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In NMR spectroscopy, samples are usually dissolved in deuterated solvents to avoid overlap of small analyte
signals with large, protonated solvent signals. However, for reasons such as cost and widespread use, using
deuterated solvents is impractical, e.g., for on-flow NMR applications, since large volumes of solvent are
required. This study compares six different solvent suppression techniques: PRESATuration (PRESAT), Water
suppression Enhanced through T effects (WET), Pulsed Gradient STimulated Echo (PGSTE), 1-pulse-spoil, simple
solvent subtraction, and a newly developed post-acquisition suppression method named Solvent Attenuation by
Fourier Elimination (SAFE). The SAFE method is based on alternating measurements of the sample solution and
the pure solvent 2" times, followed by a fast Fourier transform to eliminate the solvent signals, which are
constant in the first approximation. The different solvent suppression methods were compared alone and in
several combinations to determine their optimum suppression efficiency. The suppression was quantified by
evaluating the Analyte-to-Solvent Ratio normalized to the unsuppressed 'H reference spectrum (ASRporm)-
Furthermore, a comparison was made between the methods concerning their suitability for polymer solutions of
varying molar masses, quantification towards measurement time efficiency, repeatability, and intermediate
precision. The PGSTE-SAFE combination proved to be the most efficient method for polymer samples, achieving
an ASRporm of about 47,000. The applicability of solvent suppression methods in flow-based setups was also
assessed by investigating polystyrenes in non-deuterated solvents. WET, PGSTE, and a WET-PGSTE combination
were applied in online Size Exclusion Chromatography-NMR (SEC—NMR) to demonstrate their potential for
efficient solvent suppression in this context.

1. Introduction

NMR spectroscopy is a widely used and powerful technique for
characterizing macromolecules, providing detailed information on their
molecular structure, chemical composition, topology, molar masses, and
dynamic properties in bulk or solution [1-3]. Although NMR offers a
vast amount of information as a standalone method, a deeper under-
standing of structure-property relationships of polymers often requires
the simultaneous acquisition of multiple analytical techniques to gain
correlated information [4]. For instance, combining NMR with liquid
chromatography allows for chemical composition information at each
point in time during the chromatographic separation. Both
Liquid-Adsorption = Chromatography (LAC), which relies on
adsorption-based mechanisms, and Size-Exclusion Chromatography
(SEC), which separates analytes by hydrodynamic radius, have already
been successfully coupled to high and low-field NMR spectroscopy
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[5-10]. In particular, SEC provides access to molar mass distributions
and chemical dispersity of polymers, which are essential for linking
material properties to molecular characteristics. By using an NMR
spectrometer as a detector for SEC, it is possible to determine the
monomers and quantify the relative amount during polymer elution,
providing information on chemical composition distribution as a func-
tion of molar mass. This information is typically only obtainable using a
multidetector SEC system and polymer-specific detector calibration.
Although chromatography coupled with high-field NMR was intro-
duced over four decades ago [5], it never became widely used. The high
acquisition and operating costs of high-field spectrometers (nowadays
up to 28 Tesla and 1.2 GHz 'H Larmor frequency) and the requirement
for extensive, specialized laboratory infrastructure are limitations to the
widespread accessibility of high-field spectrometers combined with
chromatography. Such implementations using high-field spectrometers
and/or deuterated solvents were considered not feasible for SEC—NMR
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Fig. 1. (A) 'H spectra of 12 kg-mol ™ Polystyrene (PS) in THF, CHCls, or CDCl; without solvent suppression, measured on a 90 MHz benchtop NMR spectrometer. The
spectra are normalized to the intensity of the aromatic m/p-protons of PS at 7.1 ppm. *3C satellites of THF or CHCl; are indicated with asterisks. (B) Used pulse
sequences: (I) PRESATuration (PRESAT), (II) Water suppression Enhanced through T; effects (WET), (III) Pulsed Gradient Stimulated Echo (PGSTE), (IV) 1-pulse-
spoil. (V) H NMR (no suppression, and for post-acquisition solvent subtraction and Solvent Attenuation by Fourier Elimination (SAFE)). The g readout pulse re-
fers to a defined excitation angle g, here f = 90° The “s”-pulse corresponds to a spoil pulse, the “g”-pulse corresponds to a gradient pulse.

applications in industry [11].

In contrast, low-field or benchtop NMR spectrometers with perma-
nent magnets from 0.5-2.9 T, resulting in 20-125 MHz 'H Larmor fre-
quency, have been commercially available since the early 2010s [12].
These spectrometers have a compact design (<0.5 m in all directions,
mass < 100 kg) and require no cryogenic liquids (helium and/or ni-
trogen) for cooling the magnet. The number of applications and publi-
cations is continually increasing as they offer a more affordable,
space-efficient alternative. This makes NMR spectroscopy more acces-
sible to a broader audience and brings NMR back onto laboratory
benches.

Additionally, benchtop spectrometers are far more suitable for hy-
phenation with other analytical instruments or on-flow reaction or
process monitoring. Furthermore, the often implemented external '°F
lock systems in benchtop spectrometers eliminate the need for deuter-
ated solvents [13].

Liquid NMR measurements in 5 mm test tubes are typically per-
formed using 1-5 mg samples diluted in <1.0 mL of deuterated solvent.
This minimizes solvent signals overlapping with analyte signals and
enables stable field locking via an internal deuterium lock, which is
commonly integrated into high-field instruments. However, the
continuous use of deuterated solvents would be cost-intensive in chro-
matographic coupling or for online reaction monitoring. In such cases,
an external lock system offers an advantage as it enables analysis in
protonated solvents under flow conditions.

Another important application of solvent suppression is the charac-
terization of biological macromolecules, which are mainly dissolved in
water. To observe exchangeable protons in protic solvents (e.g., -OH,
-NH, -NH>), non-deuterated solvents are required [14].

For such applications, solvent suppression is essential. Prior studies
on benchtop systems have compared various solvent suppression
methods, such as PRESATuration (PRESAT), Water suppression
Enhanced through T; effects (WET), excitation sculpting-based, and
binomially selective pulse sequences, for small molecules. Gouilleux
et al., for example, investigated gradient-based methods using a 43.6
MHz NMR spectrometer, finding the WET-180-NOESY pulse sequence to
be highly effective under static and flow conditions when using alanine
and lactate model systems [15]. Pellizzari et al. systematically compared

binomial pulse schemes versus PRESAT-based sequences at 80 MHz
using “real-world” matrices (e.g., human urine samples and energy
drinks). They concluded that PRESAT is sufficient for high analyte
concentrations, whereas low-concentrated samples benefit from more
sophisticated binomial schemes for solvent suppression [16]. The Wil-
helm group has previously investigated WET, jump-and-return, 1-pul-
se-spoil, and Water Eliminated Fourier Transform (WEFT) suppression
methods at 43 and 62 MHz for SEC—NMR measurements of polymeric
samples and compared them towards repetition rate, solvent suppres-
sion ratios as well as baseline distortions [17].

This research will be extended in two ways here. Firstly, six sup-
pression methods will be compared under static conditions at 90 MHz
using a polystyrene model system in either THF or CHCls. The methods
are PRESAT, WET, Pulsed Gradient STimulated Echo (PGSTE), 1-pulse-
spoil, simple mathematical subtraction, and Solvent Attenuation by
Fourier Elimination (SAFE), as well as combinations of these. SAFE is
introduced here as a newly developed method that expands the range of
post-acquisition suppression techniques. The solvent suppression effi-
ciency of all methods will be quantified by their analyte-to-solvent ratio
after method optimization, repeatability, intermediate precision and
time efficiency. Furthermore, the molar mass dependency of various
suppression methods will be discussed in detail and a practical guide to
selecting the most suitable pulse sequences available on most benchtop
spectrometers for different measurement conditions will be provided.
Secondly, WET and PGSTE, which have been identified as the most
efficient solvent suppression pulse sequences for polymers in online
conditions, will be compared separately and in combination (WET-
PGSTE) in SEC—NMR measurements, with the aim of optimizing solvent
suppression efficiency for online chromatographic applications. This
study demonstrates substantially reduced residual THF signals in 2D
SEC—NMR measurements compared to previous studies by our group
[17].

2. Theoretical background
Suppressing solvent signals in NMR spectra using protonated sol-

vents is crucial since the solvent is usually present at much higher
concentrations, typically a factor ~10°, than the analyte [2]. This results
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Fig. 2. (A) Periodic arrangement of pure THF and THF with polystyrene (PS12k, 12kg-mol™). The red line indicates the periodic zigzag modulation for PS12k.
Spectra are normalized to the maximum solvent peak intensity at 3.6 ppm. (B) Fast Fourier transformation (FFT) at each chemical shift leads to the solvent-filtered
Fourier spectrum. Only the real parts of one-half of the mirror-symmetric FT spectra are shown. The spectrum at the modulation frequency (0.21 Hz, last spectrum) is

used for data evaluation, see Section 4.1.

in intense solvent signals, with broad spectral feet concealing smaller
analyte peaks (see Fig. 1A). This issue is even more significant when
using low-field NMR spectrometers, which have lower spectral resolu-
tion (typically 0.003 ppm) due to lower magnetic field strength
compared to high-field instruments, leading to even broader line widths.
Moreover, strong solvent signals may exceed the receiver’s dynamic
range of the Analog-to-Digital Converter (ADC), leading to baseline
distortions. A reduction in Receiver Gain (RG) further lowers the digital
intensity resolution of the analyte. The simultaneous detection of small
analyte peaks beside strong solvent signals will thus lead to a stepped
intensity representation of the low signal intensities due to digital
quantization [18]. Another effect of detecting strong solvent signals is
radiation damping, which is caused by strong transverse magnetization
of solvent nuclei. This magnetization induces an oscillating current in
the receiver coil, generating a secondary Radio Frequency (RF) field.
This alters the amplitude and phase of the original RF field, effectively
shortening the apparent transverse relaxation time (T*;), thereby
broadening the solvent signal. The effect is significantly less pronounced
at low magnetic field strengths, as it’s directly related to the sample
magnetization, making it less critical for benchtop NMR applications
[15,19].

To address these challenges, various solvent suppression pulse se-
quences have already been incorporated into the standard NMR reper-
toire for both high-field and low-field spectrometers [3]. Generally,
suppression methods are applied either before or after data acquisition
[14]. Suppression techniques belonging to the first category can be
further differentiated into the following [2]: (a) Methods that saturate
the solvent resonance by applying long, weak RF pulses before the
readout pulse, such as the PRESATuration (PRESAT) technique [20,21];
(b) methods that produce zero net excitation of the solvent, whereby the
solvent spins are tilted away from the transverse detection plane while
the magnetization of the desired analyte peaks is deflected to the
receiver during acquisition such as jump-return sequences [22]; and (c)
a third class of solvent suppression techniques involves dephasing the
solvent magnetization using Pulsed Field Gradients (PFGs). Examples
are Water suppression Enhanced through T; effects (WET) [23] and
WATER suppression by GrAdient-Tailored Excitation (WATERGATE)
[24]. Although such gradient-based techniques have been standard on
high-field spectrometers since the 1990s, they could only be imple-
mented in benchtop NMR instruments around 10 years ago with the
introduction of dedicated gradient coils [25]. Before then, shim coils,
which are normally intended for tuning magnetic field homogeneity,
were repurposed to create weak gradient effects. The second category of
post-acquisition suppression methods is either based on hardware fre-
quency filters [26] or software post-processing procedures, alike simple
solvent subtraction [14]. These methods can be applied in combination

with those introduced previously.

The most commonly used method for solvent suppression in NMR
spectroscopy is PRESAT, as the pulse sequence is typically incorporated
into all NMR spectrometers without requiring additional equipment (e.
g., gradients) [15,27]. Applying a long (e.g. 1-3 s) weak RF pulse at the
beginning of the pulse sequence, which irradiates in principle as many
(solvent) resonances as desired (Fig. 1B, I), can saturate and thus sup-
press specific frequency bands. Frequencies of the analyte resonance
below or close to the solvent signal will also be suppressed. A
gradient-based pulse sequence, which was designed for compensation of
pulse inaccuracies and scattering of the longitudinal magnetization of
the solvent for improved suppression, is the WET sequence [23]. It
consists of four frequency-selective RF pulses, each of which is followed
by a pulsed gradient (see Fig. 1B, II). It is significantly faster than
PRESAT with a higher selectivity, making it more suitable for on-flow
NMR experiments [17].

Another gradient-based method is the pulsed gradient stimulated
echo (PGSTE) sequence. Zijl and Moonen first introduced this method
for solvent suppression in 1990 [28]. The pulse sequence originates from
diffusion NMR and is typically employed in DOSY (Diffusion-Ordered
SpectroscopY) experiments. The pulse sequence includes three hard 90°
RF pulses and two gradient pulses applied immediately after the first and
third RF pulses (see Fig. 1B, III). Between the second and third 90°
pulses, there is a variable time interval, A, in the 20-500 ms range, also
known as “diffusion time”. Smaller molecules, such as solvents, with a
self-diffusion coefficient D (e.g., water is ~2.102 m%s1 at 25 °C [29]),
diffuse substantially faster than larger molecules (e.g., synthetic poly-
mers or proteins with D in solution ranging from ~107'! to ~1014 m?s!
[30-32]), causing greater dephasing by the applied gradients for the
solvent molecules. The PGSTE sequence could consequently be used as a
“low diffusion pass filter”, suppressing fast-diffusing components while
largely preserving slow-diffusing components [33]. Therefore,
PGSTE-based suppression is especially suitable when there is a signifi-
cant difference in D or molar mass between solvent and analyte (e.g.,
polymers), see Section 4.1.1 for a detailed discussion.

A pulse sequence specifically designed for polymer analysis in
SEC—NMR measurements is the 1-pulse-spoil method [17,34]. This
sequence exploits the difference in T; between high-molar-mass mole-
cules and low-molar-mass solvents, similar to the principle of the Water
Eliminated Fourier Transform (WEFT) sequence [35]. Since macro-
molecules relax 3-6 times faster than solvent molecules, depending on
molar mass, the pulse sequence acts as a T;-filter when the repetition
time (trep, time between two consecutive scans) is short compared to
solvent T (see Fig. 1B, IV). Please note that in chromatography, solvents
and solutions are degassed before being injected into the column.
Consequently, the normally dissolved O, (having a triplet ground state,
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35) will not relax the solvent protons during chromatographic experi-
ments, increasing the ratio in T; between the long solvent T; and the
short polymer T; further. A spoiler gradient is implemented at the end of
the sequence to dephase the residual magnetization, as after a short trep,
especially the solvent spins have not fully relaxed. Without this, strong
residual solvent magnetization could cause baseline distortions [36].

In addition to these pulse sequence-based methods, post-acquisition
methods can be applied solely or in combination with the solvent sup-
pression methods mentioned. A simple and straightforward method of
solvent suppression involves subtracting the solvent spectrum from a
spectrum containing both the solvent and the analyte using a normal 'H
pulse sequence (Fig. 1B, V) [34]. The limit of this method originates in
the already mentioned final ADC digitization and the need for two
separate measurements, and consequently, the drifts of the spectrometer
between both measurements.

Another simple numerical post-acquisition suppression technique is
the recently developed Solvent Attenuation by Fourier Elimination
(SAFE) method within our group [37]. The principle involves recording
spectra of both the pure solvent and the analyte solution under identical
conditions, then applying Fourier transformation to reduce the solvent
signal and average out drift contributions, substantially emphasizing the
analyte signals. Multiple spectra are alternately acquired for each sam-
ple (e.g., via automatic sample exchange) and arranged in a 2D data
matrix in an alternating sequence: 1. sample solution, 2. pure solvent, 3.
sample solution, 4. pure solvent, and so on, for exactly 2" times. This
creates a periodic modulation of the analyte signals, see Fig. 2A. The 2D
matrix starts with a spectrum of the PS sample, and the periodicity of the
PS signals can be described by a zigzag function, shown in red in Fig. 2A.
A fast Fourier transform (FFT) is then performed along the measurement
series (i.e., over the time axis of the repeated measurements) at each
data point along the chemical shift axis. For the simplest FFT, 2" data
points, respective spectra are needed. Periodically varying signals, such
as those of the analyte, appear at the modulation frequency, v1, in this
case v1= 0.21 Hz,

1 1

- - = 1
n T 2 %ty W

with T representing the period and t,, the measurement time for one
spectrum (with four scans used here t;, = 2.4 s). Constant signals (e.g.
the solvent signal is approximately constant) appear at the zero fre-
quency, vp, while irregular or random signals are distributed across the
frequency domain, see Fig. 2B. The v; frequency is analogous to the
Nyquist frequency, which is the highest frequency that can be correctly
represented in the frequency domain, as the periodicity is determined by
sampling every second spectrum (with and without analyte). The spec-
trum at the highest frequency is then extracted and used for further data
evaluation (see Section 4.1).

SAFE is particularly useful when common pulse-sequence-based
solvent suppression methods are ineffective, for example, when there
is strong overlap between the analyte and the solvent.

The post-acquisition methods can also be used in combination with
other solvent suppression methods if an additional reduction of the re-
sidual solvent signal is required. Unlike simple solvent subtraction, SAFE
considers changes in the spectra over time, like temperature fluctua-
tions, drifts in chemical shift, and shimming values, to suppress constant
solvent signals robustly. The spectra could also be recorded in a non-
alternating way, with the alternation of data points applied after
acquisition. However, in this case, periodicity or drift cannot be repre-
sented as accurately. When the spectra are alternated mechanically,
changes due to temperature or field fluctuations affect both samples
equally and cancel each other out at the modulation frequency. If, on the
other hand, the alternation is generated “artificially” retrospectively, the
data sets for the two states originate from different points in time.
Meanwhile, signal intensities, line widths, and chemical shifts may have
changed slightly. Such deviations are not constant and therefore
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wouldn’t be suppressed efficiently by this method. The disadvantage is
that SAFE cannot easily be implemented in continuous flow set-ups.

3. Materials and methods
3.1. Materials

Anionically polymerized, monodisperse PS samples with molecular
weights of 1, 12, 125, 271, 552, 864 kg{nol'1 (abbreviated as 1k, 12k,
125k, 271k, 552k, and 864k in the following) were purchased from the
former Polymer Standards Service, PSS (now Agilent Technologies,
Waldbronn, Germany). Of each sample, 2.5 g'L’! were dissolved in
tetrahydrofuran (THF, GPC grade with 0.025 % butylated hydrox-
ytoluene (BHT), Thermo Fisher Scientific, USA), chloroform (CHCls,
GPC grade stabilized with 0.01 % Amylene, Thermo Fisher Scientific,
USA) or deuterated chloroform (CDCls, 99.8 % with 1 v/v % TMS,
Thermo Fisher Scientific, USA) and transferred into a 5 mm standard
NMR tube (Deutero GmbH, Kastellaun, Germany) for static NMR
measurements.

3.2. Methods

All NMR experiments were performed on a Spinsolve 90 Carbon
ULTRA benchtop NMR spectrometer (Magritek, Aachen, Germany)
running at a 'H Larmor frequency of 90 MHz, corresponding to a mag-
netic field strength of 2.1 T The permanent magnet is built in a Halbach
design with a horizontally oriented magnetic field [38]. The spectrom-
eter is equipped with a gradient coil with a maximum gradient strength
of 0.53 T-m! operating along the transverse plane. Linewidths for 20 %
CHClI3 in deuterated acetone are < 0.2 Hz at FWHM, < 8 Hz at 0.55 %,
and < 16 Hz at 0.11 % peak height, according to the manufacturer’s
specifications. The magnet temperature was set by Magritek to 26.5 °C,
and the samples for static NMR measurements were equilibrated in the
magnet for five minutes before detection to avoid line broadening due to
disturbed thermal equilibrium of the NMR and thermal convection in-
side the sample. Spectra were recorded and pulse sequences were
modified using the SpinsolveExpert software (version 2.02.14).

Parameters for static NMR measurements were optimized for all
solvent suppression methods under different aspects to achieve the best
possible solvent suppression, as explained in more detail in Sections
3.2.1 to 3.2.9. This suppression efficiency was evaluated and quantified
using the Analyte-to-Solvent Ratio (ASR) which is the ratio of the signal,
S, of the aromatic m/p-protons of PS at 7.1 ppm to the intensity of THF at
3.6 ppm, ASR = SAnalyte/SSolvent-

After method optimization, each method was repeated ten times to
analyze repeatability. To test the methods’ intermediate precision, all
samples were prepared and measured on two different days. Four scans
with 4096 data points and a dwell time of 100 ps, resulting in an
acquisition time of 0.41 s per scan, were taken for each measurement for
all methods. For data evaluation of NMR measurements, Mestrelab
Mnova (14.1.2) was used. NMR spectra were zero and first order phase
corrected, zero-filled to 64k data points, and the FID multiplied with a
Gaussian apodization filter with a standard deviation, o, of 0.47 s. This
value was found to be optimum for polymer samples as the best
compromise between high resolution and improved SNR. Baseline
correction was done using a 3rd order polynomial. An overview of the
pulse sequences used here is given in Fig. 1B, I-V and Sections 3.21 to
3.2.9.

3.2.1. H reference, no suppression

Pulse length for 90° pulse was 13.7 ps with an amplitude of 0.0 dB,
trep Was 0.6 s. The method was optimized to a maximum RG of 19-28 dB,
see supporting information (SI) Fig. SI 1. Unsuppressed reference NMR
spectra of PS in THF, CHCl3, or CDCl3 are shown in Fig. 1A, Section 2.
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3.2.2. PRESAT

The “PRESAT multi” sequence integrated into the SpinsolveExpert
software was used to suppress the signals of THF at 3.6 ppm and 1.8
ppm. During optimization, the duration of the soft pulse was first varied
from 0.5 to 5.0 s. It was found that the best ASR was achieved with a
pulse duration of 1.5 s (see Fig. SI 2). The soft pulse amplitude was then
varied from —85 dB to —25 dB, keeping the soft pulse duration at 1.5 s,
with an optimum ASR for —55 dB. The receiver gain, RG, was optimized
within the 10-64 dB range. A plateau in the Signal-to-Noise Ratio, SNR,
was observed between RG = 28 and 64 dB (see Fig. SI 2). Higher RG
values caused signal distortions due to FID clipping, while an RG of 10
dB led to insufficient intensity digitization, resulting in poor SNR for the
analyte peaks. The hard pulse was set to a default length of 39.8 s and
an amplitude of —9.9 dB for a 90° pulse, or 0.0 dB for every second 270°
pulse. Subtracting the two data sets afterwards further suppresses re-
sidual water signals [39]. The spoil amplitude was set to 10,000 (arbi-
trary software unit) with a duration of 20 ms, corresponding to ~18
mT-m™. The trep for PRESAT under these conditions was 2.2 s.

3.2.3. WET

The default amplitudes for the four soft pulses are —67, —65, —68,
and —61 dB, which is similar to varying the initial amplitude of —66 dB
in steps of —1, +1, —2, and +5 with a pulse length of 86 ms for each
pulse. The spoiler gradient pulses, each lasting 20 ms and starting at
20,000 a.u. (~40 rnT~m'1), decrease by half for each spoil pulse (in total
four) to dephase residual coherences in all spatial dimensions and sys-
tematically compensate for errors in By [23,40].

Here, both the pulse length and amplitude of the soft pulses were
optimized (see Fig. SI 3). It was found that a pulse length of 50 ms with
an initial amplitude of —55 dB, resulting in values of —56, —54, —57,
and —50 dB for the four pulses, yielded the best results. The length of the
90° pulse was set by default to 120 ps, with an amplitude of —18.7 dB.
The RG yielded an optimum for 37 dB (see Fig. SI 3). The shortest
possible tre, under these conditions was 1.0 s.

3.2.4. PGSTE

The gradient duration (§) and gradient strength (g) were first opti-
mized for PS12k. This molecular weight was chosen to optimize the
method for polymers above 10 kg:mol!, a molecular weight range
relevant for most polymer chemists in academia and industry. For
method optimization, it was specified that the weaker aliphatic peaks,
appearing as a broad signal from 0.8 to 1.8 ppm, should remain above
the limit of detection (SNR > 3). A A of 20 ms was used, which corre-
sponds to the minimum possible delay time of the pulse sequence and
minimizes signal losses due to T; relaxation. A range of 1-5 ms was
investigated for 6. The duration of 3 ms was found to be optimal (see
Fig. SI 4). Shorter times led to reduced suppression of the solvent signal,
while § of > 3 ms already resulted in significant attenuation of the an-
alyte signal. Then g was varied at a constant § of 3 ms, starting from 10 %
(0.05 T-m') of the maximum available g and increasing to 98 % (0.52
T-m™). The g was kept below 100 % to avoid damaging the gradient
coils. The best ASR was achieved at 98 % (see Fig. SI 4). Additionally, a
spoiler gradient of 5 ms with an amplitude of 5000 a.u., corresponding
to ~9 mT-m}, is implemented after the second 90° pulse to remove the
residual transverse magnetization to prevent undesirable echo signals
[41]. The length of the 90° pulse was set by default to 120 ps, with an
amplitude of —18.7 dB. An RG of 46 dB was chosen for all measure-
ments, see Fig. SI 4. The minimal possible t.e, for PGSTE measurements
resulted in 1.25 s. To measure the diffusion coefficient, D, of THF
(resulting in D = 2.19 x 10° m%s?), the following parameters were
used: § =5 ms, A = 300 ms, and 32 logarithmically spaced gradient steps
ranging from 7 mT-m’! to 70 mT~m’1, each with 8 scans, and a trep of 3 5.
All other parameters were kept the same.

3.2.5. 1-Pulse-spoil
The method was optimized for different tep, of 0.5 to 2.5 s. Fig. SI 5
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shows that shorter t.p, increases solvent suppression efficiency, as more
solvent magnetization remains unrelaxed. Therefore, a minimum t;, of
0.5 s was selected. Achieving such short measurement times was
possible by adjusting the pulse sequence with a loop function in previous
work by our group [17,36], which reduced data transfer and storage
delays. Consequently, the 1-pulse-spoil sequence is faster than the reg-
ular 'H sequence without suppression (0.6 s). The spoiler gradient was
set to 10 ms duration with an amplitude of 5000 a.u., corresponding to
~9 mT-m~!. The pulse length for the 90° pulse was 13.7 us with an
amplitude of 0 dB. The optimal RG was between 19 to 37 dB, see Fig. SI
5.

3.2.6. Simple solvent subtraction

Spectra containing diluted samples or the respective pure solvent
(THF or CHCl3) were recorded under the same conditions as the refer-
ence spectrum without suppression (see Section 3.2.1). For data evalu-
ation, all spectra were first referenced to the same frequency at the
solvent peak intensity of 3.6 ppm (for THF samples) or 7.2 ppm (for
CHCl3 samples). The solvent peak intensity at this frequency was then
normalized to the same intensities for all spectra, after which the spectra
of the pure solvent were subtracted from the sample spectra containing
the same solvent. This was kept as simple as possible (“simple solvent
subtraction”) to ensure automated data processing for SEC—NMR
measurements. Further method development could be explored in future
investigations, e.g., by individually scaling the reference spectra before
subtraction.

3.2.7. SAFE

Similarly to solvent subtraction, the spectra were recorded under the
same conditions as the reference spectrum without suppression (see
Section 3.2.1). Samples (pure solvent and solvent with PS) were
measured 16 times in total (8 of each), with measurements in alternating
order to allow for FFT afterwards, see Fig. 2. To investigate the influence
of the number of data points on suppression efficiency, 2" spectra with n
=1, 2, 3, and 4 were recorded. For the case of two spectra, these were
stacked eight times after acquisition to obtain a dataset with 16 spectra
before Fourier transformation. The residual solvent intensity decreased
slightly with more data points (see Fig. SI 6). Thus, 16 spectra were
chosen as the optimal condition for SAFE solvent suppression. Recording
>16 spectra was not pursued, as this would have considerably increased
the total measurement time. Artificially repeating the 16-spectra dataset
four times (64 points in total) yielded no further enhancement in solvent
suppression, indicating that no improvement is obtained by artificially
increasing the spectral resolution along the axis of the stacked spectra, as
no new information is obtained.

3.2.8. Longitudinal relaxation time T

Apparent longitudinal relaxation times (T*;) for the aromatic pro-
tons of PS (from 0.7 s for 1k to 0.4 s for 864k) were determined with an
inversion recovery experiment with 20 spectra, 16 scans per spectrum, a
repetition time of 5 s, and a maximum delay time, 7, of 2.5 s. Pulse length
for 90° pulse was 13.7 ps with an amplitude of O dB.

3.2.9. SEC—NMR

SEC—NMR measurements were conducted using an SEC system
(Agilent 1260 Infinity series), equipped with an isocratic pump, degas-
ser, autosampler, fraction collector, as well as a UV and refractive index
detector. WinGPC software (version 1.1, build 11,492, Agilent Tech-
nologies) was used for controlling the pump, as well as for data acqui-
sition with the UV detector at 254 nm irradiation.

THF was used as a solvent and mobile phase at 1 mL min™. 500 uL of
a bimodal sample mixture of PS12k and PS271k, each concentrated at
2.5 g'L'! was injected into a semipreparative column (SDV linear M, 300
x 20 mm i.d., 10 uM particle size, mixed bed) obtained from PSS/Agi-
lent. The column oven (SECurityz, TCC6500) was set to 26.5 °C, similar
to the NMR magnet temperature, to reduce drifts in chemical shift due to
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Fig. 3. Dependence of PS molar masses (1 to 864 kg-mol ™) on PGSTE A) and B) 1-pulse-spoil solvent suppression efficiency. (A) Dependence of the diffusion co-
efficient (D) and the analyte-to-solvent ratio, ASR, of the PGSTE sequence (with a gradient duration of 3 ms and a gradient strength of 98 % (0.52 T-m!)) as a function
of molar mass. ASR increases with higher molar masses. 90 % of the maximum ASR is reached at ~190 kg-mol™ (indicated by the blue dotted lines). With higher
molar masses no significant signal reduction of the analyte is observed, with the ratio between solvent and analyte in D being greater than two orders of magnitude.
(B) Dependence of ASR on longitudinal relaxation times (T+) and on molar masses for the 1-pulse-spoil pulse sequence. At molar masses > 15 kg-mol™, 90 % of the
maximum ASR is reached, indicated by the blue dotted lines. Above this point, the T ratio between solvent and analyte is greater than 4.

differences between magnet and solvent temperature. A custom-built
glass flow cell with an active volume of 211 uL and a total volume of
496 pL was used for coupling to the NMR spectrometer, similarly to
previous work in SEC—NMR at 62 MHz [36]; for detailed information of
the SEC—NMR setup, the reader is referred to the Ph.D. thesis of Dr.
Carlo Botha and publication of Botha et al. [36,42]. A picture and a
schematic illustration of the current SEC—NMR setup can be found in
Fig. SI 7. The spectra were acquired consecutively with 16 scans per
spectrum during chromatographic separation with WET or PGSTE
sequence, or a combination of both methods. All other NMR parameters
were kept the same for WET and PGSTE pulse sequences as optimized
under static conditions.

For each spectral point, the NMR intensities along the SEC dimension
were smoothed by convolution with a Gaussian function, with a stan-
dard deviation ¢ = 32 s in WET and ¢ = 40 s in PGSTE experiments. To
further enhance sensitivity, projections of NMR spectra are obtained by
averaging across the FWHM of the 2D peaks in the y-dimension (elution
time, min), and NMR “chromatograms” are obtained by averaging
across the FWHM of the 2D peaks in the x-dimension (chemical shift,
ppm) [37]. The contour plots were generated using eight logarithmically
spaced intensity levels ranging from 46 to 5000 of the noise intensity
from 5.0 to 5.5 ppm.

4. Results and discussion
4.1. Solvent suppression under static NMR conditions
PS standards were dissolved in THF or CHCl3. The effectiveness of

the solvent suppression methods was evaluated based on the following
criteria: (1) molar mass dependency on the ASR, (2) reduction of the

solvent peak signal and selectivity, i.e. suppression of neighboring an-
alyte peaks, under optimized method parameters, (3) repeatability and
intermediate precision, i.e., relative standard deviation of the ASR
values (coefficients of variation, CVs), and (4) measurement time effi-
ciency by evaluating the minimum possible duration of each experiment
for optimized suppression.

4.1.1. Molar mass dependency

The suppression efficiency of frequency-selective methods, such as
PRESAT and WET, depends on the signal’s linewidth. Suppressing sol-
vent molecules may also result in the partial attenuation of broad res-
onances of macromolecules that overlap with the solvent. Smaller
analyte molecules typically show narrower linewidths, making them less
likely to be obscured by nearby solvent molecules. This frequency de-
pendency does not apply to the other four suppression methods. How-
ever, diffusion- and T;-based methods such as PGSTE and 1-pulse-spoil
exhibit a much stronger molar mass dependency due to the following
other effects:

PGSTE achieves efficient solvent suppression when the analyte has a
significantly lower diffusion coefficient D than the small solvent mole-
cules, making it particularly effective for macromolecules. The sup-
pression efficiency was tested for the PS standards, ranging from 1 to
860 kg-mol™. Fig. 3A shows that no further suppression of the analyte
signals was observed when the previously optimized PGSTE parameters
were applied to PS samples with molar masses above 190 kg-mol . The
reduction of the maximum ASR for higher molar masses is < 10 %, based
on a fit using a Weibull-like function that exhibits exponential growth
followed by saturation, see Fig. 3A, II. The point of 10 % deviation from
the maximum ASR is marked with a blue cross. The diffusion coefficient
D of PS samples with different molar masses, together with D of THF at
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Fig. 4. Overview of NMR spectra of all solvent suppression methods after optimization. (A) 12 kg~m01'1 Polystyrene (PS) in THF. (B) 552 kg»mol'1 PS in CHCl5. The
following suppression methods were applied (from top to bottom): Presaturation (PRESAT), Water suppression enhanced through T; effects (WET), Pulsed gradient
stimulated echo (PGSTE), 1-pulse-spoil, mathematical solvent subtraction, and solvent attenuation by Fourier elimination (SAFE). All spectra are normalized to the
intensity of the aromatic m/p-protons of PS at 7.1 ppm. For experiment parameters and evaluation, see Section 4.1.2 and Table 1 in Section 4.1.4.

26.5 °C, are plotted in the graph as well, where data for PS samples were
taken from Tratz et al. [43], D of THF was measured and calculated as
described in Section 3.2.4 and Fig. SI 8. The results show that a D ratio of
almost two orders of magnitude (2.19 x 10° m?s? for THF versus
~3.54 x 107! m2s? for PS with a molar mass of 190 kg-mol?) is
required to prevent attenuation of the analyte signal. If the focus of the
analysis is on polymers with molar masses below 190 kg-mol '}, it should
be considered whether a reduction in the analyte signal can be tolerated,
e.g., if the samples are highly concentrated. Otherwise, g or § must be
minimized, and a lower ASR has to be accepted.

As the 1-pulse-spoil method relies on the T; difference between the
analyte and the solvent, and T; varies with molar mass (see Fig. 3B), the
ASR dependency was tested using the same PS samples as for the PGSTE
method. Fig. 3B shows that the ASR is worse for molar masses lower than
15 kg-mol-!, with an ASR that is > 10 % smaller than the maximum ASR,
indicated by the blue cross. A nearly constant ASR is reached above this
value. The partial suppression of molar masses below 15 kg-mol results
from a rather similar T; between analyte (T; greater than 0.6 s) and
solvent (T; = 2.35 s). Above a T; ratio of greater than 4, however, only
the solvent is suppressed for the given repetition time [36].

4.1.2. Suppression efficiency

The performance of the suppression methods in THF (A) and CHCl3
(B) is summarized in Fig. 4A and B. The suppression efficiency was
quantified by the Analyte-to-Solvent Ratio normalized to the ASR
reference without any suppression technique applied, ASRyorm- The
reference spectrum of PS in THF or CHCl3 without solvent suppression is
shown in Fig. 1A.

With PRESAT, the aromatic protons of PS12k at 6.3-7.3 ppm were
separated from THF, while the aliphatic region around 1.5 ppm still
overlapped with the remaining solvent peaks. As no Carbon-decoupling
element was applied, the 13¢ satellites remained visible in the PRESAT
spectrum. Under optimized conditions, an ASRorm of 143 was obtained

for PRESAT, with the efficiency depending strongly on By-field homo-
geneity. In CHClg, PRESAT similarly reduced the intensity and width of
the solvent resonance, making the aromatic m/p-protons of PS552k
detectable, though partial overlap persisted. WET provided an ASRporm
of 115 for PS12k in THF, quite similar to PRESAT, but with narrower
residual solvent peaks (FWHM of 11.1 Hz vs. 16.0 Hz for PRESAT). For
PS 552k in CHCl3, WET likewise offered better selectivity, with aromatic
protons more clearly resolved.

PGSTE achieved the most effective suppression, with an ASRyorm, of
7619 for PS12k in THF and nearly complete removal of the chloroform
resonance of PS552k in CHCl3. Aromatic and aliphatic signals were
clearly visible in both solvents, and 3C satellites were eliminated
without the need for decoupling since it is a non-frequency-selective
method. Although the analyte signal intensity was also reduced due to
a difference in Ds of only one order of magnitude between solvent and
analyte for PS12k (see Fig. 3A), PGSTE has the advantage of being non-
frequency-selective, making suppression independent of resonance fre-
quencies and By-field homogeneity. The 1-pulse-spoil method yielded
only limited suppression efficiency with ASRyorm = 7 for PS12k in THF
and residual spectral feet remaining broad (~230 Hz), obscuring
aliphatic PS signals. In CHCls, a strong overlap between analyte and
solvent could still be observed, thus, a combination of 1-pulse-spoil with
post-acquisition solvent suppression is essential [17,36].

Among post-acquisition methods, simple solvent subtraction ach-
ieved an ASRpom of 278, effectively removing 13¢ satellites while
leaving residual solvent peaks with partially negative intensities. To
remove such artefacts, further method optimization could be investi-
gated in future work, e.g., by adaptively scaling the reference spectra
before subtraction. The broader THF peak at 1.8 ppm compared to the
THF peak at 3.6 ppm indicates aliphatic contributions from PS beneath
the solvent resonance. In CHCI3, subtraction likewise reduced the sol-
vent resonance with remaining negative artifacts. The spectrum ob-
tained with SAFE resembles the solvent-subtracted spectrum but has an
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Table 1
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Overview of the properties of all suppression methods examined after optimization of 2.5 gL' PS12k in THF. The SNR (signal-to-noise ratio) values of the PS intensities
at 7.1 ppm are normalized to the square root of measurement time (4 scans). The ASR (analyte-to-solvent ratio) values are normalized to the ASR value of the

unsuppressed reference spectrum.

Parameter no supp. PRESAT WET PGSTE 1-pulse-spoil subtraction SAFE PGSTE+SAFE
Experiment duration (1 scan) [s] 0.6s 2.2s 1.0s 1.25s 0.5s 0.6 s*2 0.6 s*16 1.25s*16 =20s
=12s =9.6s
SNR/v/t [1/4/s] 48 30 38 14 50 28 29 15
(at 7.1 ppm)
ASRporm 1 143 115 7619 7 278 584 47,143
[-1
CVRepeatability 2.11 % 6.94 % 1.26 % 7.24 % 3.24 % 32.5% 439 %
(10x measured)
CVprecision 5.23 % 15.2% 2.47 % 9.00 % 4.91 % 65.0 % 31.1 %
(2x, 2 days, 2 samples)
Suitable for small molecules - yes yes no no yes yes no
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Fig. 5. Combination of PGSTE and SAFE solvent suppression methods. (A) Periodic arrangement of pure THF and sample (PS12k) dissolved in THF after PGSTE
solvent suppression with 75 % gradient strength. (B) FT at each chemical shift leads to the solvent-filtered Fourier spectrum. Only the real parts are shown. The
spectrum at the modulation frequency (0.21 Hz, last spectrum) is the resulting solvent-suppressed spectrum with an ASRyorm Of 47,140. Spectra are normalized to the

maximum solvent peak intensity at 3.6 ppm.

improved ASRyorm of 584.

To effectively suppress constant components for both solvent sub-
traction and SAFE, samples should be measured under identical condi-
tions (shim, temperature, and field homogeneity). Slight differences in
chemical shift or line shape, caused by variations in these factors, reduce
suppression efficiency and can introduce artefacts into the spectrum. See
Section 4.1.3, “Repeatability and intermediate precision”, for a more
detailed discussion. All ASRorm Values are summarized in Table 1.

Overall, the PGSTE produced by far the best ASRporm results for PS
samples in comparison to the other methods. While this method has the
disadvantage of partially reducing the analyte signals for lower molar
mass polymers, it could be applied with weaker gradient strengths to
preserve the analyte signals better. As solvent signals are not fully
suppressed under weaker gradient conditions, a combination of post-
acquisition methods could therefore be useful. Fig. 5 shows the results
of combining PGSTE, with 75 % gradient strength (ca. 0.375 T/m) and
keeping the other PGSTE parameters constant, with the SAFE method.
Without SAFE, the aliphatic protons are still overlaid by residual THF
signals at 75 % gradient strength (see Fig. 5A or the spectrum at vo in
Fig. 5B). After FFT along the stacked spectra, the solvent signals are
almost completely suppressed (see spectrum at v;, last spectrum in
Fig. 5B), and an ASRporm of 47,140 could be achieved, which is a further
~6-fold improvement in ASRyory, compared to PGSTE alone at 98 %
gradient strength, as the analytes are not suppressed as much. Therefore,
combining PGSTE with a weaker gradient strength alongside SAFE is
recommended to preserve the signal of the analytes more effectively and
suppress the solvent more effectively for polymers. Additionally, the
effect of a PGSTE gradient strength of 50 % in combination with SAFE

was tested. This resulted in better solvent peak suppression than without
SAFE, although the ASR;,m was 7,558, which is worse than at 75 %
gradient strength (see Fig. SI 9).

4.1.3. Repeatability and intermediate precision

To assess repeatability, each suppression method was repeated ten
times, and intermediate precision was further tested by preparing and
measuring samples on two different days. ASRs (Analyte-to-Solvent
Ratios) were used for the calculation of the CVs (Coefficient of Varia-
tion). All data are summarized in Table 1. For PRESAT, CVs were 4.96 %
for repeatability and 15.2 % for intermediate precision, strongly
depending on the By-field homogeneity. WET performed best with CVs
of 1.26 % and 2.47 %. PGSTE showed CVs of 7.24 % and 9.00 % for
repeatability and intermediate precision, respectively, indicating reli-
ability similar to that of PRESAT, but lower than that of WET. The 1-
pulse-spoil experiments gave CVs for repeatability and intermediate
precision of 3.24 % and 4.91 %, respectively. Solvent subtraction per-
formed poorly in comparison to the other methods, with CVs of 32.5 %
and 65.0 %. Such poor performance arises because solvent subtraction is
done manually and is highly sensitive to small inconsistencies, magnetic
field drifts, shimming variations, phasing, and sample contaminations
[44]. Furthermore, minor differences in line shapes or chemical shifts
can result in subtraction artefacts, such as negative peaks. These arte-
facts cause significant fluctuations in the signal intensity of the
remaining solvent signals. While the solvent subtraction can be com-
bined with other suppression techniques to enhance efficiency without
additional expense or method development, it should be considered that
manual solvent suppression may compromise the repeatability and
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Fig. 6. Flow chart of which solvent suppression method investigated here is most suitable for the given experimental requirements, such as the availability of
magnetic field gradients and the need for short measurement times, e.g., on-flow reaction monitoring or HPLC—NMR, as well as whether macromolecules will be
analyzed. Post-acquisition suppression methods are placed in brackets as they can be used in combination with the other pulse sequence-based suppression methods.

precision of the experiment. By contrast, the SAFE method was found to
be more reliable than the subtraction method, with CVs of 4.39 % and
31.1 % for repeatability and intermediate precision, respectively. The
critical aspects of reliable solvent subtraction discussed previously for
the subtraction method also apply to the SAFE method. Better reliability
could be achieved since 16 spectra were recorded for SAFE, enabling
fluctuations or drifts to be averaged out more effectively. In contrast,
only two spectra were used for the simple solvent subtraction method.
Furthermore, temporal changes in the spectra have less impact on SAFE,
as the periodicity of the alternating measurements can compensate for
them more effectively, and the FFT is more robust compared to manual
subtraction.

4.1.4. Time efficiency

Although increasing the saturation pulse duration improves the
selectivity of the PRESAT pulse, this also increases the overall experi-
ment time. This is particularly disadvantageous when coupled with
chromatography or on-flow reaction monitoring because the spins are
usually only in the active region of the NMR coil for a few seconds. WET
and PGSTE sequences are advantageous here, as they achieve shorter trep
(min. 1.0 s or 1.25 s per scan, respectively) compared to PRESAT with
2.2 s per scan under the optimized conditions (see Section 3.2).
Comparing the SNR values of the PS12k signal at 7.1 ppm normalized to
the square root measurement time (SNR/+/t), WET gives better results
(= 38/4/s) than PGSTE (= 14/4/s). This low SNR/+/t value is the main
drawback of PGSTE, particularly at molar masses below 190 kg-mol'!
(see Section 4.1.1, “Molar Mass Dependency”, for a detailed discussion),
as it suppresses the solvent signal as well as partially analyte signals.
Although the 1-pulse-spoil sequence is significantly less efficient in
terms of solvent suppression, its short tep of 0.5 s per scan makes it ideal
for on-flow measurements. With an SNR/ \/ t of 50/ \/s, 1-pulse-spoil
performs best in comparison to all other methods. In combination
with solvent subtraction, it still gives satisfactory results for solvent
suppression in SEC—NMR measurements [17,36].

The total measurement time for SAFE is 9.6 s (with one scan per
spectrum and 16 spectra, excluding the time for sample changes or the 5-
min delay for temperature stabilization). Although with an SNR/ \/ t=
29/+/s the method gives similar results to solvent subtraction (= 28/
\/ s), SAFE isn’t suited to on-flow NMR applications as the samples need
to be changed periodically.

Table 1 summarizes all previously discussed methods and their
characteristics for NMR spectrometer with or without gradients.
Depending on the sample type and experiment requirements, one
method may be more suitable than another. Therefore, there is no single
perfect solvent suppression method for all kinds of experiments. Fig. 6
shows a flowchart that guides which pulse sequences are most appro-
priate under various conditions, such as the availability of gradients in

the spectrometer, the need for short measurement times when using
HPLC—NMR or on-flow reaction monitoring, as well as whether mac-
romolecules or small molecules are of interest. The solvent suppression
methods available on the Spinsolve instruments from Magritek (except
the 1-pulse-spoil sequence) are shown at the end of the diagram, which
best fit the criteria selected in the flow chart. The post-acquisition
methods SAFE and numerical solvent subtraction are also included in
brackets, as these can always be combined with the proposed methods
for more effective solvent suppression.

4.2. Application example for on-flow SEC-NMR with: WET, PGSTE and
WET + PGSTE

An application example where solvent suppression for polymer so-
lutions with protonated solvents is crucial is SEC—NMR [8,36,45,46].
When choosing the best solvent suppression method for SEC—NMR, it is
important to consider that a fast method is required, since the analyte
residence time in the active NMR region is only a few seconds as typical
flow rates are 1 mL-min™' combined with a flow cell volume of 0.2 mL,
leading to 12 s average residence time. Additionally, sample concen-
trations are even lower (typically 0.1 wt. % at peak maximum)
compared to static NMR (e.g., 0.3 wt. %) to avoid column overloading
and due to additional dilution during separation [9]. This makes solvent
suppression methods particularly necessary to achieve sufficient sensi-
tivity. The samples investigated with SEC are macromolecules, and since
the 90 MHz spectrometer used for this setup is equipped with gradients
up to 0.53 T-m™}, PGSTE and WET can be applied as the most efficient
and fastest methods (see the left path of Fig. 6). One challenge that arises
when performing solvent suppression in on-flow NMR experiments is the
so-called “faraway solvent” effect. Solvent molecules outside the central
RF detection volume experience a weaker and less homogeneous RF
field, making them more difficult to suppress, especially when the
sample is flowing [47]. Further complications arise from frequency in-
stabilities, which are common in on-flow NMR setups due to tempera-
ture fluctuations [48]. This issue is especially problematic in
solvent-gradient-based LAC, where the eluent composition changes
over time. These changes further exacerbate resonance drift, thereby
reducing the efficiency of solvent suppression.

For SEC—NMR, a mixture of 2.5 g-mol! of PS271k and PS12k was
analyzed. 500 pL of the mixture was injected into a semi-preparative SEC
column, corresponding to an injected mass of 1.25 mg of each polymer.
This value was based on previous method development on SEC—NMR
by this working group to achieve the maximum possible concentration
for optimum NMR sensitivity while limiting SEC overloading [36]. The
flow rate was set to 1 mL-min"}, and a UV detector was used additionally
after the NMR detector. For more detailed information on the on-flow
NMR method, see Section 3.2.9, and literature [9,36]. For each NMR



J. Tratz et al.

spectrum, 16 scans were recorded and averaged, resulting in the PGSTE
sequence recording one spectrum along the chromatogram every 20 s
and the WET sequence recording one every 16 s. The other parameters
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Fig. 7. SEC—NMR results of 2.5 g-L-! PS12k and PS271k in THF at 1 mL-min™’.
2D contour plot with corresponding projections. (A) WET, (B) PGSTE (98 %
gradient strength), and (C) WET and PGSTE (with a 75 % gradient strength)
were used to suppress the solvent signal for each spectrum during the
SEC—NMR run. The 2D plot for WET and mathematical solvent subtraction is
shown in Fig. SI 11. The contour plots are plotted with 8 logarithmically spaced
intensity lines ranging from four to 500 times the standard deviation of the
noise intensity between 5.0 to 5.5 ppm. Projections of NMR spectra are ob-
tained by averaging the intensities across the FWHM in the y-axis (elution time,
min; top projections), NMR “chromatograms” are obtained by averaging the
intensities across the FWHM in x-axis (chemical shift, ppm; right projections).
"l;he corresponding areas are highlighted in the 2D plot.

remained the same as those previously optimized and discussed in
Section 3.2. Fig. 7 shows 2D plots of the spectral chromatogram as a
contour plot. The projections of NMR spectra at the top of the 2D plot are
obtained by averaging the signals across their FWHM in the y-axis
(elution time, min). The NMR “chromatograms” at the right side of the
2D plot are obtained by averaging the peaks across their FWHM along
the x-axis (chemical shift, ppm). The corresponding areas are high-
lighted in the 2D plot.

Fig. 7A and Table 2 show the results when WET is used as the method
of choice. The remaining solvent signals are clearly visible as continuous
lines throughout the 2D plot. The peaks at 1.4, 2.2, 5.9, and 7.0 ppm
correspond to BHT, added as a stabilizer to THF. After 36 min, the higher
molecular weight and consequently larger polymer (PS271k) elutes first,
and the aromatic PS signals are clearly visible, with a maximum SNR of
36 at 7.11 ppm after 40 min of elution. Meanwhile, the aliphatic signals
are still overlapped by the remaining solvent signals (THF SNR = 335 at
3.66 ppm). The second, lower molecular weight polymer in the sample,
PS12k, elutes after 48 min, with its peak maximum at 7.11 ppm after 51
min. The resulting chromatographic peak is sharper and narrower than
that of PS271k, resulting in increased NMR sensitivity of SNR = 43.
Fig. SI 10 shows the UV chromatogram recorded at 254 nm for com-
parison to the “NMR chromatogram” based on NMR intensities. The
resulting ASRporm after WET SEC—NMR was ~160. For better compar-
ison to the PGSTE method, the results shown in Fig. 7A were not pro-
cessed with additional mathematical solvent subtraction, as for PGSTE,
no further post-acquisition solvent suppression is needed under the
optimized conditions. Fig. SI 11 shows the combination of mathematical
solvent subtraction with WET during an SEC—NMR measurement. Here,
the spectra averaged over the signal-free region from 0 to 5 min of
elution were subtracted from all other spectra in the SEC—NMR run. It is
visible that the combined solvent suppression method is way more
effective in reducing the remaining THF signal intensities (ASRporm
~600), although negative solvent peaks appear in the spectrum.

The PGSTE method (Fig. 7B) shows very weak remaining solvent
signals (SNR = 7), and the weak BHT signals completely disappeared. As
can be seen in the WET experiment and from the UV intensities (see
Fig. SI 10), the chromatographic intensity of PS12k is higher than that of
PS271k. However, in the PGSTE experiment, PS12k appears with
slightly lower intensity than PS271k (PS271k SNR = 21 and PS12k SNR
= 19), as stronger diffusion effects suppress the smaller-molar-mass
polymer more. With an ASRyrm of ~4000, the suppression efficiency
is ~26x higher compared to the application of the WET sequence only.

As both methods have their benefits and drawbacks, a combination
of WET and PGSTE, with weaker gradient strengths to preserve more
analyte signal and increase SNR, especially for aliphatic protons, could
be optimal. The combined pulse sequence contains the WET block before
the PGSTE block, without the 90° hard readout pulse after the WET
block. Instead, the magnetization is restored to the x-y plane for detec-
tion at the end of the PGSTE block. Different PGSTE gradient strengths,
ranging from 25 % to 98 %, with a § of 3 ms, were tested on the PS12k
sample for the WET-PGSTE sequence, using the same WET parameters as
those optimized in Section 3.1. Fig. SI 12 shows that, at a gradient
strength of 75 %, the solvent peak is suppressed completely by a factor of
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Table 2

The SNR and ASRyom values for SEC—NMR measurements of 2.5 g-L' PS12k
and PS271k with WET, WET combined with solvent subtraction, PGSTE with 98
% gradient strength (g), and the combination of WET and PGSTE with g = 75 %
are shown. SNR was calculated at the peak maximum of elution (40 min for
PS271k and 51 min for PS12k) for the aromatic protons of PS at 7.1 ppm and the
THF peak at 3.7 ppm. ASRy,rm Was calculated by normalizing to the ASR of each
sample (PS12k and PS271Kk) from the unsuppressed SEC—NMR measurement.

Method Sample SNR PS SNR THF ASRj0rm
[-] [-] [-]

No suppression, reference PS12k 46 54 767 1
PS271k 37 60 362 1

WET PS12k 43 335 155
PS271k 36 383 157

WET + subtraction PS12k 44 84 624
PS271k 33 94 585

PGSTE, g = 98 % (0.52 T-m™) PS12k 19 7 3,231
PS271k 21 7 5,000

WET + PGSTE, g =75 % (0.375  PS12k 23 3 9,126

Tm™) PS271k 27 4 11,250

approximately 10*. Higher gradient strengths merely led to a further
reduction of the analyte peak signal, while a gradient strength of 50 %
could not completely suppress the solvent. For the following SEC—NMR
measurements, the previously optimized WET parameters were used,
along with a PGSTE gradient strength of 75 % instead of 98 %. Fig. 7C
shows the result of the SEC—NMR measurement, revealing an almost
complete reduction of the solvent signal. The aliphatic protons no longer
overlap with the residual solvent peaks. For PS12k the SNR = 23, and for
PS271k, SNR = 27. The solvent peak at 3.6 ppm is at the limit of
detection (SNR ~3-4), with an ASRporm of ~10,000, making it easy to
assign all peaks in the spectrum.

5. Conclusion

This work presents a systematic comparison of six solvent suppres-
sion methods, evaluated by the analyte-to-solvent ratio normalized to
the ratio of the unsuppressed reference spectrum, ASRporm. The study
also considers the methods’ repeatability and intermediate precision,
applicability to small molecules and macromolecules, as well as mea-
surement time, to ensure suitability for online NMR applications such as
reaction monitoring or online HPLC—NMR. The investigated methods
include PRESAT, WET, PGSTE, 1-pulse-spoil, solvent subtraction, and a
novel post-acquisition technique we called Solvent Attenuation by
Fourier Elimination (SAFE). SAFE alternates 2"-times between acquiring
a sample containing analytes and solvent and acquiring a sample of pure
solvent to introduce periodicity. Arranging the spectra in a two-
dimensional data array effectively removes unperiodic signals through
a second FFT while maintaining (filtering) the periodic modulated an-
alyte signals.

PGSTE was shown to be the most efficient solvent suppression
method for macromolecular samples. With an ASRyorm of ~7,600 (for
2.5 g-L'! PS12k in THF) the method achieved the best results compared
to all other single solvent suppression methods investigated here. Using
PGSTE, Coefficients of Variation (CV) of 7 % for repeatability and 9 %
for intermediate precision were achieved with a minimum measurement
time of 1.25 s per scan. While this method can’t be used for samples with
small molar masses due to the insufficient difference (ratio) in diffusion
coefficient, D, between analytes and solvent, WET proved to be the most
effective method for samples containing small molecules. With WET, an
ASRyorm Of 115, repeatability and intermediate precision of 1-2 %, and a
measurement time of 1.0 s per scan could be achieved. In contrast,
PRESAT (ASRporm of 143) suffers from lower selectivity than WET and
longer measurement times due to long soft pulses. The 1-pulse-spoil
method, used as a Tj-filter, is the fastest pulse sequence investigated
here, with 0.5 s per scan, but is limited to macromolecules. Because
solvent suppression can be insufficient with an ASRyory, of 7 (for 2.5 g~L'1
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of PS12k), it should be combined with post-acquisition methods such as
simple solvent subtraction or SAFE. Compared to simple solvent sub-
traction (ASRporm Of 278), SAFE achieved a 2-fold better suppression
(ASRporm Of 584). Additionally, SAFE has a higher repeatability than the
subtraction method (CV of 4 % versus 33 %). The main drawback of
SAFE is the longer measurement time, as multiple spectra and exchange
of samples are necessary, making it unsuitable for on-flow NMR.
Furthermore, a combination of PGSTE (with reduced gradient strength)
and SAFE was tested under static NMR conditions, resulting in an
ASRporm of about 47,000 with nearly complete reduction of the THF
solvent signals.

Finally, solvent suppression was applied to online SEC—NMR as a
possible application example. The combination of WET and PGSTE was
particularly effective, reaching an ASRyorm of about 10,000. Even sol-
vent resonances that fully overlap with analyte peaks could be elimi-
nated, providing a significant advantage for the interpretation of
complex spectra at a low-field spectrometer.
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