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Abstract. Combining high-field high-resolution NMR with an evolution of spin systems at low magnetic field offers many 19 

opportunities for the investigation of molecular motions, hyperpolarization and the exploration of field-dependent spin 20 

dynamics. Fast and reproducible transfer between high and low fields is required to minimize polarization losses due to 21 

longitudinal relaxation. Here, we introduce a new design of a sample shuttle that achieves remarkably high speeds, vmax ~ 27 22 

m.s-1. This hybrid pneumatic/mechanical apparatus is compatible with conventional probes at the high-field center. We show 23 

applications to water relaxometry in solutions of paramagnetic ions, high-resolution proton relaxometry of a small molecule 24 

and sample shuttling of a solution of a 42 kDa protein. Importantly, this fast sample shuttle system is narrow, with a diameter 25 

d = 6 mm for the sample shuttle container based on a standard 5 mm outer diameter glass tube, which should allow near access 26 

to the sample for magnetic manipulation at low field. 27 

 28 

  29 
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1 Introduction 30 

High-resolution nuclear magnetic resonance (NMR) is preferably performed at high magnetic fields, with applications to 31 

chemistry, structural biology, material sciences or metabolomics. On the other hand, many types of NMR experiments require 32 

or benefit from access to low magnetic fields. Relaxometry probes molecular motions by quantifying relaxation over a broad 33 

range of magnetic fields, typically down to 100 μT (Kimmich and Anoardo, 2004). Many hyperpolarization methods can also 34 

benefit from low magnetic fields, such as CIDNP (Grosse et al., 1999; Li et al., 2023), parahydrogen-induced polarization 35 

(Pravdivtsev et al., 2015) or Overhauser DNP (Ravera et al., 2016; Reese et al., 2009), or from cycling between high and low 36 

magnetic fields (Ivanov et al., 2014). The relaxation rates of long-lived states (Carravetta et al., 2004) long-lived coherences 37 

(Pileio et al., 2009; Sarkar et al., 2011), and multiple-quantum coherences under chemical exchange (Cousin et al., 2016b) are 38 

diminished at low magnetic fields that reduce the chemical-shift interaction. Zero- and ultra-low field methods require even 39 

lower magnetic fields, in the nT range, to make the nuclear Zeeman interactions smaller than scalar couplings (Barskiy et al., 40 

2024). The analytical power of high-resolution high-field NMR can be combined with all these approaches if an apparatus can 41 

transfer the sample between the magnetic center of a high-field spectrometer and a position of low field, typically over a 42 

distance of the order of a few cm up to ca. 1 m. 43 

 44 

Physically moving the sample between high and low-field positions takes time, usually tens to hundreds of milliseconds. Such 45 

transfer times are particularly limiting for applications to molecular systems with fast longitudinal relaxation, such as nuclear 46 

spins in paramagnetic complexes, which relax fast at all magnetic fields, or in macromolecules, where fast longitudinal 47 

relaxation is encountered at low magnetic fields. Coupling high and low magnetic fields to such systems requires to move the 48 

sample as fast as possible. It follows that sample shuttles are preferable to probe-shuttle systems (Grosse et al., 1999; Victor 49 

et al., 2004), as the inertia of the probe makes the displacement of the sample necessarily slow. Sample shuttles are moved 50 

either with a mechanical system, where the action of a motor is transferred to the sample by a cord (Miéville et al., 2011; Pileio 51 

et al., 2010), a belt (Chou et al., 2012; Redfield, 2012), a rack (Kiryutin et al., 2016), or a pneumatic system (Charlier et al., 52 

2013; Kerwood and Bolton, 1987; Redfield, 2003; Reese et al., 2008). Pneumatic systems take advantage of moving a sample 53 

shuttle of limited size and inertia and rely on easily manageable pressures. Yet, the high-field landing must be accommodated, 54 

possibly by a specially designed probe, which limits the range of applications and, most importantly, the sensitivity (Charlier 55 

et al., 2013). In addition, the hard landings of pneumatic sample shuttles can be detrimental to both the hardware and fragile 56 

molecular systems. Most motor-operated systems offer the ability to operate from the top, which allows the use of conventional 57 

probes and can reach state-of-the-art sensitivity in mechanical systems (Chou et al., 2016). In addition, the control of the 58 

trajectory at all times prevents the occurrence of extreme forces at the end of the sample shuttle path. Yet, the use of a belt or 59 

rack in some mechanical systems makes the sample shuttle bulky and prevents close access to the sample at low field. This 60 

can be a limitation for applications such as two-field NMR (Cousin et al., 2016b, a; Kadeřávek et al., 2019; Robertson et al., 61 

2023) where the sample shuttle has to move through radiofrequency and gradient coils. The last version of the Redfield shuttle 62 
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(Redfield, 2012) featured a sample shuttle with small dimensions along the transverse axes with a long stick that coupled the 64 

sample to a belt and pulley system sitting on top of the high-field magnet. Yet, such a design requires very high ceilings in the 65 

laboratory, and can be a source of large vibrations throughout the magnet.  66 

 67 

Our objective is to develop a new type of sample shuttle system that combines high speed, full control of the trajectory and 68 

small transverse dimensions. Here, we introduce a hybrid pneumatic/mechanical sample shuttle system, able to reach high 69 

speed (vmax ~ 27 m.s-1) with full control of the trajectory (Aders et al., 2022). The principal components of this system are 70 

shown in Figure 1. The diameter of the sample container is d = 6 mm (5 mm for the NMR tube alone), allowing close access 71 

to the sample at low fields for a range of applications. We present the design of this fast sample shuttle and achievable 72 

specifications for the motion of the sample shuttle. We illustrate the use of the fast sample shuttle in a broad selection of 73 

samples: we compare water proton relaxometry in solutions of paramagnetic ions with fast field-cycling relaxometry. We 74 

measure high-resolution relaxometry of a small molecule that transiently binds to a macromolecule, and show the spectral 75 

quality and sensitivity of a two-dimensional correlation in a methyl-labeled protein. 76 

2 Hardware 77 

The simplest way to move a sample tube out of a vertical high-field NMR magnet is to use a motor and a cord to pull the 78 

sample up. Several versions of such a system, from rudimentary to sophisticated designs, have been built in several laboratories 79 

(Hall et al., 2020; Miéville et al., 2011; Pileio et al., 2010). As long as the cord is tense, the position of the sample is controlled 80 

at all times. The Achilles heel of such a system is the weak acceleration offered by gravity to move the sample back down. 81 

Here, we solve this limitation by using constant pressure applied from the top of the system. We show a scheme of the principle 82 

of this hybrid pneumatic/mechanical system in Figure 1, and list the characteristic parameters of this fast sample shuttle in 83 

Table 1. 84 

2.1 Overall design 85 

The fast sample shuttle system includes the following parts, which we will describe below: 86 

● A drive unit that includes two 800 W servomotors; a winch wheel and an inertia compensation disc, 3.5 bar 87 

pressurized gas supply. 88 

● The drive unit is controlled with a set of sensors and communicates with the spectrometer with real time trigger 89 

signals and with the workstation PC carried by RS232 data exchange. 90 

● A glass shuttle guiding tube, with a dampening system at the high-field end. 91 

● A sample transfer station with an NMR sample container access window. 92 

● A sample container, which consists of a 9-inches NMR tube, with two guiding sleeves, and an end cap attached to a 93 

cord. 94 
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 98 
Table 1: Characteristic parameters of the fast sample shuttle systems as currently installed. 99 

Parameter Values 

Maximum shuttle distance 1020 mm (at 700 MHz), 800 mm (at 600 MHz) 

Minimum shuttle distance 50 mm (> 99.97% of max. field) 

Gas pressure 3.5 bar 

Gas flow rate range 5 to 20 L/min 

Outer diameter of NMR sample tube 5 mm 

Maximum shuttle acceleration 1112.6 m/s2 (113.5 × g) 

Maximum shuttle speed 26.7 m/s 

Shuttle travel time (1020 mm) 68 ms (see Fig. 6) 

Shuttle travel time (800 mm) 61 ms 

Vibrational artifacts in 1H NMR spectrum* < 2% peak to peak 

* Evaluated on the residual water proton resonance in D2O 100 

 101 
Figure 1. Schematic representation of the fast sample shuttle (center). Details of the sample transfer station and of the end-stopper 102 
assembly at the high-field position to the left and right of the center scheme, respectively. The components presented are: 1 – drive 103 
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unit, 2a – winch wheel, 2b – reversely rotating disc, 3 – pneumatic unit, 4 – electronic unit, 5 – NMR magnet, 6 – shuttle guiding 104 
tube, 7 – shim upper stack, 8 – shim system and NMR probe, 9 – sample transfer station, 10 – window for sample transfer, 11 – 105 
mounting flange, 12 – end-stopper, 13 – NMR sample turbine, 14 – NMR sample container, 15 – NMR rf coil 106 

The fast sample shuttle (FSS) shown in Fig. 1, is an accessory that can be fitted in any Bruker high-resolution NMR magnet 107 

(5). It uses the already available shim upper stack (7) inner bore to accommodate the shuttle guiding tube (6). This guiding 108 

tube interfaces at the top with the sample transfer station (9) and with the NMR sample turbine (13) at the bottom. The NMR 109 

sample turbine hosts the end-stopper assembly (12). Inside the guiding tube the NMR sample container (14) glides at very 110 

high speeds up and down between the limits imposed by the NMR magnet geometry. Those limits are on one side the NMR rf 111 

coil (15), inside at the upper part of the NMR probe (8). At this point, the NMR sample container places the sample active 112 

volume at the same position as any standard NMR 7-inches glass tube. Therefore, the amount of sample needed for high-113 

resolution relaxometry (HRR) experiments is similar to that used for static NMR experiments in conventional 5 mm tubes. 114 

The other limit depends on the length of the magnet, measured from its center to almost its upper closing lid (11). For instance, 115 

for an ultra-shielded 600 MHz magnet this distance is dmax600 = 800 mm with a field Blow = 36.6 mT. Similarly, for an ultrashield 116 

700 MHz magnet it is dmax700 = 1020 mm, with a field at this position Blow = 46.6 mT. On the other end, the minimum travel 117 

distance was set to, but is not limited to, dmin = 50 mm. This position is at the border of the homogeneous magnetic field plateau 118 

with a magnetic field at 99.97% of the maximum magnetic field at the magnetic center. Shorter travel distances would give 119 

access to the same magnetic field as that at the center of the magnet (static NMR condition). It is important to note that the 120 

FSS is compatible with any high-resolution NMR probe-head. 121 

 122 

The sample container is introduced inside the magnet through the sample transfer station (9,10). This process is done by 123 

mechanically moving upwards a cylindrical PMMA (poly methyl methacrylate) window for the sample transfer (10) that is 124 

attached to a sliding mechanism. At the bottom of the sample transfer station there is an access to the guiding tube. The sliding 125 

mechanism for the sample transfer window is set to a rigid supporting structure that in turn is anchored to the mounting flange 126 

(11) at the top of the magnet. The drive unit (1), which includes two motors, is located at the top of the supporting structure. 127 

The main motor has a winch wheel (2a) and it is in charge to move the sample container. A secondary motor, that synchronously 128 

counter moves with respect to the main motor, contains a reversely rotating disc with the same inertia as the winch wheel (2b). 129 

The function of the secondary motor is to minimize mechanical vibrations caused by the movement of the main motor. 130 

 131 

To ensure fast deceleration on the way to low fields or efficient acceleration on the way back to the high-field center, gravity 132 

is not sufficient. A strong downward force is obtained with air pressure. The pneumatic unit (3) provides the regulated gas 133 

pressure and flow. The FSS working pressure is 3.5 bar with a gas flow below 20 liters-per-minute. The electronic unit (4) 134 

takes care of all FSS safety sensors and provides the communication interface between the motors and the NMR console. In 135 
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addition, it powers the extension module of each motor as well as the pneumatic unit. Figure 2 is a photograph of the external 136 

components of the FSS system built at CERM. 137 

 138 
Figure 2. Photograph of the FSS installed on the 700 MHz NMR spectrometer at CERM in Florence, Italy.  139 

The top of the photograph (Figure 2) shows the two-motors configuration used to compensate mechanical vibration artefacts. 140 

Since the vibrations caused by a single motor/winch wheel are coherent, the second motor/disc in reverse operation is used to 141 

cancel out the vibrations of the first. Some vibrations remain after the sample container has landed at the end-stopper, requiring 142 

a short stabilization delay. After a stabilization delay τst = 150 ms, vibration artefacts in proton spectra are less than 2% of the 143 

peak intensity (see below). Figure 3 shows the diagram of the upper part of sample container (14) under pressure (p). In order 144 

to ensure the full control of the trajectory, the shuttle cord (17) that is connected to the end cap (16) and, in turn, to the sample 145 

container (14) must be always under tension during operation. This requires that the force exerted by the pressurized gas be 146 

higher than the product of the mass of the sample container and the maximum acceleration. With a top surface area stop = 28 147 

mm2 and a mass mcontainer = 4.7 g, an acceleration a = 100 × g is compensated by a pressure P ~ 1.5 bar. The gas pressure chosen 148 

for the current design is 3.5 bar. The sample container position is indirectly monitored and precisely controlled by the angular 149 

variation of the servo motor (800W servo motor, JVL MAC800, https://www.jvl.dk/).  150 

 151 

a supprimé: the 152 

a supprimé: the 153 

a supprimé: rope154 



7 
 

 155 
Figure 3. Diagram of sample container in the guidance tube with gas pressure (p) applied. 6 – shuttle guiding tube (borosilicate 3.3 156 
glass), 16 – sample container end cap, 17 – shuttle cord (polyethylene). 157 

Figure 4 depicts in detail the components of the sample container (14). A 9-inches long borosilicate 3.3 glass with a 5 mm 158 

outer diameter is the base of the sample container (14a). This thin-wall NMR tube has two VespelTM sleeves, one at the upper 159 

end (14b) and another one (14c) positioned to balance the assembly. The sample volume (14f) is about 650 µl and it is confined 160 

by a two-component seal plug (14d and 14e). The plug allows to remove trapped air and keeps the sample positioned at the 161 

bottom of the tube. The end cap (16) has a small orifice that allows to keep the sample plug under the working pressure. The 162 

inner part of the upper sleeve (14b) of the sample container is threaded so that it can be screwed to the base of the end cap. 163 

The cord (17) is connected to the end cap by a knot that tightens upon tension. The flow of the pressurized gas around the 164 

sample container ensures the proper orientation of the sample container in the guiding tube, as the bearing gas does for a magic-165 

angle spinning rotor. In addition, the thin layer of gas minimizes contact and hence friction between the sample container and 166 

the guiding tube. 167 

 168 
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 171 
Figure 4. Sample container components. 14a – high precision thin wall NMR tube with diameter d = 5 mm and length l = 9 inches, 172 
14b – upper sleeve with thread, 14c – lower sleeve, 14d and 14e – plug elements to limit the sample volume 14f, 16 – end cap with 173 
shuttle cord (17) attached. 174 

The different communication paths that are needed for the function of the fast sample shuttle are shown in Figure 5. A control 175 

program (AU program) run from the workstation that controls the spectrometer centralizes all communication channels. This 176 

AU program tells the motors when and how to move and provides them with relevant information about the position and 177 

acceleration as well as several functionalities to simplify the handling of the FSS. This channel of communication uses a 178 

bidirectional RS232 serial-port protocol that reads and writes motor registers. In addition, the AU control program calls the 179 

NMR pulse sequence and activates real time signals (TTL) from the NMR console. Those signals are sent towards the 180 

electronic unit (4 in Figure 1) and transferred to the motors if the operational conditions are met. The operational conditions 181 

are monitored by the electronic unit. This unit checks the status of the motors and sample transfer station (closed), the pressure 182 

and flow rate values and whether the shuttle cord is unclamped. When the sample container arrives at the target low-field 183 

position, the motors send a trigger signal back to the NMR console, which is then transferred to the workstation via ethernet. 184 

At the end of the predefined relaxation delay time at the low-field position, the sample container is sent back to the high-field 185 

magnetic center and the communication process is repeated for the following transient. 186 

 187 
Figure 5. Data communication scheme among the workstation PC, NMR console and driving motors. 188 
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2.2 Trajectory of the sample container 192 

Full control of the trajectory of the sample container (position as a function of time) is essential for reproducibility and to 193 

ensure the acceleration is kept within boundaries tolerable by the sample and spectrometer. The “soft landing” of the sample 194 

container at the high-field magnetic center is critical to minimize vibrations and to avoid additional shock loads to the system. 195 

As an example, Figures 6 and 7 show experimental data of the FSS trajectory as obtained on the ultrashield 700 MHz NMR 196 

system at CERM in Florence, for a full shuttle cycle. The motion starts at time zero at the high-field position (sample in the 197 

NMR probe), then moves up 1020 mm to the furthest low-field position within a time τUP = 68 ms (Shuttle UP). The sample 198 

resides at the low-field position, for a set delay, here τLF = 10 ms. Note that the minimal value of the residence time at low 199 

field is τLFmin = 3 ms. Subsequently, the sample is shuttled down back to the high-field position again during τDOWN = τUP. 200 

Similar profiles were obtained for the ultrashield 600 MHz NMR systems at ENS and at Bruker. In this latter case, the travel 201 

distance is shorter (800 mm), leading to shorter transfer durations τDOWN,600 = τUP,600 = 61 ms. The increment in transfer duration 202 

is only 7 ms for an increase of the distance of 220 mm as the extra distance is covered at highest speed under zero acceleration. 203 

The acceleration is constant for a given fixed travel time between velocity zero and maximum velocity (see Figures 6 and 7). 204 

Of course, the sign of acceleration changes depending on whether the shuttle motion is going up or down. 205 

 206 

 207 
Figure 6. Measured shuttle trajectory (travel distance vs. time) for the FSS installed at the 700 MHz NMR spectrometer at CERM 208 
in Florence. 209 
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 210 

Figure 7. Measured shuttle trajectory (motor speed vs. time) for the FSS installed at the 700 MHz NMR spectrometer at CERM in 211 
Florence. The relaxation time at the low field position is τLF. 212 

The trajectories of the sample container follow the motion with constant acceleration up to the middle of the trajectory or a 213 

predefined maximum speed vmax, as experimentally demonstrated in Figures 6 and 7. Therefore, as long as the maximum speed 214 

is reached only for a small fraction of the path, for a given travel time, the motor acceleration is proportional to the travel 215 

distance. The minimum travel time was determined to be τUP,700 = 68 ms for dmax = 1020 mm and τUP,600 = 61 ms for dmax = 216 

800 mm. By keeping constant the travel time, the motor acceleration was measured for all other distances plotted in Figure 8. 217 

The experimental data was linearly fitted along with a 95% of prediction interval of confidence (solid and dashed lines, 218 

respectively). Similar results were obtained for the NMR system at ENS in Paris. 219 

 220 
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 221 
Figure 8. Measured motor acceleration vs. travel distance at constant travel time (τUP,700 = 68 ms) for the FSS installed at the 700 222 
MHz NMR spectrometer at CERM in Florence.  223 

 224 

 225 
Figure 9. Achievable shuttle travel times as function of travel distance and motor acceleration.  226 
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Polarization losses due to relaxation during transfers between high and low fields should be minimized. Could the delays τUP 227 

and τDOWN be significantly reduced? The transfer delays τUP = 61 ms for a distance dmax = 800 mm and τUP = 68 ms for a 228 

distance dmax = 1020 mm require to reach the maximum acceleration achievable amax = 113 × g (Figure 9). The acceleration 229 

increases quadratically with decreasing transfer delays. Reaching slightly shorter transfer times, for instance τUP = 50 ms for a 230 

distance dmax = 800 mm would require an acceleration amax =  150 × g. Much shorter duration of transfer of the sample shuttle 231 

would require accelerations impossible to achieve with the current design.  232 

2.3 Effects of vibrations on proton spectra 233 

The forces generated by the motors (2a and 2b in Fig. 1) lead to vibrations that propagate throughout the Dewar and NMR 234 

probe, despite the compensation provided through their reverse motion, and minimal disturbances of the sample container 235 

motion. The motion of the motor is at the origin of the vibration artefacts. These vibrations remain when the shuttle container 236 

is static (with no cord) and the motors are moving (see Supporting Information). As a consequence, after landing of the sample 237 

shuttle container in the NMR probe, it is necessary to insert a waiting period (stabilization delay τst) to allow the decay of 238 

residual vibrations. These residual vibrations lead to artifacts in 1H NMR spectra in the form of vibrational sidebands, with 239 

frequency distances ranging from 7 to 60 Hz around the main NMR line (Figure 10). On the FSS system installed on the 700 240 

MHz NMR spectrometer available at CERM, the total amplitudes of these sidebands are at most 2.2 % (peak to peak) of the 241 

peak height after a stabilization delay as short as τst = 50 ms after shuttle motion from the maximum distance dmax = 1020 mm. 242 

Similar vibration profiles and vibration amplitudes were observed on the FSS system installed on the 600 MHz NMR 243 

spectrometer located at Bruker in Wissembourg, France. However, those vibration amplitudes were significantly higher on the 244 

FSS system installed on the 600 MHz NMR spectrometer at ENS in Paris, in spite of manufacturing within the tight tolerances 245 

of all the system components as the one in Wissembourg. 246 

 247 
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 249 

Figure 10. 1H NMR spectra of 99.8% D2O (residual water peak 0.2% H2O) with the vertical axis in percent of the peak maximum 250 
showing vibrational sideband artifacts at the base of the NMR peak. The various spectra indicate the vibrational artifacts after 251 
stabilization times (time interval between shuttle landing and 90° pulse) τst = 50 (blue), 100 (red), 150 (green), 200 (burgundy), and 252 
500 ms (orange). Data were taken on the 700 MHz spectrometer installed at CERM in Florence with the maximum 1020 mm travel 253 
distance. 254 

A stabilization delay τst is inserted in pulse sequences to reduce vibrations artefacts in spectra. This stabilization delay leads 255 

to polarization losses due to longitudinal relaxation. How long should the stabilization delay be? Vibration artifacts decay with 256 

increasing stabilization delay τst (Figure 11.a-b). With a maximum travel distance of 1020 mm, vibration artefacts are small, 257 

with a peak to peak of about 1% of the peak amplitude after 150 ms and mostly fade out after 500 ms. As the acceleration is 258 

proportional to the travel distance, the forces exerted by the motors on the structure increase with increasing travel distance, 259 

leading to increased level of vibrations (Figure 11.c-d). The stabilization time was set to 150 ms and then the travel distance 260 

was varied from 100 to 1020 mm.  261 
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 262 
Figure 11. Amplitude of vibration artifacts in 1H NMR spectra of 99.8% D2O (residual water peak 0.2% H2O). Vibrations were 263 
quantified in the intervals [-200 Hz, -20 Hz] and [20 Hz, 200 Hz] around the water peak. The level of the noise (red lines) is given as 264 
a comparison. (a-b) Decay of vibration artifacts after shuttle transfer from the furthest distance (dmax = 1020 mm) at different 265 
stabilization times τst. (a) Root mean square deviations of signal amplitudes normalized by the maximum peak intensity; (b) 266 
maximum and minimum intensities of vibration artefacts normalized by the maximum peak intensity. (c-d) Extent of vibrations 150 267 
ms after shuttle landing as a function of the distance of shuttle displacement d. (c) Root mean square deviations of amplitudes 268 
normalized by the maximum peak intensity; (d) maximum and minimum intensities of vibration artefacts normalized by the 269 
maximum peak intensity. 270 

2.4 Advantages of the design of the fast sample shuttle 271 

During the course of more than 2.5 million shuttling cycles, the system parts show a very low degree of wear and tear. The 272 

sample shuttle container and the cord are disposables that can go through about two million cycles each. The rate of repetition 273 

of shuttling cycles can be high: the test procedure with 2.5 million cycles have been performed with two full cycles per second 274 

for about two weeks. 275 

The fast sample shuttle is integrated with the TopSpin software and AU programming (see Figure 5). A single user-friendly 276 

interface can be used and there is no need for external sources to program or control the shuttle units or motors for running 277 

relaxometry experiments. Simple instructions have to be inserted in pulse sequences to initiate the shuttle transfers to low 278 

fields and back. Any type of pulse sequence and all the features of TopSpin can be used. A full relaxation dispersion profile 279 

can be recorded with a single set of instructions. Users create a file listing the target magnetic fields. Either a single list of 280 

a supprimé: r281 

a supprimé: r282 

a supprimé: rope283 



15 
 

relaxation delays can be used for all fields or, if necessary, a separate list of relaxation delays can be used for each magnetic 284 

field.  285 

Sample filling and sample shuttle container preparation are straightforward including the positioning of the plugs. In case of 286 

trapped residual air bubbles in the sample volume, the sample shuttle is moved up and down in the shuttle guiding tube to 287 

remove the bubbles, making this procedure fast, reliable and simple.  288 

The position of the sample is accurately calibrated when the shuttle sample container reaches the end stopper (12). When the 289 

lower edge of the lower sleeve (14c) touches the soft end stopper, the end stopper exerts an opposite force to that of the working 290 

pressure over the container. As a consequence, the torque of the motor decreases. This change of torque is a precise 291 

measurement of the position of the sample container. For a given value of the torque, the sample is centered at the high-field 292 

position and the motor count (position) is stored and used for comparison with the next cycle. This process is automatically 293 

repeated at every cycle to maintain the same high-field position and compensate for changes of the length of the cord due to 294 

temperature variations, humidity, use, etc. This dynamic calibration makes it possible to run experiments for very long periods 295 

of time (days to weeks) with no need to interrupt the experiment for calibration of the position. 296 

Once the shuttle system is installed in the NMR magnet, standard NMR experiments are still possible without deinstallation 297 

of the setup. Sealed NMR samples as well as standard 7-inch NMR tube samples can be inserted with the help of a crank 298 

mechanism, which is attached next to the transfer station and uses fitting holders to manipulate the sample. In addition, the 299 

crank mechanism is made in such a way that it is not possible to run shuttle experiments while it is in use. Otherwise, the 300 

sample shuttle containers can also be used for static NMR experiments.  301 

3 Experiments 302 

All experiments were run either on a 700 MHz Avance NEO spectrometer equipped with a TXI triple-resonance room-303 

temperature probe or on a 600 MHz Avance IIIHD spectrometer equipped with a room-temperature BBFO iProbe double-304 

resonance probe. 305 

3.1 Comparison with fast field-cycling relaxometry 306 

In order to demonstrate the capability of this fast sample shuttle to measure relaxation rates, we compared magnetic-field 307 

dependent relaxation rates measured with the fast sample shuttle and a more conventional approach, fast field-cycling (FFC) 308 

relaxometry. In FFC relaxometry, an electromagnet is used, allowing fast switching of the magnetic field, typically within a 309 

few ms. However, the magnetic field homogeneity is insufficient to be able to record high-resolution spectra. For the sake of 310 

comparison, we measured longitudinal relaxation rates of water protons in solutions of a self-aggregating gadolinium(III) 311 

complex and of copper(II) aqua ions at different concentrations using both methods. Longitudinal relaxation rates were 312 

measured with the fast sample shuttle installed on a 700 MHz spectrometer, using a pulse sequence that is equivalent to the 313 
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“prepolarized” sequence implemented in FFC relaxometry (Figure 12.a). The probe was detuned and small angle RF pulses 319 

(10°) were applied in order to avoid problems in quantification of the signal intensities due to radiation damping. 320 

 321 

The longitudinal relaxation rates of water protons measured for a 0.25 mM solution of a self-aggregating gadolinium complex 322 

in water (Gd-AIE) (Li et al., 2019) are shown in Figure 12.b. The agreement between the data measured with the FFC 323 

relaxometer and with the shuttle system is excellent in the overlapping range of frequencies. Measurements with the fast sample 324 

shuttle permit to measure relaxation rates at higher fields than the FFC relaxometer, covering an additional range of static 325 

fields from 1 to 16.5 T. 326 

Relaxation rates measured with the shuttle system for the 2.5, 5 and 10 mM copper(II) solutions (Figure 12.c) are also in 327 

excellent agreement with the data measured with the FFC relaxometer in the overlapping range of frequencies (only for the 10 328 

mM sample the value at 2 MHz is somewhat smaller when measured with the shuttle). The fit of these data to the Solomon 329 

equation is very good (see Figure 12.d), using as fit parameters only a single correlation time (resulting 32 ps) and the 330 

copper(II)-water proton distance (resulting 2.7 Å, assuming 6 water molecules coordinated to the copper(II) ion, in fast 331 

exchange with bulk water molecules). On the other hand, faster relaxation is not well characterized with the sample shuttle. 332 

With 15 and 20 mM copper(II) solutions, longitudinal relaxation rates at magnetic fields below 10 MHz (or 0.25 T) exceed 25 333 

s−1 when measured with the FFC relaxometer. When the sample shuttle is used, the longitudinal relaxation decay rates seem to 334 

plateau at ~25 s−1. The precision of the measurements is also reduced with errors of about 10% due to the fact that longitudinal 335 

polarization is almost at equilibrium at low field when the shortest relaxation delay is used. Overall, these data demonstrate 336 

both that relaxation rates measured with the sample shuttle are in excellent agreement with those measured with conventional 337 

relaxometry, when in the range 1 to 20 s−1. On the other hand, relaxation rates faster than 20 s−1 cannot be measured accurately 338 

with the fast sample shuttle apparatus. 339 
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340 

   341 

Figure 12. (A) Pulse sequence used for the shuttle measurements. The times τ during which the sample is kept at low fields were set 342 
to 16 different values ranging from 0 to 1.75 s. (B) Field dependence of the longitudinal relaxation rates of water protons in a 0.25 343 
mM solution of Gd-AIE at 15 °C and (C) in 2.5, 5, 10, 15, and 20 mM solutions of Cu(NO3)2 dissolved in a 20 mM HClO4 solution of 344 
90% H2O and 10% D2O, at 15 °C; the − symbols indicate the rates of the buffer alone. Black symbols indicate data collected with 345 
the Stelar FFC relaxometer (0.01-40 MHz) and red symbols indicate data collected at the Bruker 700 MHz spectrometer equipped 346 
with the shuttle system (2-700 MHz). (D) Best fit profiles of the relaxation rates of water protons in 2.5, 5, and 10 mM solutions of 347 
Cu2+ aqua ion.  348 

3.2 Proton high-resolution relaxometry 349 

High-resolution relaxometry is also a sensitive tool to detect the interaction of small molecules with molecular assemblies of 350 

larger sizes. Indeed, while the extreme narrowing regime governs most of the nuclear magnetic relaxation dispersion profiles 351 

of protons or phosphorus-31 nuclei in a small molecule in solution, a strong dispersion is expected at sub-tesla fields for their 352 

relaxation in macromolecules (Pu et al., 2009; Wang et al., 2021). When a small molecule binds transiently to a macromolecule 353 
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and exchanges between the free and bound states faster than it relaxes, the nuclear magnetic relaxation dispersion is a 354 

population weighted average between those expected for the free small molecule and the complex. Here we use proton 355 

relaxometry of a proton in the indole heterocycle of the amino acid tryptophan to probe the transient binding of tryptophan to 356 

human serum albumin. As expected, the NMRD profile of the H2 (or δ1) proton of tryptophan alone in solution is mostly flat 357 

(Figure 13.b) thanks to the absence of vicinal scalar couplings (Miesel et al., 2006). On the other hand, the addition of as little 358 

as 2.5% equivalent of human serum albumin to the solution leads to a measurable dispersion. Proton relaxometry in small 359 

molecules is a demanding application of high-resolution relaxometry, as narrow lines can be visibly distorted by low-frequency 360 

vibrations (Figure 13.a). Here, the presence of such small artefacts does not prevent the measurement of relaxation rates of 361 

individual protons. 362 

 363 

 364 
Figure 13. High-resolution proton relaxometry of tryptophan. (a) Structure and one-dimensional proton spectrum of tryptophan at 365 
14.1 T obtained after a transfer to a magnetic field Blow = 4.97 T, a relaxation delay Trel = 3 ms and a stabilization delay at high field 366 
τst = 150 ms. (b) Nuclear magnetic relaxation dispersion profiles for tryptophan proton H2 in the absence (green) and the presence 367 
of 2.5% equivalent of human serum albumin (blue). These experiments were run on a 600 MHz spectrometer equipped with a BBFO 368 
coule-resonance probe, with a long recycle delay of 5 s. Each spectrum was acquired with 8 scans, 10 spectra were recorded with 369 
different relaxation delays for each magnetic field and relaxation was measured at 150 different magnetic fields, leading to a total 370 
experimental time of 25 hours for each sample. 371 
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3.3 Sample shuttling of an isotopically-labeled protein 372 

The resolution and sensitivity of the fast sample shuttle installed on a conventional high-field NMR spectrometer give access 373 

to low-field relaxation of macromolecules. We demonstrated the ability to record high-resolution spectra of a biological 374 

macromolecule on a 200 μM sample of the 42 kDa protein kinase p38γ (Figure 14). The protein was perdeuterated and 375 

selectively labeled on the δ1 positions of isoleucine residues, one δ position of leucine residues and one γ position of valine 376 

residues with 13C1H2H2 methyl groups. A two-dimensional experiment that corresponds to the shortest delay (Trel = 3 ms) of a 377 

longitudinal carbon-13 relaxation at 500 mT is compared to a high-field HSQC spectrum (Figure 14). Both spectra are recorded 378 

on the same 600 MHz spectrometer equipped with the fast sample shuttle. The spectral quality of both experiments is identical. 379 

A few peaks are significantly attenuated in the relaxometry spectrum due to faster longitudinal relaxation at low field, during 380 

the transfer of the sample container between high and low magnetic fields. 381 

 382 
Figure 14. Comparison of a high-field HSQC spectrum at 14.1 T (orange) and a two-dimensional correlation spectrum obtained at 383 
14.1 T with a transfer to 500 mT (purple). The spectra were recorded on a specifically ILV labeled sample of the protein p38γ with 384 
13C1H2H2 methyl groups. The HSQC spectrum and the relaxation experiment were both recorded with 8 scans and a 3 s recovery 385 
delay. Both experiments were run with 128 complex points in the indirect dimension. Each experiment was recorded in just over 386 
two hours. The two spectra are displayed with the same contour level. 387 

a supprimé: was recorded with 4 scans and388 
a supprimé: 120 389 
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4 Conclusion 390 

We have introduced a new design of sample shuttle for applications that combine high-field NMR and an evolution at lower 391 

magnetic fields. This sample shuttle is installed on a high-field NMR magnet with a conventional high-field probe, providing 392 

state-of-the-art sensitivity and versatile applications. The sample shuttle is a hybrid pneumatic/mechanical design where the 393 

upward force is applied to the shuttle tube by a cord, pulled by a motor and winch wheel and the downward force is applied 394 

with a moderate (3 to 4.5 bar) overpressure. With an acceleration up to 113.5 g-units, a speed of 26.7 m.s-1 can be reached in 395 

ca. 27 ms. A transfer delay as short as 61 ms can be achieved to reach a magnetic field of 36.6 mT, 800 mm above the magnetic 396 

center of a 14.1 T superconducting magnet. Importantly, the sample shuttle is narrow, which will be adapted for magnetic 397 

manipulation at low field in future set ups. We demonstrate that low-field longitudinal relaxation rates as high as 20 s-1 can be 398 

measured in solutions of paramagnetic ions in excellent agreement with fast field-cycling relaxometry. We also show nuclear 399 

magnetic relaxation dispersion profiles of a single proton in the amino acid tryptophan and obtain high-quality spectra of a 42 400 

kDa protein specifically labeled on methyl groups. The fast sample shuttle offers new opportunities for the development of 401 

high-resolution relaxometry and other sample-shuttle applications in NMR. 402 
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