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Abstract

We show here that the Electronic Mixing-Mediated Annihilation (EMMA) method, previously
reported for the suppression of background signals in solid-state NMR spectra, can be successfully
applied to remove the solvent signals observed in the case of NMR spectra obtained with dynamic
nuclear polarization (DNP). The methodology presented here is applied to two standard sample-
preparation methods for DNP, namely glass forming and incipient wetness impregnation. It is
demonstrated that the EMMA method is complementary to the different methods for solvent
suppression based on relaxation filters, and that it can be used to preserve the quantitative

information that might be present in the pristine spectra.
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1. Introduction

High-field dynamic nuclear polarization (DNP) solid-state NMR can dramatically increase

the strength of the NMR signal.!-!!

DNP experiments usually rely on the polarization transfer from the electronic spin
polarization to the nuclear spin. Consequently, in the case of diamagnetic insulating solids, an
exogenous paramagnetic polarizing agent should be added to the sample under study.!'?° Sample

preparation is thus key for valuable DNP solid-state NMR experiments.

Generally, a radical-containing solution is used to homogeneously distribute the polarizing
agent throughout the sample under study. Unfortunately, a drawback of this sample preparation
methodology is that the NMR signal(s) arising from the solvent will also be detected in the DNP-
enhanced solid-state NMR spectra, and they may overlap with NMR signals of interest. In the case
of DNP-enhanced 'H-'3C CP MAS spectra, the use of deuterated organic solvents reduces the
intensity of the resulting solvent NMR resonances,?! but this rarely proves sufficient. Interestingly,
it is possible to suppress these unwanted solvent signals using different spectral filtering methods,
such as relaxation filters*? dipolar dephasing®® or with the use of highly concentrated radical-
containing solutions.?* These methods have proved useful, albeit limited to a specific class of

sample preparation or instrumentation.

Here, we investigate the potential of the so-called Electronic Mixing-Mediated Annihilation
(EMMA) method to suppress the unwanted solvent signals usually found in DNP-enhanced solid-
state NMR spectra. In fact, we have shown previously that the EMMA method can be used to
suppress background signals typically encountered in solid-state NMR spectra, such as those
arising from the probe head components (e.g. stator, rotors, inserts).? In this work, we show that
EMMA can also be used to effectively suppress the solvent signals present when analyzing
samples prepared by either glass forming? or incipient wetness impregnation,”” two common
sample-preparation methods used in DNP solid-state NMR, with clear advantages in terms of

suppression efficiency with respect to relaxation-based spin-echo methods.



2. Material and methods
Sample preparation

In this study, two distinct samples were considered. First, 5 mg of a polystyrene-b-poly(ethylene
oxide) block copolymer (PS-b-PEO) sample obtained by nitroxide-mediated polymerization, was
impregnated with 25 pL of a 1,1,2,2-tetrachloroethane (TCE) solution of TEKPol at 20 mM. The
number-average molecular weight (M,) of the PS and PEO blocks was 7000 and 1500 g mol!,
respectively. Before impregnation, the copolymer sample was finely ground by hand in a mortar
and pestle for several minutes. The resulting impregnated pasty-like sample was mixed with a
spatula and subsequently transferred into the sapphire 3.2 mm rotor (yielding a sample weight of
32 mg inside the rotor). Second, a 250 mM solution of *C-enriched proline in a glycerol/H>O
(60/40, v/v) mixture was prepared with AMUPol at 2 mM. We note that the amount of AMUPol
was not optimized in this case to achieve the highest possible DNP signal enhancements. The
solution was prepared in a 1.5 mL Eppendorf Tube® and then transferred with a pipette into a 3.2
mm rotor for analysis (sample weight of 26 mg). In all cases, no attempt was made to remove
molecular oxygen from the samples even though this has been shown to increase NMR sensitivity,

especially for PS-containing polymers. 2
NMR experiments

All DNP solid-state NMR experiments were recorded on a Bruker 9.4 T wide-bore magnet (400
and 100 MHz for the 'H and 3C Larmor frequency, respectively) operated by an AVANCE-III
NMR spectrometer and equipped with a Bruker 3.2 mm low-temperature double-resonance DNP
'H/?Si-13C CP MAS probe head. The spectrometer was equipped with a gyrotron that allowed
microwave (uW) irradiation of the sample. Specifically, the field sweep coil of the NMR magnet
was set so that 4W irradiation occurred at the maximum DNP signal enhancement of TOTAPOL
(263.334 GHz). The estimated power of the W beam at the output of the probe head waveguide
was ca. 4 W. All DNP-enhanced solid-state NMR experiments were conducted with a MAS rate
of 10 kHz and at a temperature of ~108 K. The amplitude of the 'H rf field was ramped during the
contact time to improve CP efficiency. The recycle delay was 3.8 s and 20 s for the copolymer and

proline samples, respectively, whereas the CP contact time was set to 1 ms in both cases. The



experiments were recorded using a number of scans ranging between 1 and 16, with 4 dummy

scans.
EMMA method parameters

In this study, two methods were tested to implement EMMA with comparable results. In a
first implementation, a preliminary spectrum of the sample is acquired with a few scans only
(typically between 1 and 4), and the signal to be removed is isolated using a simple spectral
deconvolution. As many contributing Gaussian/Lorentzian signals (potentially mixed) can be used
in the deconvolution process (with a broad variety of parameters in terms of frequency or
linewidth) as long as the envelope due to the resonance(s) to be removed is faithfully reproduced.
This differs from (and is facilitated with respect to) conventional deconvolution where the signals
to be used must somehow relate to truly distinctive chemical environments. The resulting
deconvoluted frequency spectrum can then be inverse Fourier transformed (iFT) to obtain the
corresponding FID, which can be subsequently converted into a shaped pulse. The actual
implementation of these particular operations may differ from one setup to another depending
upon the type of processing software that is used. In our case, we used TopSpin® to do the iFT.
This required us to generate a set of imaginary data points first (with a Hilbert transform launched
by the 4t command in TopSpin®) and then type iff in the Topspin command line. In doing so, it is
important to respect the adequate number of data points (especially if one uses zero filling). Then,
to generate the shaped pulse, we exported the resulting FID raw data as a text file (basically a list
of real and imaginary data points) that was subsequently converted into a format readable by
TopSpin® as a shape file (which requires transforming the list of real and imaginary data points
into a list of complex numbers with their respective moduli and arguments). The so-obtained
shaped pulse is then fed during FID acquisition via the directional coupler (without any 180°-phase
shift at first) and its power is set so that the intensity of its frequency response in the NMR spectrum
matches that of the signal(s) to be suppressed. Technically, the shaped pulse is used through a
composite pulse-decoupling (CPD) program within the pulse sequence (which are both provided
in supplementary information). Once this power has been properly adjusted, the EMMA spectrum
can be recorded using the above-mentioned 180°-phase shift for actual signal cancellation. We
note that the 180° phase shift is inserted within the CPD program. In a second implementation, the

shaped pulse can be obtained by analyzing under the same experimental conditions another similar



sample that only contains the solvent without the analyte. In this case, the corresponding FID can
be used directly to generate the shaped pulse without any deconvolution. This shaped pulse can be
subsequently used to analyze the true sample under study using a procedure equivalent to that

described above.

3. Results and Discussion

The EMMA method relies on the use of an electronically digitized signal (i.e. a shaped pulse)
that matches the frequency, shape, width and intensity of the signal to be suppressed. During
acquisition of the FID, this signal is fed directly into the receiver coil via a directional coupler
(Figure 1) with a 180°-phase shift, leading to the cancellation of the undesired signals (herein, the

solvent signals).

EMMA
(Shaped pulse)

Figure 1. Picture of the directional coupler used in this study to add the electronically digitized signal
directly into the NMR receiver coil during FID acquisition.

As a first example, Figure 2a shows the DNP-enhanced 'H-1*C CP MAS spectrum for a
polystyrene-b-poly(ethylene oxide) block copolymer (PS-H-PEO) impregnated with a 1,1,2,2-
tetrachloroethane (TCE) solution of TEKPol at 20 mM. In this case, we observe that the TCE
signal partially overlaps with the PEO resonance at ca. 65 ppm. This spectrum was used to generate
the shaped pulse required for EMMA by deconvoluting the 60 ppm — 80 ppm spectral region in
order to extract the spectral contribution due to TCE. The power of the shaped pulse was then
adjusted to match the intensity of the TCE signal (see experimental section for details), and then
the resulting shaped pulse was 180°-phase shifted prior to being injected in the NMR receiver coil
(via the simple directional coupler shown in Figure 1) during the acquisition of the FID.

Alternatively, the shaped pulse could also be generated by analyzing a similar TCE solution but



without any copolymer using the resulting FID as an input to create the adequate shaped pulse
(vide infra). As can be seen in Figure 2b, this leads to the (almost) complete annihilation of the
TCE signal in the DNP-enhanced 'H-3C CP MAS spectrum of the sample, where the *C
resonance due to the PEO moiety of the PS-5-PEO copolymer can now be clearly identified.
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Figure 2: DNP-enhanced 'H-"*C CP MAS spectra of a polystyrene-b-poly(ethylene oxide) block copolymer
(PS-b-PEO) impregnated with a 1,1,2,2-tetrachloroethane (TCE) solution of TEKPol at 20 mM. Both
spectra were recorded with microwave irradiation and at a temperature of 108 K. In (a) the signals due to
TCE and to the PEO moiety of the PS-5-PEO copolymer partially overlap. In (b) the TCE signal has been
cancelled out by the EMMA method, hence revealing the PEO resonance. The other resonances in the
spectrum are due to the aromatic and aliphatic carbons of the PS moiety, whereas spinning side bands are
evidenced with a “*”.

Interestingly, the quality of the suppression achieved with EMMA can also be observed in Figure
3 where the same DNP-enhanced 'H-13C CP MAS spectra (acquired with and without EMMA) are
compared to the spectrum obtained with a spin-echo (7%) filter (using an echo time of 3.2 ms). As
can be seen, the quality of the signal suppression obtained in both cases for the TCE resonance is
comparable, but this is accompanied for the spin-echo filtered spectrum by a significant loss in
intensity for the PS and PEO resonances (whereas the corresponding resonances are untouched in
the spectrum acquired with EMMA). Moreover, the relative loss between the PS and PEO signals
is not comparable (the latter being more attenuated than the former as a result of shorter 7> values),
which rules out the possibility of using such data for any meaningful quantitative analysis. As a
matter of fact, the integrals in the spectrum shown in Figure 2b match the expected relative weight

proportion for the PEO and PS blocks.
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Figure 3: Comparison of the DNP-enhanced 'H-"*C CP MAS spectrum of the TCE-impregnated PS-b-PEO
block copolymer sample (black line) with the corresponding 'H-"*C CP MAS spectra recorded with EMMA
(blue line) and with a spin-echo filter (dashed grey line). The black and blue lines almost perfectly overlap
except for the 80 ppm — 60 ppm spectral region where the TCE resonance has been fully suppressed by
EMMA. In contrast, achieving comparable signal suppression with the spin-echo filter requires the use of
a rather long echo time (3.2 ms), which leads to the loss in signal intensity for the resonances due to the PS
and PEO moieties of the block copolymer.

An additional example of the EMMA methods is shown in Figure 4a with the DNP-enhanced
'H-13C CP MAS spectrum of a 250 mM !'*C-enriched proline solution in a glycerol/H,O (60/40,
v/v) mixture containing the DNP polarizing agent AMUPol.!* The signal corresponding to the CH>
groups of glycerol at 57 ppm strongly overlaps with the signal due to the CH group of proline. In
this case, the EMMA shaped pulse was generated by analyzing a similar glycerol/water mixture
but without proline (see experimental section). The resulting FID was used as an input to create
the shaped pulse whose power was subsequently adjusted to match the intensity of the glycerol
spectral contribution (using the CH group resonance at 68 ppm as a guide). The so-obtained
EMMA pulse was eventually injected in the NMR receiver coil during FID acquisition with a
180°-phase shift. As can be seen in Figure 4b, this leads to the (almost) complete annihilation of
the glycerol signals in the DNP-enhanced 'H-'3C CP MAS spectrum of the sample, and all *C
signals of proline can now be clearly identified (see the inset of Figure 4a for molecular
assignment). Interestingly, comparison of the integrals for the signal areas at 55.2 ppm (proline
CH group), 41.8 ppm (proline NCH> group), and 23.7 ppm (which includes the overlapping
resonances at 25.5 ppm and 20.7 ppm due to the other 2 CH> groups of proline), shows that the
expected relative proportion (1:1:2) is nicely respected, which indicates that EMMA allows
quantitative data to be obtained (provided of course that the NMR experiments are conducted

under quantitative conditions in the first place).
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Figure 4. DNP-enhanced 'H-*C CP MAS spectra of "*C-enriched proline dissolved at 250 mM in a
glycerol/H,O (60/40, v/v) solution containing the DNP polarizing agent AMUPol at 2 mM (note that no
attempt was made to optimize the DNP signal enhancement in this case). Both spectra were recorded with
microwave irradiation and at a temperature of 108 K. In (a) the signal due to the CH group of proline found
at 57 ppm strongly overlaps with the signal due to the CH> groups of glycerol, whereas in (b) the solvent
signals (due to the CH and CH, groups of glycerol) have been cancelled by the EMMA method.

4. Conclusion

This work shows that the EMMA method can suppress the unwanted signals of the two main
solvents used in the case of DNP-enhanced CP MAS experiments, i.e. glycerol and TCE.
Therefore, the presented methodology is appropriate for the investigation of a wide range of
sample preparations. Contrary to existing methodologies, the EMMA method does not require a
triple-channel probe (although it does require a triple-channel spectrometer). Furthermore,
contrary to solvent suppression methods based on relaxation filters, the EMMA method does not
suffer from sensitivity penalty or is limited to a single preparation method, and it retains the
quantitative character of the NMR data. Therefore, the EMMA method is expected to be especially
beneficial for the observation of signals corresponding to diluted species, which might disappear

as a result of the application of relaxation-based solvent suppression approaches.
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Figure 1. Picture of the directional coupler used in this study to add the electronically digitized signal
directly into the NMR receiver coil during FID acquisition.
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Figure 2: DNP-enhanced 'H-"*C CP MAS spectra of a polystyrene-b-poly(ethylene oxide) block copolymer
(PS-b-PEO) impregnated with a 1,1,2,2-tetrachloroethane (TCE) solution of TEKPol at 20 mM. Both
spectra were recorded with microwave irradiation and at a temperature of 108 K. In (a) the signals due to
TCE and to the PEO moiety of the PS-5-PEO copolymer partially overlap. In (b) the TCE signal has been
cancelled out by the EMMA method, hence revealing the PEO resonance. The other resonances in the
spectrum are due to the aromatic and aliphatic carbons of the PS moiety, whereas spinning side bands are
evidenced with a “*”.
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Figure 3: Comparison of the DNP-enhanced 'H-"*C CP MAS spectrum of the TCE-impregnated PS-b-PEO
block copolymer sample (black line) with the corresponding 'H-">C CP MAS spectra recorded with EMMA
(blue line) and with a spin-echo filter (dashed grey line). The black and blue lines almost perfectly overlap
except for the 80 ppm — 60 ppm spectral region where the TCE resonance has been fully suppressed by
EMMA. In contrast, achieving comparable signal suppression with the spin-echo filter requires the use of
a rather long echo time (3.2 ms), which leads to the loss in signal intensity for the resonances due to the PS
and PEO moieties of the block copolymer.

T T T T T T
200 180 160 140 120 100 80 60 40 20 0

(b) 5 34—

K — A B
1gl 1= &l

T T T T T T T T T T T
200 180 160 140 120 100 80 60 40 20 0

3C chemical shift (ppm)

Figure 4. DNP-enhanced 'H-*C CP MAS spectra of "*C-enriched proline dissolved at 250 mM in a
glycerol/H,O (60/40, v/v) solution containing the DNP polarizing agent AMUPol at 2 mM (note that no
attempt was made to optimize the DNP signal enhancement in this case). Both spectra were recorded with
microwave irradiation and at a temperature of 108 K. In (a) the signal due to the CH group of proline found
at 57 ppm strongly overlaps with the signal due to the CH> groups of glycerol, whereas in (b) the solvent
signals (due to the CH and CH; groups of glycerol) have been cancelled by the EMMA method.
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Solvent Suppression in MAS DNP

Electronic Mixing-Mediated Annihilation (EMMA) method can be successfully applied to remove
the solvent signals observed in the case of NMR spectra obtained with dynamic nuclear
polarization (DNP). The methodology is demonstrated on two standard sample-preparation
methods for DNP: glass forming and incipient wetness impregnation. EMMA method is
complementary to other methods for solvent suppression based on relaxation filters and can

preserve the quantitative character of the experiment.
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