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1 | INTRODUCTION

Process analytical technologies (PAT) are essential for
the effective control, operation and optimization of
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Abstract

Benchtop NMR spectroscopy is attractive for process monitoring; however,
there are still drawbacks that often hamper its use, namely, the comparatively
low spectral resolution in 'H NMR, as well as the low signal intensities and
problems with the premagnetization of flowing samples in '>*C NMR. We show
here that all these problems can be overcome by using 'H-"*C polarization
transfer methods. Two ternary test mixtures (one with overlapping peaks in
the '"H NMR spectrum and one with well-separated peaks, which was used as
a reference) were studied with a 1 T benchtop NMR spectrometer using the
polarization transfer sequence PENDANT (polarization enhancement that is
nurtured during attached nucleus testing). The mixtures were analyzed quanti-
tatively in stationary as well as in flow experiments by PENDANT enhanced
13C NMR experiments, and the results were compared with those from the
gravimetric sample preparation and from standard 'H and *C NMR spectros-
copy. Furthermore, as a proxy for a process monitoring application, continu-
ous dilution experiments were carried out, and the composition of the mixture
was monitored in a flow setup by *C NMR benchtop spectroscopy with PEN-
DANT. The results demonstrate the high potential of polarization transfer
methods for applications in quantitative process analysis with benchtop NMR
instruments, in particular with flowing samples.
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chemical and/or biological process." Nuclear magnetic
resonance (NMR) spectroscopy is a powerful tool for pro-
cess and reaction monitoring applications due to several
advantages over other established methods such as gas
chromatography, infrared, and mass spectroscopy” *:
NMR allows a noninvasive elucidation of the composi-
tion, an external calibration is not required, and the
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method is capable of continuous flow analysis in bypass
setups. The advent of benchtop NMR spectrometers has
made NMR spectroscopy an even more attractive PAT
tool.””"” Instead of using superconducting magnets that
must be cooled by cryogenic media, benchtop NMR spec-
trometers are equipped with permanent magnets. The
spectrometers are therefore compact, comparatively inex-
pensive to purchase and to maintain, and easy to operate.
Benchtop NMR spectrometers have already been used in
research to monitor a variety of reactions and processes,
highlighting the promising prospects for future use in
industrial applications.'® %

However, the relatively low magnetic field strength of
benchtop NMR spectrometers results in low spectral reso-
lution, even at field strengths of up to 2.5 T that have
become available recently. The resulting peak overlap,
especially in combination with peak splitting, impedes
the quantitative analysis of mixtures by "H NMR spec-
troscopy. The problems become even worse in flow
experiments where peak broadening occurs which is
caused by the reduction of the spin-spin relaxation time
T; due to outflow-effects.>'°

Peak deconvolution methods such as CRAFT
(Complete Reduction To Amplitude Frequency Table),
IHM (Indirect Hard Modeling), and GSD (Global Spec-
trum Deconvolution) or the Bayesian method introduced
recently by Matviychuck et al.*** can be used to tackle
the peak overlap issue. However, all these methods have
limitations and become unreliable if the peaks overlap
too strongly. Their application also introduces further
uncertainty in the quantification and generally requires
expert knowledge.

Another approach to improve the spectral resolution is
to use 2D NMR experiments. The measurement time of
2D NMR experiments, which is usually long, can be
reduced by ultrafast 2D acquisition schemes.***> However,
the implementation and application of these complex
pulse sequences require expert knowledge as well as spec-
trometers that are equipped with gradient systems.

The seemingly most simple way to tackle the peak
overlap problem is to switch from 'H NMR to '*C
NMR.**** Peak overlap problems are rare in *C NMR
spectroscopy, due to the higher chemical shift dispersion
of *C compared with 'H. Moreover, "H decoupling
sequences can be used to avoid peak splitting. However,
this big advantage of >’C NMR comes at the cost of a
much poorer signal-to-noise ratio (SNR) compared with
'H NMR, caused by the low natural abundance of '*C
nuclei and their low gyromagnetic ratio. This is particu-
larly detrimental for benchtop NMR spectrometers
because of their low magnetic field strength and often
results in extremely long measurement times needed to
obtain useful '>*C NMR spectra. In addition, **C nuclei

have a long magnetization build-up time in flow applica-
tions due to the long spin-lattice relaxation time T} 1c,
which is several times higher than that of "H nuclei. This
causes problems with the premagnetization of flowing
samples, which are worsened by the fact that the premag-
netization volumes in benchtop instruments are low, due
to their compact design.>*° The premagnetization prob-
lem can be tackled with paramagnetic relaxation agents
which, however, complicate the measurement.*® Further-
more, 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 '>C signal
via polarization transfer from scalarly coupled 'H spins.
In addition, the repetition delay between successive scans
can be reduced, since the much shorter spin-lattice relax-
ation time T;.y of 'H nuclei is used for magnetization
build-up, which also substantially lessens the problems
with flowing samples. This combination of advantages of
polarization transfer pulse sequences makes them highly
attractive for process monitoring applications with
benchtop NMR.

Commonly used polarization transfer pulse sequences
are INEPT and DEPT.*™ However, these
sequences cannot detect quaternary carbon atoms, that
is, the corresponding information is lost. The lesser
known polarization transfer sequence PENDANT (abbre-
viation for polarization enhancement that is nurtured
during attached nucleus testing) of Homer and Perry***°
combines several advantages: enhancement of '*C signals
to which 'H atoms are bound, selective excitation of
functional carbon groups (CHs;, CH,, and CH) and detec-
tion of quaternary carbon atoms. To the best of our
knowledge, polarization transfer techniques 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 quantitative analysis of mix-
tures with benchtop NMR, we have carried out experi-
ments with two test mixtures using the polarization
transfer sequence PENDANT. The mixtures were ana-
lyzed quantitatively in stationary and flow experiments.
The results obtained with the polarization transfer
sequence PENDANT were compared with the gravimetri-
cally determined concentrations and results from
standard 'H and *C 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.
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2 | EXPERIMENTAL SECTION

2.1 | Chemicals and sample preparation
The chemicals used in this work are summarized in the
Supporting Information. 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 "H NMR spectrum.

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

Mixtures of different compositions were prepared
gravimetrically with a laboratory balance (Delta Range
XS603S, Mettler Toledo) with an accuracy of +0.001 g;
Table 1 gives an overview.

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 By=1 T correspond-
ing to a "H Larmor frequency of vy=42.5 MHz. The
polarization transfer pulse sequence PENDANT for the
signal enhancement in the '*C NMR spectrum was
implemented on the benchtop NMR spectrometer with
the software Spinsolve Expert (Magritek). The evolution
delays as well as the phase cycle were adopted as pub-
lished by Homer & Perry.***> An inverse-gated decou-
pling sequence (WALTZ-16) for 'H decoupling during
the acquisition of the FID is included. The experiment is
referred to as >’C NMR PENDANT in the following and
is illustrated in the Supporting Information. The
evolution delays of the pulse sequence are given in the
Supporting Information. Depending on the setting for the
scalar coupling constant 'Jcy between the carbon and

TABLE 1 Overview of the studied mixtures.

System 1: ACN + DMSO -+ EF

XACN XDMSO XEF
Mixture mol mol *
1A 0.333 0.333 0.334
1.B 0.700 0.150 0.150
1.C 0.150 0.700 0.150
1.D 0.150 0.150 0.700

the scalarly coupled proton, either the signal of CHs-,
CH,-, or CH-group is fully enhanced. In this work, the
1Jcn was set to fully enhance the CHs-group of each
molecule.

221 | 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 T:y and
T3¢ were determined with the inversion recovery
experiment from the standard operating software of the
spectrometer.

The quantitative analysis of the mixtures was
performed using a '"H NMR, *C NMR, and the *C NMR
PENDANT experiment controlled by the Spinsolve
Expert software. 'H NMR experiments were executed
with an acquisition time of 6.4 s, 32 k data points, four
scans, and a 90° excitation pulse. The parameters for the
13C NMR as well as the '*C NMR PENDANT experiment
were 3.2 s acquisition time, 16 k data points, and
128 scans. For the >C NMR experiments, a 90° excitation
pulse and a WALTZ-16 decoupling sequence during the
acquisition were applied. The repetition time in all exper-
iments was set to guarantee a sufficient magnetization
recovery of the sample with at least five times T;.

All spectra were postprocessed with the automatic
baseline and phase correction tool SINC.***” The deter-
mination of the SNR as well as the integration of the
peaks for the quantitative analysis were performed in
MestRenova. The overlapping peaks in the 'H NMR
spectrum in System 2 were analyzed with the Global
Spectral Deconvolution (GSD) tool included in MestRe-
nova. 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 compo-
nents in the mixture. For the quantitative analysis only
the signal of the CHs-group of each component was
considered. The uncertainties of the results for the mole

System 2: ACN + ACT + EF

XACN XacT XEF
Mixture mol mol *
2.A 0.333 0.333 0.334
2.B 0.700 0.150 0.150
2.C 0.150 0.700 0.150
2.D 0.150 0.150 0.700
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fractions that are reported here were determined from
the uncertainty of the peak areas as described in the
Supporting Information. For evaluating the '*C NMR
PENDANT experiment, the relative deviation (A; ), the
root mean squared error (RMSE), and the mean absolute
error (MAE) are used:

Ao = <xiﬁmethod - xi,reference) 100% (1)

Xi reference

N 2
Z (xi,method - xiﬁreference)

RMSE = \| =2 ~ (2)

M=

’xi,method — Xi reference

MAE = =1 (3)
N

Here, i denotes the component, N the total number of
concentrations determined by that method, and x; 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.

2.2.2 | Flow experiments

Figure 1 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 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 Moni-
toring 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.

Flow rates in the range of V' =0.5 to 2 mL min~ " were
set in 0.25 mL min ' steps. These flow rates correspond
to the following flow velocities: capillaries (1-4 cm s~ 1);
detection volume (0.1-0.3 cm s~ ). For the quantitative
analysis of the flowing sample, '"H NMR, '*C NMR, and
13C NMR, PENDANT experiments were performed with
the same parameters as in the stationary experiments.
13C NMR and C NMR PENDANT experiments were
executed with 64 scans. The accumulation of multiple
scans was performed with a delay time t4 which depends
on the investigated mixture as well as on the observed
nucleus and was set according to Equation (4)*'°:

1
td:%“v‘% (4)
Benchtop NMR
Spectrometer i% Flow Cell

FIGURE 1 Scheme of the setup used for flow experiments.
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Here, T, is the longest spin-lattice relaxation time of
the mixture and tpy 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 4 calculated from Equation (4), to ensure
a full replenishment of nonexcited spins. The postproces-
sing steps as well as the quantitative analysis were per-
formed as in the stationary experiments (see
Section 2.2.1).

2.2.3 | Process monitoring experiments

Figure 2 depicts the setup used for the process monitor-
ing experiments, in which a continuous dilution process
was monitored. The setup of flow experiments (see
Figure 1) 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

FIGURE 2

TABLE 2

T11y for System 1

ACN DMSO EF
Mixture S
1A 3.47 (28) 3.11(3) 3.37(2)
1.B 3.91(2) 3.36 (2) 3.54 (3)
1.C 3.05 (5) 2.86(3) 3.42(5)
1.D 3.33(1) 2.70 (1) 3.31(1)

Ty 15 for System 1

ACN DMSO EF
Mixture s
1A 16.07 6.53 13.02
1.B 14.91 8.66 15.17
1.C 16.37 5.31 11.45
1.D 19.26 6.83 11.17

Benchtop NMR 4 v Benchtop NMR
A+B Spectrometer ‘H E; Spectrometer
('C NMR PT) '\ ('"H NMR)
Magnetic \
Stirrer
¢ Flow Cell

Scheme of the setup used for process monitoring experiments.

Spin-lattice relaxation times T 1y and T 1sc values of the CH;-groups of each molecule in the studied ternary mixtures.

T; 1y for System 2

ACN ACT EF
Mixture S
2.A 3.73 (4) 3.87(2) 347 (1)
2B 3.89 (4) 3.95 (13) 3.52 (16)
2.C 3.62 (4) 3.96 (1) 3.39(3)
2D 3.73 (2) 3.87 (3) 3.47 (1)

T; ¢ for System 2

ACN ACT EF
Mixture s
2.A 21.71 18.52 13.24
2.B 15.12 15.16 16.68
2.C 10.45 17.17 10.84
2.D 21.71 18.52 13.28

Note: The RMSE of three measurements is reported for T, 1y in parentheses and refers to the last digit. For T; 1:¢c, no RMSE is given as the measurement was

done only once.
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(A + B) was placed in the first container. A third compo-
nent (C) was stored in the second container and was con-
tinuously fed by the second pump into the container with
the mixture. Two dosage rates were used:
V=0.2 mL min ' and V =0.833 mL min . 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 spec-
trometers (Spinsolve Carbon, Magritek). The additional
benchtop NMR spectrometer was also equipped with a
glass flow cell (Spinsolve Reaction Monitoring Kit RM,

System 1
C5 (l)l (@)
NS H4/C4
H3C/§N PN HSJJ\ PN
H2/C2 HaC CHg3 H”ce O CH3
H3/C3 H3/C3 H1/CA1
H NMR i3 13C NMR
C3
C6 C5 C4 I C2 C1
| v | L
H2
13C NMR PENDANT
H1 ‘ ’
H5 H4 . |
A |
9 8 7 6 5 4 3 2 1 0 200 160 120 80 40 0
01/ ppm S13c / ppm
System 2
C5 (@]
NS H4/C4
H3C/§N )k Hs)k PN
H2/C2 H;C~ C7 "CH3 H ce O CH;
H3/C3 H3/C3 H1/CA1
H NMR 13C NMR
C|7 C6 Cﬁ C4 Cc2 C1
| | L
H3| H2
13C NMR PENDANT
H5 H4 J H l ~
|
A NN L u 1 ]
9 8 7 6 5 4 3 2 1 0 200 160 120 80 40 0

01y / ppm

O13¢c / ppm

FIGURE 3 Comparison between 'H NMR spectra as well as >°C NMR and '*C NMR PENDANT spectra for Mixture 1.A (top) and
Mixture 2.A (bottom), respectively. PENDANT, polarization enhancement that is nurtured during attached nucleus testing.
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Magritek) and was connected with PEEK capillaries with
an inner diameter of d=1 mm to the setup. T-pieces in
combination with a needle valve were used to evenly dis-
tribute 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 V' =1.5 mL min ', The first
NMR spectrometer was used for **C NMR PENDANT
experiments (3.2 s acquisition time, 16 k data points,
16 scans); the second NMR spectrometer was used for 'H
NMR experiments (6.4 s acquisition time, 32 k data
points, 1 scan) for referencing purposes. Data were
acquired with the second spectrometer in intervals of
15s.

3 | RESULTS AND DISCUSSION

The T;: and Ty 3¢ values of the CHs-group of all com-
ponents in the investigated mixtures are given in Table 2.
In Figure 3, '"H NMR as well as ">’C NMR and >C NMR
PENDANT spectra are shown for Mixture 1.A and Mix-
ture 2.A, respectively, including a peak assignment.

It can be seen from Figure 3 that the peaks in the 'H
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

Mixture 1.C

1.0 . .
ACN |
DMSO
08} « EF |
S 06l 1
S 06
g
S04t ]
>
0.2} ]
..... S
'"HNMR  BCNMR  '3C NMR
PENDANT
FIGURE 4

CH;-groups of ACN and ACT occurs in the 'H NMR
spectrum. The components can no longer be quantified
by direct peak integration and deconvolution methods
must be applied.

In Figure 3, also *C NMR spectra of the studied mix-
tures are displayed together with the peak assignment.
Due to the large chemical shift dispersion of '>C, there is
no peak overlap. However, the SNR of the *C 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 T, of that group resulting in a
broad signal. Furthermore, the total measurement time
of more than 4 h for a single *C NMR spectrum is
extremely long because of the long repetition time of five

TABLE 3 MAE and RMSE of the results from the
quantification of the studied mixtures by "H NMR, **C NMR, and
13C NMR PENDANT.

System 1 System 2

Experiment MAE RMSE MAE RMSE
'H 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
Abbreviations: MAE, mean absolute error; PENDANT, polarization

enhancement that is nurtured during attached nucleus testing; RMSE, root
mean squared error.

Mixture 2.C
1.0 . . .
ACN
ACT
08} e EF |
S 06l |
S 06
g
S04t 1
>
0o2r ., ¢ . §
H NMR BCNMR  '3C NMR
PENDANT

Results for the quantification of Mixture 1.C and Mixture 2.C by "H NMR, '*C NMR, and '*C NMR PENDANT experiments.

The horizontal dashed lines are results from the gravimetric sample preparation. The uncertainties (error bars) for the '"H NMR experiments
are within the symbol size. The concentrations of ACN and EF were equal in both cases. PENDANT, polarization enhancement that is

nurtured during attached nucleus testing.

85U8017 SUOWILLOD BAEa.D 3|t (dde au Aq peussnob are ssolle VO ‘8sn JO SNl 10} ArIqiT8UljUO /8|1 UO (SUORIPUOD-PUB-SWIBIW0D A8 | 1M ATe1q1 U1 |UO//SdNL) SUORIPUCD pUe SWB | 84} 885 *[202/70/70] UO ARiqiTaulluo A8IM “d Imisu| eynssiey Aq LTS 01W/z00T 0T/I0p/wod 8| im Areiqipuljuo s feuInoeous os eonA feue//sdny wo.y papeo|umoq ‘0 exgs260T



* | WILEY

PHUONG Er AL.

TH NMR experiment

2.00 ml min-*

EVAVNE

0.50 ml min"

24 23 22 21 20 19 18 1.7 16
O1y / ppm

13C NMR experiment

2.00 ml min-"

SNR =13.0 SNR=10.9

0.50 ml min"

SNR =13.0

SNR =23.2

31 30 29 28 27 26
O13c/ ppm

13C NMR PENDANT experiment

2.00 ml min-"

SNR =20.3 \ SNR=7.1
ovmisbemrtig e A X ,

o ot Bgs i Lt 14 L) f e oy

0.50 ml min"

SNR =45.8 SNR =16.0

PRpT—Y S " S ot ” e en ettt
¥ s

31 30 29 28 27 26
O13c / ppm

FIGURE 5 Spectra of the Mixture 2.A acquired with "H NMR, **C NMR and *C NMR PENDANT experiments at two different flow
rates. The peaks of ACN and ACT are shown. The SNRs are given for the '>’C NMR and *C NMR PENDANT spectra. PENDANT,
polarization enhancement that is nurtured during attached nucleus testing. PENDANT, polarization enhancement that is nurtured during
attached nucleus testing; SNR, signal-to-noise ratio.
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times T;1c 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 3 also shows results from experiments that
were carried out using >*C NMR PENDANT. The settings
were chosen so that the full enhancement is obtained for
the signals from CHs-groups, as only these were used
for the quantification. The sequence could have been
adjusted to enhance signals from CH,- and CH-group
likewise. For the CHj-groups, an enhancement of the
SNR of about 3.5 was obtained; see signals C1-C3 in
Figure 3. We note that 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
CH,-groups as well as from quaternary C atoms are nega-
tive, while those from CH,- and CH-groups are positive;
see Figure 3. This is useful for the identification of
components in complex mixtures.

Another important advantage of polarization transfer
is that for the recycle delay, not the high T 15¢ is relevant,
but the much lower T;:y. Therefore, in the experiment
shown in Figure 3, which both had 128 scans, the total
experimental time for the >*C NMR PENDANT experi-
ment was reduced by a factor of 5 compared with the '*C
NMR experiment. In the following sections, we study
whether >*C NMR PENDANT yields quantitative results
in stationary as well as in flow experiments.

3.1 | Stationary experiments
Figure 4 shows results from the quantitative analysis of
System 1 and System 2 with conventional 'H NMR and
13C NMR as well as >°C 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 4 shows the results for Mixture 1.C and
Mixture 2.C; the corresponding results for the other
mixtures are shown in the Supporting Information. The
MAE and RMSE values of the quantification results of
the analyzed mixtures are presented in Table 3. The
numerical results of all experiments are provided in the
Supporting Information (Table SI. 3).

Figure 4 shows that results from all three methods
are generally in good agreement with the gravimetric ref-
erence, which also holds for the other studied mixtures.

A closer inspection, however, reveals some differences
(also see Table SI. 3 which contains the numerical results
in the Supporting Information): Firstly, the experimental
uncertainty is generally much lower for *C NMR PEN-
DANT compared with '>*C NMR. However, it is always
higher than for "H 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 *C NMR
PENDANT are better than for "H 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 'H NMR and *C NMR are distinctly higher.
The larger deviation for the "H NMR method is due to
difficulties in the deconvolution of the overlapping peaks.
Moreover, in comparing the >*C NMR results to the *C
NMR PENDANT results, it has to be considered that the
latter were obtained in experiments that were about
5 times faster.

Mixture 2.A
8000 T . . T
'H NMR
6000 - 8
3: °© ¢ ° ° °
& 4000 g
= 2000t * * s : . 4
0 1 1 1 1 L
0.0012 . . . T
3C NMR
5 0.0008 - * d . 1
© .
~0.0004% . . % ? )
° ¢ ]
00000 1 L 1 i L 1
0.006 . . T
13C NMR PENDANT |
5 0.004} . g
© L ° L] ®
- 0.002" . o o . . 1
0000 1 1 | 1 1
050 075 100 125 150 175 2.00
V! ml min™’
ACN e ACT e EF
FIGURE 6 Peak integrals of the CH;-groups of ACN, ACT and

EF in Mixture 2.A acquired with "H NMR, *C NMR and *C NMR
PENDANT experiments at various flow rates. The error bars are
calculated by the SNR of the peak. PENDANT, polarization
enhancement that is nurtured during attached nucleus testing;
SNR, signal-to-noise ratio.
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3.2 | Flow experiments
All test mixtures were analyzed with "H NMR, *C NMR
and >C 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, and on the build-up of magnetization of the spins
determined by the spin-lattice relaxation time T;.>'° The
effect of increasing flow rates on the 'H NMR, *C NMR
and >C NMR PENDANT spectra is shown in Figure 5,
using Mixture 2.A as an example.

In the 'H NMR spectra, the SNR is consistently high
at all flow rates. However, the 1>*C NMR spectra display a
very low SNR which decreases at higher flow rates. In
contrast, the *C NMR PENDANT spectra show a signifi-
cantly 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 and
the reduction of the premagnetization time. The peak
broadening is especially disadvantageous in the "H NMR
spectra as it may result in an increased peak overlap, as it

Mixture 1.C
0 T T T T
H NMR
- 0.8 .
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<025 ____ - ----- - ----- ®----- S Y T —— ®
00 1 1 1 1 1
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E 0.6 .
204 ]
R o.2i- _____________________________________ |
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1.0 T T T
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R DS S S S SR
E 0.6 1
204 ]
< O'ZT ----- - - o----- +----- - *
00 | | | | |
050 075 1.00 125 150 175 2.00
V / ml min™
-~ ACN DMSO e EF
FIGURE 7

can be seen in the 'H NMR spectra near 2 ppm: the
signals of the CHs-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 "H
NMR, *C NMR and *C NMR PENDANT experiments
is illustrated in Figure 6, 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 '>*C NMR experiment
because of the large T;15¢c values. In addition, there are
significant differences between the T;ic values of
the different components (see Table 2) causing an
uneven magnetization and, hence, deviations in the
quantification. In the '>C 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 V =2.0 mL min ' for
each component), since the used T;iy values are
small and in a similar range, which allows quantitative
analysis.

Mixture 2.C
1 O T T T T
= os H NMR 4
e R
E 06
g 0al
X 02 _____ . o _____e _____ o _____ o _____ o _____%
OO 1 1 1 1 1
O T T T 1
13
o CNMR ]
5 Y ____
£06 ]
2 04 ]
X028 1. 1. ]
0.0 o : $ . $
1.0 . .
. L“C NMR PENDANT
ot T T SR S S
£ 06 1
2 04 ]
<02¢ . Foooo g R SRRRREE SEERELY
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Results of the quantitative analysis of Mixture 1.C and Mixture 2.C by "H NMR, >*C NMR and *C NMR PENDANT in flow

experiments at different flow rates. The horizontal dashed lines represent the gravimetric reference. The error bars for the "H NMR
experiments are within the symbol size. PENDANT, polarization enhancement that is nurtured during attached nucleus testing.
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In the following, the influence of the flow effects on
the quantification of the mixtures with 'H NMR, '*C
NMR and *C NMR PENDANT experiments is discussed.
In Figure 7 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 mix-
tures as well as the numerical results are given in the
Supporting Information.

As shown in Figure 7 for System 1, the concentra-
tions obtained by the 'H NMR experiment 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 magnetization, see Supporting
Information). This is due to the fact that the Tjy
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 'H ONMR
experiment resulting in an accurate quantification.

The results from the '*C NMR experiments deviate
strongly from the gravimetric reference even at moderate
flow rates. The concentration of DMSO is overestimated,
those of ACN and EF are underestimated, with devia-
tions that tend to increase with increasing flow rate. This
observation can be explained by large differences in the
spin-lattice relaxation times T;uic of the components
(see Table 2). The negative effect of insufficient premag-
netization of ACN and EF is amplified at high flow rates.
The small SNR in the *C NMR spectrum leads to addi-
tional problems with the quantification resulting, for
example, in large error bars.

In contrast, the >C NMR PENDANT experiment
shows very good agreement with the gravimetric
reference, also at the highest flow rates; see Figure 7. In
addition, the error bars of the *C NMR PENDANT
experiments are small compared with the *C NMR
experiment due to the signal enhancement, which leads
to higher SNR.

For System 2, the results from the 'H NMR flow
experiments deviate from the gravimetric 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.

The results of the >C NMR experiments for System
1 and System 2 show similar and important deviations
from the gravimetric reference. In contrast, the results

obtained by '*C NMR PENDANT are in very good agree-
ment 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 '*C NMR
PENDANT experiment is more pronounced, as peak
overlap problems occur in this system in the '"H NMR
experiments.

3.3 | Process monitoring experiments

A continuous dilution experiment to mimic a dynamic
process was performed with the setup shown in
Figure 2 which enables the simultaneous acquisition of

H NMR experiment

3.0 2.5 2.0 1.5 1.0 0.5
014/ ppm

13C NMR PENDANT experiment

O13c / ppm

FIGURE 8 Monitoring of a dilution experiment in System

1 with "H NMR and '*C NMR PENDANT experiments. DMSO was
continuously added to a binary mixture of ACN + EF (initial
concentration xacy = 0.6 mol mol ™) within a time interval of 1 h
(corresponding to a dosage rate of ¥V =0.833 mL min~").
PENDANT, polarization enhancement that is nurtured during
attached nucleus testing.
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Results of the quantitative analysis of System 1 with "H NMR and '*C NMR PENDANT during the monitoring of a

continuous dilution experiment. DMSO was continuously added to a binary mixture of ACN + EF (initial concentration

Xacn = 0.6 mol mol ') within 4 h (dosage rate: V =0.2mL min~}, left) and 1 h (dosage rate: V =0.833 mL min "%, right), respectively. The

gray circles (appearing as gray lines due to the high acquisition rate) represent the concentrations determined by '"H NMR. The colored
circles are from **C NMR PENDANT. The error bars are not shown for clarity. PENDANT, polarization enhancement that is nurtured

during attached nucleus testing.

'H NMR and *C NMR PENDANT spectra. System
1 was used for this study which allows to consider the
results of "H NMR experiments as reference as there is
no peak overlap in the 'H NMR spectrum.
Furthermore, the effect of two dosage rates on the
quality of the determined concentrations by the *C
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 ', In the first experiment a DMSO
dosage rate of V' =0.2 mL min " was used, resulting in a
total study time of 4 h. In the second experiment, the dos-
age rate was increased to V =0.833 mL min~", which
reduces the study time to 1 h. The '"H NMR and °C
NMR PENDANT spectra from the second experiment are
shown in Figure 8. The effective flow rate in each spec-
trometer was V = 0.75 mL min .

Figure 8 shows that the NMR signal of DMSO contin-
uously increases in the '"H NMR as well as in the *C
NMR PENDANT spectra during the progress of the dilu-
tion experiment. The '"H NMR experiment has a high
temporal resolution because only one scan is required for
the quantitative analysis as the SNR in the "H NMR spec-
tra is sufficiently high. The '*C NMR PENDANT experi-
ment requires 16 scans to obtain a sufficient SNR for the
quantification resulting in a measurement time of
2.7 min so that 24 '>C 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 9.

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 could be expected, the concentra-
tion changes, resulting from the addition of DMSO with
a constant flow rate, are not linear. The concentrations
determined with '>’C NMR PENDANT are in very good
agreement with those from "H NMR. The scattering of
the results from '*C NMR PENDANT is about
0.04 mol mol™!, 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 "H NMR refer-
ence. Similar results from >*C NMR PENDANT could
be expected for System 2, for which, however, 'H NMR
would have given only poor results due to the peak
overlap (see Section 3.2), and *C NMR could not be
reasonably used with only 16 scans due to the
low SNR.

4 | CONCLUSIONS

In this work, we have applied the polarization transfer
sequence PENDANT for the quantitative analysis of
mixtures in stationary and flow experiments with a
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benchtop NMR spectrometer. The new method com-
bines three advantages: fast premagnetization, high
spectral resolution, and good SNR. The accuracy and
reliability of quantitative results obtained with '*C
NMR PENDANT were evaluated and compared with
results from 'H NMR, *C NMR, and a gravimetric ref-
erence. It was shown that '>C NMR PENDANT gives
excellent results also at conditions where '*C NMR
without polarization transfer cannot be applied, for
example, in measurements at high flow rates that cause
problems in the analysis with benchtop NMR spectrom-
eters, due to their low premagnetization volume. The
new method is particularly attractive for the analysis of
mixtures that are difficult to quantify with 'H NMR
due to overlapping peaks. Furthermore, we have also
demonstrated that the *C NMR PENDANT is useful
for monitoring dynamic processes. Future investigations
will focus on the combination of this method with
hyperpolarization techniques, such as Overhauser
dynamic nuclear polarization, in order to obtain further
signal enhancements.
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