


Johnnie The Phuong
Benchtop NMR Spectroscopy in Process Engineering
Scientific Report Series Volume 51
2024

Scientific Report Series
Laboratory of Engineering Thermodynamics (LTD)
RPTU Kaiserslautern
P.O. Box 3049
67663 Kaiserslautern
Germany

ISSN 2195-7606
ISBN 978-3-944433-50-9

© LTD all rights reserved







Benchtop NMR Spectroscopy in
Process Engineering

Vom Fachbereich Maschinenbau und Verfahrenstechnik
der Rheinland-Pfälzischen Technischen Universität

Kaiserslautern-Landau
zur Verleihung des akademischen Grades

Doktor-Ingenieur (Dr.-Ing.)
genehmigte

Dissertation

von
M.Sc. Johnnie The Phuong

aus Ludwigshafen am Rhein

Dekan: Prof. Dr.-Ing. Roland Ulber
Berichterstatter: Prof. Dr.-Ing. Hans Hasse

Prof. Dr. Jan G. Korvink

Tag der mündlichen Prüfung: 22. November 2024

D 386





VII

Danksagung

Die vorliegende Arbeit entstand während meiner Tätigkeit als wissenschaftlicher Mitar-
beiter am Lehrstuhl für Thermodynamik (LTD) der Rheinland-Pfälzischen Technischen
Universität Kaiserslautern-Landau (ehemals Technische Universität Kaiserslautern). An
dieser Stelle möchte ich mich bei allen Personen bedanken, die zum Erfolg dieser Arbeit
beigetragen haben.

An erster Stelle möchte ich mich herzlichst bei meinem Doktorvater Prof. Dr.-Ing. Hans
Hasse bedanken. Durch seinen offenen und ehrlichen Führungsstil fand ich ein äußerst
kollegiales Arbeitsumfeld vor, in dem Eigeninitiative sowie Kreativität gefördert wur-
den. In dieser Atmosphäre konnte ich regelrecht aufblühen. Ich bedanke mich für die
zahlreichen fruchtbaren Diskussionen, das von ihm erworbene Praxiswissen, die Möglich-
keiten und Freiräume, die er mir gegeben hatte, und vor allem für das entgegengebrachte
Vertrauen.

Ein herzlicher Dank gilt meiner Teamleiterin und Mentorin Dr. rer. nat. Kerstin Mün-
nemann. Ihr ebenfalls offener, humorvoller und vertrauensvoller Führungsstil hat dazu
beigetragen, dass ich trotz der Strapazen, die eine Promotion mit sich bringt, jeden Tag
mit Spaß und Freude zur Arbeit gehen konnte. Ich habe es sehr geschätzt, dass ich mit
ihr nicht nur über fachliche, sondern auch über außerfachliche Themen diskutieren konn-
te - und das jederzeit, wenn Bedarf bestand. Sie hat mir sehr viele Freiheiten gelassen
und mich stets unterstützt, ohne die die vorliegende Arbeit nicht möglich gewesen wäre.
Ich danke ihr sehr für die tolle Zusammenarbeit und die zahlreichen Erfahrungen.

Prof. Dr. Jan Korvink danke ich nicht nur für die Begutachtung der Arbeit, sondern
auch für die Möglichkeiten, die er mir in dem von ihm geleiteten SFB HyPERiON
geboten hat. Bei Prof. Dr.-Ing. Erik von Harbou bedanke ich mich für die Übernahme
des Prüfungsvorsitz, besonders aber dafür, dass er mich letztendlich über die Betreuung
meiner Masterarbeit an den LTD gebracht und mich für eine Promotion begeistert hat.

An dieser Stelle möchte ich mich auch bei den Projektpartnern bedanken, die ich wäh-
rend der Promotion kennenlernen durfte. Ich danke hierbei den Kolleginnen und Kol-
legen des SFB HyPERiON, des Weincampus Neustadt, der Universität Nantes, Prof.
Daniel Holland sowie der Firma Magritek für die tolle Zusammenarbeit. Mein Dank



gilt auch den vielen von mir betreuten Studentinnen und Studenten, die zum Gelin-
gen dieser Arbeit beigetragen haben und heute zum Teil sogar selbst Mitglieder der
LTD-Familie geworden sind: Jana Heiß, Isabell Jauch, Johanna Kann, Tom Labusch,
Hannah Mennecke, Enid-Joy Michel, Andreas Müller, Zeno Romero, Billy Salgado und
Maximilian Seitz.

Einen besonderen Dank möchte ich unserem technischen und nichtwissenschaftlichen
Personal aussprechen, das ich immer liebevoll als sogenannte kritische Infrastruktur be-
zeichnet habe. Danke an das Sekretariatsteam bestehend aus Jennifer Bergmann, Marlies
Mangold und Ilona Stein, die sich immer hervorragend um die Organisation am Lehr-
stuhl gekümmert haben und uns jeden Tag eine große Last von den Schultern nehmen.
Danke an das Laborpersonal um Kirsten Brunn, Tanja Breug-Nissen, Dirk Feddeck,
Nicole Hervert, Berthold Mrawek, Lucianna Ninni-Schäfer und Julian Peter, die mich
immer in allen labortechnischen Fragen unterstützt haben und immer eine Ideen für
Lösungen von Problemen hatten. Danke an unseren wertvollen IT-Spezialisten Daniel
Fröscher, der jedes erdenkliche IT-Problem lösen kann, auch wenn man die Hoffnung
schon aufgegeben hat.

Mein ganz großer herzlicher Dank gilt allen Kolleginnen und Kollegen des LTD und des
LASE-MR. Ich danke für die wunderschöne Zeit, die wir gemeinsam erleben durften.
Danke für die leckeren Abendessen, für die herausfordernden Sporteinheiten, für die spa-
ßigen Feiern, für die lustigen Events und auch für die tollen Konferenzerlebnisse sowie die
spannenden gemeinsamen Urlaube. Ich danke auch für die erheiternden Kaffeerunden,
bei denen immer herzlich gelacht wurde. Ich habe die Zeit mit meinen Kolleginnen und
Kollegen sehr genossen - mit vielen haben sich sogar echte Freundschaften entwickelt!
Danke für die vielen Umarmungen und Aufmunterungen während meiner Promotion!
Besonders hervorheben möchte ich hierbei meinen Bürokollegen Thomas Specht und
meine NMR-Buddy Sarah Mross. Ich danke den beiden nicht nur für die wundervolle
Zeit, sondern auch dafür, dass sie in guten wie in schwierigen Zeiten immer für mich da
waren und mir immer mit Rat und Tat zur Seite standen! Vielen Dank euch dafür!

Bedanken möchte ich mich auch bei meinen langjährigen Freunden Christian Schuster
und Björn Wrabl, die mit mir nicht nur das Studium, sondern auch die Schule gemeistert
haben und mich seit jeher immer unterstützt haben. Ein ganz besonderer Dank gilt
meiner Familie mit Khai, Lien und Jennifer Phuong sowie Heidrun Wendel-Maurer und
Harald Maurer. Ich danke euch, dass ihr mir immer den Rücken freigehalten habt, so
dass ich mich voll und ganz auf mein Studium und meine Promotion konzentrieren
konnte. Für euren unermüdlichen und selbstlosen Einsatz kann ich euch nicht genug
danken!

Zum Schluss möchte ich einer ganz besonderen Person danken: meiner langjährigen
Freundin Katrin Maurer. Ich danke dir, dass du mir immer zur Seite gestanden bist,



mich in schwierigen Zeiten aufgemuntert und mich immer wieder motiviert hast, weiter
zu machen. Wir haben schon so viel gemeinsam erlebt und gemeistert. Wir sind ein
sehr gutes und eingespieltes Team geworden. Ich hoffe sehr, dass wir noch viele weitere
Abenteuer und Herausforderungen gemeinsam meistern und vor allem viele schöne Mo-
mente erleben werden. Danke Katrin!

Ludwigshafen am Rhein, November 2024

Johnnie The Phuong





Abstract XI

Abstract

Nuclear magnetic resonance (NMR) is a highly attractive powerful method that enables
non-invasive analysis of complex mixtures without requiring tedious calibration proce-
dures. Benchtop NMR spectrometers are small, robust, and inexpensive, which makes
them especially suited for process and reaction monitoring. However, the low magnetic
field strength and the small premagnetization volume of these spectrometers are major
drawbacks, resulting in low spectral resolution, peak overlap, low signal intensities, and
insufficient magnetization build-up in flowing liquids. As a consequence, the quantita-
tive analysis of complex mixtures is not always possible by benchtop NMR spectroscopy.
This thesis tackles these challenges and introduces methods that extend the applications
of benchtop NMR spectroscopy in process engineering. The first method is a model-
based approach for resolving overlapping peaks in 1H NMR spectra of complex multi-
component mixtures. This method has been successfully tested by online monitoring of
a wine fermentation. The second method uses dedicated NMR pulse sequences for 1H-
13C polarization transfer and enables an improved quantitative analysis of mixtures in
particular in flow experiments based on 13C NMR spectroscopy. 13C NMR spectroscopy
is advantageous as the high chemical shift dispersion prevents peak overlap, albeit at the
expense of low signal-to-noise ratio (SNR) and extended experimental time. The NMR
pulse sequences provide an elegant solution to achieve 13C signal enhancement and to
shorten the experimental time by exploiting the higher polarization and favorable spin-
lattice relaxation of protons. The method was also successfully applied for measuring
diffusion coefficients by NMR. The third method uses the hyperpolarization technique
Overhauser Dynamic Nuclear Polarization (ODNP) to significantly enhance 1H and 13C
NMR signals. This enables the detection and quantification of components at low con-
centrations or at high flow velocities with just a single scan. These methods can also be
applied together and significantly extend the NMR toolbox for process engineering and
other applications.





Kurzfassung XIII

Kurzfassung

Die Kernspinresonanz (NMR) ist eine äußerst attraktive und leistungsstarke Methode,
die eine nicht-invasive Analyse komplexer Mischungen ermöglicht, ohne dass langwierige
Kalibrierungsverfahren erforderlich sind. Benchtop NMR Spektrometer sind klein, ro-
bust und kostengünstig, was sie besonders für die Prozess- und Reaktionsüberwachung
geeignet macht. Die geringe Magnetfeldstärke und das kleine Vormagnetisierungsvolu-
men dieser Spektrometer sind jedoch ein großer Nachteil, der zu geringer spektraler
Auflösung, Peaküberlappung, geringen Signalintensitäten und unzureichendem Magne-
tisierungsaufbau in fließenden Proben führt. Infolgedessen ist die quantitative Analy-
se komplexer Mischungen mit der Benchtop NMR Spektroskopie nicht immer mög-
lich. In dieser Arbeit werden diese Probleme angegangen und Methoden vorgestellt,
die die Anwendungsmöglichkeiten der Benchtop NMR Spektroskopie in der Verfah-
renstechnik erweitern. Die erste Methode ist ein modellbasierter Ansatz zur Auflösung
überlappender Peaks in 1H NMR-Spektren komplexer Mehrkomponentenmischungen.
Diese Methode wurde bei der Online-Überwachung einer Weinfermentation erfolgreich
getestet. Die zweite Methode verwendet spezielle NMR-Pulssequenzen für den 1H-13C-
Polarisationstransfer und ermöglicht eine verbesserte quantitative Analyse von Mischun-
gen, insbesondere in Strömungsexperimenten auf der Grundlage der 13C NMR Spektro-
skopie. Die 13C NMR Spektroskopie ist vorteilhaft, da die hohe Dispersion der che-
mischen Verschiebung eine Überlappung der Peaks verhindert, wenn auch auf Kosten
eines geringen Signal-Rausch-Verhältnisses (SNR) und verlängerte Versuchsdauer. Die
NMR-Pulssequenzen bieten eine elegante Lösung, um das 13C-Signal zu verstärken und
die Versuchszeit zu verkürzen, indem die höhere Polarisation und die kurze Spin-Gitter-
Relaxation der Protonen ausgenutzt werden. Die Methode wurde auch erfolgreich für
die Messung von Diffusionskoeffizienten mittels NMR eingesetzt. Die dritte Methode
nutzt die Hyperpolarisationstechnik Overhauser Dynamic Nuclear Polarization (OD-
NP), um die 1H und 13C NMR-Signale deutlich zu verstärken. Dies ermöglicht den
Nachweis und die Quantifizierung von Komponenten in niedrigen Konzentrationen oder
bei hohen Flussgeschwindigkeiten mit nur einem einzigen Scan. Diese Methoden können
auch gemeinsam angewendet werden und erweitern den NMR-Werkzeugkasten für die
Verfahrenstechnik und andere Anwendungen erheblich.
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1 Introduction 1

1 Introduction

In process engineering, time resolved information about chemical and biological reactions
are crucial. Key questions that often arise in this context are: What is the current
progress of the reaction? What are the conversion, selectivity and the yield? Are there
any by-products that need to be considered? The answers to these questions are needed
for designing future processes as well as for the optimization of existing plants.

Nuclear magnetic resonance (NMR) is a highly attractive and powerful analytical tool
for reaction and process monitoring that can be used to address these important ques-
tions by combining several advantages: processes can be elucidated non-invasively, a
tedious calibration is not required, and an application for continuous-flow analysis in
a bypass setup is possible [1–11]. Therefore, NMR is widely used in science, medicine,
and industry. However, conventional NMR spectrometers are expensive and require
cryogenic media for cooling the superconducting magnets and extensive training of the
operating personnel. This limits the use of NMR in process engineering to well-equipped
laboratories with the appropriate infrastructure.

The advent of benchtop NMR spectrometers equipped with permanent magnets has sub-
stantially broadened the application horizon of NMR. These spectrometers are compact,
robust, and affordable. In addition, benchtop NMR spectrometers are easy to maintain
and to operate [12–21]. These features make them attractive as process analytical tools
(PAT) in the industry [22]. Many studies have demonstrated the usefulness of benchtop
NMR for solving process engineering problems [23–36]. However, the comparatively low
magnetic field strength (current benchtop NMR spectrometers have a magnetic field
strength of only up to 2.5 T) results in a low spectral resolution as well as in a low
signal-to-noise ratio (SNR), which are major drawbacks and often result in strong peak
overlap in 1H NMR spectra and long times for experiments as many scans need to be
acquired. The long experimental times are particularly problematic for benchtop 13C
NMR spectroscopy because the signal intensities are extremely low, making benchtop
13C NMR spectroscopy unsuitable for process monitoring. In addition, the compact
design of benchtop NMR spectrometers causes premagnetization issues when samples
are analyzed in continuous-flow.



2 1 Introduction

The present thesis contributed to overcoming these issues by the development and testing
of new methods that faciliate the application in benchtop NMR spectroscopy in process
engineering and related fields. The thesis is organized as follows:

In Chapter 2, benchtop NMR spectroscopy is used to monitor a wine fermentation
process. However, the low spectral resolution of benchtop 1H NMR spectroscopy and
the complexity of the fermentation media hinder the direct quantification of important
wine parameters and, thus, prevent its widespread use as an analytical tool in wineries.
It is shown that these problems can be solved using model-based data processing. In
a first step, the accuracy of this approach was evaluated by analyzing gravimetrically
prepared test mixtures representing different fermentation stages. In a second step,
benchtop 1H NMR spectroscopy combined with model-based data processing was used
for the online monitoring of real fermentation media. Wine fermentation processes with
different feed strategies (batch and fed-batch) were investigated and compared and the
evolution of important wine constituents as well as effects caused by the different feeding
strategies were monitored.

In Chapter 3, the problem of peak overlap in benchtop 1H NMR spectroscopy is ad-
dressed by applying 13C NMR spectroscopy that exhibits a much larger chemical shift
dispersion. However, low signal intensities and problems with the premagnetization
of flowing samples in 13C NMR hamper its use in process monitoring. In this work,
it is shown that both problems can be overcome by using 1H-13C polarization trans-
fer methods. Two ternary test mixtures (one with overlapping peaks in the 1H NMR
spectrum and one with well-resolved peaks, which was used as a reference) were stu-
died with a 1 T benchtop NMR spectrometer using the polarization transfer sequence
PENDANT. The mixtures were quantitatively analyzed by PENDANT-enhanced 13C
NMR experiments in stationary as well as in flow experiments, and the results were
compared to the gravimetric sample preparation and with results of standard benchtop
1H and 13C NMR spectroscopy without polarization transfer. Furthermore, as a test
for a process monitoring application, continuous dilution experiments were carried out
and the composition of the mixture was monitored by benchtop 13C NMR spectroscopy
with PENDANT using a flow setup.

In Chapter 4, 1H-13C polarization transfer methods are applied for the determination
of self-diffusion coefficients in liquids, since this important physical property can be
measured with high precision by NMR. In most cases, 1H NMR spectroscopy is used
to determine self-diffusion coefficients but the signals of mixtures in 1H NMR spectra
often overlap. In contrast, the sensitivity of 13C NMR is significantly lower than that of
1H NMR spectroscopy leading to very long measurement times, which makes diffusion
coefficient measurements based on 13C NMR practically infeasible with benchtop NMR
spectrometers. To circumvent this problem, two known pulse sequences were combined,
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one for polarization transfer from 1H to the 13C nuclei (PENDANT) and one for the
measurement of diffusion coefficients (PFG). The new method (PENPFG) was used
to measure the self-diffusion coefficients of three pure solvents (acetonitrile, ethanol,
1-propanol) as well as in their binary mixtures and the ternary mixture at various
compositions. For comparison, measurements of the same systems were also carried out
with a standard PFG-NMR routine on a high-field NMR instrument.

In Chapter 5, the problem of insufficient premagnetization of flowing samples and low
signal intensities is addressed by hyperpolarization by Overhauser Dynamic Nuclear
Polarization (ODNP). ODNP operates on short time scales and results in strong 1H and
especially in very strong 13C signal enhancements. Benchtop 13C NMR spectra with
ODNP enhancement acquired in continuous-flow are reported. Two ODNP approaches
were investigated: direct ODNP, which transfers the polarization of unpaired electrons
to 13C nuclei via direct hyperfine coupling, and indirect ODNP, in which the electron
polarization is first transferred to 1H nuclei before a polarization transfer pulse sequence
finally transfers the polarization to the 13C nuclei. Experiments were carried out for
three pure solvents and one mixture for different flow rates.

Finally, in Chapter 6, the hyperpolarization technique ODNP was used for quantitative
analysis of binary mixtures. ODNP has never been used before for the quantitative
analysis of mixtures - probably because NMR signal enhancements by ODNP can vary
greatly for different molecules, making quantitative analysis of mixtures difficult. In this
work, it is shown that this problem can be solved by a robust calibration: three binary
mixtures were studied as test cases in a wide range of concentrations by ODNP-enhanced
1H and 13C NMR spectroscopy in continuous-flow experiments with a benchtop NMR
spectrometer using a new tailored calibration procedure.
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2 Online Monitoring of
Fermentation Processes

2.1 Introduction

Wine production is among the oldest production technologies used by mankind and
continues to evolve quickly. In 2023 the global wine market size was about 429 billion
US-$ [37]. The quality of the wine obviously depends critically on the grapes, but
also on their processing, in which the fermentation plays a key role. For optimization
and decision making during wine production, it is highly desirable to have reliable,
informative, and quick methods for assessing the quality of the grape must obtained
from pressing (the feed of the fermentation) and for monitoring the fermentation itself
[38, 39].

Several analytical technologies are available, ranging from simple sensors for pH mea-
surement and portable refractometers for juice density determination to more sophis-
ticated methods such as high pressure liquid chromatography (HPLC) [40], gas chro-
matography coupled to mass spectrometry (GC-MS) [41, 42] and optical spectroscopy.
For process monitoring applications, optical spectroscopy is established. Different tech-
niques have been applied, such as Raman, UV-Vis and, in particular, Fourier transform
infrared (FT-IR) spectroscopy [43–45]. Many studies have shown that FT-IR spec-
troscopy is able to monitor the entire winemaking process with little sample preparation;
from the analysis of grape must, to the quantification of compounds during the vinifica-
tion step, to the examination of finished wines [46–54]. However, FT-IR has some major
drawbacks: The strong absorption bands of water in the IR spectrum cause problems
with the sensitivity and the analysis of highly diluted compounds [44]; peak overlap is
common and hinders quantification, and, last but not least, different components have
different extinction coefficients, that also depend on the composition of the mixture,
which makes a tedious calibration necessary [55]. The latter is especially problematic
when analyzing temporal changes in the composition as during fermentation. To ad-
dress the problems with peak overlap FT-IR data analysis requires statistical methods
(chemometrics) such as Partial Least Squares (PLS) regression and Principal Compo-
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nent Analysis (PCA) that require expert knowledge and have limitations for strongly
overlapping peaks [55–58]. These drawbacks prevent the widespread use of FT-IR as an
online/inline PAT in large wineries.

NMR spectroscopy is an excellent tool for reaction and process monitoring because it
combines several advantages: it allows a non-invasive quantification of (even highly
dilute) components in a complex mixture without prior external calibration, does not
require extensive sample preparation and can be used in a bypass configuration [8].
Since many years, high-field NMR spectroscopy has been widely used to elucidate the
composition of wine and other beverages, revealing details that even can be used to
reliably detect product fraud [59–73]. Suppliers of NMR spectrometers offer automated
wine profiling packages based on high-field NMR measurements. However, high-field
NMR spectrometers have high acquisition and operating costs and are basically only
used by specialized research and analytical laboratories. They are not suited for field
studies.

The advent of compact, robust and comparatively inexpensive benchtop NMR spec-
trometers using permanent magnets has greatly extended the application field of NMR
spectroscopy. However, the relatively low magnetic field strength of benchtop NMR
spectrometers results in low spectral resolution, which causes significant peak overlap in
1H NMR spectra of complex mixtures, such as wine or fruit juice, hindering quantitative
analysis by conventional direct peak integration. The use of benchtop 13C NMR spec-
troscopy, which offers a much higher chemical shift dispersion, is not an alternative in
this case because of its low sensitivity hindering the detection of highly diluted species,
that are of interest here, in a reasonable measurement time. However, benchtop NMR
spectroscopy has already been used for online monitoring of fermentation processes from
bioprocess engineering [24, 34, 36, 74], in which the systems were not as complex as wine
and the task was the quantification of some key compounds and not a comprehensive
analysis. In these studies, calibration procedures and internal standards were employed
to enable quantitative analysis.

In recent work, Matviychuk et al. have developed a model-based data processing ap-
proach that addresses the issue of peak overlap in 1H NMR spectroscopy by applying
quantum mechanical models [75–77]. The quantum mechanical models are formulations
that basically consist of only a few NMR parameters: the chemical shifts and the J-
coupling constants, which can be determined either experimentally or, in particular,
can be obtained from NMR databases, since these parameters are field invariant. The
models of each individual component are then used to predict the NMR peaks, including
the characteristic peak patterns of each species, and the corresponding 1H NMR spec-
trum of the complex mixture as a whole. The model-based data processing approach
incorporates an algorithm that uses a Bayesian formulation to robustly fit the generated
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peaks to the experimental 1H NMR spectrum, enabling the automated quantification of
the complex mixture. This approach has been successfully applied to the reaction mon-
itoring of the glycerol esterification using benchtop NMR spectrometer, demonstrating
its ability to quantify a time-varying but less complex mixture than wine or grape must
[78].

In another work, Matviychuk et al. [79] have successfully demonstrated that the model-
based data processing approach can also be used to analyze wine and other beverages
(samples at rest) with benchtop 1H NMR spectroscopy. A software package with a
graphical user interface has been developed that contains the quantum mechanical for-
mulations of a large number of wine ingredients and can automatically identify as well
as quantify the components. This software package will be referred to as AutoWine-
tool. Quantitative analysis of the mixture required two 1H NMR experiments, both
with 13C decoupling and one also using water presaturation. Maleic acid was added
to adjust the pH, and potentially act as an internal standard. These measurements
were able to quantify the major components of wine. For accurate quantification of the
minor constituents, Matviychuck et al. [79] performed measurements on dry extracts,
i.e. samples from which the ethanol was removed by evaporation and reconstituted in
deuterated water. The requirement to add maleic acid and produce a dry extract mean
the previously published method is not suitable for online monitoring of a fermentation
process.

In this work, we explore the application of benchtop 1H NMR spectroscopy together
with the AutoWine-tool for online monitoring of wine fermentation - without using an
internal standard and without the need to study a dry extract. The AutoWine-tool was
used to quantify a large number of major (glucose, fructose, ethanol, glycerol, and malic
acid) and of minor components (acetic acid, citric acid, and succinic acid) encountered in
wine fermentation. The method was evaluated on gravimetrically prepared test mixtures
representing different compositions similar to those found during a wine fermentation.
The measurements were carried out by 1H NMR spectroscopy with 13C decoupling
without water presaturation. Hence, the experimental workload was greatly simplified
when compared to the previously published method.

Two different fermentation strategies were compared with each other: the standard
batch fermentation and a fed-batch fermentation. In the latter strategy, grape juice is
stepwise added to the bioreactor. This reduces the concentration of acetic acid, since
the yeast (Saccharomyces cerevisiae) is less exposed to osmotic stress due to the reduced
sugar concentration as shown by Frohmann & Orduña [80]. The goal was to find out
whether the new analytical method can also be used to study kinetic processes during
wine fermentation.
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2.2 Experimental Section

2.2.1 Chemicals & Sample Preparation

An overview of the chemicals that were used for the preparation of the test mixtures
is given in Table 1. Ultrapure water with a resistivity of 18.2 MΩ cm was produced in
a Starpure’s OmniaPure UV/UF-TOC water treatment system. For the fermentation
experiments sterilized grape juice (Riesling of 2021 from the region Palatinate, Ger-
many, prepared by Südpfalz Saft) was used. Yeast (Sacharomyces cerevisiae, Lalvin
ICV D47, lyophilized) was purchased from Lallemand. For nitrogen supply during the
fermentation, yeast nutrient Vitamon Combi of Erbslöh (containing (NH4)2HPO4 and
thiaminhydrochloride) was used.

Table 1: Chemicals used in this work including the suppliers and the purities as spec-
ified by the suppliers.

Chemical Supplier Purity

Acetic Acid Sigma-Aldrich C 99.7%

Citric Acid Acros Organics C 99.5%

Ethanol Merck C 99.9%

D(-)-Fructose Tokyo Chemical Industry C 99.0%

D(+)-Glucose Carl Roth ACS grade

Glycerol Thermo Scientific C 99.6%

DL-Malic Acid Sigma Aldrich C 99.0%

Maleic Acic Carl Roth C 99.0%

Succinic Acid Tokyo Chemical Industry C 99.0%

Three test mixtures of different compositions with a volume of 200 ml containing water,
glucose, fructose, ethanol, glycerol, acetic acid, citric acid, malic acid, and succinic
acid were prepared gravimetrically using a laboratory balance (XS603S DeltaRange,
Mettler Toledo, accuracy: �0.001 g). The composition of these mixtures was chosen
to resemble those encountered in wine fermentations. The mixtures are referred to
as Mixture 1 (start of fermentation, high sugar concentration), Mixture 2 (middle of
fermentation) and Mixture 3 (end of fermentation, high ethanol concentration). The
density of each mixture (at 26.5 °C, the operating temperature of the benchtop NMR
spectrometer) was determined by a densimeter (Anton Paar SVM 3000, validated on
water at 20 °C, uncertainty: �1 g l-1 [81]) in order to calculate the concentration in
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g l-1 of the components. A detailed specification of the composition of these mixtures
is given in the Appendix A. The uncertainty of the concentration of each component in
the mixtures is about �1 %. For the study of each mixture, three NMR sample tubes of
each mixture (with an outer diameter of 5 mm, purchased from Magritek) were prepared
each containing a volume of 0.7 ml.

2.2.2 Hardware and Experimental Procedure

2.2.2.1 Measurement of Synthetic Wine Mixtures

1H NMR experiments with 13C decoupling were performed on a Spinsolve 80 Carbon
Ultra benchtop NMR spectrometer (Magritek) with a magnetic field strength of 1.88 T,
corresponding to a 1H Larmor frequency of 80 MHz. The pulse sequence is available in
Magritek’s Spinsolve pulse sequence library. The 1H NMR experiments were conducted
with the following parameters: 6.4 s acquisition time, 16 k data points, 90° excitation
pulse, and 16 scans. The repetition time was set to 60 s to ensure full premagnetization of
all components for quantitative analysis. The obtained 1H NMR spectra were analyzed
with the AutoWine-Tool (version 0.1.0) to determine the composition of the sample
mixtures. Details regarding the quantum mechanical formulations and parameters, the
fitting algorithm and the error calculations are given in the works of Matviychuck et
al. [75–77, 79]. All three sample tubes of a mixture were analyzed to calculate mean
values and standard deviations which are displayed as error bars in the corresponding
figures. The results were compared to the known concentrations of the gravimetrical
sample preparation which are considered as the ground truth.

2.2.2.2 Online Monitoring of Wine Fermentation

Figure 1 shows a scheme of the laboratory scale fermentation unit, in which the batch
and fed-batch experiments were carried out. The fermentation was performed in a
custom made double jacketed glass reactor with a total volume of 250 ml. The fermen-
tation temperature was controlled with a thermostat (F25-HE, Julabo). The tempe-
rature and pH value of the fermentation broth were measured with a combined sensor
(InPro3100/225/PT100, Mettler Toledo). An outlet for the CO2 produced during the
fermentation was provided by a fermentation airlock (filled with water), which also
prevented contact with ambient air to keep anaerobic conditions in the fermenter. To
provide additional grape juice in the fed-batch experiments, the reactor was connected
to a dosing pump (765 Dosimat, Metrohm) that fed fresh juice from a storage container
with a volume of 1 l into the reactor. The fermenter broth was continuously stirred with
a magnetic stirrer (Topolino, IKA-Werke).
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The composition in the fermenter was monitored by benchtop 1H NMR spectroscopy.
The NMR spectrometer (Spinsolve 80 Carbon Ultra, Magritek) was equipped with a
glass flow cell (Spinsolve Reaction Monitoring Kit RM, Magritek) which had an inner
diameter of 4 mm in the active region and an inner diameter of 1 mm at the inlet
and outlet. The NMR spectrometer was connected to the fermenter by a sample loop
driven by a peristaltic pump (Minipuls 3, Gilson). A 10 µm solvent filter (Upchurch
Scientific) at the inlet of the loop was used to retain solids. A microfluidic bubble
trap (Diba Omnifit) for CO2 release was mounted in the sample loop of the benchtop
NMR spectrometer. All components of the setup were connected with PEEK and PTFE
capillaries (inner diameter 1.0 mm).

The flow rate in the sample loop was set to 0.3 ml min-1 and was permanently activated
in all experiments, corresponding to a mean transport time from the fermenter to the
active volume of 14 min, for details see Supporting Information. The large time delay
is no problem as the fermentation is slow. The chosen flow rate is low enough to ensure
a sufficient premagnetization for the quantitative analysis of the components as well as
to prevent flushout of the sample from the active region during NMR acquisition.

Batch and fed-batch experiments were initiated by adding 0.06 g of yeast to 50 ml
grape juice provided in the reactor. The grape juice was maintained at 35 °C and
was stirred for at least 20 min to dissolve and activate the yeast before lowering the
temperature to a fermentation temperature of 20 °C. Additional grape juice was added
to the reactor: 150 ml for batch mode and 50 ml for fed-batch mode. After stirring, the
sample loop was switched on and a script for automatic 1H NMR spectra acquisition
(13C decoupling, 3.2 s acquisition time, 16 k data points, 90° excitation pulse, 16 scans,
repetition time 15 s) was started on the benchtop NMR spectrometer, acquiring a 1H
NMR spectrum every 30 min. After 48 h of fermentation, yeast nutrient (0.01 g) was
added to the reactor. In the fed-batch experiments, after an initial fermentation time of
48 h, 100 ml of additional grape juice was fed into the reactor in 4 tranches every 24 h.
All fermentations were stopped after 200 h. The batch experiment was repeated once,
the fed-batch experiment was repeated twice with the identical parameters to verify the
reproducibility of the experiments.
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Figure 1: Scheme of the experimental setup for fermentation experiments in batch and
fed-batch mode.

2.3 Results and Discussion

2.3.1 Measurement of Synthetic Wine Mixtures

Figure 2 shows the 1H NMR spectra of Mixture 1, Mixture 2, and Mixture 3 (with peak
assignments). The three mixtures contain 8 constituents at different concentrations,
and represent the different stages of the wine fermentation (see Appendix A). The most
important differences between these three mixtures are their sugar content (glucose and
fructose) and their ethanol content, since these major components are consumed and
produced, respectively, during fermentation. Due to the low chemical shift dispersion
of the 1H NMR spectra, major peak overlaps are observed. In particular, in the range
of 3 to 4 ppm, the peaks of the components glucose, fructose and glycerol overlap with
each other and with the CH2-peak of ethanol, preventing a quantification by direct peak
integration. This is why the AutoWine-tool of Matviychuck et al. [79] was used here.
The NMR peaks of the acids (acetic acid, citric acid, malic acid and succinic acid) are
located in the range of 2 to 3 ppm and are reasonably well resolved, but the acid content
is very low and therefore difficult to quantify, due to the small SNR. The AutoWine-tool
is able to identify each component and automatically fit the mathematical peak model
of the molecules to the experimental 1H NMR spectrum.
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Figure 3 shows the results of the quantitative analysis of Mixture 1, Mixture 2, and
Mixture 3 by the AutoWine-tool which are compared to the values of the gravimetric
sample preparation. The numerical results are given in the Appendix A.

Figure 2: 1H NMR spectra of Mixture 1, Mixture 2, and Mixture 3.

The results of the 1H NMR experiments combined with the analysis by the AutoWine-
tool are in overall good agreement with the ground truth for each mixture. It can be seen
that both highly concentrated and, in particular, less concentrated components can be
correctly quantified by the AutoWine-tool. For the minor components acetic acid and
succinic acid, very good agreement with the ground truth was found. As these peaks
are rather well separated (compare Figure 2), the AutoWine-tool robustly identifies and
quantifies these components. In contrast, citric acid and malic acid strongly overlap with
each other. The AutoWine-tool is still able to reliably distinguish the corresponding
signals and accurately quantify both components.
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Figure 3: Comparison of the results of Mixture 1, Mixture 2, and Mixture 3 obtained
by the 1H NMR experiment combined with the quantitative analysis by the
AutoWine-tool with the concentrations of the gravimetric sample prepara-
tion. Inserts are provided showing the concentration of the components that
are less than 3.5 g l-1 in the corresponding mixture.

The largest deviations from the ground truth are found for glucose and fructose as well
as for glycerol. Since the signals of these molecules strongly overlap with each other
and are additionally disturbed by the CH2-peak of ethanol, modeling and fitting of
the corresponding peaks is challenging. In particular, the AutoWine-tool has issues in
identifying and quantifying glucose and fructose if their respective concentrations are
too low, which is the case for Mixture 3. Interestingly, for glucose the deviations from
the ground truth are comparatively smaller as this carbohydrate has anomeric protons
(located at 5.2 ppm) which can be used for the quantification. However, for lower
concentrations these signals also disappear under the water signal, thereby limiting
their detection (see Figure 2, Mixture 3). The application of 1H NMR experiments
with 13C decoupling as the only acquisition method is not sufficient to quantify these
components with high accuracy in this case.

Furthermore, there is a small systematic underestimation of the concentrations provided
by the AutoWine-tool for nearly all components. One reason for this is the fitting error of
the water peak due to its lineshape (see Appendix A): the water content is overestimated
resulting in an underestimation of all other components. Another reason might be
the density of the mixtures. The AutoWine-tool calculates the density by using the
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densities of the pure components, weighted by the corresponding mole fractions of these
components obtained from the 1H NMR spectra (excess values are neglected). Details
about the estimation of the density are described in the work of Matviychuk et al. [79].
The density is used to calculate the concentration of the mixture under investigation.
The values obtained by the AutoWine-tool are underestimated compared to those from
the measurement by the densimeter. The results are given in the Appendix A.

Matviychuck et al. [79] have suggested to perform additional 1H NMR experiments
with suppression of the water signal. In addition, the internal standard maleic acid was
provided to improve the quantitative analysis. These experiments were also carried out
but no significant improvements could be observed. Details regarding these experiments
are given in the Appendix A.

In summary, it is possible to accurately quantify multiple species in complex mixtures
over a wide concentration range by using only a simple 1H NMR experiment in combi-
nation with the AutoWine-tool. This is beneficial for the online monitoring of a con-
tinuously changing system, such as the fermentation of grape juice. The quantification
can be performed without any prior calibration or additional experimental efforts.

2.3.2 Online Monitoring of Wine Fermentation

The results of the online monitoring of the batch fermentation of grape juice are dis-
played in Figure 4. Only data points for each full hour are shown. Results from the
replicated experiment as well as individual results for all studied components are pro-
vided in the Appendix A. Figure 4 shows that there are only a few outliers in the data;
they can be explained by gas bubbles interfering with the signal acquisition. These
bubbles were either not completely removed by the bubble trap or were formed in the
transport line.

The evolution of the concentrations of the individual components can be resolved very
well during the course of the 200 h fermentation. A significant change in the concen-
tration is observed for the major components glucose, fructose and ethanol: glucose as
well as fructose continuously decrease in concentration while ethanol increases after a
lag-phase of about 24 h, as expected. Glucose is consumed significantly faster by the
yeast than fructose, which is consistent with the general glucophilie of saccharomyces
yeast [52]. At the end of the fermentation a maximum ethanol concentration of 70 g l-1

was achieved.
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Figure 4: Results of the monitoring of the batch fermentation of grape juice (single
experiment) by 1H NMR spectroscopy over 200 h. Left: major components
glucose, fructose, ethanol, glycerol, and malic acid. Right: minor components
acetic acid, citric acid and succinic acid.

Glycerol is a by-product of the anaerobic fermentation of yeast. It is formed during
the glycolysis of glyceraldehyde-3-phosphate. It it is known that, high initial sugar
concentration of the grape juice induces high glycerol formation as it reduces the osmotic
stress for the yeast [82]. Glycerol concentrations in commercial wines are in the range
between 5 to 15 g l-1 [83], the average value is about 7 g l-1 [82]. In the batch fermentation
shown in Figure 4, the concentration of glycerol continuously increases from an initial
concentration of 1.4 g l-1 to about 8 g l-1.

Malic acid is produced and degraded during the ripening process of the grapes and not
by the yeast itself. Mature grapes contain between 2 and 6.5 g l-1 of malic acid [84].
Hence, the concentration of malic acid remains constant during the fermentation, it is
about 5 g l-1 in the present study. The monitoring of the concentration of malic acid
is important, as a decrease indicates malo-lactic fermentation induced by lactic acid
bacteria, which did not occur here.

Succinic acid is a metabolite of the citric acid cycle of yeast [84, 85]. Due to the anaerobic
conditions, the cycle is interrupted. This results in the production of large amounts of
succinic acid which is indicated by the continuous increase in the concentration as shown
in Figure 4. As a consequence, the pH drops, which was monitored here by the pH sensor
(from pH = 2.9 to pH = 2.7, see Appendix A). Furthermore, the concentration evolution
is similar to that of ethanol and a lag-phase can also be identified. The maximum
concentration of succinic acid achieved in the batch fermentation is 1.3 g l-1. Typical
concentration levels of succinic acid are 0.2 to 2 g l-1 [85], which makes it the main acid
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produced during alcoholic fermentation of wine. The measured concentration during
the fermentation is in the range given in the literature [85].

Citric acid is also an intermediate in the citric acid cycle of yeast. It can also be
present in the grapes [84], but in the juice only minor amounts were found, see Figure 4.
During the fermentation some citric acid is formed. However, a sudden jump in the
concentration to about 0.5 g l-1 is recognized due to unknown reasons at around 88 h of
fermentation. After that, the concentration of citric acid remains constant, which is in
the expected range [84].

In every wine fermentation, acetic acid is formed, leading to final concentrations between
0.1 and 0.3 g l-1 [86]. The formation mechanism is still subject of current research. In
the experiment the formation of acetic acid was observed especially in the early phase
of the fermentation when the sugar concentration is high and yeast produce acetic
acid in osmotic stress reaction. In the later phase of the fermentation, the acetic acid
concentration even slightly decreases. The observation supports the hypothesis that
acetic acid is formed by enzymatic oxidation of acetaldehyde, which is known to be
favored at high sugar concentration [86]. Thus, the fed-batch fermentation is a strategy
to counteract the formation of acetic acid.

Figure 5 shows the results of the online monitoring of a fed-batch fermentation of grape
juice. Again, only the data points for each full hour are given. The results of the
two replicated experiments and the individual results for all studied components are
provided in the Appendix A.

The evolution of the concentrations of the individual components during the fed-batch
fermentation shows the same trend as already discussed for the batch fermentation.
However, for the highly concentrated components glucose, fructose, and ethanol, four
significant concentration jumps are recognized. This is attributed to the fact that ad-
ditional grape juice was added to the reactor as feed at that time. Carbohydrates were
added to the fermentation broth while ethanol was diluted. Glycerol and succinic acid
also show concentration jumps, but they are less pronounced. In contrast, the malic
acid concentration remains constant during the fermentation, similar to the batch fer-
mentation, as this component is a constituent of the grape juice and occur in the same
concentration in the fermenting wine and added grape juice. However, no significant
concentration jumps due to the addition of grape juice are observed for acetic and citric
acid, as these small concentration changes may be difficult to detect. But similar to
the batch fermentation, for citric acid a sudden concentration increase is recognized at
around 90 h of fermentation which is verified by the repetition experiment as well.
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Figure 5: Results of the monitoring of the fed-batch fermentation of grape juice (single
experiment) by 1H NMR spectroscopy over 200 h. The vertical dashed lines
indicate the times at which grape juice was added to the reactor. Left: major
components glucose, fructose, ethanol, glycerol, and malic acid. Right: minor
components acetic acid, citric acid and succinic acid.

Both operating modes, which only differ in the stepwise addition of grape juice, are
explicitly compared for the components glucose, ethanol, glycerol, and acetic acid which
is illustrated in Figure 6. The major components glucose and ethanol show the same
overall concentration evolution for both batch and fed-batch fermentation. In addition,
the same concentration levels were achieved at the end of the fermentation. For glycerol,
a slight reduction of the glycerol concentration is observed in the fed-batch fermenta-
tion due to the reduced osmotic stress [82]. In contrast, for acetic acid, a significant
difference can be observed when comparing the two operating modes: A lower acetic
acid concentration is obtained for the fed-batch fermentation. The largest difference
in the concentration is found for a fermentation time of about 100 h. The results are
in agreement to the findings of Frohmann & Orduña, who also proposed the use of
fed-batch fermentations to counteract acetic acid formation [80]. However, the concen-
trations of acetic acid in batch and fed-batch fermentations equalize over the course of
the fermentation. The replicated experiments confirm this observation and indicate the
same trend. This is due to the relatively low sugar concentration of the grape juice used
in this work. In comparison, the sugar concentration of the juice used by Frohmann
& Orduña was up to 340 g l-1[80], leading to larger differences in the acetic acid con-
centration between the two fermentation strategies because of the significantly larger
osmotic stress. Furthermore, the loss of the acetic acid can be partially reasoned by a
formation of ethylacetate due to esterase activities of the saccharomyces yeast. However,
the strengths of the analytical method were made clear here: In the wine production, it
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is possible to stop or modify the fermentation at a certain time and to obtain a small
acetic acid concentration, because the process can be continuously monitored with high
temporal resolution.

Figure 6: Comparison of the results of the batch and the fed-batch fermentation of
grape juice for glucose, ethanol, acetic acid, and glycerol. The batch and
fed-batch experiments are basically identical, the only difference is that in
the fed-batch experiment, the addition of the grape juice was done stepwise.
The times of the addition are indicated by vertical dashed lines.

2.4 Conclusions

In this work, the usefulness of benchtop 1H NMR spectroscopy for online monitor-
ing of wine fermentations has been successfully demonstrated. The application of the
AutoWine-tool, which incorporates quantum mechanical formulations, for the analysis
of the complex wine matrix enables the straightforward quantification of many parame-
ters that are otherwise inaccessible due to large peak overlap in the 1H NMR spectrum.
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The approach was validated by the quantitative analysis of three test mixtures to prove
the reliability of the method. In contrast to the previous work by Matviychuk et al.
[79], it was found that a simple 1H NMR experiment with 13C decoupling is sufficient
to provide accurate results. Based on these findings, batch and fed-batch fermentations
were investigated using this method. Major as well as minor wine components could be
quantified and their evolution during the fermentation was monitored.

The present study provides a tool for winemakers to gain a better insight of the wine
production process and to use this information to suggest optimization measures. Since
the quantification of many wine constituents during the fermentation can be conducted
simultaneously without the need for any calibration or sample preparation, no extensive
training or introduction to the technology is required. Furthermore, the analysis can be
easily performed without disturbing the production process by implementing a bypass
setup to existing fermentation tanks in wineries. High temporal resolution data can be
obtained if desired. This provides a detailed insight into the fermentation process, allow-
ing easy assessment of the yeast performance and its response to external manipulation
or the detection of sluggish fermentation.
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3 Polarization Transfer Methods for
Quantitative Analysis of Flowing
Mixtures

3.1 Introduction

The seemingly most simple way to tackle the peak overlap problem is to switch from 1H
NMR to 13C NMR [87–89]. Peak overlap problems are rare in 13C NMR spectroscopy,
due to the higher chemical shift dispersion of 13C compared with 1H. Moreover, 1H
decoupling sequences can be used to avoid peak splitting resulting in 13C NMR spectra
consisting only of singlet peaks which provide larger sensitivity and selectivity. However,
this big advantage of 13C NMR comes at the cost of a much poorer SNR compared with
1H NMR, caused by the low natural abundance of 13C nuclei and their low gyromagnetic
ratio. This is particularly detrimental for benchtop NMR spectrometers because of
their low magnetic field strength, and often results in extremely long measurement
times needed to obtain useful 13C NMR spectra. In addition, 13C nuclei have a long
magnetization build-up time in flow applications due to the long spin-lattice relaxation
time T1,13C, which is several times higher than that of 1H nuclei. This causes problems
with the premagnetization of flowing samples, which are worsened by the fact that the
premagnetization volumes in benchtop instruments are low, due to their compact design
[2, 90]. The premagnetization problem can be tackled with paramagnetic relaxation
agents which, however, complicate the measurement [91]. Furthermore, for routine
measurements in industry, the agents must meet high stability requirements, and the
technique is still far from being routine.

The application of polarization transfer pulse sequences can solve all problems mentioned
above: They provide a fourfold signal enhancement of the 13C signal via polarization
transfer from scalar coupled 1H spins. In addition, the repetition delay between suc-
cessive scans can be reduced, since the much shorter spin-lattice relaxation time T1,1H

of 1H nuclei is used for magnetization build-up, which also substantially lessens the
problems with flowing samples. This combination of advantages of polarization transfer
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pulse sequences makes them highly attractive for process monitoring applications with
benchtop NMR.

Commonly used polarization transfer pulse sequences are INEPT and DEPT [92–94].
However, these sequences cannot detect quaternary carbon atoms, i.e. the correspond-
ing information is lost. The lesser known polarization transfer sequence PENDANT
(abbreviation for polarization enhancement that is nurtured during attached nucleus
testing) of Homer and Perry [95, 96] combines several advantages: enhancement of 13C
signals to which 1H atoms are bound, selective excitation of functional carbon groups
(CH3, CH2, CH) and detection of quaternary carbon atoms. Polarization transfer tech-
niques have not been used before for quantitative process monitoring with benchtop
NMR spectroscopy, particularly not for flowing samples.

To demonstrate the feasibility of using polarization transfer techniques for the quantita-
tive analysis of mixtures with benchtop NMR, experiments have been carried out with
two test mixtures using the polarization transfer sequence PENDANT. The mixtures
were analyzed quantitatively in stationary and flow experiments. The results obtained
with the polarization transfer sequence PENDANT were compared with the gravimet-
rically determined concentrations and results from standard 1H and 13C NMR analysis.
Furthermore, a continuous dilution experiment was carried out that is considered here
as a proxy of a dynamic process, and the 13C NMR PENDANT technique was applied
for its monitoring.

3.2 Experimental Section

3.2.1 Chemicals and Sample Preparation

The chemicals used in this work are summarized in the Appendix B. They were used
without further purification. Two test systems were investigated:

• System 1: acetonitrile (ACN) + dimethyl sulfoxide (DMSO) + ethyl formate (EF),
in which all peaks are well-separated in the 1H NMR spectrum.

• System 2: acetonitrile (ACN) + acetone (ACT) + ethyl formate (EF), in which
peaks overlap in the 1H NMR spectrum.

Mixtures of different compositions were prepared gravimetrically with a laboratory bal-
ance (Delta Range XS603S, Mettler Toledo) with an accuracy of �0.001 g; Table 2 gives
an overview.
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Table 2: Overview of the studied mixtures.

System 1: ACN + DMSO + EF System 2: ACN + ACT + EF

xACN xDMSO xEF xACN xACT xEF

Mixture mol mol-1 Mixture mol mol-1

1.A 0.333 0.333 0.334 2.A 0.333 0.333 0.334

1.B 0.700 0.150 0.150 2.B 0.700 0.150 0.150

1.C 0.150 0.700 0.150 2.C 0.150 0.700 0.150

1.D 0.150 0.150 0.700 2.D 0.150 0.150 0.700

3.2.2 NMR Hardware and Experiments

All experiments were carried out with a benchtop NMR spectrometer from Magritek
(Spinsolve Carbon) with a magnetic field strength of B0 � 1 T corresponding to a 1H
Larmor frequency of v0 � 42.5 MHz. The polarization transfer pulse sequence PEN-
DANT for the signal enhancement in the 13C NMR spectrum was implemented on the
benchtop NMR spectrometer with the software Spinsolve Expert (Magritek). The evo-
lution delays as well as the phase cycle were adopted as published by Homer & Perry
[95, 96]. An inverse-gated decoupling sequence (WALTZ-16) for 1H decoupling during
the acquisition of the FID is included. The experiment is referred to as 13C NMR PEN-
DANT in the following and is illustrated in the Appendix B. The evolution delays of
the pulse sequence are given in the Appendix B. Depending on the setting for the scalar
coupling constant 1JC,H between the carbon and the scalarly coupled proton, either the
signal of CH3-, CH2- or CH-group is fully enhanced. In this work, the 1JC,H was set to
fully enhance the CH3-group of each molecule.

3.2.2.1 Stationary Experiments

The stationary experiments were executed in NMR sample tubes with an outer diameter
of d � 5 mm (Magritek). The spin-lattice relaxation times T1,1H and T1,13C were deter-
mined with the inversion recovery experiment from the standard operating software of
the spectrometer.

The quantitative analysis of the mixtures was performed using a 1H NMR, 13C NMR
and the 13C NMR PENDANT experiment controlled by the Spinsolve Expert software.
1H NMR experiments were executed with an acquisition time of 6.4 s, 32 k data points,
4 scans and a 90° excitation pulse. The parameters for the 13C NMR as well as the
13C NMR PENDANT experiment were: 3.2 s acquisition time, 16 k data points, and
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128 scans. For the 13C NMR experiments a 90° excitation pulse and a WALTZ-16
decoupling sequence during the acquisition were applied. The repetition time in all
experiments was set to guarantee a sufficient magnetization recovery of the sample with
at least 5 times T1.

All spectra were postprocessed with the automatic baseline and phase correction tool
SINC [97, 98]. The determination of the SNR as well as the integration of the peaks for
the quantitative analysis were performed in MestRenova. The overlapping peaks in the
1H NMR spectrum in System 2 were analyzed with the Global Spectral Deconvolution
(GSD) tool included in MestRenova. The mole fraction of a component in the ternary
mixtures was determined by the normalized peak integral fraction of that component
with respect to all components in the mixture. For the quantitative analysis only the
signal of the CH3-group of each component was considered. The uncertainties of the re-
sults for the mole fractions that are reported here were determined from the uncertainty
of the peak areas as described in the Appendix B. For evaluating the 13C NMR PEN-
DANT experiment, the relative deviation (∆i,rel), the root mean squared error (RMSE)
and the mean absolute error (MAE) are used:

∆i,rel � �xi,method � xi,reference

xi,reference
�100% (1)

RMSE �

¿ÁÁÁÁÀ
N

P
i�1
�xi,method � xi,reference�2

N
(2)

MAE �

N

P
i�1
Sxi,method � xi,referenceS

N
(3)

Here, i denotes the component, N the total number of concentrations determined by
that method and xi the mole fraction of component i. Calculating the MAE and RMSE
as error scores is a common practice in data science. While MAE provides a measure of
the absolute error between the method and the reference, RMSE penalizes large errors
more strongly, thus highlighting the impact of outliers. A direct comparison of MAE
and RMSE provides insight into the underlying error distribution. If the RMSE is much
higher than the MAE, the score is usually strongly influenced by outliers.

3.2.2.2 Flow Experiments

Figure 7 shows the closed loop setup used for the flow experiments. The liquid feed
mixture was stored in a V � 100 ml feed container. A double piston high-pressure pump
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with damping piston (WADose LITE HP, Flusys) was used to circulate the sample. The
flow rate was measured with an accuracy of �2 % with a Coriolis sensor (Mini Cori-
Flow, Bronkhorst) that was also used to control the pump. The mixture was transported
through PEEK capillaries with an inner diameter of d � 1 mm to the benchtop NMR
spectrometer that was equipped with a glass flow cell (Spinsolve Reaction Monitoring
Kit RM, Magritek). The flow cell has an inner diameter of d � 1 mm at the inlet and
the outlet; in the active region the diameter is d � 4 mm.

Figure 7: Scheme of the setup used for flow experiments.

Flow rates in the range of V̇ � 0.5 to 2 ml min-1 were set in 0.25 ml min-1 steps.
These flow rates correspond to the following flow velocities: capillaries (1 - 4 cm s-1);
detection volume (0.1 - 0.3 cm s-1). For the quantitative analysis of the flowing sample
1H NMR, 13C NMR, and 13C NMR PENDANT experiments were performed with the
same parameters as in the stationary experiments. 13C NMR and 13C NMR PENDANT
experiments were executed with 64 scans. The accumulation of multiple scans was
performed with a delay time td which depends on the investigated mixture as well as on
the observed nucleus and was set according to Equation (4) [5, 13]:

td �
1

1
T1

�
1

tDV

(4)

Here, T1 is the longest spin-lattice relaxation time of the mixture and tDV the residence
time of the spins inside the detection volume, which depends on the adjusted flow
rate. An additional safety margin of 2 s was added to the delay time td calculated from
Equation 4, to ensure a full replenishment of non-excited spins. The postprocessing steps
as well as the quantitative analysis were performed as in the stationary experiments (see
Section 3.2.2.1).
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3.2.2.3 Process Monitoring Experiments

Figure 8 depicts the setup used for the process monitoring experiments, in which a
continuous dilution process was monitored. The setup of flow experiments (see Figure 7)
was adopted and extended by an additional feed container with a total volume of V �

100 ml as well as a second double piston high-pressure pump with damping piston
(WADose PLUS HP, Flusys). A binary mixture (A + B) was placed in the first container.
A third component (C) was stored in the second container and was continuously fed by
the second pump into the container with the mixture. Two dosage rates were used:
V̇ � 0.2 ml min-1 and V̇ � 0.833 ml min-1. The initial volume of the liquid mixture was
about V � 60 ml. A magnetic stirrer (Topolino, IKA-Werke) was used to homogenize
the mixture in the first container.

The setup includes two identical benchtop NMR spectrometers (Spinsolve Carbon,
Magritek). The additional benchtop NMR spectrometer was also equipped with a glass
flow cell (Spinsolve Reaction Monitoring Kit RM, Magritek) and was connected with
PEEK capillaries with an inner diameter of d � 1 mm to the setup. T-pieces in combi-
nation with a needle valve were used to evenly distribute the volume flow of the sample
mixture to the two benchtop NMR spectrometers. The pump, that conveys the ternary
mixture to the benchtop NMR spectrometers, was set to a flow rate of V̇ � 1.5 ml min-1.
The first NMR spectrometer was used for 13C NMR PENDANT experiments (3.2 s
acquisition time, 16 k data points, 16 scans), the second NMR spectrometer was used
for 1H NMR experiments (6.4 s acquisition time, 32 data points, 1 scan) for referencing
purposes. Data were acquired with the second spectrometer in intervals of 15 s.

Figure 8: Scheme of the setup used for process monitoring experiments.
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3.3 Results and Discussion

The T1,1H and T1,13C values of the CH3-group of all components in the investigated
mixtures are given in Table 3. In Figure 9, 1H NMR as well as 13C NMR and 13C NMR
PENDANT spectra are shown for Mixture 1.A and Mixture 2.A, respectively, including
a peak assignment.

It can be seen from Figure 9 that the peaks in the 1H NMR spectrum of Mixture 1.A
are well separated, which holds also for all other mixtures from ACN, DMSO and EF.
A quantification by direct peak integration can be carried out easily. In contrast, in
Mixture 2.B, where DMSO is replaced by ACT, a peak overlap between the CH3-groups
of ACN and ACT occurs in the 1H NMR spectrum. The components can no longer be
quantified by direct peak integration and deconvolution methods must be applied.

In Figure 9, also 13C NMR spectra of the studied mixtures are displayed together with
the peak assignment. Due to the large chemical shift dispersion of 13C there is no peak
overlap. However, the SNR of the 13C NMR spectra is relatively low, despite the high
number of 128 scans. The signal of the CN-group of ACN (C5) is barely visible at
120 ppm, which is attributed to the short spin-spin relaxation time T2 of that group
resulting in a broad signal. Furthermore, the total measurement time of more than
4 h for a single 13C NMR spectrum is extremely long because of the long repetition
time of 5 times T1,13C required for full magnetization recovery, which is necessary for a
quantitative measurement. For use in process monitoring under continuous-flow, this is
not practical.

Figure 9 also shows results from experiments that were carried out using 13C NMR
PENDANT. The settings were chosen so that the full enhancement is obtained for the
signals from CH3-groups, as only these were used for the quantification. The sequence
could have been adjusted to enhance signals from CH2- and CH-group likewise. For the
CH3-groups, an enhancement of the SNR of about 3.5 was obtained; see signals C1 - C3
in Figure 9. A signal from the quaternary C atom in ACT is obtained with PENDANT
(however, as expected without enhancement). This is not the case for other polarization
transfer sequences, such as INEPT and DEPT.

Another advantageous feature of PENDANT (and other polarization transfer methods
such as DEPT) is its selectivity for different functional groups: signals from CH2-groups
as well as from quaternary C atoms are negative, while those from CH3- and CH-groups
are positive, see Figure 9. This is useful for the identification of components in complex
mixtures.
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Another important advantage of polarization transfer is that for the recycle delay, not
the high T1,13C is relevant, but the much lower T1,1H. Therefore, in the experiment
shown in Figure 9, which both had 128 scans, the total experimental time for the 13C
NMR PENDANT experiment was reduced by a factor of 5 compared with the 13C
NMR experiment. In the following it is studied whether 13C NMR PENDANT yields
quantitative results in stationary as well as in flow experiments.

Table 3: Spin-lattice relaxation times T1,1H and T1,13C values of the CH3-groups of each
molecule in the studied ternary mixtures. The RMSE of three measurements
is reported for T1,1H in parentheses and refers to the last digit. For T1,13C no
RMSE is given as the measurement was done only once.

T1,1H for System 1 T1,1H for System 2

ACN DMSO EF ACN ACT EF

Mixture s Mixture s

1.A 3.47 (28) 3.11 (3) 3.37 (2) 2.A 3.73 (4) 3.87 (2) 3.47 (1)

1.B 3.91 (2) 3.36 (2) 3.54 (3) 2.B 3.89 (4) 3.95 (13) 3.52 (16)

1.C 3.05 (5) 2.86 (3) 3.42 (5) 2.C 3.62 (4) 3.96 (1) 3.39 (3)

1.D 3.33 (1) 2.70 (1) 3.31 (1) 2.D 3.73 (2) 3.87 (3) 3.47 (1)

T1,13C for System 1 T1,13C for System 2

ACN DMSO EF ACN ACT EF

Mixture s Mixture s

1.A 16.07 6.53 13.02 2.A 21.71 18.52 13.24

1.B 14.91 8.66 15.17 2.B 15.12 15.16 16.68

1.C 16.37 5.31 11.45 2.C 10.45 17.17 10.84

1.D 19.26 6.83 11.17 2.D 21.71 18.52 13.28
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Figure 9: Comparison between 1H NMR spectra as well as 13C NMR and 13C NMR
PENDANT spectra for Mixture 1.A (top) and Mixture 2.A (bottom), re-
spectively.

3.3.1 Stationary Experiments

Figure 10 shows results from the quantitative analysis of System 1 and System 2 with
conventional 1H NMR and 13C NMR as well as 13C NMR PENDANT experiments. For
comparison also the results from the gravimetric sample preparation are shown, that
are considered here as the ground truth and are depicted as horizontal dashed lines.
Figure 10 shows the results for Mixture 1.C and Mixture 2.C; the corresponding results
for the other mixtures are shown in the Appendix B. The MAE and RMSE values of the
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quantification results of the analyzed mixtures are presented in Table 4. The numerical
results of all experiments are provided in the Appendix B (Table A.11).

Figure 10: Results for the quantification of Mixture 1.C and Mixture 2.C by 1H NMR,
13C NMR and 13C NMR PENDANT experiments. The horizontal dashed
lines are results from the gravimetric sample preparation. The uncertainties
(error bars) for the 1H NMR experiments are within the symbol size. The
concentrations of ACN and EF were equal in both cases.

Figure 10 shows that results from all three methods are generally in good agreement
with the gravimetric reference, which also holds for the other studied mixtures. A closer
inspection, however, reveals some differences (also see Table A.11 which contains the
numerical results in the Appendix B): Firstly, the experimental uncertainty is generally
much lower for 13C NMR PENDANT compared with 13C NMR. However, it is always
higher than for 1H NMR in System 1, which is a result of the fact that they are calculated
from the SNR. Secondly, the results for all methods are quite good for System 1 with
values for the MAE and RMSE of about 0.011 and 0.015, respectively. However, for
System 2, which is analytically more demanding, the results from 13C NMR PENDANT
are better than for 1H NMR and have even smaller errors than the ones obtained for
System 1; see MAE (0.003) and RMSE (0.004). In contrast, the error values for 1H NMR
and 13C NMR are distinctly higher. The larger deviation for the 1H NMR method is due
to difficulties in the deconvolution of the overlapping peaks. Moreover, in comparing
the 13C NMR results to the 13C NMR PENDANT results, it has to be considered that
the latter were obtained in experiments that were about 5 times faster.
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Table 4: MAE and RMSE of the results from the quantification of the studied mixtures
by 1H NMR, 13C NMR and 13C NMR PENDANT.

System 1 System 2

Experiment MAE RMSE MAE RMSE
1H NMR 0.0059 0.0067 0.0201 0.0232
13C NMR 0.0100 0.0127 0.0214 0.0261
13C NMR PENDANT 0.0114 0.0153 0.0029 0.0038

3.3.2 Flow Experiments

All test mixtures were analyzed with 1H NMR, 13C NMR and 13C NMR PENDANT in
flow experiments with different flow rates. The flow rate has an effect on the peak width
determined by the spin-spin relaxation time T �

2 , and on the build-up of magnetization
of the spins determined by the spin-lattice relaxation time T1 [5, 13]. The effect of
increasing flow rates on the 1H NMR, 13C NMR and 13C PENDANT NMR spectra is
shown in Figure 11, using Mixture 2.A as an example.

In the 1H NMR spectra, the SNR is consistently high at all flow rates. However, the 13C
NMR spectra display a very low SNR which decreases at higher flow rates. In contrast,
the 13C NMR PENDANT spectra show a significantly higher SNR. Furthermore, it can
be observed for all experiments that the peak heights decline at higher flow rates while
the linewidths increase. This is due to the shortening of the spin-spin relaxation time
T �

2 and the reduction of the premagnetization time. The peak broadening is especially
disadvantageous in the 1H NMR spectra as it may result in an increased peak overlap, as
it can be seen in the 1H NMR spectra near 2 ppm: the signals of the CH3-groups of ACN
and ACT strongly overlap at high flow rates which causes problems in the quantitative
analysis.

The effect of the shorter premagnetization time at higher flow rates on the peak integrals
acquired by 1H NMR, 13C NMR and 13C PENDANT NMR experiments is illustrated in
Figure 12, using again Mixture 2.A as an example. In all experiments the peak integrals
decrease with higher flow rates. However, the decrease is particularly critical for the 13C
NMR experiment because of the large T1,13C values. In addition, there are significant
differences between the T1,13C values of the different components (see Table 3) causing
an uneven magnetization and, hence, deviations in the quantification. In the 13C NMR
PENDANT experiment, the premagnetization is sufficient throughout and the signal
decrease is equal between each component at all flow rates (a signal drop of 10 % at
V̇ � 2.0 ml min-1 for each component), since the used T1,1H values are small and in a
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similar range, which allows quantitative analysis.

Figure 11: Spectra of the Mixture 2.A acquired with 1H NMR, 13C NMR and 13C
NMR PENDANT experiments at two different flow rates. The peaks of
ACN and ACT are shown. The SNRs are given for the 13C NMR and 13C
NMR PENDANT spectra.
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Figure 12: Peak integrals of the CH3-groups of ACN, ACT and EF in Mixture 2.A
acquired with 1H NMR, 13C NMR and 13C NMR PENDANT experiments
at various flow rates. The error bars are calculated by the SNR of the peak.

In the following, the influence of the flow effects on the quantification of the mixtures
with 1H NMR, 13C NMR and 13C NMR PENDANT experiments is discussed. In Fig-
ure 13 the results obtained in studies of the Mixture 1.C and Mixture 2.C at various flow
rates are shown. The reference values are depicted as dashed horizontal lines. Similar
representations of the results for the other mixtures as well as the numerical results are
given in the Appendix B.

As shown in Figure 13 for System 1, the concentrations obtained by the 1H NMR ex-
periment are in very good agreement with the gravimetric reference, even at the highest
flow rates. It is noteworthy that this agreement was obtained despite the fact that no
full magnetization was achieved at high flow rates (for a calculation of the magnetiza-
tion, see Appendix B). This is due to the fact that the T1,1H values for all components
are very similar and hence the premagnetization is very similar. Furthermore, the error
bars are small due to the high SNR of the 1H NMR experiment resulting in an accurate
quantification.
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Figure 13: Results of the quantitative analysis of Mixture 1.C and Mixture 2.C by 1H
NMR, 13C NMR and 13C NMR PENDANT in flow experiments at different
flow rates. The horizontal dashed lines represent the gravimetric reference.
The error bars for the 1H NMR experiments are within the symbol size.

The results from the 13C NMR experiments deviate strongly from the gravimetric refer-
ence even at moderate flow rates. The concentration of DMSO is overestimated, those of
ACN and EF are underestimated, with deviations that tend to increase with increasing
flow rate. This observation can be explained by large differences in the spin-lattice re-
laxation times T1,13C of the components (see Table 3). The negative effect of insufficient
premagnetization of ACN and EF is amplified at high flow rates. The small SNR in the
13C NMR spectrum leads to additional problems with the quantification resulting e.g.
in large error bars.

In contrast, the 13C NMR PENDANT experiment shows very good agreement with the
gravimetric reference, also at the highest flow rates; see Figure 13. In addition, the error
bars of the 13C NMR PENDANT experiments are small compared with the 13C NMR
experiment due to the signal enhancement, which leads to higher SNR.

For System 2, the results from the 1H NMR flow experiments deviate from the gravimet-
ric reference, as it was the case in the stationary experiments. However, the deviations
show no clear dependency on the flow rate. While the results for the concentration of EF
are fair for all flow rates, there are important deviations for ACN and ACT, due to the
strongly overlapping peaks. For Mixture 2.C, even a fusion of both singlets was observed
which is challenging for the deconvolution and results in incorrect concentrations.
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The results of the 13C NMR experiments for System 1 and System 2 show similar and
important deviations from the gravimetric reference. In contrast, the results obtained
by 13C NMR PENDANT are in very good agreement with the reference. The reasons for
this excellent performance are the same as already discussed for System 1. In System 2,
however, the advantage of the 13C NMR PENDANT experiment is more pronounced,
as peak overlap problems occur in this system in the 1H NMR experiments.

3.3.3 Process Monitoring Experiments

A continuous dilution experiment to mimic a dynamic process was performed with the
setup shown in Figure 8 which enables the simultaneous acquisition of 1H NMR and 13C
NMR PENDANT spectra. System 1 was used for this study which allows to consider the
results of 1H NMR experiments as reference as there is no peak overlap in the 1H NMR
spectrum. Furthermore, the effect of two dosage rates on the quality of the determined
concentrations by the 13C NMR PENDANT experiment was investigated. In both cases,
DMSO was continuously added to a mixture of ACN + EF with an initial concentration
of xACN � 0.6 mol mol-1. In the first experiment a DMSO dosage rate of V̇ � 0.2 ml min-1

was used, resulting in a total study time of 4 h. In the second experiment the dosage
rate was increased to V̇ � 0.833 ml min-1, which reduces the study time to 1 h. The
1H NMR and 13C NMR PENDANT spectra from the second experiment are shown in
Figure 14. The effective flow rate in each spectrometer was V̇ � 0.75 ml min-1.

Figure 14 shows that the NMR signal of DMSO continuously increases in the 1H NMR
as well as in the 13C NMR PENDANT spectra during the progress of the dilution
experiment. The 1H NMR experiment has a high temporal resolution because only one
scan is required for the quantitative analysis as the SNR in the 1H NMR spectra is
sufficiently high. The 13C NMR PENDANT experiment requires 16 scans to obtain
a sufficient SNR for the quantification resulting in a measurement time of 2.7 min so
that 24 13C NMR PENDANT spectra were taken in the course of the experiment. The
results of the quantitative analysis of both dilution experiments are shown in Figure 15.
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Figure 14: Monitoring of a dilution experiment in System 1 with 1H NMR and 13C
NMR PENDANT experiments. DMSO was continuously added to a binary
mixture of ACN + EF (initial concentration xACN � 0.6 mol mol-1) within a
time interval of 1 h (corresponding to a dosage rate of V̇ � 0.833 ml min-1).
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Figure 15: Results of the quantitative analysis of System 1 with 1H NMR and 13C
NMR PENDANT during the monitoring of a continuous dilution exper-
iment. DMSO was continuously added to a binary mixture of ACN +
EF (initial concentration xACN � 0.6 mol mol-1) within 4 h (dosage rate:
V̇ � 0.2 ml min-1, left) and 1 h (dosage rate: V̇ � 0.833 ml min-1, right),
respectively. The gray circles (appearing as gray lines due to the high ac-
quisition rate) represent the concentrations determined by 1H NMR. The
colored circles are from 13C NMR PENDANT. The error bars are not shown
for clarity.

For both experiments, there is a time lag of about 5 min, until the concentration change
can be observed, which is, however, better visible in the results for the high dosage
rate. As expected, the concentration changes, resulting from the addition of DMSO
with a constant flow rate, are not linear. The concentrations determined with 13C NMR
PENDANT are in very good agreement with those from 1H NMR. The scattering of
the results from 13C NMR PENDANT is about 0.04 mol mol-1, which is a consequence
of the low number of 16 scans that was used, but a smoothing of the results obtained
at different times would obviously lead to a result that is very close to the 1H NMR
reference. Similar results from 13C NMR PENDANT could be expected for System 2,
for which, however, 1H NMR would have given only poor results due to the peak overlap
(see Section 3.3.2), and 13C NMR could not be reasonably used with only 16 scans due
to the low SNR.

3.4 Conclusions

The polarization transfer sequence PENDANT was applied for the first time for the
quantitative analysis of mixtures in stationary and flow experiments with benchtop 13C
NMR spectroscopy. The new method combines three advantages: fast premagnetiza-
tion, high spectral resolution, and good SNR. The accuracy and reliability of quanti-
tative results obtained with 13C NMR PENDANT were evaluated and compared with
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results from 1H NMR, 13C NMR, and a gravimetric reference. It was shown that 13C
NMR PENDANT gives excellent results also at conditions where 13C NMR without
polarization transfer cannot be applied, e.g. in measurements at high flow rates that
cause problems in the analysis with benchtop NMR spectrometers, due to their low
premagnetization volume. The new method is particularly attractive for the analysis of
mixtures that are difficult to quantify with 1H NMR due to overlapping peaks. Further-
more, it was demonstrated that 13C NMR PENDANT is useful for monitoring dynamic
processes.
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4 Determination of Self-Diffusion
Coefficients in Mixtures via
Polarization Transfer

4.1 Introduction

In this work, the approach described in the previous chapter to apply PENDANT in
benchtop 13C NMR spectroscopy is used to determine self-diffusion coefficients.

The self-diffusion coefficient characterizes the mobility of individual molecules and is,
hence, of fundamental interest in many fields of science and engineering [99, 100]. Data
of self-diffusion coefficients are used e.g. to test molecular models and to characterize
molecular interactions [99, 101–105]; for determining hydrodynamic radii [106]; to char-
acterize restricted diffusion in pores and cells [107–111]; and for the characterization
of complex mixtures such as process streams in biotechnology, lubricants or beverages
[100, 112–116]. They are also used in pharmaceutical quality control for the detection
of possible product frauds [117, 118].

The self-diffusion coefficient of an infinitely dilute component in a mixture is equal
to the mutual diffusion coefficient [119, 120]. The mutual diffusion coefficient is an
extremely important property for the design of all mass transfer processes [121, 122].
Methods used for predicting mutual diffusion coefficients at finite concentrations usually
need data at infinite dilution as input [122]. Therefore, results from measurements of
absolute values of self-diffusion coefficients of highly diluted species are directly relevant
for many technical applications.

Self-diffusion coefficients can be determined experimentally with dynamic light scatter-
ing [123], tracer measurements [124], neutron scattering [125], and nuclear magnetic
resonance (NMR) with pulsed field gradients (PFG) [126]. From these methods, PFG-
NMR is well established as it allows chemically resolved measurements of self-diffusion
coefficients even in complex mixtures without perturbing the investigated systems.

The measurement of self-diffusion coefficients in PFG-NMR experiments can be achieved
by applying two gradient pulses to spatially label the molecules. The first gradient
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pulse alters the precession phase and encodes the molecules in dependency of their
position in the sample. The second decoding gradient pulse reverses the phase shifts
in stationary molecules. However, due to the molecular motion by self-diffusion in the
magnetic gradient field the phase shift cannot be fully reversed. The resulting spin echo
(SE) or stimulated spin echo (STE) is attenuated depending on the magnitude of the
self-diffusion coefficient of the observed molecules. The experiment is repeated several
times with incrementally increasing gradient strength. The Stejskal-Tanner equation
is fitted to the attenuated NMR signals from which the self-diffusion coefficient can be
determined as a fitting parameter [127]. Note, that flow and temperature gradients
induce convection within the sample which can cause additional signal attenuation and
can lead to wrong results for the self-diffusion coefficient. Special pulse sequences with
flow compensation are available which tackle this issue [128]. In PFG-NMR experiments
the gradient has to be calibrated only once. Afterwards, it is a calibration free method.
Usually, high-field NMR spectrometers are used for such measurements of self-diffusion
coefficients but also benchtop instruments equipped with a gradient system can be used
[129].

The 1H nucleus is mostly used for benchtop NMR measurements, especially for the de-
termination of self-diffusion coefficients, because of its high gyromagnetic ratio resulting
in high sensitivity of this nucleus. However, the investigation of multi-component mix-
tures is often hindered by peak overlapping problems in the 1H NMR spectrum because
of the low chemical shift dispersion. This is particularly serious for benchtop NMR due
to the restricted field strength and thus inherently low resolution. Some pulse sequences
exist, for example pure-shift or Oneshot 45, which are able to partly fix this issue and
are already tested on benchtop NMR spectrometers [130–133]. There are also studies to
use lanthanide shift reagents to enhance the chemical shift dispersion [134]. But the dif-
ferentiation of single species and therefore the precise determination of the self-diffusion
coefficient is often infeasible with benchtop NMR in mixtures.

Another way of tackling this problem is to use mathematical methods such as Direct Ex-
ponential Curve Resolution Algorithm (DECRA) [135], Multivariate Curve Resolution
(MCR) [136], Speedy Component Resolution (SCORE) [137] or a QM model-based ap-
proach [138]. However, all these methods need additional software packages and expert
knowledge to apply the fitting procedure properly on the crowded 1H NMR spectrum
and cannot fully resolve the problems resulting from overlapping peaks. In Diffusion
Ordered Spectroscopy (DOSY) NMR experiments species in complex mixture are dis-
tinguished by correlating the NMR signals with corresponding self-diffusion coefficients
via a data inversion process [99, 139, 140] (Note, that the acronyms PFG-NMR and
DOSY experiments might be used as synonyms to describe the measurement of self-
diffusion coefficients [110].) However, in 1H NMR spectra where peak overlap is severe,
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the discrimination of different molecules by DOSY is hampered by large uncertainties
in the determined self-diffusion coefficients.

Hence, the usage of nuclei with greater chemical shift dispersion, such as the 13C nucleus,
is highly desirable [141–144]. However, 13C NMR experiments suffer from a low SNR
due to the low natural abundance and gyromagnetic ratio of 13C. Furthermore, the low
gyromagnetic ratio requires the application of stronger magnetic field gradients than for
the diffusion encoding via 1H nuclei. In addition, the spin-lattice relaxation time T1 of
13C nuclei is much longer than that of 1H nuclei, leading to long measurement times.

To overcome these problems, polarization transfer methods have been developed, which
transfer the high and rapidly restored polarization of 1H nuclei to 13C nuclei. These
methods considerably improve the sensitivity of 13C NMR spectroscopy and greatly
reduce the experimental time because fewer scans are required. Moreover, the experi-
ments can be repeated at a high rate as the repetition time for the polarization transfer
is dictated by the T1 of the 1H instead of that of the 13C nuclei which further reduces
the experimental time. However, in the diffusion encoding step of a PFG-NMR experi-
ment, the 13C nuclei still relax with their inherent relaxation time. This is advantageous
because the longer relaxation times T1 and T2 of the 13C nucleus can be used to achieve
longer diffusion times which is beneficial for the measurement of macromolecules. Sev-
eral pulse sequences have been described in the literature in which polarization transfer
techniques were coupled to 13C DOSY sequences: INEPT-DOSY, DEPT-DOSY and
DEPTSE as well as the 3D sequence HSQC-iDOSY [145–152]. The mentioned pulse
sequences are frequently implemented on high-field NMR spectrometers.

However, 13C PFG-NMR with signal enhancement by polarization transfer methods
has not yet been studied on benchtop NMR spectrometers. In addition, the often
used polarization transfer pulse sequences INEPT and DEPT sacrifice the signals of
quaternary carbons. In contrast, the less popular polarization transfer pulse sequence
PENDANT of Homer & Perry combines the features of sufficient signal enhancement and
the selective excitation of functional carbon groups (CH3, CH2, CH) with the additional
ability to detect quaternary carbons [95, 96].

In this work, the polarization transfer sequence PENDANT is combined with the PFG-SE
sequence in order to obtain absolute values of self-diffusion coefficients via 13C NMR
spectroscopy on a 1 T benchtop NMR spectrometer [127]. The SE sequence was chosen
here rather than the more common STE sequence due to its simplicity and because
there is no significant problem with homonuclear coupling for 13C nuclei (unless labelled
samples are measured). Furthermore, the 13C spin-spin relaxation time T2 is nearly
the same as the 13C spin-lattice relaxation time T1 for small molecules allowing the use
of the SE sequence [150, 153]. The new combined pulse sequence is called PENPFG.
The PENPFG experiment was implemented on a 1 T benchtop NMR spectrometer and
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was applied to determine the self-diffusion coefficients of acetonitrile (ACN), ethanol
(EtOH) and 1-propanol (PrOH) in the pure substances as well as in their three binary
mixtures and in their ternary mixture at different compositions. All experiments were
carried out at ambient pressure and at T � 301.65 K, which is the operating temperature
of the benchtop NMR spectrometer that was used. For comparison, the measurements
were repeated with a high-field NMR spectrometer using standard PFG-NMR routines
previously used for studying many other systems and which were validated by compar-
ison with literature data [104, 121, 122]. For completeness, the PENPFG sequence was
also implemented on the high-field NMR spectrometer and the corresponding results
are reported here and included in the comparison. The aim of this work is to demon-
strate that the absolute value of the self-diffusion coefficient can be precisely and reliably
determined by PENPFG on a benchtop NMR spectrometer.

4.2 Experimental Section

4.2.1 Hardware and Experimental Procedure

The PENPFG experiment is a combination of the polarization transfer sequence PEN-
DANT (signal enhancement) and the PFG-SE sequence (diffusion encoding) as illus-
trated in Figure 16. The PENDANT sequence, including the evolution delays and pulse
phases, was implemented as published by Homer & Perry [95, 96]. The evolution delays
are given by Equations (5) and (6).

d1 �
1

41JC,H
(5)

d2 �
5

81JC,H
(6)

Here, 1JC,H is the coupling constant between the carbon and the scalar coupled proton.
The coupling constant was set to 1JC,H � 140 Hz for all PENPFG experiments. The value
was determined by experiments and is a compromise for 1JC,H so that CH3, CH2 and
CH-groups are all enhanced. The enhancement does not reach the possible maximum
for each group, but this is not necessary since only the relative signal attenuation is
considered during the PFG-NMR experiments. In the PENPFG experiment, the first
90° pulse of the original PFG-SE sequence is replaced by the PENDANT sequence. The
refocusing 180° pulse of the regular PFG-SE sequence is following which separates the
two gradient pulses for the phase encoding. Decoupling (WALTZ-16) is applied during
the acquisition.
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Figure 16: Illustration of the PENPFG pulse sequence for the measurement of self-
diffusion coefficients with 13C NMR spectroscopy, consisting of the polar-
ization transfer pulse sequence PENDANT for signal enhancement and the
PFG-SE sequence for diffusion encoding. The delays d1 and d2 depend on
the 13C-1H 1JC,H-coupling constants. ∆ denotes the diffusion time and δ
the gradient pulse duration.

PENPFG and 1H PFG-NMR (for the evaluation of PENPFG) experiments were carried
out on a benchtop NMR spectrometer from Magritek (Spinsolve Carbon) with a mag-
netic field strength of B0 � 1 T corresponding to a 1H Larmor frequency of ν0 � 42.5 MHz.
The benchtop NMR spectrometer is equipped with a gradient coil with a maximum gra-
dient strength of G � 15.7 G cm-1 and operates at a temperature of T � 301.65 K.
The gradient is aligned perpendicular to the NMR tube in order to reduce influences
from convection. Standard sample tubes with an outer diameter of d � 5.0 mm from
Magritek were used for the measurements. The PENPFG experiment was implemented
with the software Spinsolve Expert (Magritek) for the operation on the benchtop NMR
spectrometer and is referred to as 13C BT PENPFG in the following. The code of the
pulse sequence is given in the Appendix C. For the reference 1H PFG-NMR experiments,
the PFG-STE sequence (referred to as 1H BT PFGSTE here) was used as provided by
the standard Magritek operating software Spinsolve. The self-diffusion coefficients of the
species were determined from the acquired NMR signals with a modified Stejskal-Tanner
equation according to Equation (7):

Ii � I0,i exp��Diγ
2G2 �δ2

eff �∆ �

δeff

3 ��� (7)
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Here, I is the signal intensity, I0 is the signal intensity without gradient, γ is the
gyromagnetic ratio of the investigated nucleus, G is the gradient strength and ∆ is the
diffusion time. As the applied magnetic field gradient has a trapezoidal shape, δeff (which
is defined as the sum of the gradient pulse duration δ and the gradient ramp time τgrad

as shown in Equation 8) needs to be used in the Stejskal-Tanner equation to assume a
rectangular pulse. The linear ramp prevents distortion of the acquired NMR signal. A
complete Stejskal-Tanner equation, which also includes the correction of the trapezoidal
shape of the gradient pulse, is given in the Appendix C. However, the correction can be
neglected as τgrad is small.

δeff � δ � τgrad (8)

For 1H BT PFGSTE as well as for 13C BT PENPFG the diffusion time was set to
∆ � 50 ms. The gradient strength was incrementally increased in 16 steps ranging from
G � 1.8 to 15.7 G cm-1 for both cases (in equal steps of G2). The gradient ramp time
τgrad was set to τgrad � 0.1 ms for all experiments. The gradient pulse duration δ of 13C
BT PENPFG was longer than in the 1H BT PFGSTE because of the lower gyromagnetic
ratio of the 13C nucleus and the benchtop NMR spectrometer’s weak maximum gradient
strength. In order to obtain a NMR signal attenuation of approximately 90 to 95 % at
the strongest gradient strength the duration of the gradient pulse δ was set to values
between δ � 2 to 7 ms for 1H BT PFGSTE and to values between δ � 9 to 23 ms for 13C
BT PENPFG, respectively. The diffusion time ∆ includes the gradient pulse duration δ

in order to keep the absolute diffusion time constant for each experiment. However, the
effective ∆ (defined as the delay between the end of the dephasing and the beginning of
the rephasing gradient) is different. Note, that the short gradient pulse approximation
(SGP) needs to be considered if porous systems are investigated [154–156]. Spectra of
1H BT PFGSTE were acquired with 4 scans and an acquisition time (time for acquiring
the FID) of 3.2 s. For 13C BT PENPFG 128 scans and an acquisition time of 3.2 s
were applied. In all experiments a relaxation delay of 25 s was used to ensure sufficient
relaxation of the sample with at least 5 times T1 regarding the relaxation time of the
1H nuclei. This set of parameters results in a total measurement time of about 14 h
for one 13C BT PENPFG experiment, which could be reduced by the modification
of the repetition delay as well as the number of gradient steps. In comparison, the
measurement of self-diffusion coefficients on 13C nuclei without polarization transfer is
not feasible because it requires at least a doubling of the number of scans, which is
incompatible with the lock stability of the benchtop NMR spectrometer during this
long measurement time.
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For the validation of the results obtained on the benchtop NMR spectrometer 1H and 13C
PFG-NMR as well as PENPFG experiments were also performed on a high-field NMR
spectrometer with a superconducting magnet and a magnetic field strength of B0 � 9.4 T
corresponding to a 1H Larmor frequency of ν0 � 400.25 MHz (Bruker Biospin magnet
Ascend 400, console Avance III HD 400, probe BBFO). Special sample tubes optimized
for diffusion measurements with an outer diameter of d � 2.5 mm (Deutero) were used
to prevent radiation damping and to reduce sample convection. The temperature of the
high-field NMR spectrometer was set to T � 301.65 K to match the operation tempe-
rature of the benchtop NMR spectrometer. 1H as well as 13C PFG-NMR experiments
were executed with STE pulse sequences with bipolar pulsed gradients (called 1H HF
PFGSTE and 13C HF PFGSTE in the following, respectively). These sequences were
already implemented (as stebpgp1s) in the spectrometer’s operating software TopSpin.
The PENPFG sequence was manually implemented on the high-field NMR spectrometer
with TopSpin (referred to as 13C HF PENPFG). All sequences on the high-field NMR
spectrometer apply the SMSQ10.100 gradient pulse. Self-diffusion coefficients of the
species were determined with Equation (7) for 13C HF PENPFG experiments while a
modified Stejskal-Tanner equation was used for the evaluation of 1H HF PFGSTE and
13C HF PFGSTE. This modified Stejskal-Tanner equation is displayed in Equation (9):

Ii � I0,i exp��Diγ
2G2 �∆ �

δ

3 �

τ

2�� (9)

In Equation (9), τ is the correction parameter for the usage of bipolar gradients and
was chosen as τ � 0.2 ms. Similar to the benchtop NMR spectrometer experiments the
diffusion time was set to ∆ � 50 ms in all experiments. The gradient strength G of the
high-field NMR spectrometer was incremented in 16 steps from G � 2.3 to 43.1 G cm-1

(again in equal steps of G2). To obtain a NMR signal attenuation of approximately 90 to
95 % at the strongest gradient strength the duration of the gradient pulse δ was adjusted
between δ � 0.6 to 1.0 ms for 1H HF PFGSTE and to values between δ � 2.1 to 7.0 ms
for 13C HF PFGSTE as well as 13C HF PENPFG, respectively. Each high-field diffusion
experiment consisted of 16 scans with an acquisition time of 5 s for 1H HF PFGSTE and
4 s for 13C HF PFGSTE as well as for 13C HF PENPFG. The repetition delays for 1H
HF PFGSTE, 13C HF PFGSTE and 13C HF PENPFG are given in the Appendix C and
are set to ensure a complete relaxation of the sample (5 x T1). The molecule with the
longest T1, which was determined in the pure component, is considered to be decisive
for the repetition delays in the mixture.

From previous work, it is known that the expanded relative uncertainty for the mea-
surement of self-diffusion coefficients with the high-field NMR spectrometer used in this
work can be estimated to be 2 % [104]. All experiments were repeated three times to
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calculate the root mean squared error (RMSE) of the self-diffusion coefficients which
are depicted as error bars in this work. The baseline and the phase of the acquired
spectra of all experiments from the benchtop NMR as well as the high-field NMR spec-
trometer were manually corrected with MestRenova (Mestrelab Research). The analysis
of the signal attenuation was also executed in MestRenova by direct peak integration.
The determination of the self-diffusion coefficients with the Stejskal-Tanner equations
(Equation (7) and (9), respectively) was performed with nonlinear least-square fits using
MATLAB’s (MathWorks Inc.) lsqnonlin solver.

4.2.2 Chemicals and Studied Mixtures

Table 5 gives an overview of the chemicals that were used in this work, including their
formulas, the suppliers, and the specified purities. In this study, the self-diffusion coef-
ficients of the molecules were determined in pure components as well as in binary and
ternary mixtures. The molecular structures of the components are not complex, how-
ever, they are suitable to demonstrate the methodology since the 1H NMR spectrum’s
complexity is considerably increasing from pure components to ternary mixtures. Fig-
ure 17 gives an overview of the mixtures investigated in this work. The samples were
prepared gravimetrically using a laboratory balance (AG204, Mettler Toledo Inc.) with
an accuracy of �0.0001 g. The total mass of each sample was approximately m � 2 g,
from which the required amount of sample for the NMR experiments was taken.

Table 5: Chemicals used in this work including the suppliers and the purities as spec-
ified by the suppliers.

Chemical Formula Supplier Purity

Acetonitrile (ACN) C2H3N Carl Roth C 99.9%

Ethanol (EtOH) C2H6O Merck C 99.9%

1-Propanol (PrOH) C3H8O Honeywell Specialty Chemicals C 99.5%
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Figure 17: Overview of the studied mixtures consisting of acetonitrile ACN, ethanol
EtOH and 1-propanol PrOH.

4.3 Results and Discussion

Figure 18 presents 1H NMR spectra of an equimolar mixture of ACN + EtOH + PrOH
acquired with a benchtop NMR spectrometer and a high-field NMR spectrometer to
illustrate the problem of peak overlap in the benchtop NMR spectrometer due to reduced
spectral resolution. The peak nomenclature and the assignment of the protons of the
single species to the corresponding NMR signals is included. Note, that there is a peak
splitting observed for the OH-groups of EtOH and PrOH (H4/H8) because the sample
is free of water.

The signals acquired at high-field are well resolved, sharp and well separated enabling
quantification by direct integration. In contrast, the signals of the different species
strongly overlap in the benchtop 1H NMR spectrum. Especially, the CH3-group signals
of EtOH and PrOH as well as the CH2-group signal of PrOH in the region of 0.5 to 2 ppm
cannot be distinguished from each other. The same holds for the CH2-group signals of
both alcohol molecules in the area around 3.5 ppm. Standard analysis methods, such
as a direct integration of peak areas, fail in this situation. Only the signal of ACN can
be clearly identified due to the singlet signal of its CH3-group. This illustrates that
the distinction of molecules and the integration of the signals is often challenging in
benchtop 1H NMR spectra, even for only moderately complex systems.
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Figure 18: Comparison of 1H NMR spectra of an equimolar mixture of ACN + EtOH +
PrOH acquired in a high-field (HF, top) and a benchtop NMR spectrometer
(BT, bottom). Also the peak assignment is indicated.

Figure 19 displays 13C NMR spectra of the same mixture, for which the 1H NMR
spectra are shown in Figure 18, without and with polarization transfer acquired with
the benchtop NMR spectrometer. Due to the large chemical shift dispersion of 13C
NMR, the signals of all components can be easily distinguished. However, measurements
relying only on the thermal polarization of 13C spins (top panel in Figure 19) at the
low magnetic field strength of the benchtop NMR spectrometer result in low SNR and
long measurement times because of the huge number of scans required for sufficient
signal accumulation. This problem is amplified by the long T1 relaxation time of 13C
resulting in a total measurement time for the 13C NMR spectrum of 3.2 h. Figure 19 also
shows a 13C NMR spectrum acquired using polarization transfer with PENDANT. This
increases the SNR by a factor of about 3.5. The theoretical maximum enhancement of
the SNR of 4 is not reached since an average 1JC,H-coupling constant was chosen. Note,
that the signal of the CN-group of ACN at around 120 ppm is not clearly visible in the
13C NMR spectrum regardless the application of polarization transfer. This observation
is attributed to the fact that the T2 relaxation time for the CN-group is short, leading
to a broadening of this peak. The polarization transfer is not able to enhance the CN-
group signal due to the lack of scalar coupled protons attached directly at the respective
carbon atom.
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The total measurement time for the 13C PENDANT NMR spectrum is considerably
shortened (total measurement time 0.9 h) due to two reasons: the signal enhancement
reduces the necessary number of scans and also the repetition time is reduced due to
the shorter T1 time of protons. In addition, PENDANT allows a discrimination between
the CH3-, CH2- and CH-groups of the organic molecules that result in either positive
or negative peaks in the spectrum (cf. Figure 19). This is highly beneficial for the
identification of components in complex multi-component mixtures.

Figure 19: Comparison of 13C NMR spectra of an equimolar mixture of ACN + EtOH
+ PrOH acquired without (top) and with the polarization transfer sequence
PENDANT (bottom) in a benchtop NMR spectrometer. Also the peak
assignment is indicated.

4.3.1 Pure Components

Figure 20 displays self-diffusion coefficients of the pure components ACN, EtOH and
PrOH measured with different experiments with the high-field as well as with the bench-
top NMR spectrometer. The numerical results are given in the Appendix C. Further-
more, the error bars calculated by the RMSE as well as the errors caused by the fit of
Stejskal-Tanner equation are shown in the Appendix C. In each experiment, only the
signals of the CH3-groups were used for the analysis of the self-diffusion coefficients. The
self-diffusion coefficients obtained with 1H HF PFGSTE are considered as the ground
truth in this work and are used to evaluate the results of the other experiments. They
are additionally depicted as horizontal lines in Figure 20. The relative deviations of all
experiments is provided on the right side of Figure 20.
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Figure 20: Left: Comparison of the experimental results of different NMR techniques
for the self-diffusion coefficients of the pure components ACN, EtOH and
PrOH at T � 301.65 K. The symbols indicate results obtained with the
different methods and instruments (HF high-field, BT benchtop; PFG-
STE standard experiment, PENPFG experiment with polarization trans-
fer). The dashed horizontal lines represent the reference measurement with
1H HF PFGSTE. All error bars are within the symbol size (further details
are given in the Appendix C). Right: Relative deviations of the results ob-
tained by different NMR techniques compared with the reference method
1H HF PFGSTE.

As expected, the self-diffusion coefficient of ACN is the highest due to its molar mass
of MACN � 41.05 g mol-1, which is the lowest of the three substances studied. PrOH has
the lowest self-diffusion coefficient due to its high molar mass of MPrOH � 60.09 g mol-1

and because it forms H-bonded clusters.

The results for the self-diffusion coefficients of all studied substances obtained with
the different methods are in excellent agreement. The relative deviation of the results
from the reference value from 1H HF PFGSTE is below 3 %. The results from 13C HF
PENPFG agree well with those from 1H HF PFGSTE and 13C HF PFGSTE experiments.
Therefore, it can be concluded that the combination of the polarization transfer sequence
PENDANT with the selected diffusion encoding sequence PFG-SE is suitable for the
accurate measurement of self-diffusion coefficients.

There is also an excellent agreement of the values obtained with 1H BT PFGSTE and
13C BT PENPFG with the reference values from 1H HF PFGSTE proving the benchtop
NMR spectrometer’s reliability to deliver precise self-diffusion coefficients. It should be
noted that the acquisition with 1H BT PFGSTE is only possible in simple systems, in
which peaks do not overlap. This approach fails already for the mixture of the three
solvents as shown in Figure 18. Therefore, 13C BT PENPFG expands the horizon of
systems for which diffusion coefficients can be measured with benchtop NMR spectrom-
eters. All in all, Figure 20 shows that the new method PENPFG delivers reliable results
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on a benchtop NMR spectrometer.

4.3.2 Binary Mixtures

In the studies of binary mixtures the 13C BT PENPFG experiments are compared
with the reference experiments carried out with 1H HF PFGSTE. Figure 21 shows
the measured self-diffusion coefficients of ACN, EtOH and PrOH in the three binary
mixtures. The numerical results are given in the Appendix C. Again, only the CH3-
groups of the specific molecules were considered for the determination of the self-diffusion
coefficients. The diagrams in Figure 21 display the self-diffusion coefficients of each
component in dependency of the mixture’s composition. Because of the small differences
between the self-diffusion coefficient of EtOH and PrOH, the ordinate of the respective
diagram is magnified by a factor of 10 for better visualization. In all mixtures, the
component with the higher self-diffusion coefficient as pure component has also the
higher value in the binary mixtures. By increasing the mole fraction of the fast diffusing
component, the self-diffusion coefficients of both components gradually increase.

In the binary mixtures ACN + EtOH and ACN + PrOH the self-diffusion coefficient
of ACN substantially exceeds those of EtOH and PrOH. These two mixtures show a
similar behaviour: the relative small molecule ACN forms no hydrogen-bonds in the
bulk phase resulting in a fast molecular motion. However, in the binary mixture EtOH
+ PrOH the components EtOH and PrOH have similar molar masses and associate via
hydrogen-bonding. This results in very similar self-diffusion coefficients.

The results from 13C BT PENPFG are in very good agreement with the results from
1H HF PFGSTE. The mean relative deviation of the results from 13C BT PENPFG to
the reference values from 1H HF PFGSTE is typically below 3 %. A maximum relative
deviation of 6 % to the reference values is identified for EtOH in the binary system EtOH
+ PrOH. However, the ability to distinguish between the two alcohols EtOH and PrOH,
which have similar molar masses as well as molecular dynamics and therefore similar
self-diffusion coefficients, shows that the benchtop NMR spectrometer in combination
with the PENPFG sequence is a powerful tool.
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Figure 21: Comparison of results of measurements of self-diffusion coefficients of ACN,
EtOH and PrOH in the binary mixtures ACN + PrOH, ACN + EtOH and
EtOH + PrOH at T � 301.65 K. The diamonds stand for results obtained
with 13C BT PENPFG, the circles for the results from 1H HF PFGSTE.
For the binary mixture EtOH + PrOH the vertical scale is magnified by a
factor of 10. Error bars are only shown if they are larger than the symbol
size.

4.3.3 Ternary Mixtures

Figure 22 depicts the self-diffusion coefficients of the seven investigated ternary mixtures
of ACN + EtOH + PrOH obtained with 13C BT PENPFG and 1H HF PFGSTE. The
numerical results are summarized in the Appendix C. Self-diffusion coefficients obtained
from the CH3-groups of ACN, EtOH and PrOH were used for the comparison of 13C
BT PENPFG with the reference measurements 1H HF PFGSTE. In the parity plot in
Figure 22 the self-diffusion coefficients of each species obtained with 13C BT PENPFG
are plotted against the results from 1H HF PFGSTE. An overview of all self-diffusion
coefficients of the pure components ACN, EtOH and PrOH as well as the obtained
values in the binary and ternary mixtures determined with 13C BT PENPFG is given
in the Appendix C.
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Figure 22: Self-diffusion coefficients of ACN, EtOH and PrOH in ternary mixtures of
ACN + EtOH + PrOH at T � 301.65 K measured with 13C BT PENPFG.
The parity plot compares the results from 13C BT PENPFG to the refer-
ence values from 1H HF PFGSTE. The gray shaded area indicates relative
deviations below 5 %.

The comparison of the results of 13C BT PENPFG with the corresponding results from
1H HF PFGSTE shows very good agreement. The maximum relative deviation does not
exceed 5 %, the mean relative deviation is again only about 3 %. The comparison shows
that the benchtop NMR spectrometer in combination with the PENPFG experiment is
able to measure precisely the self-diffusion coefficients of a complex mixture.

Figure 23 shows the self-diffusion coefficients obtained from the analysis of all individual
peaks of the 13C NMR spectrum of the ternary system ACN + EtOH + PrOH by 13C
BT PENPFG as well as 13C HF PENPFG. The numerical results are given in the
Appendix C. For the reference experiment 1H HF PFGSTE only the CH3-groups of the
specific molecules were considered. They are depicted as horizontal lines in Figure 23.
The resulting 2D NMR spectrum allows a differentiation of the molecules in the mixture
due to their specific self-diffusion coefficients (DOSY spectrum).

Despite the fact that ACN has two carbon atoms, only one value is shown in Figure 23
because the 13C SNR of the CN-group is insufficient for quantitative evaluation. All
values are in good agreement with the corresponding reference values from the high-field
NMR spectrometer indicated by the horizontal lines. In addition, the results obtained
by 13C BT PENPFG are in very good agreement with the results of 13C HF PENPFG.
It can therefore be concluded that differentiation between ACN, EtOH and PrOH in a
DOSY experiment is possible by using a benchtop NMR spectrometer in combination
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with the 13C BT PENPFG experiment. This differentiation is even successful for EtOH
and PrOH which have very similar self-diffusion coefficients.

Figure 23: DOSY representation of an equimolar mixture of ACN + EtOH + PrOH
at T � 301.65 K. The squares and diamonds indicate results from 13C HF
PENPFG and 13C BT PENPFG. The dashed horizontal lines represent
the reference measurement with 1H HF PFGSTE, obtained by the analysis
of the CH3-group of the specific molecules. All error bars are within the
symbol size.

4.4 Conclusions

In this work, a new pulse sequence, PENPFG, was developed which combines the proton-
carbon polarization transfer sequence PENDANT with the diffusion encoding sequence
PFG-SE. The sequence enables the determination of self-diffusion coefficients in mix-
tures on benchtop NMR spectrometer by 13C nuclei as it combines the following advan-
tages: high chemical shift dispersion, signal enhancement and fast measurement times.
The new sequence was tested by measuring the self-diffusion coefficients of acetonitrile
(ACN), ethanol (EtOH), and 1-propanol (PrOH) as pure components as well as in binary
and ternary mixtures on a 1 T benchtop NMR spectrometer. For reference, the same
systems were investigated by high-field 1H and 13C PFG-NMR, and, where possible, by
1H PFG-NMR experiments on the benchtop instrument. Good agreement was found in
all cases. All experiments were performed at T � 301.65 K, the operating temperature of
the benchtop NMR system used. Recently, however, benchtop NMR spectrometers have
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become available that operate at temperatures up to 338.15 K, which greatly increases
the applicability of the new method. Moreover, new benchtop NMR spectrometers with
higher magnetic field strengths are expected to become available in the near future
from which the new method will greatly benefit. They will allow to further reduce the
measurement time and to study compounds at high dilution. The new methodology is
especially attractive for small laboratories which do not have the suitable infrastructure
for expensive high-field NMR spectrometers. In addition, expert knowledge is not re-
quired for operating benchtop NMR spectrometers and applying the new method for
measuring self-diffusion coefficients.
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5 Overhauser Dynamic Nuclear
Polarization for Benchtop 13C
NMR Spectroscopy

5.1 Introduction

The scope of 1H-13C polarization transfer techniques for benchtop 13C NMR spec-
troscopy is limited. This technique only allows for a maximum signal enhancement
of up to a factor of 4. Furthermore, if the flow rate is too high, even the 1H polarization
build-up in the premagnetization volume becomes insufficient.

The premagnetization issue could in principle be solved by the use of paramagnetic relax-
ation enhancement (PRE) agents [157, 158]. Immobilized PRE agents can be positioned
in the flow path in front of the NMR coil, enabling a much faster premagnetization of the
molecules and thus facilitating quantitative analysis at high flow velocities [91, 159, 160].
Kircher et al. [161] have successfully applied this technique to a 1 T benchtop NMR
spectrometer. However, despite the accelerated polarization build-up, this method is not
suitable for quantitative studies of kinetic effects with flow 13C NMR, because a large
number of scans is still required to achieve a sufficient SNR. However, this problem can
be solved by the application of NMR hyperpolarization methods which result in large
signal enhancements.

Among various hyperpolarization techniques [162–164], such as parahydrogen induced
polarization (PHIP) [165–171] or optical pumping [172–174], ODNP is particularly suit-
able for reaction and process monitoring [175–179]. In ODNP, the high polarization
of electron spins is transferred to surrounding nuclear spins via hyperfine coupling, en-
abling a maximum theoretical signal enhancement of 658 for 1H and 2640 for 13C nuclei,
respectively [180–189]. This can be a game changer for sensitivity in NMR spectroscopy.
For 13C NMR spectroscopy, several studies have already demonstrated the potential of
ODNP and have discussed the different hyperfine interactions in liquids [190–198]. These
studies were done on samples at rest and utilized dissolved radicals, which is not suit-
able for reaction and process monitoring, because radicals alter the sample and interfere
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with the NMR detection. In some works [160, 199–207], it was demonstrated that the
required radicals can be immobilized in fixed beds while largely retaining their ODNP
performance. In ex-situ ODNP applications, this allows flow-induced separation of the
hyperpolarized fluid from the radical matrix and thus undisturbed NMR detection. This
approach is especially well suited for continuously flowing samples, eventually allowing
online monitoring of fast processes and reactions. Appropriate mobile ODNP setups
compatible with benchtop NMR spectrometers are available which have been applied
for benchtop 1H NMR spectroscopy under continuous-flow in previous benchtop studies
[206, 208–211]. However, this approach has not been used in 13C NMR studies.

In this work the usefulness of ODNP for benchtop 13C NMR spectroscopy in continuous-
flow are explored. Two approaches were studied: direct and indirect ODNP. In direct
ODNP, the electron polarization is transferred directly to the 13C nuclei, which is the
common approach in ODNP. In contrast, indirect ODNP transfers the electron polariza-
tion to the 1H nuclei in an intermediate step before the polarization is finally transferred
to 13C nuclei via polarization transfer pulse sequences (e.g. INEPT or DEPT). Cheng
et al. [212] and Dey et al. [213] have compared these approaches and refer to indi-
rect ODNP as J-mediated and t-ODNP (transferred Overhauser DNP), respectively.
Dissolved radicals were used in Cheng’s and Dey’s work and their measurements were
performed on samples at rest, and not on flowing samples as it was done in the present
work. The authors report that indirect ODNP resulted in larger enhancements than
direct ODNP for some molecules, due to cancellation of site-specific positive (scalar
coupling) or negative (dipolar coupling) enhancements in the same molecule.

In this work, both approaches were investigated for acetonitrile (ACN), chloroform (CF),
and methanol (MeOH). No 13C enriched materials were used. The direct as well as
indirect approach were also applied to a binary mixture of ACN and CF. Direct and
indirect 13C ODNP experiments were performed on continuously flowing samples at
different flow rates and the obtained signals (with respect to the signals obtained at
thermal equilibrium) were compared. For the 1H to 13C polarization transfer, the pulse
sequences PENDANT [95, 96] and refocused INEPT+ [214, 215] were used.

5.2 Experimental Section

5.2.1 Hardware and Experimental Procedure

The setup used for the continuous-flow ODNP experiments is illustrated in Figure 24.
It was adapted from Kircher et al. [206, 207]; a detailed description of the setup is
given in these references. The setup consists of two main parts: a Halbach magnet, in
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which hyperpolarization by ODNP is performed, and a benchtop NMR spectrometer for
signal detection. Liquid was taken from a storage vessel (volume V � 100 ml) stored
at room temperature and pumped through the setup by a double piston high pressure
pump (WADose Plus HP, Flusys, accuracy: @ 3 %). The pump speed was calibrated for
a flow range of V̇ � 0.5 to 10 ml min-1. The liquid first passes the Halbach magnet with
the microwave resonator and the fixed bed containing the radical matrix. The ODNP
probe was not thermostated; the temperature in the MW resonator is higher than the
ambient temperature, for details see Kircher et al. [206]. As in the studies of Kircher
et al. [206, 207], the fixed bed was mounted in a PEEK tube with an inner diameter
of dflow cell � 1.0 mm. The length over which the microwave (MW) field acted on the
fixed bed in the MW resonator was 4 mm in height. The fixed bed was adjusted so that
this MW active zone was at its end. After leaving the fixed bed, the liquid is fed to
the benchtop NMR spectrometer through a PEEK capillary with an inner diameter of
dcapillary � 0.25 mm.

Figure 24: Photo and scheme of the experimental setup for continuous-flow ODNP
experiment. MW: microwave.

The benchtop NMR spectrometer was from Magritek (Spinsolve Carbon) and had a
magnetic field strength of B0 � 1.0 T, corresponding to a 1H Larmor frequency of
ν0 � 42.5 MHz. The magnet of the benchtop NMR spectrometer was thermostated to
ϑ � 28.5 °C. The maximum ODNP enhancement achievable with this setup is 220 for
1H and 880 for 13C, as the magnetic field strength used for detection is three times
higher than the field strength used for hyperpolarization. In contrast to Kircher et al.
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[206, 207], a PEEK tube with an inner diameter of ddetection cell � 2.9 mm was used as
detection cell. The detection cell was positioned inside the benchtop NMR spectrometer
so that the sensitive region of the NMR coil was located close to the expansion from
0.25 to 2.9 mm in order to minimize hyperpolarization losses caused by T1 relaxation.
The total length of the line between the MW resonator and the detection cell was about
l � 52 cm. After leaving the NMR spectrometer, the liquid was recirculated to the
storage vessel.

The flow rate was varied in the range between V̇ � 0.5 and V̇ � 7.0 ml min-1, correspond-
ing to flow velocities of v � 0.17 to 2.38 m s-1 in the capillary between the Halbach magnet
and benchtop NMR spectrometer. The pressure in the storage vessel was ambient, the
pressure increase by the pump was between ∆p � 1 and 40 bar, and was indicated by
the pressure gauge integrated in the pump (accuracy: 0.5 %). ODNP experiments were
performed at a MW frequency of v � 9.687 GHz and a power of P � 5 W. Figure 25
illustrates the polarization conditions as well as the fluid dynamics in each section of
the current experimental setup.

Figure 25: Illustration of the apparent spin-lattice relaxation, polarization and fluid
dynamics conditions in each section of the experimental setup.

In the Halbach magnet, the T1 time of the molecules is shortened by paramagnetic
relaxation due to the contact with the radical matrix. The residence time of the liquid
in the fixed bed (FB) located in the MW resonator is between τFB � 0.1 and τFB � 0.01 s
for the lowest and highest flow rates, respectively. These numbers were calculated
assuming plug-flow and a void fraction of the fixed bed of ϵ � 0.26, which corresponds
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to that of the closest packing of spheres of the diameter used in the fixed bed. After the
fluid has left the fixed bed, the ODNP hyperpolarization starts to decay at the rate of
the native T1. The flow in the line connecting the fixed bed to the NMR detection cell
(TL) is laminar. The mean transport time in that line is τTL � 3.1 and τTL � 0.2 s for the
smallest and highest flow rates, respectively. In the detection cell, the sudden expansion
from d � 0.25 to d � 2.9 mm in combination with the high flow velocity leads a jet-flow
(jet with a small diameter in a larger cylindrical tube). Thus, near the axis of the
detection cell, there is a fast flow of hyperpolarized fluid, whereas near the walls, only
weakly polarized fluid flows in reverse direction and there are also zones in which the
fluid is almost stagnant. This flow pattern severely reduces the observed enhancements.
Interestingly, Lingwood et al has carried out NMR imaging experiments to study such
free jets [205]. A step experiment was carried out to characterize the flow regime in
the detection cell, which are discussed in the Appendix D. The mean residence time of
the liquid in the active region of the NMR coil (DC; estimated length lcoil � 8 mm) is
between τDC � 6.3 to τDC � 0.5 s. The microwave irradiation was activated for at least
2 s before a NMR spectrum was acquired in the detection cell.

NMR experiments were controlled by the Spinsolve Expert software (Magritek). 13C
NMR experiments with direct ODNP enhancement (referred to as 13C ODNP) were
performed with an acquisition time of 1.6 s, 16 k data points, 1 scan and a 90° excitation
pulse. 13C NMR experiments with indirect ODNP enhancement via the intermediate
step of applying a polarization transfer sequence (PENDANT and refocused INEPT+)
were also performed with an acquisition time of 1.6 s, 16 k data points and 1 scan
(referred to as 13C ODNP PENDANT and 13C ODNP INEPT, respectively). The pulse
sequences for both polarization transfer techniques are provided in the Appendix D.

Furthermore, 13C NMR experiments performed at Boltzmann (thermal) equilibrium
were used as a reference for calculating the 13C signal enhancements. The 13C NMR
experiments without ODNP enhancement and in the absence of flow (referred to as 13C
thermal) were performed with the same acquisition parameters except for the number
of scans, which was 256 in order to obtain a sufficient SNR. The repetition delay was
set to t � 120 s to ensure a full magnetization build-up of at least 5 times T1,13C.
All 13C NMR experiments were performed with an inverse-gated decoupling sequence
(WALTZ-16). Additional 1H NMR experiments with ODNP enhancement (referred to
as 1H ODNP) were performed with an acquisition time of 0.4 s, 2048 data points, 1
scan and a 90° excitation pulse. The signal enhancements of the 1H ODNP experiments
were calculated by using the signal obtained without ODNP at the same flow velocity
which was also acquired with only 1 scan (referred to as 1H thermal). Furthermore,
the spin-lattice relaxation times T1,1H and T1,13C of the molecules without and with
contact to the immobilized radical matrix were determined with the inversion recovery
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experiment. NMR sample tubes with an inner diameter of d � 5 mm (Magritek) were
used for the experiments without matrices, while NMR sample tubes with an inner
diameter of d � 2.5 mm (Deutero) were used for the measurements with matrices. The
latter were chosen in order to completely fill the sensitive region of the NMR coil with
molecules that are in contact with the matrix. Only in this case 13C enriched solvents
were used.

All experiments were repeated three times to calculate average signal integrals, enhance-
ments as well as standard deviations which are used for an error propagation. Details
regarding the calculation of the error of the signal enhancement and the respective error
bars are given in the Appendix D. The signal enhancement E of the ODNP experiments
was calculated by scaling the spectra to the same noise level and by dividing the signal
and the noise by the square root of the number of scans acquired, which was applied
for the thermally polarized NMR spectra as well as for the NMR spectra with ODNP
enhancement [196, 197]; see Equation (10).

E �
IODNP, scaled

Ithermal, scaled
�

º
nthermalº
nODNP

(10)

Here, IODNP, scaled denotes the integral of the scaled signal obtained with ODNP enhance-
ment, Ithermal, scaled the integral of the scaled signal obtained at Boltzmann equilibrium,
and n the number of scans. A correction for the receiver gain is not necessary since this
parameter was kept constant in all 1H and 13C NMR experiments.

5.2.2 Chemicals and Materials

Table 6 provides an overview of the chemicals used in this work. All chemicals were used
without further purification. For preparing the binary mixture, a laboratory balance
(XS6032S DeltaRange, Mettler Toledo, accuracy: �0.01 mol mol-1) was used. 13C
enriched chemicals were only used for the determination of the T1,13C in contact with
the radical matrix (marked with (13C) in Table 6) due to the low sample volume in the
matrices.

The immobilized radical matrix was synthesized at the Laboratory of Engineering Ther-
modynamics (RPTU Kaiserslautern) and consists of the nitroxide radical glycidyl-oxy-
tetramethylpiperidinyloxyl (TEMPO) immobilized on an aminopropyl-functionalized
controlled porous glass (CPG) with a pore size of 50 nm. TEMPO was attached to
the CPG via a polyethylene-imine (PEI)-linker (molecular mass of 25,000 g mol-1) and
an intermediate linker 1,4-butanediol diglycidyl ether (BDGE). A detailed description
of the properties of this immobilized radical matrix as well as its synthesis is given by
Kircher et al. [207].
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Table 6: Chemicals used in this work. Purity as specified by the supplier. 13C enriched
chemicals are marked with 13C.

Chemical Formula Supplier Purity

ACN CH3CN Carl Roth C 99.9%

ACN (13C) 13CH3CN Cambridge Isotope Laboratories C 99.9%

CF CHCl3 Merck C 99.0%

CF (13C) 13CHCl3 Cambridge Isotope Laboratories C 99.9%

MeOH CH3OH Sigma-Aldrich C 99.9%

MeOH (13C) 13CH3OH Sigmal-Aldrich C 99.9%

5.3 Results and Discussion

In the following, the absolute signal integrals of the 1H ODNP, 13C ODNP as well as
13C ODNP PENDANT and 13C ODNP INEPT are shown for each studied substance as
a function of the flow velocity. Negative signal enhancement due to dipolar coupling are
also explicitly displayed as absolute values. For comparison, the corresponding results
of the 1H and 13C thermal experiments are also reported. The numerical values are
provided in the Appendix D. Before entering into a detailed discussion of the results for
each substance, we would like to address some general facts that are apparent in the
experimental setup.

The analysis of the ODNP parameters (coupling, leakage, and saturation factors) was
not the focus of this work. We focus here on the influence of the different T1 times in
combination with the different residence times in the microwave cavity on the enhance-
ment. In Table 7, the T1,1H and T1,13C values of ACN, CF and MeOH without and with
contact to the radical matrix are reported. As expected, a significant reduction of the
T1 values due to paramagnetic relaxation is found. Furthermore, as expected, the T1,13C

values are significantly larger than the corresponding T1,1H values for all substances. A
short T1 during the matrix interaction is advantageous as it enables a faster and, hence, a
complete hyperpolarization build-up in the Halbach magnet during continuous-flow. On
the other hand, a long native T1 is desirable because it reduces hyperpolarization losses
during the transport from the Halbach magnet to the benchtop NMR spectrometer.
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Table 7: T1,1H and T1,13C times values of ACN, CF and MeOH without (T 0
1,i) and with

contact to the radical matrix (T RM
1,i ) at B0 � 1 T. Mean value and standard

uncertainty from three identical experiments are reported. For ACN and
MeOH, the T1,13C and T1,1H values refer to the CH3-group of these molecules.

1H 13C

Molecule T 0
1,1H / s T RM

1,1H / s T 0
1,13C / s T RM

1,13C / s

ACN 3.82 � 0.05 0.10 � 0.01 15.41 � 0.30 0.54 � 0.01

CF 5.25 � 0.06 0.06 � 0.01 21.69 � 0.70 0.87 � 0.06

MeOH 2.96 � 0.04 0.11 � 0.01 14.05 � 0.46 0.80 � 0.01

The 13C thermal signal cannot be measured in continuous-flow, so this signal was mea-
sured for a stagnant fluid with 256 scans. As a result, the 13C thermal experiments
are not affected by insufficient polarization build-up and back-mixing effects due to the
jet-flow. In contrast, all direct and indirect ODNP experiments are strongly influenced
by the jet, since hyperpolarized and thermally polarized molecules are detected simulta-
neously. Another effect can reduce the enhancement further: For signal enhancements
that originally have a negative sign (dipolar coupling), the signal can be canceled by a
positive thermal signal. These effects greatly reduce the observed enhancements com-
pared to the theoretically possible enhancements. Thus, the obtained enhancements are
largely underestimated and are numerically provided in the Appendix D.

5.3.1 ODNP Experiments with ACN

Figure 26 displays the 13C NMR spectra of ACN obtained by the 13C ODNP, 13C ODNP
PENDANT, and 13C ODNP INEPT experiments in continuous-flow. For comparison, a
spectrum of the 13C thermal experiment is given. All ODNP-enhanced spectra show the
CH3-signal (C1) of ACN with single scan acquisition. This is impossible with thermal
13C NMR detection due to insufficient premagnetization and SNR as discussed before.
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Figure 26: Comparison of 13C NMR spectra of ACN acquired by the 13C thermal,
13C ODNP, 13C ODNP PENDANT, and 13C ODNP INEPT experiment.
The spectrum of the 13C thermal experiment was scaled with respect to its
number of scans (

º
n). The experiments with ODNP enhancement were

performed at a flow velocity of v � 0.85 m s-1.

An overview of the signal integrals of ACN obtained at different flow velocities is given
in Figure 27. The integrals of the 1H thermal experiment decrease slightly with in-
creasing flow velocity due to premagnetization issues. However, the effect of insufficient
premagnetization is not significant because fully premagnetized molecules are present
in the detection cell due to the back-mixing effects of the jet-flow. In contrast, the
corresponding integral of the 1H ODNP experiment first increases with increasing flow
velocity and reaches a plateau for values larger than v � 1.0 m s-1. The initial increase
and the plateau are consequences of the reduction of the transport time and therefore
of the reduction of the hyperpolarization losses. The maximum signal enhancement is
about E1H � 5.
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Figure 27: Integrals of signals from ACN (C1) obtained by single scan 1H ODNP, 13C
ODNP, 13C ODNP PENDANT, and 13C ODNP INEPT at different flow
velocities. Also the corresponding integrals obtained in 1H and 13C thermal
experiments, that were obtained with 256 scans, are shown.

The largest integral of the 13C ODNP experiment is detected at the lowest flow velocity
(v � 0.17 m -1) and corresponds to a signal enhancement of E13C � 8. At higher flow
velocities, the performance of the 13C ODNP experiment decreases significantly, as the
time for the interaction with the radical matrix is not sufficient for a complete ODNP
hyperpolarization build-up (compare the T RM

1,13C value of ACN in Table 7). Therefore,
the application of low flow velocities is beneficial for direct 13C ODNP. Morerover, since
the native T 0

1,13C value is much larger than that of 1H the small loss of ODNP hyper-
polarization during the transport to the benchtop NMR spectrometer is not important
here.

In contrast, the 13C ODNP PENDANT and 13C ODNP INEPT experiments yield larger
integrals with increasing flow velocity. Both indirect ODNP methods rely on the hyper-
polarization build-up of the 1H nuclei, which occurs on a much shorter time scale than
for the 13C nuclei. The use of high flow rates is, hence, less problematic. As seen before,
1H ODNP hyperpolarization losses occur during the transport. Therefore, the applica-
tion of higher flow velocities preserves the 1H ODNP hyperpolarization, which can then
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be transferred to the 13C nuclei. However, a new effect occurs that leads to a decrease in
signal at flow velocities above v � 1.70 m s-1: the application of the polarization transfer
sequences takes time. Consequently, a flow rate that is too high results in a less efficient
transfer of the 1H ODNP hyperpolarization to the 13C nuclei. The differences between
PENDANT and INEPT results are not significant.

Both approaches, direct ODNP (13C ODNP) and indirect ODNP (13C ODNP
PENDANT/13C ODNP INEPT), when applied to ACN, have their advantages at differ-
ent flow regimes: If low flow velocities are applied, direct ODNP is preferable because
higher 13C signal enhancements can be achieved. The contact time with the radical
matrix is sufficient and since the T1,13C is long, no significant loss of ODNP hyperpo-
larization occurs. If high flow velocities are used, indirect ODNP gives better results,
as the much shorter T RM

1,1H provides a much faster hyperpolarization build-up. However,
both approaches share the ability to detect the ACN signal in continuous-flow within a
single scan which is impossible without ODNP. Hence, ODNP is an enabling technology
for benchtop 13C NMR spectroscopy.

5.3.2 ODNP Experiments with CF

Figure 28 illustrates the 13C NMR spectra of CF obtained by the 13C ODNP, 13C ODNP
PENDANT, and 13C ODNP INEPT experiments in continuous-flow. For comparison,
a spectrum of the 13C thermal experiment is given. It can be seen that applying ODNP
increases the SNR tremendously, although only a single scan was acquired. The direct
ODNP shows the best performance.

The integrals of all experiments as a function of the flow velocity are given in Figure 29.
The results of the 1H thermal as well as the 1H ODNP experiments show the same
behaviour as observed for ACN. However, compared to the 13C results of ACN, a signi-
ficantly larger signal enhancement was observed for CF in all experiments. E.g., for the
13C ODNP experiment the largest signal enhancement was about E13C � 72 compared
to a corresponding value of E13C � 8 for ACN. This observation can be explained by
the scalar coupling mechanism, which is strongly dominant for CF due to its molecular
structure. A reduction of the net signal enhancement by the contribution of the dipolar
coupling and its negative signal is thus prevented. This is in agreement with the results
from other groups [197, 200–202]. The observed signal enhancements are in a similar
range as those found by Dorn et al. [200] and Stevenson et al. [201].
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Figure 28: Comparison of 13C NMR spectra of CF acquired by the 13C thermal, 13C
ODNP, 13C ODNP PENDANT, and 13C ODNP INEPT experiment. The
spectrum of the 13C thermal experiment was scaled with respect to its
number of scans (

º
n). The experiments with ODNP enhancement were

performed at a flow velocity of v � 1.02 m s-1.

In contrast to ACN, the largest 13C ODNP signal enhancement is not observed for
the lowest flow rate for CF - instead, the signal first rises with increasing flow rate,
similar to the results for 1H ODNP. A reason for the important differences of the results
for the direct 13C ODNP between ACN and CF may be a difference in the hyperfine
interaction of these molecules to the TEMPO radical. For CF, the scalar coupling is
largely dominant, whereas for ACN both scalar and dipolar coupling mechanisms should
play a role. However, scalar and dipolar coupling lead to signals of different sign that
cancel out. The direct 13C ODNP experiments of ACN show a small positive signal
indicating that both coupling mechanisms are present. Moreover, the strength of the
scalar hyperfine interaction is different for both molecules which could also be reflected
in different times required for hyperpolarization build-up (usually stronger couplings
result in faster polarization transfer). However, a clarification of this issue was out of
the scope of the present work, but the effect will be investigated in the future work.
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Figure 29: Integrals of signals from CF (C1) obtained by single scan 1H ODNP, 13C
ODNP, 13C ODNP PENDANT, and 13C ODNP INEPT at different flow
velocities. Also the corresponding integrals obtained in 1H and 13C thermal
experiments, that were obtained with 256 scans, are shown.

For 13C ODNP PENDANT and 13C ODNP INEPT the observations made for ACN also
apply to CF. In general, the indirect ODNP approach results in significantly lower 13C
signal enhancement than the direct 13C ODNP because this method uses the weaker
dipolar 1H signal enhancement. The signal enhancements obtained by 13C ODNP PEN-
DANT are significantly lower than those of 13C ODNP INEPT. This is due to the nature
of the PENDANT pulse sequence, which allows the simultaneous detection of the orig-
inal 13C polarization and the transferred polarization from 1H (this is the reason why
quaternary carbons can be detected with PENDANT). In ODNP, the signal enhance-
ments resulting from scalar and dipolar interactions are of opposite sign, thus, reducing
the net signal enhancement. In contrast, the refocused INEPT+ pulse sequence only
permits the detection of 13C polarization that originates from transfer from 1H.

In summary, 13C NMR spectra with very good SNR were obtained with a single scan
for CF with a 1 T benchtop NMR spectrometer without using 13C enriched substance
and in continuous-flow in a flow cell with an inner diameter of only d � 2.9 mm.
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5.3.3 ODNP Experiments with MeOH

13C NMR spectra of MeOH obtained by 13C thermal, 13C ODNP, and 13C ODNP PEN-
DANT in continuous-flow are given in Figure 30. 13C ODNP INEPT experiments were
not conducted due to failure of the MW amplifier. The results of these experiments
were expected to be similiar to those of the ACN experiments.

Again, the integrals as a function of the flow velocity are shown in Figure 31. For
the 1H thermal and 1H ODNP experiments, comparable observations were made for
MeOH as already noticed for ACN and CF. However, it can be seen that the direct
ODNP approach does not result in detectable 13C polarization at any flow velocity. In
contrast, with 13C ODNP PENDANT a signal can be acquired, but with only moderate
enhancement.

Figure 30: Comparison of 13C NMR spectra of MeOH acquired by the 13C thermal,
13C ODNP, and 13C ODNP PENDANT experiment. The spectrum of the
13C thermal experiment was scaled with respect to its number of scans
(
º

n). The experiments with ODNP enhancement were performed at a
flow velocity of v � 2.38 m s-1.

In comparison to ACN and CF, a much lower signal enhancement was obtained on the 1H
(max E1H � 3) as well as on the 13C nucleus (max E13C � 3, for 13C ODNP PENDANT).
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The low enhancements can be explained by the poor hyperfine interaction of the CH3-
group of MeOH with the TEMPO radical. The polar molecular structure of the radical
interacts preferentially with the equally polar OH-group of MeOH, resulting in a low
ODNP hyperpolarization of the 1H and 13C nuclei of the CH3-group. This is especially
critical for the direct 13C ODNP technique, since the weak 13C ODNP hyperpolarization
can be additionally cancelled by the competing dipolar (negative signal) and scalar
coupling (positive signal). However, indirect ODNP still allows MeOH to be detected
by 13C NMR spectroscopy in a single scan in continuous-flow mode because it relies
entirely on the available 1H ODNP hyperpolarization. This highlights that there are
situations where indirect ODNP can be used when direct ODNP fails.

Figure 31: Integrals of signals from MeOH (C1) obtained by single scan 1H ODNP,
13C ODNP, and 13C ODNP PENDANT at different flow velocities. Also
the corresponding integrals obtained in 1H and 13C thermal experiments,
that were obtained with 256 scans, are shown.
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5.3.4 ODNP Experiments with ACN + CF

To investigate the potential of ODNP on 13C for process monitoring, also a binary
mixture was studied. 13C NMR spectra of the binary mixture consisting of ACN and
CF (xACN � 0.75 mol mol-1) obtained by 13C thermal, 13C ODNP, and 13C ODNP
PENDANT in continuous-flow are shown in Figure 32. Again, 13C ODNP INEPT
experiments could not be performed due to hardware issues. A significant improvement
of the SNR in the 13C NMR spectrum by the direct as well as the indirect approach is
recognizable for both components.

Figure 32: Comparison of 13C NMR spectra of the binary mixture ACN and CF
(xACN � 0.75 mol mol-1) acquired by the 13C thermal, 13C ODNP, and
13C ODNP PENDANT experiment. The spectrum of the 13C thermal ex-
periment was scaled with respect to its number of scans (

º
n). The ex-

periments with ODNP enhancement were performed at a flow velocity of
v � 0.68 m s-1.

Figure 33 shows the integrals of ACN and CF in the binary mixture obtained from
the 13C ODNP and the 13C ODNP PENDANT experiments as a function of the flow
velocity. The observations made for the pure components also apply to the studied
binary mixture (compare Figure 27 and Figure 29). Compared to the pure components,
lower absolute signal integrals are observed due to the lower total amount of spins of



5.3 Results and Discussion 73

each molecule in the detection cell. However, the signal enhancements obtained in the
binary mixture, with the exception of the 13C ODNP experiment of CF, are in the same
range as for the pure components. The exception for CF can be explained by the fact
that in the binary mixture, CF molecules compete with ACN for the limited radical
binding sites.

In summary, in the ODNP experiments the detection of the 13C signals of both compo-
nents is possible even in continuous-flow. This is not the case for 13C thermal experi-
ments. The application of 13C ODNP hyperpolarization therefore opens the route for
quantifying the composition of flowing mixtures by 13C NMR e.g. in reaction kinetic
studies. The present results suggest that this is possible, but requires a calibration.
In preliminary studies, a suitable flow rate should be chosen, for which at least one
signal for each component is detectable. Then, the calibration can be carried out with
mixtures of known composition.

Figure 33: Integrals of signals from ACN + CF (C1 for both molecules) in a binary
mixture (xACN � 0.75 mol mol-1) obtained by single scan 13C ODNP and
13C ODNP PENDANT at different flow velocities. Also the corresponding
integrals obtained in 13C thermal experiments, that were obtained with 256
scans, are shown.
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5.4 Conclusions

In this work, ODNP hyperpolarization has been applied for enabling continuous-flow
benchtop 13C NMR spectroscopy. This is highly attractive for reaction and process
monitoring. Three ODNP methods were studied: direct ODNP (13C ODNP) and two
indirect 1H-13C ODNP methods (13C ODNP PENDANT and 13C ODNP INEPT). Their
performance was evaluated at different flow velocities for pure acetonitrile (ACN), chlo-
roform (CF), methanol (MeOH) and a mixture of acetonitrile (ACN), chloroform (CF).
Significant 13C signal enhancements were found in basically all cases. Even though no
13C enriched substances were used, it was shown that single scan ODNP experiments
can yield 13C NMR spectra with good SNR even at high flow velocities. The size of the
signal enhancement and its dependency on the flow velocity is different for the different
studied ODNP techniques and it also depends on the investigated substance. The actual
outcome is determined by several effects, starting with the efficiency of the polarization
transfer in the fixed bed (to the 13C nuclei in the direct method and to the 1H nuclei in
the indirect method) and the loss of polarization on the way from the fixed bed to the
NMR detection volume. These two effects depend on the corresponding T1 times which
are much lower for 1H than for 13C. Furthermore, effects in the detection volume are
important, where in the indirect methods the transfer of the polarization from 1H to 13C
has to be accomplished as well as in all cases the final 13C NMR experiment must be
carried out. The influence of all these effects on the results of the different ODNP meth-
ods was elucidated and discussed for the different studied substances and conditions.
Besides these results of studies on 13C ODNP, also results from corresponding 1H NMR
measurements are reported, in which also important enhancements were observed.

The studies should be extended in several directions: the design of the NMR detection
flow cell should be improved. The jump of the diameter at the inlet of the present cell is
certainly not an optimal design, a smooth transition, that avoids back-mixing and dead
zones will enable much higher enhancements than those obtained in the present work.
Furthermore, a combination with ultrafast (UF)-2D NMR [216–219] techniques could
be explored.

The present work lays the foundation for the application of benchtop 13C NMR spec-
troscopy in flow for the quantification of mixtures. This would open new perspectives
for reaction and process monitoring.
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6 Quantitative Analysis with
Overhauser Dynamic Nuclear
Polarization

6.1 Introduction

ODNP is particularly attractive because of its ability to hyperpolarize a wide range
of molecules and because it is fast, so that it can be used in continuous-flow setups
for real-time process monitoring [199–202, 206, 207, 209–211]. Stable radicals, such as
nitroxides, are added to the sample as a source of electron spin polarization [190–192].
For an application in process monitoring, it is advantageous to immobilize the radicals in
a fixed bed which allows flow-induced separation of the radicals and thus a measurement
of a radical free sample [199, 200, 206, 207]. This avoids chemical contamination of the
sample and interference of the radicals with NMR detection.

However, the quantitative analysis of hyperpolarized mixtures is a challenge because
the integral of the signal does not only depend on the number of spins in the sample
but also on the polarization level. In ODNP, unequal nuclear spin polarization levels
are observed for different components of mixtures and sometimes even for different
nuclei on the same molecule, due to different hyperfine interactions of the molecular
sites with the radicals. This prevents applying the common quantification based only
on the peak integrals. Different methods to solve the problem of unequal polarization
levels have been described in the literature: the Signal Amplification by Reversible
Exchange (SABRE) hyperpolarization technique uses a second ligand which binds at
the mediating metal complex to achieve a linear dependence of the SABRE signal on
the concentration of the studied component [165, 220]. Using a calibration, the SABRE
technique has been applied successfully, e.g. to quantify metabolites in urine samples or
sugars solved in dimethylformamide [167, 221]. A different approach has been developed
for dissolution DNP (dDNP) and applied for the quantification of metabolic pathways
and networks using an internal standard [222–232]. Although originally proposed for
biomedical applications, including in vivo imaging, applications of dDNP for online
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monitoring of chemical and biological reactions have emerged [175, 233]. However,
both SABRE and dDNP have drawbacks in online applications: SABRE can only be
applied to molecules that are able to bind to the metal complex which mediates the
contact with p-H2, while dDNP is limited to the detection of very fast processes and
cannot be used in continuous-flow applications because the spin polarization produced
is non-renewable, allowing only studies on the time scale of the T1 time of the observed
nucleus. Hyperpolarization by ODNP is particularly suitable in this respect because it
can polarize a wide range of different molecules at different concentrations, works also
in continuous-flow, and is technically straightforward.

In the present work, the quantitative analysis of ODNP hyperpolarized mixtures with
1H and 13C NMR spectroscopy was explored. This is the first study that reports on
this interesting new option for quantitative hyperpolarized NMR. To demonstrate the
feasibility of this approach, 1H and 13C ODNP experiments on three binary mixtures
over a wide concentration range without the use of any internal standard were carried
out. The experiments were performed in continuous-flow. Immobilized radical matrices
were used for the ODNP build-up and the hyperpolarized mixtures were analyzed with
a benchtop NMR spectrometer. It is shown that no tedious study of the different
factors that influence ODNP (coupling, leakage and saturation factor) is necessary for
the quantification. The effect of uneven hyperpolarization on the different molecules was
addressed by a calibration that was tailored for the application to ODNP experiments
and works reliably in the entire concentration range.

6.2 Experimental Section

6.2.1 Chemicals and Materials

Three binary systems were investigated (the suppliers and the purities of the chemicals
are given in the Appendix E):

• System 1: acetonitrile + water (ACN + W)

• System 2: acetonitrile + 1,4-dioxane (ACN + DX)

• System 3: acetonitrile + chloroform (ACN + CF)

For each system, mixtures of different composition were prepared gravimetrically using
a laboratory balance (Delta Range XS603S, Mettler Toledo, accuracy: �0.001 g). The
uncertainty of the concentrations obtained gravimetrically is �0.001 mol mol-1. The
immobilized paramagnetic radical matrix used here is the same as used in the work
described in Chapter 5 and consists of the nitroxide radical TEMPO immobilized via
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a polymeric linker on controlled porous glass beads [207]. More details on the radical
matrix are given in the Appendix E.

6.2.2 Experimental Setup and Procedure

Figure 34 illustrates the setup for the continuous-flow ODNP experiments. The setup
is adapted from Kircher et al. [206]. It is only briefly described here, details as well as
component specifications are given in the Appendix E.

Figure 34: Scheme of the experimental setup for the continuous-flow ODNP experi-
ments.

The main components of the setup are a custom-built Halbach magnet (magnetic field
strength 0.35 T) and a Magritek benchtop NMR spectrometer (Spinsolve Carbon, mag-
netic field strength 1.0 T). The sample mixture was pumped from a storage vessel to the
ODNP probe inside the Halbach magnet containing the radical matrix in a fixed bed.
Inside the ODNP probe, the sample is irradiated with microwave (MW) radiation at a
frequency of 9.687 GHz to accomplish the hyperpolarization. After hyperpolarization,
the sample flows through a PEEK capillary to the benchtop NMR spectrometer which
was placed directly under the Halbach magnet. The inner diameter of the capillary
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connecting the ODNP probe and the detection cell of the benchtop NMR spectrometer
was 0.25 mm, its length 0.52 m.

1H NMR experiments with ODNP hyperpolarization (referred to as 1H NMR ODNP)
were carried out for all systems, 13C NMR experiments with ODNP hyperpolarization
(referred to as 13C NMR ODNP) were additionally carried out for System 3. Further-
more, corresponding thermally polarized 1H and 13C NMR experiments without MW
irradiation (referred to as 1H NMR and 13C NMR) were carried out to enable the calcu-
lation of the signal enhancement. Hence, there are four data sets: Three for the 1H NMR
ODNP experiments in the Systems 1 to 3 and another one for the 13C NMR ODNP
experiments in the System 3. All ODNP experiments were conducted with a single scan
in continuous-flow. Details of the experimental procedure as well as the calculation of
the signal enhancement are provided in the Appendix E.

Two different detection cells were used: For the studies of System 1 and System 2,
a PEEK-capillary with an inner diameter of 0.25 mm was used, since only 1H NMR
experiments, which yield large signals, were performed [206]; for System 3, a custom-
built PEEK-detection cell with an an inner diameter of 2.90 mm was used to enable
analysis by 13C NMR spectroscopy without the use of isotopically enriched samples (see
Chapter 5). After passing the NMR spectrometer the sample was recycled to the storage
vessel.

The flow rate V̇ and the MW power P were set individually for each system based
on experience from previous works [206] and the previous chapter. The experimental
parameters are summarized in Table 8, which also provides the corresponding flow ve-
locities v (calculated assuming plug-flow) in the capillary between the ODNP probe and
the NMR detection cell. The MW irradiation was activated 2 s before signal acquisition
to allow sufficient ODNP hyperpolarization build-up.

Table 8: Experimental parameters: flow rate V̇ and microwave power P for each stu-
died system. Also the flow velocity v in the capillary between the ODNP
probe and the NMR detection cell is provided. d is the inner diameter of the
detection cell.

System NMR V̇ / ml min-1 v / m s-1 P / W d / mm

1, 2 1H 1.0 0.34 10 0.25

3 1H 7.0 2.38
5 2.90

13C 1.0 0.34



6.2 Experimental Section 79

The (uncorrected) mole fraction xODNP
i of component i in the binary systems was de-

termined from the normalized peak integral with respect to the second component j in
that system (see Equation (11)).

xODNP
i �

IODNP
i

Ni

IODNP
i

Ni
�

IODNP
j

Nj

(11)

Here, IODNP
i denotes the integral of the signal of the component i and Ni is the number

of protons or carbon nuclei assigned to this signal. All 1H NMR ODNP experiments
were repeated 5 times, while 13C NMR ODNP experiments were repeated 3 times. From
the results the mean value xODNP

i and the standard deviation, that are reported here,
were calculated.

6.2.3 Calibration Function

Unequal hyperpolarization efficiencies for different components as well as differences in
the hyperpolarization losses due to relaxation processes during the transport to the NMR
detection result in differences between xODNP

i and the true concentration. In this work,
the gravimetrical concentration xref

i is taken as ground truth. The concentrations xODNP
i

obtained from the 1H NMR ODNP and 13C NMR ODNP experiments were correlated
to xref

i of the corresponding mixture. A typical result for the relation of xref
i and xODNP

i

is given in Figure 35.

Figure 35: Illustration of the calibration function that relates xODNP
i and xref

i . The
calibration function f is basically a combination of two linear functions
(green and purple) with a smooth transition between both.
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In both concentration corners, the relation between xref
i and xODNP

i is basically linear,
but the slopes of the linear functions differ. At intermediate concentrations, there is a
smooth transition between these two lines. This observation has led to the empirical
correlation function which is given in Equation (12). The function was chosen after
preliminary tests with the aim of representing the observed relations xODNP

i �xref
i � with

a flexible function with a minimal number of parameters.

xODNP
i � f�xref

i � � wI�xref
i � � fI�xref

i � �wII�xref
i � � fII�xref

i � (12)

with:

fI�xref
i � � a � xref

i (13)

fII�xref
i � � �1 � b� � b � xref

i (14)

The parameters a and b describe the slopes of the linear calibration curves in the highly
diluted regions and are fitted to the experimental data points. The weights wI and wII

are defined such that the following conditions are satisfied:

wI�0� � 1 and wI�1� � 0

wII�0� � 0 and wII�1� � 1

The weight functions are given in Equation (15) and Equation (16).

wI�xref
i � � tanh �c �x�i � xref

i �� � tanh �c �x�i � 1��
tanh �c �x�i � 0�� � tanh �c �x�i � 1�� (15)

wII�xref
i � � tanh �c �xref

i � x�i �� � tanh �c �0 � x�i ��
tanh �c �1 � x�i �� � tanh �c �0 � x�i �� (16)

where x� is

x� �
1 � b

a � b
(17)

which is the value of xref
i for which the two functions fI�xref

i � and fII�xref
i � intersect.

The parameter c controls the steepness of the transition between these two branches
of the calibration curve. It can be adjusted, but also a default value can be chosen,
as it was done in the present work. Based on preliminary studies the value c � 3 was
selected and used for all evaluations. Hence, even though the mathematical form of the
calibration curve described by Equations (12) - (17) may seem intricate, the function
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itself is simple to handle and has only two adjustable parameters a and b (or three if c

is not set). Furthermore, it also contains the fully linear correlation as a limiting case
(for a � b). Formally, the component i can be chosen to be either 1 or 2. As the mole
fractions of the two components of the binary mixture sum up to 1, both choices are
equivalent. In the present work, we always refer to component 1, which was ACN in all
three studied systems.

For each of the studied systems, the parameters a and b were determined from a fit
to the experimental data points, which was performed with the nonlinear least-squares
solver lsqcurvefit of MATLAB using the following target function

S �

M

Q
k�1

�f �xref
ACN,k� � xODNP

ACN,k�2 (18)

where M is the number of data points in the system.

To quantify the accuracy of the obtained correlation, the mean absolute error (MAEcorr)
is calculated according to Equation (19).

MAEcorr �

M

P
k�1

Tf �xref
ACN,k� � xODNP

ACN,kT
M

(19)

The robustness of this calibration approach was evaluated using a leave-one-out (LOO)
analysis [234]: One data point (here: the result for one mixture k�) of the data set (here:
the set of results for a given system) was left out, while the others were used for the
fit. The obtained calibration function was then used to calculate Tf �xref

ACN,k�� � xODNP
ACN,k� T.

This procedure was repeated for all M data points (mixtures) of the studied system and
the mean absolute error of the LOO analysis (MAELOO) was calculated in the same way
as for MAEcorr, cf. Equation (19).

6.3 Results and Discussion

The signal integrals from the ODNP experiments were used to calculate xODNP
ACN for all

data points using Equation (11). Furthermore, for all data points xref
ACN is known. Based

on these data, for the studied system the calibration function (Equation (12) - (17)) was
fitted to the data points (xref

ACN, xODNP
ACN ) and the LOO analysis was carried out, yielding

MAEcorr and MAELOO. In Table 9, these values are reported together with the numbers
for a and b found from the correlation of the full data set. The values for MAEcorr are
below about 0.02 mol mol-1 for the 1H NMR as well as for the 13C NMR data, which
is remarkable, considering the fact that the data stem from single-scan experiments in
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flow. The values of MAELOO are somewhat higher, but underline the robustness of the
method. A detailed discussion of the results is given in the next sections. Additional
data on the signal integrals, the signal enhancements, and the spin-lattice relaxation
time T1 as well as the relative deviations of data points from the calibration curve are
reported in the Appendix E.

In general, there are two effects that affect the ODNP enhancement and consequently
may result in a nonlinear calibration curve: 1) the different types and strengths of
hyperfine interactions of the molecules with the radical; 2) the unequal hyperpolarization
losses due to differences in T1 during the transport from the fixed bed to the benchtop
NMR spectrometer.

Table 9: Results from the fits of the calibration curves. Parameters a and b of the
calibration function (Equation (12) - (17)) were obtained from a fit to all
available experimental data points of the studied system. Additionally, the
resulting value of x�ACN is provided. The number for c was not adjusted to
the data and set to c � 3 for all systems. The numbers for the mean absolute
error of the correlation of all data points (MAEcorr) and that found in the
leave-one-out analysis (MAELOO) are also reported.

System NMR a b x�ACN / MAEcorr / MAELOO /

mol mol-1 mol mol-1 mol mol-1

System 1 1H 1.3023 0.4959 0.625 0.007 0.013

System 2 1H 1.0498 0.9467 0.517 0.018 0.015

System 3 1H 0.6624 1.1946 0.366 0.021 0.039

13C 0.5064 2.1848 0.706 0.023 0.040

6.3.1 System 1: Acetonitrile (ACN) + Water (W)

Figure 36 shows the 1H NMR spectra of the different studied mixtures of System 1:
ACN + W obtained with the 1H NMR ODNP experiments in continuous-flow. For
comparison, also the results of the corresponding thermally polarized experiments are
shown. Two singlet peaks can be identified which are assigned to ACN and W. Both
peaks are broad due to flow effects that reduce the spin-spin relaxation time T2 [13].
However, the peaks do not overlap, allowing a quantification by direct integration of the
signals. The thermally polarized 1H NMR experiments show a low SNR. By switching
on the MW and performing the 1H NMR ODNP experiment, a significant improvement
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in the SNR is achieved. The average signal enhancements were E
1H
ACN � 35 for ACN and

E
1H
W � 19 for W for System 1.

In both types of experiments, the signal integral of W increases linearly as more W is
added to the mixture. However, for ACN a deviation from the linear relationship is
observed in the 1H NMR ODNP experiment: the maximum signal integral for ACN is
not found for the pure substance, but for a mole fraction of xref

ACN � 0.584 mol mol-1.
This is due to a change in the molecular dynamics of the system as the composition
of the samples changes, which affects the interaction of the molecules with the radicals
and, hence, the corresponding signal enhancement.

Figure 36: 1H NMR spectra of System 1: ACN + W for mixtures with different com-
position acquired with a single scan in continuous-flow (flow velocity v =
0.34 m s-1).

Figure 37 shows the results of the quantitative analysis of System 1 with the 1H NMR
ODNP experiments. The results for xODNP

ACN obtained in the 1H NMR ODNP experiment
are plotted over the gravimetric reference value xref

ACN and the calibration curve resulting
from the fit to all data points is shown.

The concentrations of ACN were systematically overestimated in the ODNP experiment
(and, as consequence, those for the concentrations of W were systematically underesti-
mated). This is a result of the significant difference in the observed signal enhancements
which are mainly due to differences in the T1, 1H values between ACN and W. The T1

values of ACN are much larger than those of W; see Appendix E. This leads to lower
hyperpolarization losses during the transport from the fixed bed to the detection zone
for ACN compared to those for W. Furthermore, the results shown in Figure 37 indicate
that the different affinities of the two component to the radical matrix do not play a
significant role here because it is expected that W has a higher preference to the matrix
than ACN which would lead to data points below the diagonal line.
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However, the excellent description of the results by the correlation is evident in Figure 37.
The calibration function fits the experimental data points very well. In particular,
the almost linear data for ACN mole fractions below about 0.5 mol mol-1 is described
very well. The MAEcorr is less than 0.007 mol mol-1, which is a very good result for
quantitative NMR measured in a 0.25 mm capillary in a benchtop NMR spectrometer
in continuous-flow. The MAE obtained in the LOO analysis is only 0.013 mol mol-1,
indicating that the approach provides a robust calibration function.

Figure 37: Results for System 1: ACN + W. xODNP
ACN obtained in the 1H NMR ODNP

experiments (symbols) are plotted over the gravimetric reference values
xref

ACN. The calibration curve (solid line) resulting from the fit to all data as
well as the ideal diagonal line (dashed line) are given.

6.3.2 System 2: Acetonitrile (ACN) + 1,4-Dioxane (DX)

Figure 38 shows the results of the quantitative analysis with the 1H NMR ODNP ex-
periment and the calibration curve for System 2: ACN + DX. The 1H NMR spectra of
the thermally polarized 1H NMR and 1H NMR ODNP experiments in continuous-flow
are provided in the Appendix E.

In Figure 38, a linear dependence of xODNP
ACN on xref

ACN can be observed over almost the
entire concentration range. In contrast to System 1, the results are close to the ideal
diagonal line. Also this behavior is described very well by the calibration function. The
MAEcorr is 0.018 mol mol-1 and the MAELOO is 0.015 mol mol-1, respectively, which is
a good result for quantitative benchtop NMR of fast flowing samples.

The slopes of both linear functions and, thus, the parameters a and b do not differ much
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from each other for this system. The calibration function collapses to a simple linear
correlation. There are two reasons for this observation: First, the difference in the T1

values of ACN and DX is small compared to System 1 (see Appendix E). Therefore,
hyperpolarization losses during the transport are not relevant for the quantification in
this system. Second, the hyperfine interactions of both molecules with the radicals are
expected to be similar. This is supported by the similar enhancement values obtained
for ACN and DX in the different mixtures (see Appendix E).

Figure 38: Results for System 2: ACN + DX. xODNP
ACN obtained in the 1H NMR ODNP

experiments (symbols) are plotted over the gravimetric reference values
xref

ACN. The calibration curve (solid line) resulting from the fit to all data as
well as the ideal diagonal line (dashed line) are given.

6.3.3 System 3: Acetonitrile (ACN) + Chloroform (CF)

Figure 39 shows the results of the quantitative analysis with the 1H NMR ODNP exper-
iments and the calibration curve for System 3: ACN + CF. Again, the 1H NMR spectra
of the thermally polarized 1H NMR and 1H NMR ODNP experiments in continuous-
flow are provided in the Appendix E. The detection cell for this system had an inner
diameter of 2.9 mm to enable the 13C NMR experiments at natural abundance described
later. Therefore, the 1H NMR experiments for this system were carried out at a much
higher flow velocity than for System 1 and System 2 (v � 0.34 m s-1 for System 1 and
System 2 compared to v � 2.38 m s-1 for System 3) to allow the larger detection cell to
be filled within the T1,1H relaxation time of the molecules. Furthermore, the MW power
was reduced in these experiments because of the high volatility of CF, resulting in lower
enhancement values and lower SNR. Moreover, the sudden expansion at the inlet of the
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detection cell from 0.25 to 2.9 mm leads to the formation of a jet-flow (see Chapter 5).
Therefore, a high degree of back-mixing is present in the detection cell, which further
reduces hyperpolarization and affects quantification.

Despite these changes, the calibration function correlates the data very well. The
MAEcorr is 0.021 mol mol-1. However, an outlier is identified at an ACN mole frac-
tion of xref

ACN � 0.383 mol mol -1. As a consequence, a larger MAELOO of 0.039 mol mol-1

is found. Nevertheless, the results underline the robustness of the calibration method.

In contrast to System 1, the ACN concentration is systematically underestimated by
the 1H NMR ODNP experiment whereas the CF concentration is overestimated. This
observation can be explained by the T1 values, which are reversed in this system: ACN
has a significantly shorter 1H spin-lattice relaxation time than CF, resulting in larger
hyperpolarization losses for ACN.

Figure 39: Results for System 3: ACN + CF. xODNP
ACN obtained in the 1H NMR ODNP

experiments (symbols) are plotted over the gravimetric reference values
xref

ACN. The calibration curve (solid line) resulting from the fit to all data as
well as the ideal diagonal line (dashed line) are given.

Figure 40 shows 13C NMR spectra of the different mixtures of System 3 obtained by the
13C NMR ODNP experiment with only one scan in continuous-flow. Without ODNP
a similar experiment would have yielded no signals at all. The flow rate for the 13C
NMR experiments of this system was reduced (v � 0.34 m s-1) compared to the one
for the 1H NMR experiments due to the much longer T1,13C relaxation times. The two
singlet peaks in the spectra can be clearly assigned to the methyl group of ACN and
CF, respectively. The large chemical shift dispersion prevents peak overlap, which is
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particularly beneficial for benchtop NMR spectroscopy. A mean signal enhancement of
E

13C
ACN � 14 and E

13C
CF � 45 was achieved. The higher enhancement of CF is a consequence

of its molecular structure (electron withdrawing effect of the chlorine atoms) which
results in a stronger hyperfine interaction to TEMPO radicals [197, 200–202].

Figure 40: ODNP-enhanced 13C NMR spectra of System 3: ACN + CF for mixtures
with different composition acquired with a single scan in continuous-flow
(flow velocity v � 0.34 m s-1).

In Figure 41, the results of the quantitative analysis with the 13C NMR ODNP exper-
iment and the calibration curve for System 3: ACN + CF are shown. Similar to the
experiments with 1H NMR ODNP, an overestimation of CF is observed, which is ex-
plained by the larger ODNP enhancement of CF compared to ACN. Relaxation effects
on the 13C nuclei must also be considered, as the chosen flow velocity of 0.34 m s-1

results in a mean transport time of 1.5 s. An additional time delay occurs due to the
filling of the large detection volume with hyperpolarized fluid. For the pure compo-
nents ACN and CF the T1, 13C values were determined experimentally (for ACN: 15.4 s;
for CF: 21.7 s; see Chapter 5), which leads to higher polarization losses for ACN. The
combination of both effects (stronger hyperfine interaction and larger T1 time) leads to
an overestimation of the CF concentration, and consequently an underestimation of the
ACN concentration, as observed in Figure 41 and as expected.

For the 13C NMR ODNP experiments, the obtained xODNP
ACN mole fractions deviate

strongly from the diagonal line. The calibration function is still able to correlate the
experimental data satisfactorily, but the MAEcorr of 0.023 mol mol-1 and the MAELOO

of 0.040 mol mol-1 are the highest of all quantitative analyses. This is explained by the
significantly lower SNRs of the 13C NMR spectra compared to those of the 1H NMR
spectra, which is due to the low natural abundance of 13C, resulting in larger uncertain-
ties. In addition, the quantification is disturbed by the jet-flow present in the detection
cell. Improving the accuracy of the 13C NMR quantification with ODNP by improving
the experimental setting is the subject of ongoing research in our group. However, even
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the first experiments demonstrate that ODNP enables a reasonable quantitative analysis
of mixtures by single-scan benchtop 13C NMR spectroscopy in continuous-flow, which is
impossible without ODNP. This is particularly useful when NMR signals overlap in the
1H NMR spectrum as it is often the case for mixtures measured with benchtop NMR
spectrometers.

Figure 41: Results for System 3: ACN + W. xODNP
ACN obtained in the 13C NMR ODNP

experiments (symbols) are plotted over the gravimetric reference values
xref

ACN. The calibration curve (solid line) resulting from the fit to all data as
well as the ideal diagonal line (dashed line) are given.

6.4 Conclusions

ODNP can be used for overcoming sensitivity issues of NMR spectroscopy as it greatly
increases the signal intensity and thereby the SNR. This is especially important in
continuous-flow NMR, where the analysis must often be carried out with single-scan
experiments. However, as the signal enhancement is generally different for different
components and many factors influence the individual enhancements, a quantification
of NMR spectra obtained with ODNP is difficult. This is the first study in which this
issue is tackled. It has been shown that a quantification of both 1H NMR and 13C
NMR spectra of mixtures obtained in continuous-flow experiments with ODNP with
a benchtop NMR spectrometer is possible using a simple calibration – without having
to elucidate and quantify all effects that lead to the different signal enhancements for
the different components. A special calibration function was developed for that purpose
that describes the non-linear data for the different studied binary systems very well with
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only two parameters. The results indicate that the most important parameters that
influence the enhancements and, hence, the type of calibration curve that is obtained,
are the strengths of the hyperfine interaction of the components of the mixture with
the radicals in the fixed bed and the polarization losses during transport from the fixed
bed to the NMR detection, that basically depend on the T1 time of the components. To
apply ODNP for quantitative analysis in a flow setup as used in this work, the following
procedure is recommended: in a preliminary study, suitable experimental parameters,
such as the microwave intensity and flow rate should be determined. Alternatively, they
could be set based on experience. For these parameters, a calibration can be carried
out. Then, routine analysis is possible, including single-scan experiments with 13C NMR
on benchtop instruments in continuous-flow. In future work, the approach should be
extended to multi-component systems, but the route to apply ODNP in quantitative
flow NMR is now open.
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7 Conclusions

Benchtop NMR spectroscopy is a highly promising process analytical technique (PAT):
it is non-invasive, enable quantification without calibration, and is robust and affordable.
However, three major drawbacks currently hinder the widespread use of this emerging
technology: peak overlap, typically observed for 1H NMR spectroscopy, low signal inten-
sity, commonly an issue in 13C NMR spectroscopy, and the insufficient premagnetization
in continuous-flow, which is a consequence of the compact design of the benchtop NMR
spectrometers. In the present thesis, these challenges are addressed by applying various
strategies: 1) the application of a novel method for model-based quantitative analysis
of spectra with overlapping peaks, 2) using special pulse sequences to enhance the 13C
NMR signal without the need for additional hardware, and 3) employing hyperpolariza-
tion techniques to enhance 13C NMR signals.

Grape must and wine products are characterized by a complex matrix with many com-
ponents which result in strong peak overlap in the 1H NMR spectra. Hence, these
samples are challenging for quantitative benchtop NMR spectroscopy. The AutoWine-
tool of Matviychuck et al. [79] was used to monitor and to quantify a wine fermentation
online. In a preliminary study, the procedure was validated using test mixtures rep-
resenting the different stages of a wine fermentation. Good agreement with the corre-
sponding gravimetric concentrations was found. Subsequently, a laboratory scale wine
fermentation was monitored by benchtop 1H NMR spectroscopy and quantified with the
AutoWine-tool. Two different fermentation modes were investigated. Both major and
minor components were successfully monitored with a high temporal resolution.

13C NMR spectroscopy with its large chemical shift dispersion is highly interesting for
the quantification of complex mixtures. However, quantifying mixtures with 13C NMR
spectroscopy is time-consuming as the SNR and the spin-lattice relaxation times are
unfavorable. The latter is particularly problematic for applications in continuous-flow,
as the magnetization is insufficient, especially in the compact benchtop NMR spec-
trometers. NMR pulse sequences, e.g. PENDANT, which involve 1H-13C polarization
transfer, are attractive because they tackle these issues by enhancing the 13C NMR sig-
nal up to fourfold and additionally reduce the experimental time as well as solve the
premagnetization issue by utilizing the much faster spin-lattice relaxation of protons.
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Therefore, PENDANT has been applied for the quantitative analysis of mixtures in sta-
tionary and flow experiments with a benchtop NMR spectrometer. The results obtained
by PENDANT were compared to those from standard NMR experiments and gravimet-
ric references, showing excellent agreement in both stationary and flow conditions. A
dynamic process was successfully studied with PENDANT, demonstrating the method’s
applicability in process monitoring.

Moreover, the advantages of the polarization transfer method were used in measurements
of self-diffusion coefficients with benchtop 13C NMR spectroscopy. The self-diffusion co-
efficient is an important physical property that characterizes the mobility of individual
molecules and is, thus, important in many fields of science and engineering. Usually 1H
NMR is used for diffusion measurements but it is not applicable to complex mixtures
resulting in heavily overlapping peaks in the 1H NMR spectrum. Therefore, the polar-
ization transfer sequence PENDANT was extended with a diffusion encoding sequence
for the determination of diffusion coefficients based on 13C NMR spectroscopy. The new
pulse sequence - named PENPFG - was tested by measuring the self-diffusion coeffi-
cients of pure components as well as in binary and ternary mixtures with a benchtop
NMR spectrometer. As a reference, the same systems were investigated with standard
NMR experiments using a high-field NMR spectrometer. Good agreement between the
results of PENPFG and those of the reference experiments was found.

ODNP is hyperpolarization technique in which the polarization of electron spins is trans-
ferred to nuclear spins by MW irradiation, resulting in impressive signal enhancements.
ODNP is well-suited for reaction and process monitoring applications due to its very
rapid polarization build-up which solves the premagnetization issue of flowing samples
in benchtop NMR. Direct as well as indirect ODNP techniques were studied to obtain
signal enhanced 13C NMR spectra. All techniques were evaluated at different flow rates.
Significant 13C signal enhancements were observed in all cases, which depend on the
flow velocity, the investigated substance, and its molecular interaction with the radical
fixed bed. The outcome is determined by the efficiency of hyperpolarization build-up in
the fixed bed as well as hyperpolarization loss on the way to the detection zone. It was
demonstrated that ODNP enables 13C NMR acquisition with a single scan even at high
flow velocities.

In ODNP, unequal nuclear spin polarization levels are observed for different components
in the mixture, causing complications in the quantification of those mixtures. This
challenge has been addressed, allowing the application of ODNP for the quantitative
analysis of binary mixtures on a benchtop NMR spectrometer in continuous-flow in a
wide concentration range for the first time. A robust calibration approach was developed
to handle the non-uniform ODNP efficiencies. The approach was evaluated by a LOO
analysis. The calibration function described the experimental data successfully and
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quantified the mixtures with good precision. It was demonstrated that quantitative
NMR spectroscopy with ODNP-enhanced signals is feasible.

In conclusion, this thesis introduces methods and strategies to considerably improve
benchtop NMR spectroscopy in terms of sensitivity, selectivity and temporal resolution
and opens up new routes for the application of this powerful analytical technique in
process engineering and related fields.
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A.1 Experimental Section

A.1.1 Synthetic Wine Mixtures

Three test mixtures were prepared gravimetrically. The masses of the components in
each test mixture are given in Table A.1.

Table A.1: Masses of the components in the three test mixtures.

Component
Mixture 1 Mixture 2 Mixture 3

m / g

Acetic Acid 0.031 0.042 0.066

Citric Acid 0.024 0.079 0.136

Ethanol 0.198 8.005 14.003

D(-)-Fructose 18.002 10.029 0.401

D(+)-Glucose 20.061 3.998 0.205

Glycerol 0.321 0.603 1.256

DL-Malic Acid 1.397 1.199 1.003

Succinic Acid 0.027 0.143 0.298

Water 200.07 200.18 200.15
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A.1.2 Determination of the Transport Time

Tracer experiments were performed to determine the delay between sample uptake and
acquisition in the benchtop NMR spectrometer. For this purpose, dimethylsulfoxide
(DMSO) was injected to the reactor filled with 200 ml of water while the pump was
running at a constant flow rate of V̇ � 0.3 ml min-1. In parallel to the injection, the
benchtop 1H NMR measurements were started and 300 scans were acquired (acquisition
time 1.6 s, 8192 data points, 90° excitation pulse, 1 scan) every 5 s. The signal of DMSO
was continuously tracked during the experiment to calculate the transport time. Three
experiments were performed to calculate a mean value. The results are displayed in
Figure A.1. The mean dwell time was 14.4 min.

Figure A.1: Three tracer experiments to determine the delay between sample uptake
and NMR acquisition. The signal integral of DMSO was continuously
tracked during the experiment while the pump was running at a flow rate
of V̇ � 0.3 ml min-1.

A.2 Results and Discussion

A.2.1 Measurement of Synthetic Wine Mixtures

Mixture 1, Mixture 2, and Mixture 3 were quantified by the AutoWine-tool. The results
of the 1H NMR experiment are compared with the gravimetric concentrations which are
considered as ground truth. The numerical values are given in Table A.2, Table A.3,
and Table A.4.
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Table A.2: Concentrations of Mixture 1 determined by the 1H NMR experiment com-
bined with the AutoWine-tool. The results are compared to the gravimetric
concentrations. Errors are calculated from three repetitions using the stan-
dard uncertainty.

Mixture 1

Component
Gravimetric 1H NMR experiment

ci / g l-1

Acetic Acid 0.137 0.121�0.006

Citric Acid 0.106 0.167�0.008

Ethanol 0.876 0.804�0.002

D(-)-Fructose 79.660 72.465�1.227

D(+)-Glucose 88.772 82.345�0.247

Glycerol 1.420 2.330�0.241

DL-Malic Acid 6.182 5.392�0.082

Succinic Acid 0.119 0.082�0.012
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Table A.3: Concentrations of Mixture 2 determined by the 1H NMR experiment com-
bined with the AutoWine-tool. The results are compared to the gravimetric
concentrations. Errors are calculated from three repetitions using the stan-
dard uncertainty.

Mixture 2

Component
Gravimetric 1H NMR experiment

ci / g l-1

Acetic Acid 0.190 0.159�0.006

Citric Acid 0.358 0.324�0.054

Ethanol 36.299 32.173�1.693

D(-)-Fructose 45.477 39.538�1.509

D(+)-Glucose 18.129 17.253�0.743

Glycerol 2.734 2.388�1.021

DL-Malic Acid 5.437 4.665�0.340

Succinic Acid 0.648 0.549�0.028
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Table A.4: Concentrations of Mixture 3 determined by the 1H NMR experiment com-
bined with the AutoWine-tool. The results are compared to the gravimetric
concentrations. Errors are calculated from three repetitions using the stan-
dard uncertainty.

Mixture 3

Component
Gravimetric 1H NMR experiment

ci / g l-1

Acetic Acid 0.300 0.277�0.003

Citric Acid 0.619 0.601�0.032

Ethanol 63.739 58.411�0.098

D(-)-Fructose 1.825 0

D(+)-Glucose 0.933 0.420�0.060

Glycerol 5.717 6.301�0.303

DL-Malic Acid 4.565 4.045�0.044

Succinic Acid 1.356 1.245�0.011

Figure A.2 displays the fit of the water peak for Mixture 1 by the AutoWine-tool. It
can be seen, that the water peak is overestimated resulting in an underestimation of the
other components.

Figure A.2: Fit of the water peak by the AutoWine-tool for Mixture 1.

The density of Mixture 1, Mixture 2, and Mixture 3 (at 26.5°C) was determined by the
densimeter as well as the AutoWine-tool and are provided in Table A.5.



126 Appendix A Supporting Information for Chapter 2

Table A.5: Densities of Mixture 1, Mixture 2, and Mixture 3 at 26.5 °C. The val-
ues were determined with a densimeter and the AutoWine-tool. For the
AutoWine-tool, errors are calculated from three repetitions using the stan-
dard uncertainty.

Mixture
Densimeter AutoWine-tool

ci / g l-1

Mixture 1 1062.6 1032.6�0.3

Mixture 2 1017.0 1004.9�0.3

Mixture 3 990.1 989.2�0.1

Matviychuk et al. [79] reported that their model-based data processing approach gives
more accurate results when maleic acid with a concentration of 0.01 g g-1 is added to
the sample as an internal standard. Therefore, about 5 g were taken from the stock of
each mixture and the appropriate amount of maleic acid was added to the sample. Fur-
thermore, additional 1H NMR experiments with 13C decoupling and water presaturation
(available in Magritek’s Spinsolve pulse sequence library) should aid the quantification
by the AutoWine-tool. The experiments were conducted with an acquisition time of
6.4 s, 16 k data points, a 90° excitation pulse, and 16 scans with a repetition time
of 60 s. For the water presaturation, a presaturation duration of 3 s with a power of
-65 dBm was applied. Mixture 1, Mixture 2, and Mixture 3 were quantified by the
AutoWine-tool. The results are compared to the gravimetric sample preparation and
are shown in Figure A.3. The numerical values are given in Table A.6, Table A.7, and
Table A.8.
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Figure A.3: Comparison of the results of Mixture 1, Mixture 2, and Mixture 3 ob-
tained by the 1H NMR experiment (with water presaturation and inter-
nal standard maleic acid) combined with the quantitative analysis by the
AutoWine-tool with the concentrations of the gravimetric sample prepa-
ration. Inserts are provided showing the concentration of the components
that are less than 3.5 g l-1 in the corresponding mixture.

When comparing the two approaches with each other, no significant differences were
found, which is surprising. However, except for the outliers of the approach without
water presaturation and internal standard for glycerol and citric acid in Mixture 1, the
results of both approaches are almost identical. It was expected that the approach
consisting of water presaturation and an internal standard would result in a better
quantification of the components. The addition of maleic acid should aid quantification
as the AutoWine-tool can refer to this peak to scale the intensities of the other signals
accordingly, especially when a water suppression is applied. Furthermore, the addition
of maleic acid lowers the pH value, which shifts the peak positions and sharpens the
peaks, resulting in less peak overlap and better quantification [79].

It is assumed that significant improvements can only be achieved by analyzing the
reconstituted dry extract, as recommended by Matviychuk et al. [79]. This approach
would eliminate the important peak overlap with ethanol and allows detection of the
sugars and glycerol at much lower concentrations. We did not apply this approach
because it is not practical for the online monitoring of wine fermentations under field
conditions.
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Table A.6: Concentrations of Mixture 1 determined by the 1H NMR experiment (with
water presaturation and the internal standard maleic acid) combined with
the AutoWine-tool. The results are compared to the gravimetric concen-
trations. Errors are calculated from three repetitions using the standard
uncertainty.

Mixture 1

Component
Gravimetric 1H NMR experiment

ci / g l-1

Acetic Acid 0.137 0.122�0.003

Citric Acid 0.106 0.103�0.012

Ethanol 0.876 0.794�0.007

D(-)-Fructose 79.660 72.316�0.582

D(+)-Glucose 88.772 82.583�1.065

Glycerol 1.420 1.222�0.056

DL-Malic Acid 6.182 5.197�0.030

Succinic Acid 0.119 0.092�0.010
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Table A.7: Concentrations of Mixture 2 determined by the 1H NMR experiment (with
water presaturation and the internal standard maleic acid) combined with
the AutoWine-tool. The results are compared to the gravimetric concen-
trations. Errors are calculated from three repetitions using the standard
uncertainty.

Mixture 2

Component
Gravimetric 1H NMR experiment

ci / g l-1

Acetic Acid 0.190 0.164�0.002

Citric Acid 0.358 0.310�0.043

Ethanol 36.299 32.706�0.163

D(-)-Fructose 45.477 41.737�0.032

D(+)-Glucose 18.129 16.588�0.100

Glycerol 2.734 2.562�0.297

DL-Malic Acid 5.437 4.770�0.080

Succinic Acid 0.648 0.576�0.006
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Table A.8: Concentrations of Mixture 3 determined by the 1H NMR experiment (with
water presaturation and the internal standard maleic acid) combined with
the AutoWine-tool. The results are compared to the gravimetric concen-
trations. Errors are calculated from three repetitions using the standard
uncertainty.

Mixture 3

Component
Gravimetric 1H NMR experiment

ci / g l-1

Acetic Acid 0.300 0.278�0.007

Citric Acid 0.619 0.563�0.014

Ethanol 63.739 58.352�0.604

D(-)-Fructose 1.825 0.133�0.230

D(+)-Glucose 0.933 0

Glycerol 5.717 6.093�0.331

DL-Malic Acid 4.565 4.069�0.084

Succinic Acid 1.356 1.246�0.020

A.2.2 Online Monitoring Of Wine Fermentation

The evolution of the components in the batch fermentation of grape juice and the
repetition experiment as well as the mean values are displayed in Figure A.4.
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Figure A.4: Results of the batch fermentation of grape juice and the repetition exper-
iment over 200 h. Mean values were formed from these two experiments.

The evolution of the pH value during the batch fermentation of grape juice over 200 h
is shown in Figure A.5.
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Figure A.5: Evolution of the pH value in the batch fermentation of grape juice.

The evolution of the components in the fed-batch fermentation of grape juice and the
two repetition experiments as well as the mean values are displayed in Figure A.6.
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Figure A.6: Results of the fed-batch fermentation of grape juice and the two repeti-
tion experiment over 200 h. Mean values were formed from these three
experiments.
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B Supporting Information for
Chapter 3

B.1 Experimental Section

Table A.9 displays the chemicals used in this work as well as their purities.

Table A.9: Chemicals that were used in this work including the suppliers and their
respective purities.

Chemical Formula Supplier Purity

Acetonitrile (ACN) C2H3N VWR Chemicals C 99.90%

Acetone (ACT) C3H6O Sigma Aldrich C 99.95%

Dimethyl sulfoxide (DMSO) C2H6OS VWR Chemicals C 99.97%

Ethyl formate (EF) C3H6O2 Acros Organics C 98.00%

Figure A.7 illustrates the implemented pulse sequence PENDANT for the polarization
transfer from 1H to the 13C nuclei. The applied evolution delays are given in Equa-
tion (20) and (21).
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Figure A.7: Illustration of the used polarization transfer pulse sequence PENDANT.

d1 �
1

41JC,H
(20)

d2 �
5

81JC,H
(21)

For the determination of the T1 values the program MestRenova was used (Mestrelab
Research) to integrate the peaks. A custom MATLAB program (MathWorks Inc.) was
used to obtain the T1 values by fitting the peak integrals to the Bloch-Equation (see
Equation (22)) with the nonlinear regression fit function nlinfit. All signal peaks of each
molecule were evaluated and the highest T1 value is determined to be decisive for the
mixture. The selected parameters for the inversion recovery experiment are provided in
Table A.10.

Mz �t� � Mz,0 �1 � exp�� t

T1
�� (22)
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Table A.10: Parameters applied for the execution of the inversion recovery experiment
for the determination of the spin-lattice relaxation time T1,1H and T1,13C.

Parameter T1,1H T1,13C

Number of scans / 1 2 32

Acquisition time / s 6.4 1.6

Repetition time / s 60 60

Max inversion time / s 20 30

Number of steps / 1 21 21

The mole fraction is calculated with Equation (23). The equations to calculate the un-
certainty of the measured concentrations by the NMR experiments are given in Equa-
tion (24) and (25) (error propagation).

xi �
Ii

I1 � I2 � I3
(23)

∆x �
I2 � I3

�K

P
i�1

Ii�2 ∆I1 �
I1 � I3

�K

P
i�1

Ii�2 ∆I2 �
I1 � I2

�K

P
i�1

Ii�2 ∆I3 (24)

∆I �
I

SNR
(25)

B.2 Results and Discussion

B.2.1 Stationary Experiments

Figure A.8 shows the results of the quantitative analysis of Mixture 1.A, Mixture 1.B,
Mixture 1.D, Mixture 2.A, Mixture 2.B and Mixture 2.D by 1H NMR, 13C NMR and
13C NMR PENDANT experiments. The results of the gravimetric sample preparation
are depicted as dashed horizontal lines. The numerical results are given in Table A.11.
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Figure A.8: Results for the quantification of Mixture 1.A, Mixture 1.B, Mixture 1.D,
Mixture 2.A, Mixture 2.B, Mixture 2.D by 1H NMR, 13C NMR and 13C
NMR PENDANT experiments. The horizontal dashed lines are results
from the gravimetric sample preparation. The uncertainties (error bars)
for the 1H NMR experiments are within the symbol size.
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B.2.2 Flow Experiments

The results for the concentrations of the components by the 1H NMR, 13C NMR and
13C NMR PENDANT experiments at various flow rates are illustrated in Figure A.9
to A.14. The reference values are depicted as dashed horizontal lines. The numerical
results are given in Table A.12.

Figure A.9: Results of the quantitative analysis of Mixture 1.A by 1H NMR, 13C NMR
and 13C NMR PENDANT in flow experiments at different flow rates. The
horizontal dashed lines represent the gravimetric reference. The error bars
for the 1H NMR experiments are within the symbol size.
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Figure A.10: Results of the quantitative analysis of Mixture 1.B by 1H NMR, 13C
NMR and 13C NMR PENDANT in flow experiments at different flow
rates. The horizontal dashed lines represent the gravimetric reference.
The error bars for the 1H NMR experiments are within the symbol size.
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Figure A.11: Results of the quantitative analysis of Mixture 1.D by 1H NMR, 13C
NMR and 13C NMR PENDANT in flow experiments at different flow
rates. The horizontal dashed lines represent the gravimetric reference.
The error bars for the 1H NMR experiments are within the symbol size.
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Figure A.12: Results of the quantitative analysis of Mixture 2.A by 1H NMR, 13C
NMR and 13C NMR PENDANT in flow experiments at different flow
rates. The horizontal dashed lines represent the gravimetric reference.
The error bars for the 1H NMR experiments are within the symbol size.
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Figure A.13: Results of the quantitative analysis of Mixture 2.B by 1H NMR, 13C
NMR and 13C NMR PENDANT in flow experiments at different flow
rates. The horizontal dashed lines represent the gravimetric reference.
The error bars for the 1H NMR experiments are within the symbol size.
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Figure A.14: Results of the quantitative analysis of Mixture 2.D by 1H NMR, 13C
NMR and 13C NMR PENDANT in flow experiments at different flow
rates. The horizontal dashed lines represent the gravimetric reference.
The error bars for the 1H NMR experiments are within the symbol size.
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The investigation of the achieved 1H and 13C magnetization for ACN, DMSO and EF at
the detection zone of the benchtop NMR spectromer at different flow rates is shown in
Figure A.15 at the example of Mixture 1.C. The relative magnetization of a molecule is
plotted against the flow rate. The relative magnetization is calculated by Equation (26).

Irel �
Iflow

Istationary
(26)

Figure A.15: Evaluation of the achieved relative magnetization of ACN, DMSO and
EF of Mixture 1.C when arriving at the detection zone at various flow
rates. The calculated magnetizations for the relaxation via 1H (solid
line) and 13C nuclei (dashed line) are presented. The experimental de-
termined magnetization by 13C NMR PENDANT (circle) and 13C NMR
experiments (square) is additionally given.
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C Supporting Information for
Chapter 4

C.1 Experimental Section

The code of the pulse sequence PENPFG for Spinsolve Expert 1.26 is given in the
following.
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A Stejskal-Tanner equation, which considers the shape of the trapezoidal gradient pulse
of the benchtop NMR spectrometer in the 13C BT PENPFG and 1H BT PFGSTE
experiments, is given in Equation 27. The correction was suggested by the manufacturer
of the benchtop NMR spectrometer Magritek.

Ii � I0 exp��Diγ
2G2 �δ2

eff �∆ �

δeff

3 �� � 1
30τ 3

grad �
δeffτ 2

grad

6 � (27)

The repetition delays applied in the 1H HF PFGSTE, 13C HF PFGSTE and 1H HF
PENPFG experiments for the different mixtures are given in Table A.13. The delays
were set according to the molecule which has the longest T1 as pure component. An
additional safety margin was added to ensure a complete relaxation.

Table A.13: Repetition delays d1 of different mixtures and experiments applied for the
measurements on the high-field NMR spectrometer.

Pure Component
1H HF PFGSTE & 13C HF PENPFG 13C HF PFGSTE

d1 / s d1 / s

ACN 42 110

EtOH 25 50

PrOH 25 50
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Binary Mixture: ACN + EtOH

xACN 1H HF PFGSTE & 13C HF PENPFG

/ mol mol-1 d1 / s

1 42

0.75 42

0.5 42

0.25 42

Binary Mixture: EtOH + PrOH

xEtOH 1H HF PFGSTE & 13C HF PENPFG

/ mol mol-1 d1 / s

1 25

0.75 25

0.5 25

0.25 25

Binary Mixture: ACN + PrOH

xPrOH 1H HF PFGSTE & 13C HF PENPFG

/ mol mol-1 d1 / s

1 42

0.75 42

0.5 42

0.25 42
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Ternary Mixture: ACN + EtOH + PrOH

xACN xEtOH 1H HF PFGSTE & 13C HF PENPFG

/ mol mol-1 d1 / s

0.333 0.333 42

0.33 0.165 42

0.33 0.505 42

0.165 0.33 42

0.505 0.33 42

0.505 0.165 42

0.165 0.505 42

C.2 Results and Discussion

C.2.1 Pure Components

Table A.14 displays self-diffusion coefficients of the pure components acetonitrile (ACN),
ethanol (EtOH) and 1-propanol (PrOH) measured with different experiments with the
high-field as well as with the benchtop NMR spectrometer. The calculated root mean
squared error (RMSE) is additionally given. In each experiment, only the signals of the
CH3-groups were used for the analysis. The self-diffusion coefficients obtained with 1H
HF PFGSTE are considered as the ground truth in this work and are used to evaluate
the results of the other experiments.
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Table A.14: Self-diffusion coefficients of pure components ACN, EtOH and PrOH at
T � 301.65 K. Comparison of the results measured by different methods
(HF high-field, BT benchtop; PFGSTE standard experiment, PENPFG
experiment with polarization transfer). The RMSE is given in parantheses
and refers to the last digit.

Di � 10�9 / m2 s-1

1H HF 13C HF 13C HF 1H BT 13C BT

PFGSTE PFGSTE PENPFG PFGSTE PENPFG

ACN 4.489 (1) 4.473 (61) 4.557 (2) 4.485 (10) 4.416 (22)

EtOH 1.129 (1) 1.123 (35) 1.126 (2) 1.111 (1) 1.165 (5)

PrOH 0.639 (1) 0.642 (5) 0.647 (3) 0.629 (1) 0.650 (12)

In Figure A.16 the RMSEs of the three repetitions by different NMR techniques are
shown as error bars. Furthermore, in Figure A.16 the mean error of the Stejskal-Tanner
fit is illustrated. It can be seen that both errors are very small which proves the re-
peatability of all methods.

Figure A.16: Comparison of the results of the pure components ACN, EtOH and PrOH
at T � 301.65 K measured by different methods (HF high-field, BT
benchtop; PFGSTE standard experiment, PENPFG experiment with
polarization transfer). Left: The RMSE of three repetitions are depicted
as error bars. The dashed horizontal lines represent the reference mea-
surement with 1H HF PFGSTE. Right: The mean errors of the fitting
procedure to the Stejskal-Tanner equation are depicted as error bars.
The dashed horizontal lines represent the reference measurement with
1H HF PFGSTE.
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C.2.2 Binary Mixtures

Table A.15, A.16 and A.17 display self-diffusion coefficients of ACN, EtOH and PrOH
in the three binary mixtures measured with 1H HF PFGSTE as well as with 13C BT
PENPFG. The calculated RMSE is additionally given. In each experiment, only the
signal of the CH3-group of the specific molecules were used for the determination of
self-diffusion coefficients. The self-diffusion coefficients obtained with 1H HF PFGSTE
are considered as the ground truth in this work and are used to evaluate the results of
13C BT PENPFG.

Table A.15: Self-diffusion coefficients of ACN and EtOH in binary mixtures of ACN +
EtOH at T � 301.65 K. Comparison of the results measured by different
methods (HF high-field, BT benchtop; PFGSTE standard experiment,
PENPFG experiment with polarization transfer). The RMSE is given in
parentheses and refers to the last digit.

1H HF PFGSTE 13C BT PENPFG

xACN DACN DEtOH DACN DEtOH

/ mol mol-1 �10�9 / m2 s-1
�10�9 / m2 s-1

1 4.489 (1) 4.416 (22)

0.75 4.241 (1) 3.419 (1) 4.166 (42) 3.441 (58)

0.5 3.719 (1) 2.598 (1) 3.593 (29) 2.610 (50)

0.25 3.037 (3) 1.834 (1) 3.153 (222) 1.876 (16)

Table A.16: Self-diffusion coefficients of EtOH and PrOH in binary mixtures of EtOH
+ PrOH at T � 301.65 K. Comparison of the results measured by different
methods (HF high-field, BT benchtop; PFGSTE standard experiment,
PENPFG experiment with polarization transfer). The RMSE is given in
parentheses and refers to the last digit.

1H HF PFGSTE 13C BT PENPFG

xEtOH DEtOH DPrOH DEtOH DPrOH

/ mol mol-1 �10�9 / m2 s-1
�10�9 / m2 s-1

1 1.129 (1) 1.165 (5)

0.75 1.027 (1) 0.946 (1) 1.049 (12) 0.930 (8)

0.5 0.895 (1) 0.827 (1) 0.944 (35) 0.858 (8)

0.25 0.792 (1) 0.730 (1) 0.839 (19) 0.742 (8)
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Table A.17: Self-diffusion coefficients of ACN and PrOH in binary mixtures of ACN +
PrOH at T � 301.65 K. Comparison of the results measured by different
methods (HF high-field, BT benchtop; PFGSTE standard experiment,
PENPFG experiment with polarization transfer). The RMSE is given in
parentheses and refers to the last digit.

1H HF PFGSTE 13C BT PENPFG

xPrOH DACN DPrOH DACN DPrOH

/ mol mol-1 �10�9 / m2 s-1
�10�9 / m2 s-1

1 0.639 (1) 0.650 (12)

0.75 2.338 (2) 1.239 (1) 2.228 (39) 1.253 (7)

0.5 3.080 (9) 1.862 (1) 3.018 (54) 1.861 (11)

0.25 3.888 (1) 2.758 (2) 3.842 (35) 2.744 (41)

C.2.3 Ternary Mixtures

Table A.18 displays self-diffusion coefficients of ACN, EtOH and PrOH of the seven
investigated ternary mixtures measured with 1H HF PFGSTE as well as with 13C BT
PENPFG. The calculated RMSE is additionally given. In each experiment, only the
signal of the CH3-group of the specific molecules were used for the determination of
self-diffusion coefficients. The self-diffusion coefficients obtained with 1H HF PFGSTE
are considered as the ground truth in this work and are used to evaluate the results of
13C BT PENPFG.

Figure A.17 summarizes all self-diffusion coefficients of the pure components ACN, EtOH
and PrOH as well as the obtained values in the binary and ternary mixtures determined
with 13C BT PENPFG in this work. The self-diffusion coefficients range from about
0.7�10�9 m2 s-1 (PrOH) to 4.4�10�9 m2 s-1 (ACN). It can be observed that the self-diffusion
coefficients of ACN are the highest in all mixtures whereas PrOH is the slowest diffus-
ing component in all mixtures. The self-diffusion coefficients of the specific molecules
increase gradually as more of the fast diffusing component is added to the mixture.
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Table A.18: Self-diffusion coefficients of ACN, EtOH and PrOH in ternary mixtures at
T � 301.65 K. Comparison of the results measured by different methods
(HF high-field, BT benchtop; PFGSTE standard experiment, PENPFG
experiment with polarization transfer). The RMSE is given in parentheses
and refers to the last digit.

Composition 1H HF PFGSTE 13C BT PENPFG

xACN xEtOH DACN DEtOH DPrOH DACN DEtOH DPrOH

/ mol mol-1 �10�9 / m2 s-1
�10�9 / m2 s-1

0.333 0.333 2.852 (3) 1.753 (1) 1.601 (1) 2.807 (37) 1.795 (50) 1.662 (36)

0.33 0.165 2.776 (10) 1.701 (1) 1.551 (2) 2.667 (48) 1.665 (66) 1.544 (9)

0.33 0.505 3.094 (1) 1.923 (1) 1.758 (1) 3.024 (93) 1.984 (15 1.771 (33)

0.165 0.33 2.284 (13) 1.267 (1) 1.163 (1) 2.185 (41) 1.308 (27) 1.184 (8)

0.505 0.33 3.535 (4) 2.423 (1) 2.203 (3) 3.460 (24) 2.565 (11) 2.243 (3)

0.505 0.165 3.302 (2) 2.227 (1) 2.022 (1) 3.274 (34) 2.279 (25) 2.079 (14)

0.165 0.505 2.496 (15) 1.373 (1) 1.259 (2) 2.353 (46) 1.445 (10) 1.329 (13)

Figure A.17: Overview of all self-diffusion coefficients of the pure components ACN,
EtOH and PrOH as well as in the binary and ternary mixtures at T �

301.65 K measured with 13C BT PENPFG.
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Table A.19 displays self-diffusion coefficients of ACN, EtOH and PrOH, which are ob-
tained from the analysis of individual peaks of the 13C benchtop NMR spectrum of the
equimolar ternary system ACN + EtOH + PrOH. Again, the self-diffusion coefficients
were measured with 1H HF PFGSTE as well as with 13C BT PENPFG. The calculated
RMSE is additionally given. For 1H HF PFGSTE, only the signal of the CH3-group of
the specific molecules were used for the determination of self-diffusion coefficients. The
self-diffusion coefficients obtained with 1H HF PFGSTE are considered as the ground
truth in this work and are used to evaluate the results of 13C BT PENPFG.

Table A.19: Self-diffusion coefficients of of an equimolar mixture ACN + EtOH +
PrOH at T � 301.65 K. Comparison of the results measured by different
methods (HF high-field, BT benchtop; PENPFG experiment with polar-
ization transfer). The RMSE is given in parentheses and refers to the last
digit.

D
13C HF PENPFG
i � 10�9 / m2 s-1 D

13C BT PENPFG
i � 10�9 / m2 s-1

CH3-Peak CH2-Peak CH2-Peak CH3-Peak CH2-Peak CH2-Peak

ACN 2.900 (24) 2.807 (37)

EtOH 1.751 (27) 1.763 (25) 1.795 (50) 1.765 (36)

PrOH 1.608 (46) 1.585 (18) 1.623 (47) 1.662 (36) 1.647 (18) 1.572 (20)
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D Supporting Information for
Chapter 5

D.1 Experimental Section

Figure A.18 illustrates the used pulse sequence PENDANT for the polarization transfer
from 1H to the 13C nuclei. The applied evolution delays are given in Equation (28) and
(29).

Figure A.18: Illustration of the used polarization transfer pulse sequence PENDANT.

d1 �
1

41JC,H
(28)

d2 �
5

81JC,H
(29)

Figure A.19 displays the pulse sequence refocused INEPT+ also for the polarization
transfer from 1H to the 13C nuclei. The applied evolution delays are given in Equation
(30) and (31).
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Figure A.19: Illustration of the used polarization transfer pulse sequence INEPT.

d3 �
1

41JC,H
(30)

d4 �
1

61JC,H
(31)

The error as well as the error bars of the signal enhancements are calculated with an
error propagation which is given in Equation 32. For the estimation of ∆IODNP and
∆Ithermal the specific standard uncertainty of three experiments is applied.

∆E � W�ºnthermalº
nODNP

�

1
Ithermal, scaled

�W�∆IODNP�W��
º

nthermalº
nODNP

�

IODNP

I2
thermal, scaled

�W�∆Ithermal (32)
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D.2 Results and Discussion

D.2.1 Characterization of the Flow Cell

In a step experiment in which a fluid in the detection cell was replaced by another
the fluid dynamic within the flow cell was characterized. For this study, the flow cell,
which was exactly positioned in the benchtop NMR spectrometer as in the later ODNP
experiments, was filled with ACN in the first step. ACN was replaced by water (W)
after activating the pump and, hence, the flow (V̇ � 2.0 ml min-1 corresponding to
v � 0.68 m s-1). The change of the composition in the flow cell was monitored by
1H NMR experiments (1 scan every 5 s, 90° excitation pulse, 1.6 s acquisition time,
8192 data points) for 400 s. The experiment was performed three times. Figure A.20
illustrates the result of the tracer experiment and displays the relative signal change
of W (SW) in dependence of the relative time (Θ). The definition for Θ is given in
Equation 33. Here, t denotes the experimental time and ttotal the total experimental
time of the step experiment, which was ttotal � 395 s.

The signal of W increases during the time as W is replacing ACN in the flow cell. A
large deviation from an ideal flow cell without any back-mixing effect (ACN is instantly
replaced by W) is observed. This results in a detection of a mixture of ODNP hyper-
polarized and thermally polarized molecules which underestimates the calculated signal
enhancements.

Θ �
t

ttotal
(33)
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Figure A.20: The cell was initially filled with ACN which was then replaced by W
for the fluid dynamic characterisation of the flow cell at a flow rate of
V̇ � 2.0 ml min-1 (corresponding to a flow velocity of v � 0.68 m s-1).
The relative signal of W (SW) is obtained by 1H NMR experiments in
dependence of the relative time Θ. For comparison the signal of an ideal
plug-flow is given.

D.2.2 ODNP Experiments with ACN

Table A.20 displays the signal integrals and the signal enhancements of ACN acquired
with 1H ODNP, 13C ODNP, 13C ODNP PENDANT, and 13C ODNP INEPT at different
flow velocities. Note that the integral of the Boltzmann thermal equilibrium experiment,
which is used for the calculation of the signal enhancement of all 13C ODNP experi-
ments, was obtained without any flow and with 256 scans. The signal enhancements
are additionally visualized in Figure A.21.
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Table A.20: Numerical results of the ODNP experiments with ACN (C1) at different
flow velocities. The scaled integral of the Boltzmann thermal equilibrium
experiment (Ithermal, scaled) as well as of the signals of the ODNP exper-
iments 1H ODNP, 13C ODNP, 13C ODNP PENDANT, and 13C ODNP
INEPT (IODNP, scaled) are given. Errors are calculated from three repeti-
tions using standard uncertainty. The signal enhancement E is provided
as well as the result of the error propagation.

1H ODNP 13C ODNP

v Ithermal, scaled IODNP, scaled E Ithermal, scaled IODNP, scaled E

/ m s-1 / a.u. / a.u. / a.u. / a.u.

0.17 6.5�0.1 11.2�1.0 1.7�0.2

1.7�0.1

13.8�1.9 8.2�1.5

0.34 7.1�0.1 20.7�0.6 2.9�0.1 12.6�1.5 7.5�1.2

0.51 7.4�0.1 21.4�1.1 2.9�0.2 7.1�1.5 4.2�1.1

0.68 7.5�0.1 26.1�1.4 3.5�0.2 7.1�1.8 4.2�1.2

0.85 7.2�0.1 27.9�1.1 3.9�0.2 6.2�0.8 3.7�0.6

1.02 6.9�0.1 28.2�1.0 4.1�0.2 4.2�0.9 2.5�0.6

1.36 6.2�0.1 27.9�1.1 4.5�0.2 5.5�1.1 3.3�0.8

1.70 5.7�0.1 29.3�1.2 5.1�0.2 5.1�0.8 3.0�0.6

2.04 5.2�0.1 26.2�0.9 5.0�0.2 0 0

2.38 5.0�0.1 26.5�0.9 5.2�0.2 0 0
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13C ODNP PENDANT 13C ODNP INEPT

v Ithermal, scaled IODNP, scaled E Ithermal, scaled IODNP, scaled E

/ m s-1 / a.u. / a.u. / a.u. / a.u.

0.17

1.7�0.1

0 0

1.7�0.1

4.3�0.9 2.6�0.7

0.34 4.4�0.6 2.6�0.5 6.9�0.5 4.1�0.5

0.51 5.3�0.9 3.1�0.7 5.7�1.2 3.4�0.9

0.68 7.1�1.5 4.2�1.0 6.4�0.3 3.8�0.3

0.85 7.2�0.1 4.3�0.3 9.2�1.0 5.4�0.8

1.02 8.0�0.8 4.8�0.7 8.2�1.1 4.9�0.8

1.36 7.5�1.1 4.5�0.8 9.3�0.6 5.6�0.6

1.70 6.1�2.2 3.7�1.4 6.8�2.1 4.1�1.4

2.04 8.6�1.4 5.1�1.1 5.9�1.4 3.5�1.0

2.38 5.4�0.5 3.2�0.5 4.9�1.7 2.9�1.2
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Figure A.21: Signal enhancements of ACN (C1) obtained by 1H ODNP, 13C ODNP,
13C ODNP PENDANT, and 13C ODNP INEPT at different flow veloci-
ties.

D.2.3 ODNP Experiments with CF

Table A.21 displays the signal integrals and the signal enhancements of CF acquired with
1H ODNP, 13C ODNP, 13C ODNP PENDANT, and 13C ODNP INEPT at different flow
velocities. Note that the integral of the Boltzmann thermal equilibrium experiment,
which is used for the calculation of the signal enhancement of all 13C ODNP experi-
ments, was obtained without any flow and with 256 scans. The signal enhancements
are additionally visualized in Figure A.22.
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Table A.21: Numerical results of the ODNP experiments with CF (C1) at different
flow velocities. The scaled integral of the Boltzmann thermal equilibrium
experiment (Ithermal, scaled) as well as of the signals of the ODNP exper-
iments 1H ODNP, 13C ODNP, 13C ODNP PENDANT, and 13C ODNP
INEPT (IODNP, scaled) are given. Errors are calculated from three repeti-
tions using standard uncertainty. The signal enhancement E is provided
as well as the result of the error propagation.

1H ODNP 13C ODNP

v Ithermal, scaled IODNP, scaled E Ithermal, scaled IODNP, scaled E

/ m s-1 / a.u. / a.u. / a.u. / a.u.

0.17 2.1�0.1 0.1�0.1 0.1�0.1

1.1�0.1

17.8�1.2 16.5�1.6

0.34 2.1�0.1 3.7�0.2 1.8�0.1 48.7�1.7 45.1�2.8

0.51 2.2�0.1 6.0�0.2 2.7�0.1 63.4�2.5 58.7�3.9

0.68 2.2�0.1 7.0�0.3 3.2�0.2 72.7�0.9 67.3�2.6

0.85 2.1�0.1 9.0�0.4 4.2�0.2 77.2�3.6 71.5�5.2

1.02 2.1�0.1 10.4�0.4 4.9�0.3 74.2�5.1 68.7�6.5

1.36 2.0�0.1 12.4�0.5 6.2�0.3 74.9�4.7 69.4�6.2

1.70 1.9�0.1 13.5�0.5 7.0�0.3 70.1�1.8 64.9�3.3

2.04 1.9�0.1 13.1�0.6 6.9�0.4 59.4�8.4 55.0�9.3

2.38 1.8�0.1 12.3�0.4 6.7�0.3 62.1�2.1 57.5�3.5
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13C ODNP PENDANT 13C ODNP INEPT

v Ithermal, scaled IODNP, scaled E Ithermal, scaled IODNP, scaled E

/ m s-1 / a.u. / a.u. / a.u. / a.u.

0.17

1.1�0.1

0 0

1.1�0.1

7.3�1.4 6.8�1.5

0.34 3.6�0.2 3.3�0.3 21.0�1.2 19.5�1.6

0.51 8.7�1.7 8.0�1.8 21.9�1.6 20.3�2.0

0.68 6.7�2.4 6.2�2.3 28.7�2.4 26.6�2.9

0.85 8.3�0.5 7.6�0.6 32.0�0.3 29.6�1.1

1.02 12.5�1.4 11.6�1.6 34.7�0.7 32.1�1.5

1.36 10.7�0.5 9.9�0.7 29.6�2.5 27.4�3.0

1.70 13.8�0.6 12.7�0.9 32.2�1.2 29.8�1.9

2.04 10.4�0.6 9.7�0.8 25.9�2.2 24.0�2.7

2.38 10.8�1.2 10.0�1.3 24.0�1.9 22.3�2.4
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Figure A.22: Signal enhancements of CF (C1) obtained by 1H ODNP, 13C ODNP, 13C
ODNP PENDANT, and 13C ODNP INEPT at different flow velocities.

D.2.4 ODNP Experiments with MeOH

Table A.22 displays the signal integrals and the signal enhancements of MeOH acquired
with 1H ODNP, 13C ODNP, and 13C ODNP PENDANT at different flow velocities. Note
that the integral of the Boltzmann thermal equilibrium experiment, which is used for
the calculation of the signal enhancement of all 13C ODNP experiments, was obtained
without any flow and with 256 scans.
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Table A.22: Numerical results of the ODNP experiments with MeOH (C1) at different
flow velocities. The scaled integral of the Boltzmann thermal equilibrium
experiment (Ithermal, scaled) as well as of the signals of the ODNP experi-
ments 1H ODNP, 13C ODNP, and 13C ODNP PENDANT (IODNP, scaled)
are given. Errors are calculated from three repetitions using standard
uncertainty. The signal enhancement E is provided as well as the result
of the error propagation.

1H ODNP 13C ODNP

v Ithermal, scaled IODNP, scaled E Ithermal, scaled IODNP, scaled E

/ m s-1 / a.u. / a.u. / a.u. / a.u.

0.17 14.6�0.3 3.2�0.3 0.2�0.1

2.2�0.1

0 0

0.34 13.7�0.3 17.9�0.5 1.3�0.1 0 0

0.51 14.1�0.2 26.2�0.7 1.9�0.1 0 0

0.68 14.6�0.1 29.3�0.8 2.0�0.1 0 0

0.85 15.4�0.1 30.9�0.8 2.0�0.1 0 0

1.02 14.8�0.1 31.4�1.4 2.1�0.1 0 0

1.36 13.9�0.2 35.4�1.6 2.6�0.1 0 0

1.70 12.7�0.1 35.9�1.0 2.8�0.1 0 0

2.04 11.8�0.1 32.4�0.8 2.8�0.1 0 0

2.38 11.2�0.1 32.1�1.0 2.9�0.1 0 0
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13C DNP PENDANT

v Ithermal, scaled IODNP, scaled E

/ m s-1 / a.u. / a.u.

0.17

2.2�0.1

0 0

0.34 3.3�0.7 1.5�0.4

0.51 4.9�0.2 2.2�0.2

0.68 5.2�1.1 2.3�0.5

0.85 6.1�1.3 2.7�0.7

1.02 3.9�1.8 1.7�0.9

1.36 6.3�0.5 2.8�0.3

1.70 4.5�1.5 2.0�0.7

2.04 5.3�0.8 2.4�0.4

2.38 5.5�1.7 2.5�0.8
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Figure A.23: Signal enhancements of MeOH (C1) obtained by 1H ODNP, 13C ODNP,
and 13C ODNP PENDANT at different flow velocities.

D.2.5 ODNP Experiments with ACN + CF

Table A.23 displays the signal integrals and the signal enhancements of ACN and CF
in the binary mixture (xACN � 0.75 mol mol-1) acquired with 1H ODNP, 13C ODNP,
and 13C ODNP PENDANT at different flow velocities. Note that the integral of the
Boltzmann thermal equilibrium experiment, which is used for the calculation of the
signal enhancement of all 13C ODNP experiments, was obtained without any flow and
with 256 scans. The signal enhancements are additionally visualized in Figure A.24.
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Table A.23: Numerical results of the ODNP experiments with the binary mixture of
ACN and CF (xACN � 0.75 mol mol-1, C1 for both molecules) at different
flow velocities. The scaled signals of the integral of the Boltzmann ther-
mal equilibrium experiment (Ithermal, scaled) as well as of the ODNP exper-
iments 1H ODNP, 13C ODNP, and 13C ODNP PENDANT (IODNP, scaled)
are given. Errors are calculated from three repetitions using standard
uncertainty. The signal enhancement E is provided as well as the result
of the error propagation.

ACN
1H ODNP 13C ODNP

v Ithermal, scaled IODNP, scaled E Ithermal, scaled IODNP, scaled E

/ m s-1 / a.u. / a.u. / a.u. / a.u.

0.17 4.4�0.1 3.2�0.1 0.7�0.1

0.8�0.1

9.6�0.6 11.5�0.9

0.34 4.6�0.1 8.1�0.1 1.8�0.1 7.3�0.3 8.8�0.6

0.51 4.4�0.1 9.3�0.1 2.1�0.1 5.6�0.4 6.8�0.7

0.68 4.5�0.1 12.0�0.1 2.7�0.1 5.4�1.1 6.5�1.5

0.85 4.7�0.1 14.4�0.1 3.0�0.1 4.5�0.7 5.4�1.0

1.02 4.3�0.1 13.8�0.1 3.2�0.1 2.5�0.3 3.1�0.5

1.36 4.2�0.1 13.9�0.1 3.3�0.1 3.4�0.3 4.1�0.5

1.70 3.8�0.1 14.0�0.1 3.6�0.1 0 0

2.04 3.5�0.1 13.9�0.1 4.0�0.1 0 0

2.38 3.4�0.1 13.4�0.1 3.9�0.1 0 0
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ACN
13C ODNP PENDANT

v Ithermal, scaled IODNP, scaled E

/ m s-1 / a.u. / a.u.

0.17

0.8�0.1

0 0

0.34 0 0

0.51 2.2�0.6 2.6�0.7

0.68 3.6�0.5 4.3�0.7

0.85 3.9�0.7 4.6�1.0

1.02 3.3�1.3 3.9�1.6

1.36 3.4�0.9 4.1�1.1

1.70 3.7�0.9 4.5�1.2

2.04 3.6�1.1 4.3�1.5

2.38 0 0
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CF
1H ODNP 13C ODNP

v Ithermal, scaled IODNP, scaled E Ithermal, scaled IODNP, scaled E

/ m s-1 / a.u. / a.u. / a.u. / a.u.

0.17 0.4�0.1 0.4�0.1 1.2�0.2

0.5�0.1

3.8�0.7 8.2�1.7

0.34 0.4�0.1 0.9�0.1 2.1�0.1 9.4�0.7 20.0�1.9

0.51 0.4�0.1 1.0�0.1 2.4�0.2 13.2�0.8 27.9�2.2

0.68 0.4�0.1 1.3�0.1 3.1�0.2 13.9�1.1 29.2�2.8

0.85 0.5�0.1 1.8�0.1 3.5�0.2 13.6�0.8 28.7�2.2

1.02 0.5�0.1 1.7�0.1 3.8�0.3 13.2�0.2 27.7�1.0

1.36 0.5�0.1 2.0�0.1 4.0�0.3 15.0�0.9 31.5�2.5

1.70 0.4�0.1 1.9�0.1 4.4�0.3 12.1�1.9 25.5�4.4

2.04 0.5�0.1 2.3�0.2 4.7�0.3 8.5�0.6 17.9�1.6

2.38 0.4�0.1 1.7�0.1 4.8�0.4 10.7�1.4 22.6�3.3
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CF
13C ODNP PENDANT

v Ithermal, scaled IODNP, scaled E

/ m s-1 / a.u. / a.u.

0.17

0.5�0.1

0 0

0.34 6.3�1.0 13.2�2.4

0.51 5.8�2.0 12.2�4.5

0.68 7.1�0.7 14.9�1.7

0.85 5.7�1.2 12.0�2.8

1.02 6.4�1.2 13.5�2.8

1.36 6.1�0.6 12.9�1.6

1.70 7.1�0.4 15.0�1.1

2.04 5.1�0.5 10.7�1.3

2.38 0 0
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Figure A.24: Signal enhancements of ACN and CF (C1 for both molecules) in a binary
mixture (xACN � 0.75 mol mol-1) obtained by 1H ODNP, 13C ODNP, and
13C ODNP PENDANT at different flow velocities.
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E Supporting Information for
Chapter 6

E.1 Experimental Section

E.1.1 Chemicals and Materials

Table A.24 summarizes the chemicals which were used in this work without further
purification. In addition, ultrapure water (W) was provided by Starpure’s OmniaPure
UV/UF-TOC water treatment system with a resistivity of 18.2 MΩ cm.

Table A.24: Chemicals used in this work including the suppliers and the purities as
specified by the suppliers.

Chemical Supplier Purity

Acetonitrile Carl Roth C 99.9%

Chloroform Merck C 99.0%

1,4-Dioxane Sigma Aldrich C 99.8%

The immobilized radical matrix used in this work was made of nitroxide radicals glycidyloxy-
tetramethylpiperidinyloxyl immobilized via a polyethylene-imine-linker (molecular mass
25,000 g mol-1) on aminopropyl-functionalized controlled porous glasses (CPG) with a
pore size of 50 nm.

E.1.2 Experimental Setup

The liquid sample mixture was taken from a storage vessel (volume V � 100 ml) at
ambient pressure and temperature. A double piston high pressure pump with damping
piston (WADose Plus HP, Flusys, accuracy: < 3 %), which was calibrated for a flow
range of 0.5 to 10 ml min-1, was used for the transport of the sample. The pressure
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increase by the pump was between 1 and 40 bar indicated by the pressure gauge inte-
grated in the pump (accuracy: 0.5 %). The probe for ODNP hyperpolarization (Bruker
BioSpin EN 4148X-MD4 electron nuclear double resonance ENDOR probe) was not
thermostated; it was connected to the MW source (details of the hardware are given in
Kircher et al. [206]. The paramagnetic fixed bed was mounted in a PEEK tube (inner
diameter 1.0 mm) and was installed inside the ODNP probe filling its 4 mm cavity
resonator. For System 3, the 2.9 mm detection cell was positioned inside the benchtop
NMR spectrometer so that the sensitive region of the NMR coil was located close to the
expansion from 0.25 to 2.9 mm to minimize hyperpolarization losses by T1 relaxation.
A detailed description of the fluid characteristics of this setup is given in Phuong et al.
(Zitat Phuong et al. 2024).

E.1.3 Experimental Procedure and Calculation of the Signal
Enhancements

All NMR experiments were controlled by the Spinsolve Expert software (Magritek). 1H
NMR ODNP experiments were performed with an acquisition time of 0.4 s, 2048 data
points, 1 scan, and a 90° excitation pulse. 13C NMR ODNP experiments were performed
with an acquisition time of 1.6 s, 16 k data points, 1 scan and a 90° excitation pulse;
an inverse-gated decoupling sequence (WALTZ-16) was applied during acquisition. To
calculate the achieved 1H ODNP signal enhancements (E1H

i ), 1H NMR experiments with
the same acquisition parameters were performed under the same flow conditions. For
the 13C ODNP signal enhancements (E13C

i ), the results of the 13C NMR ODNP experi-
ment were referenced to the 13C NMR experiments which were acquired with the same
acquisition parameters but with 256 scans in the absence of flow as the premagnetization
is not sufficient for a detection of flowing samples. Manual correction of baseline, phase
and peak integration was performed in MestReNova (Mestrelab Research).

For the calculation of the signal enhancement E of the ODNP experiments, the spectra
were scaled to the same noise level. The signal and the noise of the thermally polarized
NMR spectra as well as of the NMR spectra with ODNP enhancement were divided
by the square root of the number of accumulated scans. The calculation of the signal
enhancement is given in Equation (34):

E �
IODNP, scaled

Ithermal, scaled �

º
nthermalº
nODNP

(34)

Here, IODNP, scaled denotes the integral of the scaled signal obtained with ODNP en-
hancement, Ithermal, scaled the integral of the scaled thermally polarized signal, and n the
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number of scans. Note that a correction for the receiver gain is not necessary since this
parameter was kept constant in within the respective 1H and 13C experiments.

The error of the signal enhancements are calculated with an error propagation which
is given in Equation (35). For the estimation of ∆IODNP and ∆Ithermal the specific
standard uncertainty of the experiments is applied.

∆E � W�
º

nthermalº
nODNP

�

1
Ithermal, scaled�W �∆IODNP

� W��
º

nthermalº
nODNP

�

IODNP

�Ithermal, scaled�2�W �∆Ithermal

(35)

Inversion recovery experiments were performed to determine the spin-lattice relaxation
time T1, 1H of the 1H nuclei for each mixture. The experiments were carried out with
the standard operating software Spinsolve of the benchtop NMR spectrometer in NMR
sample tubes with an inner diameter of 5 mm (Magritek) and were repeated 3 times.

Furthermore, the relative deviations of the data points from the calibration curve are
calculated according to Equation (36).

∆rel �
f �xref

ACN� � xODNP
ACN

xODNP
ACN

� 100% (36)

E.2 Results and Discussion

E.2.1 System 1: Acetonitrile (ACN) + Water (W)

In Figure A.25, the obtained signal integrals of ACN and W of System 1, which are
acquired with the 1H NMR ODNP experiment, are shown as a function of the composi-
tion. The corresponding signal enhancements are displayed in Figure A.26. The relative
deviations of the data points from the calibration curve are shown in Figure A.27. Ta-
ble A.25 provides the numerical values for the signal integrals and the uncorrected mole
fractions xODNP

i acquired with the 1H NMR ODNP experiment as well as the spin-lattice
relaxation time T1, 1H of ACN and W in the mixtures.
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Figure A.25: Signal integrals of ACN and W of System 1 as a function of the mixtures’s
composition acquired with the 1H NMR ODNP experiment.

Figure A.26: Signal enhancements of ACN and W of System 1 as a function of the
mixtures’s composition acquired with the 1H NMR ODNP experiment.
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Figure A.27: Relative deviations of the data points obtained with the 1H NMR ODNP
experiment from the calibration curve of System 1: ACN + W.
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E.2.2 System 2: Acetonitrile (ACN) + 1,4-Dioxane (DX)

Figure A.28 displays the 1H NMR spectra of the different studied mixtures of System 2:
ACN + DX obtained by the 1H NMR and 1H NMR ODNP experiments in continuous-
flow. Two singlet peaks can be identified that are assigned to ACN and DX. By switching
on the MW and performing the 1H NMR ODNP experiment, a significant improvement
in the SNR is achieved. The average signal enhancements are E

1H
ACN � 6 for ACN and

E
1H
DX � 6 for DX for System 2.

Figure A.28: 1H NMR spectra of System 2: ACN + DX for mixtures with different
composition acquired with a single scan in continuous-flow (flow velocity
v = 0.34 m s-1). Left: thermal experiments. Right: ODNP experiments.

In Figure A.29, the obtained signal integrals of ACN and DX of System 2, which are
acquired with the 1H NMR ODNP experiment, are shown as a function of the composi-
tion. The corresponding signal enhancements are displayed in Figure A.30. The relative
deviations of the data points from the calibration curve are shown in Figure A.31. Ta-
ble A.26 provides the numerical values for the signal integrals and the uncorrected mole
fractions xODNP

i acquired with the 1H NMR ODNP experiment as well as the spin-lattice
relaxation time T1, 1H of ACN and DX in the mixtures.
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Figure A.29: Signal integrals of ACN and DX of System 2 as a function of the sample’s
composition acquired with the 1H NMR ODNP experiment.

Figure A.30: Signal enhancements of ACN and DX of System 2 as a function of the
sample’s composition acquired with the 1H NMR ODNP experiment.
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Figure A.31: Relative deviations of the data points obtained with the 1H NMR ODNP
experiment from the calibration curve of System 2: ACN + DX.
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E.2.3 System 3: Acetonitrile (ACN) + Chloroform (CF)

Figure A.32 displays the 1H NMR spectra of the different studied mixtures of System 3:
ACN + CF obtained by the 1H NMR and 1H NMR ODNP experiments in continuous-
flow. Two singlet peaks can be identified that are assigned to ACN and CF. By switching
on the MW and performing the 1H NMR ODNP experiment, a significant improvement
in the SNR is achieved. The average signal enhancements are E

1H
ACN � 5 for ACN and

E
1H
DX � 7 for CF for System 3.

Figure A.32: 1H NMR spectra of System 3: ACN + CF for mixtures with different
composition acquired with a single scan in continuous-flow (flow velocity
v = 2.38 m s-1). Left: thermal experiments. Right: ODNP experiments.

In Figure A.33, the obtained signal integrals of ACN and CF, which are acquired with
the 1H NMR ODNP experiment, are shown as a function of the composition. The cor-
responding signal enhancements are displayed in Figure A.34. The relative deviations
of the data points from the calibration curve are shown in Figure A.35. Table A.27
provides the numerical values for the signal integrals and the uncorrected mole frac-
tions xODNP

i acquired with the 1H NMR ODNP experiment as well as the spin-lattice
relaxation time T1, 1H of ACN and CF in the mixtures.
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Figure A.33: Signal integrals of ACN and CF of System 3 as a function of the sample’s
composition acquired with the 1H NMR ODNP experiment.

Figure A.34: Signal enhancements of ACN and CF of System 3 as a function of the
sample’s composition acquired with the 1H NMR ODNP experiment.
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Figure A.35: Relative deviations of the data points obtained with the 1H NMR ODNP
experiment from the calibration curve of System 3: ACN + CF.
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In Figure A.36, the obtained signal integrals of ACN and CF, which are acquired with
the 13C NMR ODNP experiment, are shown as a function of the composition. The
corresponding signal enhancements are displayed in Figure A.37. The relative deviations
of the data points from the calibration curve are shown in Figure A.38. Table A.27
provides the numerical values of the signal integrals and the uncorrected mole fractions
xODNP

i acquired with the 13C NMR ODNP experiment.

Figure A.36: Signal integrals of ACN and CF of System 3 as a function of the mix-
tures’s composition acquired with the 13C NMR ODNP experiment.

Figure A.37: Signal enhancements of ACN and CF of System 3 as a function of the
mixtures’s composition acquired with the 13C NMR ODNP experiment.
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Figure A.38: Relative deviations of the data points obtained with the 13C NMR ODNP
experiment from the calibration curve of System 3: ACN + CF.
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