester and meso ester were compared relatively,
the relaxation time did not have any influence on the quantitative results. Thus, a D1 of
1 sec was used for the analysis to make the experiment as fast as possible.

6.4.2 Borneol

The developed *C NMR tool was applied for the quantitative analysis of the enantiopu-
rity of (1S,2R,4S)-borneol, (molecule 2, figure [6.4), also known as (-)-borneol. An assay
of >99.0% (sum of enantiomers, GC) was labelled, without any information about the
concentrations of (-)- and (+4)-Borneol. To test the quality of the enantiopurity (-)-borneol
was derivatized with *C-labelled phosgene forming borneol carbonate diesters. In the *C
NMR spectrum splitted carbon signals were detected which implied that (-)-borneol was
not enantiopure (figure [6.10). The *C NMR carbonyl signal of the (- -)/(+ +) diastere-
omer was shifted to 156.81 ppm and of the meso signal to 156.78 ppm. By integrating both
signals, the integral value of the meso carbonyl signal was determined with 3.24 (figure
. Using the equation , an ee of 96.70% was determined. A correction of the calcu-
lation was unnecessary due to the high enantiomeric purity, where a significant impact of
a potential enantiodiscrimination was negligible. Thus, by the quality control of borneol
by means of 3C NMR spectroscopy 1.65% of (+)-borneol were identified in (-)-borneol.



100 6. Enantiomeric Excess

156.81
156.78

()1 (++)

meso

i I

Jer i
||- J
©| |
o

T T T T T T T T T
156.83 156.82 156.81 156.80 156.79 156.78 156.77 156.76 ppm

Figure 6.10: 3C NMR spectra of the borneol carbonate diesters after the derivatization
with 13C-labelled phosgene, ns = 512.

6.4.3 1-Phenylethanol

The developed '*C NMR tool was applied for the determination of the enantiomeric purity
of (S)-1-phenylethanol, (molecule 3, figure [6.4). (S)-1-phenylethanol reacted with *C-
labelled phosgene forming 1-phenylethanol carbonate as diastereomer. In the 3C NMR
spectrum of the derivatization reaction product two carbonyl signals were detected indicat-
ing that (S)-1-phenylethanol is not entantiopure (figure[6.11)). The RR/SS carbonyl signal
was identified at 6 =155.86 ppm and the meso diester carbonyl signal at  =155.83 ppm.
Both signals were integrated and compared. By using the equation from figure [6.5] the ee
was determined with 96.54%. Consequently, the analyzed (S)-1-phenylethanol consisted of
98.27% (S)-1-phenylethanol and 1.73% (R)-1-phenylethanol. Since the enantiomeric purity
is very high a potential kinetic resolution is negligible.
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Figure 6.11: 13C NMR spectrum of 1-phenylethanol carbonate diesters after the derivati-
zation of (S)-1-phenylethanol with '3C-labelled phosgene; ns=256.

6.4.4 Linalool

(-)-Linalool was examined towards its enantiomeric purity by *C NMR spectroscopy.
Linalool, (molecule 4, figure , reacted with ¥C-labelled phosgene forming RR/SS and
meso linalool carbonate diesters as diastereomers. In the *C NMR spectrum the carbonyl
signal was splitted whereby the carbonyl signal of RR/SS linalool carbonate diesters was
shifted to § = 144.36 ppm and the carbonyl signal of meso form to 6 =144.32 ppm (figure
@D. Both signals were integrated by deconvolution. By using the equation from figure
6.5 the ee was determined with ee=66.38%. Since the enantiomeric purity was low, a
kinetic resolution was not precluded. In this case, a preparation and analysis of a cali-
bration curve with mixtures of different ratios of (-)-linalool and (+)-linalool was required
to examine the potential asymmetrical induction. However, because (+)-linalool was not
available for purchase, a calibration curve could not be prepared. Consequently, the re-
action constants could not be studied and the nominal and actual ee values could not be
compared. Thus, a reliable quantification was not performed. Nontheless, the 3*C NMR
results showed that the substance (-)-linalool was not enantiopure. Thus, the enantiomeric
purity was refuted by the NMR results.
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Figure 6.12: 13C NMR spectra of the linalool carbonate diesters after the derivatization of
(-)-linalool with '3C-labelled phosgene; ns=1024.

6.5 Conclusions

In summary, ¥C NMR spectroscopy acquired with short relaxation delays of D1 = 1sec is
a convenient method for the quantitative determination of enantiomeric excess of chiral
alcohols such as menthol, borneol, 1-phenylethanol and linalool by means of phosgene as
derivatization reagent. *C NMR spectroscopy together with phosgene as derivatization
reagent is a powerful tool for the accurate determination of the enantiomeric excess of
chiral alcohols such as menthol, borneol, 1-phenylethanol and linalool. The derivatization
of alcohols with phosgene in CgDg is fast and the reaction products are stable. The 3C
NMR approach is advantageous with regard to the easy performance of quality control
within a short time. To determine ee of < 90% a potential asymmetrical induction should
be examined by preparing and analyzing artificial mixtures of both enantiomers. The
appropriate calibration curve can be used for an accurate calculation of ee even if an
asymmetrical induction is confirmed. Even though 3C NMR is less sensitive than 'H
NMR, on modern 600 MHz cryo NMR instruments, the sensitivity is more than sufficient.
The 3C NMR spectroscopy implies the following advantages: very high resolution, good
separation of signals, precise integration, and a higher chance of non-overlapped signals
which are suitable for the quantification of the enantiomeric ratio. In several analytical
cases, these advantages are more important than the disadvantage of a lower sensitivity
or the longer measuring time. The developed *C NMR method is demonstrated to be
a complimentary or alternative technique to the common used chiral chromatography for
determination of enantiomeric purity.



Chapter 7

Final Discussion

This work aimed to solve analytical issues by developing new quantitative NMR methods
using tagging reagents. Analytical issues have been detected in several areas such as in the
food and pharmaceutical sector. Here, one interlaboratory comparison test was organized
(chapter [3)) and three NMR methods have been developed focusing for applications in
chemical, pharmaceutical and food products (chapters 4] to @, whose analytical details are
presented in table [7.I] Each method is discussed critically in this chapter.

Analytical issue Peroxides Divalent Enantiomeric
in Oils metal cations Excess
NMR Experiment | 'H-3'P dec. NMR 'H NMR 13C NMR
Vegetable oil Artificial Salt Solutions Menthol
Sample Krill oil Food Supplements 1-Phenylethanol
Fish oil Pharmaceutical Products Linalool
Borneol
Tagging Reagent Triphenylphosphine EDTA Phosgene
(¢ = 55 mg/mL), pH = 7.2 1M, 15 wt-%
Sample amount 200 mg 5-20 mg 60-90 mg
Tagging amount 5-10 mg 1000 pL 200 plL
Solvent C(;D(; DQO CﬁDG
Number of Scans 16 16 256
D1 2 sec 1 sec 1 sec
Experimental time 3 min 2 min 20 min

Table 7.1: Overview of developed NMR methods

In summary, a precise quantitative determination of peroxides in low-oxidized and high-
oxidized vegetable and animal oils was designed by using triphenylphosphine as tagging
reagent (chapter . For the second method, which was presented in chapter , EDTA was
used to chelate divalent metal ions and thus, to identify Be?*, Mg?*, Ca2?*, Sr?t, Zn?*,
Cd?*, Hg?*, Sn?*, and Pb?** in aqueous salt solutions through their unique signal shift
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and coupling pattern, and to determine Ca®*, Mg?", Hg?t, Sn?*, Pb*" and Zn** (LOQ:
5-22 pg/mL) quantitatively. The third method described a 3C NMR analysis of the
enantiomeric excess of menthol, 1-phenylethanol, linalool and borneol by using phosgene
as tagging reagent. With this method, the determination of ee > 99.5% is possible, which
represents the limit of Mosher’s reagent. The results of the research were presented in
detail in chapter [6]

7.1 Peroxides in Oils

The aim of the research was to identify or to develop a 'H NMR method for a fast,
accurate, precise, robust and simple quality assessment of fatty oils with a fouc on the
peroxides. From my point of view, the 'H NMR method, which was developed by Skiera et
al., represented a powerful alternative method for the commonly used titration methods.
Since low-oxidized oils are of high analytical interest, the performance of the 'H NMR
method should be examined. Thus, an interlaboratory comparison test (ILC) was organized
with a total of 21 NMR data sets which were obtained from 17 international participant
laboratories [91].

7.1.1 Conventional titration techniques

Traditionally, the quality assessment of edible oils has been performed according to of-
ficial methods, including the analysis of free fatty acids, peroxides, aldehydes, di- and
triglycerides as well as oil-characteristic substances such as squalene in olive oil. There-
fore, numerous analytical techniques are used to examine one of many quality parameters:
free fatty acids are detemined by an acid-base titration [134], [I35], [136], peroxides by a
visual (iodometric) titration according to ISO 3960:2007 [259] or a potentiometric endpoint
titration according to ISO 27107:2008 [260], aldehydes are measured by the official AOCS
method Cd 18-90(11) using a spectrophotometric analysis [I38], [139], [140], [I41]. These
commonly used techniques imply several drawbacks which will be presented here. For the
quality control, numerous analytical techniques and instruments are required, which need
space, installation, qualification, maintenance and skilled personnel with experience, which
results in high costs. Furthermore, some techniques require calibration curves which in-
crease the need of reference material, solvent and occupancy of the instrument and thus,
decrease the capacity of number of analyzed samples. With a focus on the titration method
for the PV determination, which represnets an old wet chemistry technique, high amounts
of (toxic) chemicals and solvents are required for sample preparation which increase the
costs of purchase on the one hand, and for storage and disposal on the other hand. To
highlight these amounts, the sample preparation must be looked at closely. For the PV
determination using the official titration method, dependent on the expected peroxide con-
centration, 5 gram or 10 gram oil, 50 mL glacial acetic acid/isooctane solution as well as
30-100 mL water are required (figure [7.1] page [137], [167]. The sample preparation
"must be carried out in diffuse daylight or in artificial light. Direct exposure to sunlight
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must be avoided. All vessels must be free from oxidising or reducing compounds" [167]. This
paragraph shows how error-prone the method is. Besides that, depending on the number
of sample preparation steps, waiting and analysis time, the number of examined samples
per hour is very low which is not ideal for a high-throughput routine analysis.

7.1.2 Interlaboratory Comparison Test (ILC)

To overcome the drawbacks of the presented conventional titration technique, the 'H NMR
method developed by Skiera et al. [91], which was identified as a powerful alternative, was
critically investigated within an international ILC test, which is presented in |3 [I31]. The
advantages and limits of the 'H NMR method are discussed here.

Advantages of '"H NMR method developed by Skiera et al.

The benefit of this method is the fast and simple sample preparation using only 200 mg of
oil and 1 mL of the solvent CDCl3/DMSO-dg. The weighing and dissolving step needs less
than one minute. For the analysis neither cost-intensive reference material nor any cali-
bration curves are required [91]. The experimental time of the 'H NMR spectrum is about
three minutes and as further benefit, NMR experiments can be run automatized by using
autosamplers which allow the handling of up to 480 sample tubes [261]. Consequently, in
one hour about 12 samples, and in one day about 288 oil samples can be measured by
NMR spectroscopy, which represents a big advantage over the titration method. Besides
the PV, in the 'H NMR spectrum several parameters can be investigated simultaneously
including free fatty acids, anisidine value (aldehydes), iodine value (double bonds) as well
as the composition of di- and triacylglyceride, and oil-characteristic compounds such as
squalene in olive oil. Furthermore, adulterations, contaminations and frauds of fats and
oils may be examined [262].

Drawbacks & Limits of 'H NMR method developed by Skiera et al.

The 'H NMR method has also some drawbacks which have been identified within the
ILC test. Here, it was detected that unexperienced NMR scientists submitted results with
higher deviations because of higher error-proneness of their phase and baseline corrections.
It is important to highlight that the experience level in NMR spectroscopy varied of the
participating laboratories from student to well-experienced NMR, expert. This outcome
underscores the importance of training NMR-newbies in the handling of NMR spectra fo-
cusing on phase, baseline and integration. Nonetheless, 90.5% of the participants passed
successfully the ILC test [I31].

Furthermore, the magnetic strength of NMR instruments had an influence on the results
of the fatty acid distribution. Because of the significant difference of the integral values
of the C18:3 signal in the 'H NMR spectra recorded with 400 MHz spectrometer, it was
stated that the analysis of triacylglycerides should be conducted on NMR spectrometers
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with frequencies greater than 400 MHz. The evaluation of the C18:3 signal showed com-
parable results for 500 MHz and 600 MHz [131].

The results of free fatty acids, peroxides and aldehydes showed higher deviations due to a
broad signal of the COOH-signal of the free fatty acids and the low concentrations and,
consequently, low signal-to-noise (S/N) ratios of peroxides and aldehydes. By analyzing
oils with a PV of 4.55 meq/kg, a relative standard deviation (RSD) of 15% was deter-
mined along the organized ILC test [91], [131]. In 2004/2005, an ILC test was organized
by the DGF to determine the precision of the titration method for the PV analysis. Here
a sample with a PV of 4.42 meq/kg was measured with a RSD of 1.51% which is one-tenth
of the RSD of the alternative 'H NMR method for comparable PV [167]. Consequently,
the applicability of the 'H NMR method by Skiera et al. is limited to higher oxidized oils
which leads to a demand of a new precise NMR method with a focus on low-oxidized oils
[91], [131].

7.1.3 'H NMR method by using TPP

Even though, Skiera et al. [91] developed a powerful '"H NMR method, the ILC test iden-
tified that the method is not optimal for the analysis of low-oxidized oils [I31]. Therefore,
a new NMR method was developed using TPP as tagging reagent. The advantages, draw-
backs and limits of the new method, which is presented in chapter [4] are discussed in this
chapter [154].

Advantages

The presented 'H NMR method using TPP as tagging reagent is a fast and robust method.
Instead of a complex sample preparation as being depicted for the titration method, the
developed NMR method requires only three steps including weighing sample, weighing
derivatization agent TPP, and adding deuterated benzene as solvent. The sample prepa-
ration is finished within a few minutes (figure [7.1).

In opposite to the titration method, where 5 g higher oxidized oil or 10 g low-oxidized
oil are needed, 200 mg sample and an appropriate amount of TPP are adequate for the 'H
NMR analysis. The amount of TPP depends on the concentration of the peroxides in the
sample. 5-10 mg are sufficient for the analysis of PV < 150 meq/kg. In comparison with
the titration method, only 4% or rather 2% of the sample amount is needed for the quality
analysis by using 'H NMR spectroscopy, so 96% or rather 98% of the sample amount is
saved with the newly developed NMR method. Furthermore, instead of 150 mL solvent
(glacial acetic acid/isooctane/water), only 1 mL CgDg is required to solve the oil sample
resulting in about 99% less solvent waste. After the sample preparation, the samples are
stable in solution for more than 24 hours making a re-analysis within this time period
possible.
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» Weigh 200 mg of oil sample

* Prepare a 0.01 mol/L Sodium thiosulfate solution
» Determination of the titer

» Weigh 5.0 g or 10.0 g of oil sample j

* Weigh an appropriate amount of TPP

i » Add 50 mL glacial acetic acid/isooctane solution (e.9. 5mg) )
* Gentle swirling
* Add 0.5 ml saturated potassium iodide solution + Add 1 mL C4D
* 60s stirring )
* Add immediately 30 — 100 mL water J
* NMR experiment
* Immerse combined electrode -
« Titration with sodium thiosulfate solution
« Evaluation
v * Evaluation J )
a) Conventional titration method b) '"H NMR method using TPP

Figure 7.1: Comparison of the analysis process of the conventional titration technique [167]
and the developed '"H NMR method using TPP [154].

Additionally, as criticized by the German Society for Fat Science e.V. (DGF), PV does
not relate in all types of oils directly to the oxidation status as confirmed for example for
black cumin oil, where high PV can be clearly attributed to the concentration of a high
natural content of essential oils and do not refer to a bad quality of the oil product. Thus,
on the one hand, the PV of different oil types cannot be compared with each other, and
on the other hand, the natural fluctuation of the phytonutrients has a significant influence
on the PV. Consequently, DGF confirmed that the titration is methodically associated
with a considerable measurement uncertainty [263]. These evidents argument against the
conventional titration. Contrary to the titration, the analysis of PV by NMR spectroscopy
by using TPP depends only on the concentration of the present peroxides, and is thus,
not related to secondary phytochemicals like squalene in olive oil or thymochinone in black

cumin oil [154].

Moreover, the official titration method is limited to oils without phospholipids, so it can-
not be applied for the analysis of krill oils or lecithins because of their high phospholipid
content [135]. Another advantage of the NMR method by using TPP is its applicability for
various matrices of phospholipid containing and non-containing oils and fats like vegetable
or krill oils. However, since the global krill oil market was valued at US $ 267.7 Mn in 2014
and is expected to reach a value of US $ 703.0 Mn by 2022, krill oil is a product of even
high and still raising interest, which leads to a need of an adequate quality control where
the NMR method provides an opportunity for [264].
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If an oil sample with an extreme low PV of < 1 meq/kg is intended to be examined,
the NMR method can be slightly modified to produce still accurate and precise results.
Several options are available to receive better S/N ratios of TPPO and consequently, of
the peroxide determination. One option is the modification of the sample preparation by
increasing the amount of sample, or by decreasing the amount of TPP. Additionally, the
solvent volume can be decreased to a minimum volume of 0.7 mL which is required for
the measurement in 5 mm NMR tubes. Another option is to increase the number of scans
during the NMR experiment. By quadruplying the number of scans, the measuring time
increases also by a factor of four and the S/N ratio is doubled.

As demonstrated, the NMR method is much faster, less time-dependent and more eco-
nomical regarding the use of resources than the titration method and hence, it represents
a powerful alternative for the PV determination by unsing titration.

Drawbacks & Limits

A drawback of the NMR method which has been developed is the use of the solvent
benzene. The first idea was to run the analysis in CDCl3/DMSO-dg as presented in the 'H
NMR method developed by Skiera et al. [91]. A solvent ratio of 4:1 led to an overlap of the
chloroform and the TPPO-signal which made a quantitative evaluation impossible. The
advantage of the CDCl3/DMSO-dg (3:1) approach would be a holistic control of oils in-
cluding the triacylglyceride profile, free fatty acids, sterols, tocopherols and also peroxides.
Unfortunately, TPP reacts with CDCl3/DMSO-dg immediately forming 2.3% TPPO, with
an increasing concentration of TPPO over time. Thus, CDCl3/DMSO-dg was identified as
a non-suitable solvent for the peroxide method. As an alternative, CgDg has been examined
and confirmed as a feasible solvent for the analysis. Thus, for an overall holistic control two
NMR analysis are required: the NMR analysis in CDCl3/DMSO-dg, developed by Skiera
et. al [91], and in C¢Dg with TPP for the precise and accurate analysis of peroxides [154].
In contrast to the desired "all-in-one analysis", the holistic quality control of fats and oils
needs two NMR methods and this, in total 400 mg sample, 1 mL CDCl3/DMSO-dg and 1
mL CgDg as well as about 7 minutes of total analysis time, which represents an advantage
comparing with other methods.

Another drawback of the method is the time-dependent reaction of TPP in krill oil. A
krill oil sample was analyzed directly after the sample preparation showing a PV of 7.67
meq/kg. The sample solution was re-measured after 2 hours, 4 hours, 6 hours, 7 hours,
8 hours, 9 hours, 12 hours and afterwards in 4-hours-step up to 28 hours. After 28 hours
(about 1700 min) the TPPO signal increased about +55%, resulting in a PV of 11.55
meq/kg (figure . The increase of the PV over time was representative for all krill oil
samples which have been examined by the new TPP NMR method within the study. This
implicated a time-dependent cross-reaction of TPP and krill oil, however, the responsible
krill-specific substance(s) could not be detected. Since krill oil is a natural product, it is a
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complexe mixture of lipids enriched in eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), phospholipids, cholesterol and cholesterol esters, phytinic esters as metabolites
of chlorophyll, astaxanthin as the red-colored antioxidant, amino acids, homarine, ethanol
and trimethylamine N-oxide as by-products of the production process if not completely
removed [265], [266]. Thus, it was not possible and also not requested to find the reason
for the PV increase. Additionally, the increase of the PV in the prepared krill oil samples
could not be confirmed by titration, because of the following reasons:

e The official titration method is not applicable for milk fat and lecithins. The reason
therefore is the amount of phospholipids. Since krill oil contains also phospholipids,
this matrix cannot be analyzed by titration [167], [265];

e The increase of the PV was detected in the sample solution, meaning krill oil and
TPP dissolved in CgDg. Since the influence of these chemicals on the titration were
unknown, the measurement was not performed;

e For the titration analysis, 10 grams of krill oil were needed. However, this high
amount of one batch was unavailable which made this kind of analysis impossible.

60
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Figure 7.2: Increase of TPPO content [%] over 28 hours after sample preparation.
As a consequence of the research results, it was decided to perform the NMR experiments
directly after finishing the sample preparation of krill oils. Sample solutions of vegetable
oils are stable for at least 24 hours.

Prospects for future research

Oils are natural products which contain a high number of substances in various concentra-
tions such as saturated and unsaturated tri-, di- and monoglycerides, sterols, tocopherols,



110 7. Final Discussion

squalene in olive oil, thymochinone in black cumin oil and astaxanthin as well as phospho-
lipids in krill oil, and many more [I81], [267]. The addition of TPP results in the expected
1:1 reaction with peroxides forming TPPO, although unintentional cross-reactions with
other substances may occur which is always a risk in a derivatization reaction. To confirm
that no cross-reactions falsify the PV results, all reactive oil-ingredients may be examined.
Furtermore, the NMR method could be applied for more matrices such as lecithins or baby
formula milk powder.

7.2 Divalent metal cations by '"H NMR spectroscopy

The aim of the investigation was the development of a fast and simple NMR method for
the qualitative and quantitative determination of inorganic divalent cations. For this pur-
pose, the 'H NMR method, which was developed and published by Monakhova et al., was
used as a basis [95]. By applying EDTA as a complexing agent Be*", Sr** and Cd*" can
be determined qualitatively, and Ca?*, Mg?*, Hg?t, Sn%*, Pb?" as well as Zn?t can be
determined qualitatively as well as quantitatively. The results of the research have been
presented in chapter 5| and the advantages, drawbacks and limits of the method are dis-
cussed in this chapter.

Advantages

One of the main advantages of the developed 'H NMR method is the simultanous quali-
tative analysis of nine cations (Be**, Sr?*, Cd**, Ca?*, Mg?", Hg?*", Sn?" Pb*t, Zn?")
and the simultanous qualitative as well as quantitative analysis of six cations (Ca?*, Mg?*,
Hg?*, Sn?*, Pb?*, Zn?"). Due to the stability of the Met-EDTA-complexes, their signals
show individual multiplicities and unique chemical shifts in the 'H NMR spectrum which
makes an analysis of a mixture of the mentioned divalent cations possible.

A fast quantification is feasible by using EDTA as a complexation reagent with the ad-
ditional function of an internal standard. If a known amount of EDTA is added to a
known amount of a sample, the amount of Met-EDTA-complex is equal the amount of
present divalent metal cations [212]. Thus, the comparison of the integrals of the signals of
free EDTA and Met-EDTA-complexes can be recalculated into the amount of the divalent
metal cations which are present in the analyzed product. Consequently, the amounts of
the divalent metal cations Ca?*, Mg?*, Hg?*, Sn?*, Pb%* and Zn?* are quantified without
the addition of further internal standards. However, the quantification is only possible if
the rules of gqNMR spectroscopy are followed. In this case, EDTA and the Met-EDTA-
complexes should be fully relaxed before the next scan. Hence, the T'1 time was determined
beforehand. T1 times were determined in the millisecond-range, so a D1 time of 1 second
was set which enabled a quantitative analysis within around 3 minutes. Additionally, fur-
ther substances like sugars and citric acid, which are additives in numerous products, can
be identified and quantified simoultaneously in the same analysis run if they are soluble in
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D50. In these cases, it is important to study the T1 time of the substances of additional
interest and, if necesseary, to increase the D1 time. The EDTA method reduces the total
number of required analysis, and thus, the volume of required sample, internal standard
and solvent as well as analysis time and costs.

Drawbacks & Limits

Based on the composition of the examined sample, the signals of free and chelated EDTA
may be overlapped by other signals which makes the quantitative analysis more erroneous
or even impossible. If the free EDTA signal is disturbed, a quantitative analysis is still
possible by adding an internal standard and increasing the D1 time to receive fully relaxed
signals. However, if the signals of the Met-EDTA-complex are overlapped, deconvolution
can be applied to integrate them nonetheless. In some cases, the overlapping is too strong
which makes the quantification impossible.

The signals of Ba?", Be?" and Sr** are identified as too broad to be used for an accu-
rate and precise quantitative analysis. In these cases, the temperature should be decreased
from 298 K to 278 K or even lower to "freeze' the Met-EDTA-complex which would result
in more narrow signals as shown in figure 5.8 However, cooling down and heating up is
a time-consuming procedure which increases the total time of analysis on the one hand,
and makes the method suboptimal for a routine analysis because the instrument needs
support during the processes of temperature change on the other hand. Consequently, in
most contract NMR laboratories, NMR analyses at room temperature are preferred.

Another drawback of the analysis is the pH dependency. Based on the pH, EDTA can
be present in different stati of protonated and deprotonated forms which influences the
complexation constant significantly. For the tagging method, EDTA should be present in
its fully deprotonated EDTA*~ form which is detected at a pH of above 7. In contrast to
the research results presented by Reilley and Schmid, EDTA totally complexes with Be?T,
Sr2t, Cd?*, Ca?t, Mg?*, Hg?", Sn?*, Pb?* and Zn?* at a pH of 7.2. They recommended a
complexation of calcium and magnesium at a pH of 8 and 10, respectively [268]. However,
since the comparison of the theoretical and measured concentrations at pH ranges of 7 to
10 did not show any significant differences (not published results), the approach is suitable
at pH = 7.2. However, the rection in a too basic solution is also not recommended because
here, metal hydroxides such as Mg(OH), are formed, which are solid and, thus, precipitate.

One further limit is the quantitative analysis of lead-contaminated water. As presented
in chapter , the LOQ of lead is determined with 0.05 mg/mL which is a factor of 5000
higher than the permitted concentration limit of lead in potable water of 0.000010 mg/mL
in Germany [2I7]. Even with an optimization of the method, this NMR method is not
sensitive enough to determine lead quantitatively in water at concentrations considered
unsafe for human consumption.
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Prospects for future research

In particular, the quantitative method has not been applied to Ba?", Be*" and Sr?" because
of their broad signal shapes. As prospects for future research, besides the temperature of
the NMR measurement further parameters should be tested to receive better signal shapes
which make a quantitative analysis also for these three divalent cations possible. Since the
pH is an important factor for the complexation reaction, its influence should be studied
in detail. Furthermore, up to now the method is tested for the cations Be?*, Sr?*, Cd?+,
Ca?t, Mg?*, Hg?", Sn?", Pb?" and Zn?", which means that numerous further cations
should be studied to expand the method. Besides the pharmaceutical products and food
supplements which have been presented in this work as potential applications, numerous
products from the sector of food, pharmaceuticals, cosmetics and chemicals contain dif-
ferent metal cations that can be examined with this method representing a big pool of
applications.

7.3 Enantiomeric Excess by C NMR spectroscopy

The aim of the investigation was the development of a fast and simple NMR method for
the qualitative and quantitative determination of enantiomeric excess of chiral alcohols.
The results of the research have been presented in chapter [6] A detailed consideration of
the advantages as well as drawbacks and limits is discussed in this chapter.

Advantages

The C NMR spectroscopic method developed is an easy and fast approach. The re-
action of phosgene and menthol, borneol, phenylethanol and linalool is completed within
several seconds. For the reaction only small amounts of chemicals and solvents are re-
quired: 200 puL phosgene, 60-90 mg of the alcohol and 1 mLL C¢Dg. The amounts can be
further decreased by increasing the number of scans to receive a comparable S/N ratio.

The application of '3C-labelled phosgene instead of non-labelled phosgene increases the
S/N of the 3C NMR carbonyl signal of the resulting esters significantly which makes a
detection also of small concentrations of one enantiomer possible. By using '*C-labelled
phosgene, an enantiomeric excess can be quantified precisely in the range of 97% to 100%,
especially in the region of ee > 99.5%, which represents the limit for the application of
Mosher’s reagent. Furthermore, the evaluation of the 13C NMR spectrum is simple because
only two signals have to be integrated and compared. The integration can be performed
manually or by using deconvolution.

The price of non-labelled phosgene is another advantage. 100 mL can be purchased at
Sigma-Aldrich for 70.70€ [269]. 100 mL are sufficient for 500 analyses, leading to a cost
factor for phosgene of 0.14€ per analysis. Comparing the price of the non-labelled and
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13(C-labelled phosgene, the use of *C-labelled phosgene is more cost-intentive. 100 mL can
be purchased at Sigma-Aldrich for 337€, leading to 0.68 € per analysis which is a factor
of around 5 comparing with the non-labelled phosgene.

Drawbacks & Limits

The main drawback of the new method is the use of phosgene. Phosgene is known as
a hazardous, colorless gas at ambient temperature and pressure, which is commonly used
in industry for the production of pesticides or polyurethanes [270]. It is an insidious gaseous
poison because of the lack of an odor at < 0.4 ppm, and symptoms do not appear immedi-
ately [271]. Thus, occupational limit value is set to 0.1 mL/m? [272]. However, to overcome
these high risks of gaseous phosgene, for the developed method 1 molar 3C-labelled and
15 weight-% non-labelled phosgene in toluene solutions were used. The sampling of 0.2
mL phosgene in toluene, required for the analysis, was performed in a fume hood by using
a syringe to pierce a septum. Thus, a high degree of occupational safety was ensured.

Since the developed method is based on a derivatization method, the reaction of phos-
gene with each substance of interest has to be studied. As presented by Babad and Zeiler,
phosgene reacts with various chemicals at a nitrogen, oxygen, sulfur or carbon center as
well as with inorganic compounds in various ways [273]. In the presented study a focus was
set on substances with a hydroxy group. However, if an alcohol shows additional functional
groups containing e. g. oxygen or nitrogen, it can react with phosgene producing various
substances like a five-membered ring, as shown in figure [7.3] which makes the analysis of
the enantiomeric excess impossible because no diastereomers are formed [273].
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Figure 7.3: Reaction of phosgene and hydroxamic acids forming nitrile carbonates [273].

Another limit of a derivatization or a tagging reaction is the risk of a diastereoselectiv-
ity, which leads to an asymmetric formation of diastereomers and establishes a preferred
relative stereochemistry. Consequently, there is a need of an examintion of a potential
diastereoselectivity for each alcohol which should be analyzed according its enantiomeric
composition by being tagged with phosgene. Therefore, artificial mixtures of enantiomers
are prepared and measured by NMR spectroscopy. The signals of the RR/SS and RS/SR
diastereomers are integrated and the expected and measured ratios are compared. If the
measured values are not consistent with the expected values, a diastereoselectivity can be
confirmed, as it was confirmed in the case of menthol (figure . Here, it was shown that
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the diastereoselectivity was particularly pronounced among the racemic mixture, with a
progressive reduction of the diastereoselectivity with increasing enantiomeric excess values.
Thus, the influence of the diastereoselectivity at ee > 95%, which is often the region of
interest, is negligible. If samples with an ee < 95% should be examined, a preparation of a
calibration curve is essential to determine the "real" enantiomeric excess without the influ-
ence of the diastereoselectivity. Thus, the developed tagging method induced the following
drawbacks:

the preparation of a calibration curve is time-consuming,

e expensive due to the need of both enantiomers,

highly pure enantiomers cannot be purchased for all chiral products,

the diastereoselectivity depends on several parameters such as temperature, pressure
and water content [274].

Even though possibilities are presented to apply the NMR method to racemic samples, it is
recommended to use this technique only for the examination of alcohols with a high enan-
tiomeric purity. Additionally, the absolut configuration of the enantiomer of the higher
concentration should be known because the method cannot be used to determine the ab-
solut configuration of the stereoisomers. In order to be able to establish a statement about
the ratio of the absolute R and the S enantiomer, an information from the manufacturer
about the enantiomer of the higher concentration is required. Is this information missing,
only the enantiomer excess can be determined without defining which enantiomer is present
in the higher concentration.

Prospects for future research

In this research the NMR analysis was performed at 298 K. As shown by Lankhorst et
al. 3C NMR experiments at 300 K resulted in broader signals than measurement at 260 K,
which was chosen as the optimal temperature for the quantitative enantiodiscrimination
by Lankhorst et al. [275]. As a prospect for future, the presented NMR method should
be performed at lower temperatures to study the line broadening effect as well as its in-
fluence on the quantitative results. Furthermore, in this study only menthol, borneol,
1-phenylethanol and linalool were examined. On-going and future studies should provide a
larger set of applications. Additionally, less toxic and less cost-intensive substances should
be examined as alternatives to the toxic phosgene.
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7.4 Conclusions

The outcome of this entire study has demonstrated that the NMR spectroscopy is a pow-
erful analytical tool to solve various analytical challenges. Substances which could not be
detected in NMR spectra, can now be studied after being derivatized or complexed with
tagging substances. Tagging is a highly effective tool to determine the peroxide value in
oils, cations in artifical salt mixtures and pharmaceutical products as well as food sup-
plements, and the enantiomeric excess of chiral alcohols. The presented NMR methods
can be used as alternatives or even as replacements for obsolete official methods such as
titrations or chromatography. The research studies indicated that the NMR spectroscopy
is a high-performance technique for chemical analyses whose range of applications has not
been exhausted yet.



116 Zusammenfassung




Chapter 8

Zusammenfassung

Die hochauflésende Kernresonanzspektroskopie findet heute primidr Anwendung in der
Strukturaufkldrung und der qualitativen sowie quantitativen Untersuchung von Produkt-
inhaltsstoffen. Trotz der weltweiten Entwicklung von innovativen kernresonanzspektrosko-
pischen Methoden sind noch zahlreiche, offiziell anerkannte Methoden zur Qualitdtskon-
trolle von Arzneimitteln, Lebensmitteln und Chemikalien in Verwendung, die spezifische
Substanzen kontrollieren und keine ganzheitliche Untersuchung darstellen. Somit konnen
verunreinigte, qualitativ minderwertige oder geféilschte Produkte trotz vorheriger Quali-
tatskontrollen auf den Markt gebracht und vertrieben werden. Um dies zu verhindern,
wurden im Rahmen dieser Arbeit drei kernresonanzspektroskopische Methoden entwickelt,
die zur (1) Bestimmung der priméren Oxidation in pflanzlichen und tierischen Olen anhand
der Peroxidzahl, (2) zur qualitativen und quantitativen Analyse von Metallkationen und
(3) zur Ermittlung des Enantiomeriiberschusses in chiralen Alkoholen dienen.

In der Olanalytik werden Titrationsverfahren zur Bestimmung der Bulkqualititsparameter
wie auch der Peroxidzahl, welche die Konzentration an Peroxiden aufzeigt, eingesetzt. Da
die Titration neben dem Einsatz von grofleren Mengen an Probenmaterial und Losungsmit-
teln, auch Kreuzreaktionen und eine geringe Robustheit aufweist, wurde eine kernreso-
nanzspektroskopische Methode entwickelt, in der Triphenylphosphin als Derivatisierungs-
reagenz eingesetzt wird, welches mit Peroxiden im stochiometrischen Verhéaltnis von 1:1
zu Triphenylphosphinoxid reagiert. Im 'H-3'P entkoppelten Kernresonanzspektrum wer-
den die Signale des nicht reagierten Triphenylphosphins bei 7,4 ppm und des reagierten
Triphenylphosphinoxid bei 7,8 ppm detektiert. Das Verhéltnis beider Signale wird in die
Konzentration der Peroxide umgerechnet. 108 Olproben mit einer Peroxidzahl zwischen 1
meq/kg und 170 meq/kg wurden mit der entwickelten Methode untersucht. Hierbei zeigten
Ole mit einer sehr geringen Peroxidzahl von weniger als 3 meq/kg eine relative Standard-
abweichung von 4,9%, hochoxidierte Ole mit einer Peroxidzahl von 150 meq/kg 0,2%. Die
kernresonanzspektroskopische Methode findet Anwendung in der Untersuchung von Krill-
und pflanzlichen Olen.

Eine weitere 'H kernresonanzspektroskopische Methode wurde zur qualitativen Analyse
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von Be?t, Sr** und Cd?* und zur qualitatitativen sowie quantitativen Bestimmung von
Ca?*t, Mg?*t, Hg?*, Sn?*, Pb?** und Zn?** entwickelt. Hierbei wurde Ethylendiamintetra-
acetat (EDTA) als Komplexbildner verwendet. EDTA ist ein sechszédhniger-Ligand, der
stabile Chelatkomplexe mit zweiwertigen Kationen bildet. Die definierte Menge an EDTA
und das Verhéltnis von freier und komplexierter EDTA nach Zugabe der Probe werden
fiir die Riickrechnung der Konzentration der Kationen verwendet. Somit ist der Einsatz
eines internen Standards obsolet. EDTA komplexiert Be?*, Sr?t, Cd?*+, Ca?t, Mg?*t, Hg?*,
Sn?T, Pb?" und Zn** zu stabilen Komplexen, deren Signale im Protonen-Kernresonanz-
spektrum pH-unabhéngige und kationenspezifische chemische Verschiebungen und Kop-
plungen aufweisen, die zur Identifizierung und Quantifizierung verwendet werden. Die
Koaleszenz der A und A Konfigurationen des EDTA-Komplexes mit Be?t, Sr?* und Cd?*
fithrt bei 298K zu einer Signalverbreiterung, die eine Quantifizierung bei den vorliegenden
Parametern unmoglich macht. Die Kationen Ca?*, Mg?*, Hg?", Sn?", Pb?* und Zn?* sind
ab einer Konzentration von 5-22 pg/ml quantitativ in wéssriger Losung quantifizierbar.
Diese Methode kann im Lebensmittel- und Arzneimittelbereich eingesetzt werden.

Die dritte kernresonanzspektroskopische Methode stellt eine neue Bestimmung des Enan-
tiomeriiberschusses (ee) in den chiralen Alkoholen Menthol, Borneol, 1-Phenylethanol und
Linalool unter Einsatz von Phosgen als Derivatisierungsreagenz vor. Phosgen reagiert mit
einem chiralen Alkohol zu Carbonséurediestern, die aus zwei gleichen (RR, SS) oder zwei
unterschiedlichen Enantiomeren (RS, SR) entstehen. Diese zwei Diastereomertypen kon-
nen anhand der unterschiedlichen, chemischen Verschiebungen ihrer Signale identifiziert
werden. In der vorgestellten Methode wird das Carbonylsignal integriert und zur Bes-
timmung des Enantiomereniiberschusses eingesetzt. Die Bestimmungsgrenze ist hierbei
u. a. von dem eingesetzten Phosgen und der Probe abhangig. Bei Menthol wurde
eine Bestimmungsgrenze mittels nicht markiertem Phosgen von ee = 99,1% und mit-
tels ¥ C-markiertem Phosgen von ee=99,9% ermittelt. Die *C Methode wurde zudem
zur Qualitatskontrolle der Enantiomerreinheit von Borneol, 1-Phenylethanol sowie von
Linalool eingesetzt. Hierbei enthielten die kauflich erworbenen Chemikalien (-)-Borneol
und (S)-1-Phenylethanol jeweils 1,7% des anderen Enantiomers (+)-Borneol bzw. (R)-
1-Phenylethanol. Bei (-)-Linalool konnte ein Enantiomeriiberschuss von ee =66,4% und
somit eine groflere Verunreinigung durch (4)-Linalool identifiziert werden. Bei Proben,
die einen Enantiomeriiberschuss von ee < 95,0% aufweisen, sollte eine potentielle, asym-
metrische Induktion mittels Kalibrationskurven anhand von kiinstlichen Enantiomeren-
mischungen vorab untersucht werden. Die entwickelte *C kernresonanzspektroskopische
Methode présentiert eine leistungsstarke Alternative zur Analyse mittels Mosher’s Reagenz
fiir die Untersuchung des Enantiomeriiberschusses in chiralen Alkoholen.

Diese Arbeit weist eine Vielfalt an Moglichkeiten der Anwendungen der quantitativen Kern-
resonanzspektroskopie in der chemischen Untersuchung von Arzneimitteln, Lebensmitteln
und Chemikalien unter Einsatz von Tagging, wie Derivatisierungen und Komplexierun-
gen auf. Die hierbei entwickelten kernresonanzspektroskopischen Methoden reprasentieren
leistungsstarke Alternativen zu bisher eingesetzten Techniken der Qualitdtskontrolle.



Chapter 9

Abstract

High-resolution nuclear magnetic resonance (NMR) spectroscopy is used in structure eluci-
dation and qualitative as well as quantitative examination of product components. Despite
the worldwide development of numerous innovative NMR, spectroscopic methods, several
official methods that analyze specific substances and do not represent a holistic analysis,
are still in use for the quality control of drugs, food and chemicals. Thus, counterfeit or
contaminated products of inferior quality can be brought onto the market and distributed
despite previous quality controls. To prevent this, three NMR spectroscopic methods have
been developed within the scope of this work (1) to study the peroxide value in vegetable
and animal oils, (2) for the qualitative and quantitative analysis of metal cations and (3)
to determine the enantiomeric excess in chiral alcohols.

In oil analysis, titration methods are used to determine the bulk quality parameters such
as peroxide value, which represents the concentration of peroxides. Titrations show several
drawbacks, such as the need of a large amount of sample and solvents, cross reactions and
the low robustness. Thus, an alternative NMR spectroscopic method was developed to im-
prove the peroxide analysis by using triphenylphosphine as a derivatization reagent, which
reacts with peroxides in a stoichiometric ratio of 1:1 forming triphenylphosphine oxide. In
the 'H-3'P decoupled NMR spectrum, the signals of the unreacted triphenylphosphine and
the reacted triphenylphosphine oxide are detected at 7.4 ppm and 7.8 ppm, respectively.
The ratio of the two signals is used for the calculation of the peroxide concentration. 108
oil samples with a peroxide value between 1 meq/kg and 150 meq/kg were examined using
the developed method. Oils with a very low peroxide value of less than 3 meq/kg showed
a relative standard deviation of 4.9%, highly oxidized oils with a peroxide value of 150
meq/kg of 0.2%. The NMR method was demonstrated as a powerful technique for the
analysis of vegetable and krill oils.

Another 'H NMR spectroscopic method was developed for the qualitative determination
of Be?*, Sr?T and Cd?*, and for the qualitative and quantitative determination of Ca?*,
Mg?*, Hg?*, Sn?T, Pb?* and Zn?" by using ethylenediamine tetraacetate (EDTA) as com-
plexing agent. EDTA is a hexadentate ligand that forms stable chelate complexes with



120 9. Abstract

divalent cations. The known amount of added EDTA and the signal ratio of free and com-
plexed EDTA are used to calculate the concentrations of the divalent cations, which makes
the use of an internal standard obsolete. The use of EDTA with Be?t, Sr?*, Cd?*, Ca?t,
Mg?*, Hg?*, Sn?*, Pb?t and Zn?* result in complexes whose signals are pH-independent,
showing cation-specific chemical shifts and couplings in the *H NMR spectrum that are
used for identification and quantification. The coalescence of the A and A configurations
of the EDTA complex with Be?*, Sr?* and Cd?* leads to a signal broadening at 298K that
make quantification difficult or even impossible. In the presented NMR method, the limit
of quantification of the cations Ca?*, Mg?*, Hg?*, Sn?", Pb?*, and Zn?" was determined
with 5-22 pg/mL. This method is applicable in the food and drug sectors.

The third NMR spectroscopic method introduced an alternative determination of the
enantiomer excess (ee) of the chiral alcohols menthol, borneol, 1-phenylethanol and linalool
using phosgene as a derivatizing reagent. Phosgene reacts with a chiral alcohol to form car-
boxylic acid diesters, made of two identical (RR, SS) or two different enantiomers (RS, SR).
These two different types of diastereomers can be examined by the difference of their chemi-
cal shifts. In the presented method, the integration values of the carbonyl signals in the *C
NMR spectrum are used for the determination of the enantiomer excess. The limit of quan-
tification depends, among others, on the sample and on the non-labelled or *C-labelled
phosgene used for the analysis. In the case of menthol, a quantification limit of ee =99.1%
was determined using non-labelled phosgene and ee =99.9% using *C-labelled phosgene.
The ¥C NMR method was also applied for the quality control of the enantiomeric purity
of borneol, 1-phenylethanol and linalool. (-)-borneol and (S)-1-phenylethanol contained
1.7% (+)-borneol and (S)-1-phenylethanol, respectively. In the case of (-)-linalool, an
enantiomeric excess of ee = 66.4% was identified, demonstrating a low enantiomeric purity.
In the case of samples with an enantiomeric excess of ee <95%, a potential asymmetric
induction should be investigated by using calibration curves which have been prepared be-
forehand on artificial enantiomer mixtures. The developed *C NMR method represents a
powerful alternative to Mosher’s reagent for investigating the enantiomeric excess in chiral
alcohols.

This work demonstrates the variety of possibilities of applications for the quantitative nu-
clear magnetic resonance spectroscopy in the chemical analysis of drugs, food and chemicals
using tagging reactions such as derivatizations and complexations. The nuclear resonance
spectroscopic methods developed in this research work represent powerful alternatives to
the previously used quality control techniques.
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