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9  Abstract

10 Enhanced transverse relaxation near rotary-resonance conditions is a well-documented
11 effect for anisotropic solid samples undergoing magic-angle spinning (MAS). It is a surprising
12 behavior for rotating liquids, in which first-order anisotropic interactions are averaged at a much
13 faster timescale as compared with the spinning frequency. Here we report measurements of 3C
14  transverse relaxation under spin lock for spinning samples of both polybutadiene rubber and
15  polyethylene glycol solution. Maxima in the relaxation rates are observed when the spin-lock
16  frequency matches one or two times the MAS rate. Through simulations, we qualitatively describe
17  the appearance of this effect, which can be explained by time dependence caused by sample
18  rotation and an inhomogeneous rf-field distribution. Consideration of this effect is important for
19  MAS experiments based on rotary-resonance conditions, and motivates the design of new MAS

20  coils with improved rf-field homogeneity.
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3 Introduction

4 Measurement of the transverse relaxation rates of nuclear spins as a function of the

5  applied rf-field spin-lock strengths is an elegant and well-established method for detecting

6  structural molecular dynamics.(Abyzov et al., 2022; Alam et al., 2024; Camacho-Zarco et al.,

7 2022; Hu et al., 2021; Massi and Peng, 2018; Palmer, 2015; Palmer and Massi, 2006; Pratihar et

8 al.,, 2016; Rangadurai et al., 2019; Sekhar and Kay, 2019; Stief et al., 2024) For molecular solids,

9  rocking motion or slow exchange in organic and inorganic samples(Fonseca et al., 2022; Keeler
10  and McDermott, 2022; Krushelnitsky et al., 2018, 2023; Kurauskas et al., 2017; Lewandowski et
11 al.,, 2011; Ma et al., 2014; Marion et al., 2019; Oster et al., 2019; Quinn and McDermott, 2009;
12 Rovo and Linser, 2018; Shcherbakov et al., 2023; Vugmeyster et al., 2023) under MAS(Andrew
13 etal., 1958; Lowe, 1959) NMR have been studied via the impact on transverse relaxation. This
14  detection can be achieved by performing a spin-lock experiment,(Furman et al., 1998) where the
15  decay of magnetization is measured as a function of the power of the applied SL-pulse (spin-lock
16  pulse). For slow motion or slow exchange in the microsecond (us) range, the spectral
17 densities(Redfield, 1957) of the investigated spins may include additional terms(Kurbanov et al.,
18 2011; Marion et al., 2019) that arise from non-averaged anisotropic interactions.(Kurbanov et al.,
19  2011; Rovd, 2020; Schanda and Ernst, 2016) These terms depend on the sums and differences
20  between the nutation frequency induced by the rf-field (vg,=yB1/(2x)) and MAS rate (vg). Such
21 dependence causes a significant increase in the measured relaxation rates when vg; approaches

22 one of the rotary-resonance conditions (vs; = vy or 2vg).(Marion et al., 2019)
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1 For liquid samples, where SL experiments are routinely used to detect fast

2 exchange,(Cavanagh et al., 2006; Deverell et al., 1970; Palmer, 2004) sample rotation is not

3 expected to induce any rotary-resonance conditions based on anisotropic spin interactions,(Levitt

4 etal., 1988; Oas et al., 1988) since such interactions are eliminated by nanosecond-timescale

5 isotropic motion.(Haeberlen and Waugh, 1968; Maricq, 1982) However, to our surprise, we still

6  observed changes in the relaxation rate at rotary-resonance conditions for liquid and liquid-like

7 samples during SL experiments. In this article, we demonstrate these observations using natural

8  abundance *3C polybutadiene rubber at 10 kHz, 20 kHz and 35 kHz MAS. The same behavior is

9  observed for a polyethylene glycol solution at 10 kHz MAS. We chose these samples since the
10  polybutadiene rubber displays liquid-like spectra but does not undergo translational diffusion due
11  to the elastomeric properties of a cross-linked polymer. On the other hand, since the
12 polybutadiene is an elastomer and therefore may not undergo perfect isotropic averaging, we also
13 recorded data for a polyethylene glycol solution that is sure to undergo nanosecond isotropic
14  averaging. Through numerical simulations,(Nimerovsky and Goldbourt, 2012) we show that this
15  behavior can be qualitatively explained by the influence of the periodic component of the applied
16  rf-field, which arises from the rotation of the sample in a spatially inhomogeneous rf-

17  field.(To$ner et al., 2017)
18  Results and Discussion

19 Figure 1 displays the spin-lock sequence. Similar to previously proposed

20  versions,(Vugmeyster et al., 2022) it contains a heat compensation block (HC), followed by a

21 7/2-pulse, T, —filter(Schmidt-Rohr et al., 1992) (to reduce any broad signal components from the
22 polymer) and a spin-lock pulse (SL). The mixing times for HC and SL pulses were the same

23 during a single experiment (tyc = ts, = Ns;Tg), While the sum of the rf-field powers of these
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1 applied pulses always equaled to a fixed value. In all experiments, we used continuous HC and
2 SL (Figure 1B) except in one (the data is shown in Figure 2C), where we applied windowed

3 pulses (Figure 1B). During acquisition, WALTZ16 decoupling(Shaka et al., 1983) was used.
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5 Figure 1 Spin-lock sequence with heat compensation (HC), T, —filter (2 ms — n-pulse — 2ms) and spin-lock (SL)

6  blocks. The SL and HC elements consisted of a train of Ng; rotor-synchronized continuous (A) or windowed (B)

7 pulses with the same phase (¢,) and rf-field strength (v, ). In all experiments, powery¢ + powers, =constant

8 (equivalent to 50 kHz rf-field strength). During acquisition, WALTZ-16 decoupling(Shaka et al., 1983) (C) was

9  applied on the *H channel.
10 The experimental SL profiles under three different MAS rates: 10 kHz (A and C), 20 kHz
11 (D) and 35 kHz (B) are shown in Figure 2. For Figures 2A, 2B and 2D, a drastic change in the
12 relaxation rate is observed at rotary-resonance conditions when vg; equals either v; or 2vg. For
13 Figure 2C, we used 10 kHz MAS and windowed pulses: half of the rotor period is a window, as
14  shown in Figure 1B. Under these conditions, a drastic change in the relaxation rate is observed
15  when vg; equals either to 2vy or 4v,. We previously observed similar behavior for windowed

16  CP profiles,(Nimerovsky et al., 2023) where increasing the window between rotor-synchronized
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1 pulses from zero to half a rotor period doubled the required rf-field strength for cross-

2 polarization transfers.(Hartmann and Hahn, 1962) Interestingly, with windowed pulses, the SL

3 profile appears similar to that with continuous pulses, and even under a low rf-field strength of 1
4 kHz, there is no change in the Ty, relaxation time (Figure S2A in Sl). The experimental spin-

5 echo(Hahn, 1950) and inversion recovery(Vold et al., 1968) curves for this sample are illustrated

6 inFigure S2.

7 From Figure 2, we can also observe that the location of the first minimum signal intensity in the
8 experimental SL profiles depends on the MAS rate (indicated in gray in Figure 2). For 10 kHz
9  MAS (Figure 2A and 2C), the locations are approximately at a 3 ms SL time, while for 20 kHz
10  (Figure 2D) and 35 kHz (Figure 2B), the locations are approximately at 1 ms and 0.4 ms,
11 respectively. However, in all four profiles at these minimum points, the signal reaches a similar

12 value of approximately 0.53.

13 Rotary-resonance conditions at v and 2vy of rf-field strength are also observed for the

14  polyethylene glycol sample at 10 kHz MAS (Figure S3 in SlI). The performance of the SL

15 experiments on both samples helps rule out the influence of translational diffusion(Hahn, 1950)
16 (which may be present for polyethylene glycol but not for polybutadiene rubber) or residual

17  dipolar interaction(Cohen-Addad and Vogin, 1974) (which might be present for polybutadiene

18  rubber but is not relevant for polyethylene glycol).
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2 Figure 2 3C polybutadiene rubber signal is shown as functions of the rf-field strength (vg;,, y-axis) and mixing time
3 (tsy, x-axis) of the SL under three different MAS rates: 10 kHz (A and C), 20 kHz (D) and 35 kHz (B). For (A), (B)
4  and (D), continuous SL was applied, while for (C), windowed (half rotor period was filled with the pulse) SL was
5 implemented. The values in gray represent the coordinates of the first minimum in the profiles. Additional
6 experimental details are provided in the supplementary information (SI).
7 To understand the major source of the apparent rotary-resonance conditions in liquid and
8 liquid-like samples, we performed numerical simulations. In these simulations, two scenarios
9  were considered in which the external magnetic fields (Bo or B1) gained time dependence due to
10 the rotation of the sample and:
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1 - A spatially inhomogeneous external magnetic field strength (Figure 3, Figure S1A
2 and Egn. S3A in Sl),
3 - A spatially inhomogeneous rf-field strength (Figure 4, Figure S1B and Eqgn. S3B in
4 sl).

5  Note that the first scenario is compatible with a narrow linewidth under MAS.(Sodickson and

6 Cory, 1997)

7 For each scenario, a time independent distribution of rf-field strength was also included (Figure

8 S1C and Egn. S3C in Sl). Its profile and influence has been investigated previously(Engelke,

9  2002; Gupta et al., 2015; Hoult, 1976; Paulson et al., 2004; Tosner et al., 2017, 2018) and in our
10  experiments it was found to broaden rotary-resonance conditions. This type of inhomogeneity is
11 expected for solenoidal coils in which the sample near the ends of the coil experiences a lower
12 rf-field strength. For simplicity, we did not include a time-independent distribution of external
13 magnetic field strength,(Hoult, 1976; Hirlimann and Griffin, 2000) as it had a minor effect in

14 our experiments, and shimming under MAS ensures that it is minimal.

15  Figure 3 shows simulations for the first scenario. While some similarities between Figure 2 and
16  Figure 3 are observed, there are three major differences in the SL profiles, which should be

17  highlighted. Firstly, in Figure 3, the intensities at the first minima show a dependence on MAS
18  rate (marked in gray in Figure 3), whereas in Figure 2, the experimental profiles show only a
19  slight dependence. Secondly, in Figure 3, the locations of these minima in time (x-axis) do not
20 depend on the MAS rate (Figure 3A, 3B and 3D), whereas the location in time changes when
21 windowed pulses are applied (Figure 3C). In contrast, the experimental profiles exhibit the

22 reverse behavior. Thirdly, in Figure 3C, only a single rotary-resonance condition is observed,

23 while in Figure 2C, two rotary-resonance conditions are detected. Additionally, increasing the

7
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1 magnetic field inhomogeneity by deliberately mis-setting the room temperature shims had little

2 influence on the SL profile (shown in Figure S4 in the SI).

3 All of this indicates that a spatially inhomogeneous external magnetic field cannot be a major

4 source of the appearance of rotary-resonances conditions in rotating liquids and liquid-like

5  samples.
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7 Figure 3 Simulated SL profiles showing the influence of time dependence introduced via an inhomogeneous
8 external magnetic field. The simulated signal is shown as a function of the rf-field strength (vg,,, axis y) and mixing

9 time (tg,, axis x) of the SL under three different MAS rates: 10 kHz (A and C), 20 kHz (D) and 35 kHz (B). For (A),
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1 (B) and (D), continuous SL was applied, while for (C) windowed SL was implemented (half rotor period was filled

2 withthe pulse). The values in gray represent the coordinates of the first minima in the profiles. No

3 phenomenological relaxation was included in the simulations. Additional simulated details are provided in the SI.

4 In contrast, simulations of SL profiles with time dependence introduced via a spatially

5 inhomogeneous rf-field (Figure 4) qualitatively agree with the experimental plots, indicating that
6 aspatially inhomogeneous rf-field is a better explanation for the appearance of rotary-resonance

7 conditions in rotating liquids and liquid-like samples using conventional MAS NMR probes with
8  solenoidal coils. Such time dependence has been previously considered in the design of

9  magnetization transfer elements using optimal control.(Blahut et al., 2022, 2023; Glaser et al.,

10  2015; Joseph and Griesinger, 2023; Tosner et al., 2017, 2018)

11 This qualitative explanation, provided by simulations, indicates that this effect can also
12 be anticipated in experiments involving solid samples, in addition to the desired effects caused
13 by molecular motion. It is therefore recommended to consider coil inhomogeneity when

14 measuring relaxation rates near rotary resonance conditions. Fortunately, the magnitude of this
15  effect is considerably smaller than the strong relaxation observed in recent reports that detected

16 slow structural dynamics via near rotary resonance conditions.(Krushelnitsky et al., 2018)
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2 Figure 4 The influence of the inhomogeneous rf-field on the simulated SL profiles. The simulated signal is shown

3 as functions of the rf-field strength (v, axis y) and mixing time (ts;, axis x) of the SL under three different MAS

4 rates: 10 kHz (A and C), 20 kHz (D) and 35 kHz (B). For (A), (B) and (D), continuous SL was applied, while for (C)

5 windowed (half rotor period was filled with the pulse) SL was implemented. The values in gray represent the

6  coordinates of the first minima points in the profiles. Relaxation rates were not included into the simulations.

7 Additional simulated details are provided in the SI.

8  Conclusions

10
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1 Rotary-resonance conditions, under which the applied rf-field strength equals an even

2 multiple of the MAS rate, provide a powerful avenue to obtain specific structural information via
3 recoupling of anisotropic interactions in solids(De Paépe, 2012; Nishiyama et al., 2022) or for
4 detecting changes in the relaxation rates due to slow motion in the us range.(Rovd, 2020)
5  Canonically, rotary-resonance conditions are not expected in liquids due to the averaging of first-
6 order anisotropic interactions from (sub) nanosecond isotropic motion.(Haeberlen and Waugh,
7 1968; Maricq, 1982) In this article, we presented experimental data, in which we detected rotary-
8  resonance conditions in a liquid and a liquid-like sample. We qualitatively explained the major
9  source of these conditions, which can occur from a combination of two factors: the rotation of
10  the sample and a spatially inhomogeneous rf-field produced a solenoidal coil.(Tosner et al.,
11 2017) As aresult, the rf-field Hamiltonian contains time-dependent terms, which leads to signal
12 loss, i.e. pseudo relaxation behavior, at or near rotary-resonance conditions. To mitigate these
13 effects, it may be advantageous to consider different hardware designs,(Chen et al., 2018; Xu et
14 al., 2021) for example rf coils that produce more homogeneous rf-fields.(Grant et al., 2010; Kelz

15  etal., 2019; Krahn et al., 2008; Stringer et al., 2005)
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