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A B S T R A C T

Nuclear magnetic relaxation dispersion (NMRD) measurements report on molecular dynamics via the field- 
dependence of longitudinal (R1) and transverse (R2) relaxation rates. Commercial fast-field-cycling (FFC) 
relaxometers cover the kHz to MHz regime using large electromagnets, but show reduced sensitivity at lower 
frequencies. Optically pumped magnetometer based ultra-low-field (ULF) methods are highly sensitive to low 
frequencies (Hz to kHz), making them sensitive to slow molecular dynamics, but are restricted to the sub- 
kilohertz band. In this work, we introduce a compact shuttle-based relaxometry system that combines high- 
field prepolarization with programmable relaxation fields from nanotesla to tesla, and uses a set of multi- 
channel optically pumped magnetometers for arrayed detection. To benchmark the system's sensitivity and 
reproducibility we performed initial experiments on water samples, and then studied the field-dependent 
relaxivity of Gd-DTPA. These results agree quantitatively with a commercial FFC relaxometer across the 
accessible frequency range of three orders of magnitude (10 kHz to 20 MHz), and our setup extended the 
measurement range to eight orders of magnitude (Hz to 100 MHz). We also performed measurements on aqueous 
metal–organic framework solutions, highlighting the ability of ULF detection to mitigate susceptibility-induced 
internal field gradients. This platform enables wide-range, quantitative relaxometry, naturally interfaces with 
low-field hyperpolarization and supports applications in biomedical sensing of contrast agents and metabolites, 
porous-media and materials studies, and on-site chemical screening.

1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy traditionally ex
ploits chemical shifts and J couplings to extract structural and chemical 
information. An equally important source of contrast, however, arises 
from nuclear spin relaxation rates [1,2]. Relaxometry—the measure
ment of longitudinal (R1) and transverse (R2) relaxation rates as a 
function of magnetic fields—links frequency-dependent relaxation to 
underlying molecular dynamics, dipolar interactions, and exchange 

processes [3,4]. The resulting nuclear magnetic relaxation dispersion 
(NMRD) profiles provide sensitive, model-based probes of molecular 
motion and local environments [5,6].

Because of this mechanistic grounding, relaxometry has broad sci
entific and practical impact. In food science, it enables quantitative 
metabolite profiling, authenticity assessment, and evaluation of pro
cessing and storage quality [7]. In geoscience, relaxometry of confined 
liquids in porous media provides insights into pore geometry [8] and 
adsorption processes [9,10]. In medicine, field-dependent relaxometry 
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guides the design and characterization of MRI contrast agents [11], 
thereby enhancing diagnostic capabilities [12]. Together, these exam
ples illustrate the versatility of relaxometry as both a mechanistic probe 
and a practical analytical tool.

The dominant experimental approach to measuring NMRD relies on 
fast-field-cycling (FFC) relaxometry, typically implemented with pro
grammable electromagnets and inductive detection [13–15]. Commer
cial FFC relaxometers are established platforms for quantitative NMRD 
measurements, particularly over kHz–MHz proton Larmor frequencies. 
However, extending toward the ultralow-frequency regime and broad- 
range electromagnetic field cycling can be technically demanding 
because field-settling transients, low-frequency noise, field calibration, 
power electronics, and thermal management become increasingly 
important [5]. Wide-range field cycling with electromagnets typically 
necessitates dedicated power electronics and cooling infrastructure to 
manage thermal dissipation, which can limit the portability of conven
tional FFC instruments and increase operational complexity [16]. Me
chanical sample shuttling provides another established route, in which 
the sample is physically transferred between magnetic-field regions so 
that spin evolution and detection can occur under different field con
ditions. Early high-resolution field-cycling and sample-shuttling ap
proaches, together with subsequent biomolecular relaxometry 
platforms, established the use of mechanical transfer for separating low- 
or intermediate-field spin evolution from NMR readout [17–19]. More 
recent pneumatic [20], benchtop [21], gear-rod [22], and compact 
broad-range field-cycling systems [23] have further demonstrated 
automated sample transfer and broad field coverage. However, many of 
these implementations still rely on RF excitation and inductive readout. 
This can be restrictive for metal-enclosed samples, where RF attenuation 
is important, and for strongly heterogeneous samples when spectral 
linewidth or high-resolution readout is required [5,24]. Thus, ultra-wide 
field access itself is not unique to the present work. These considerations 
motivate complementary architectures that combine field-cycling 
capability with direct low-field magnetometer readout.

In parallel, ultra-low-field nuclear magnetic resonance (ULF NMR) 
has matured into a powerful technique for characterizing spin preces
sion in the hertz-to-kilohertz domain [25–27]. This development has 
been enabled by substantial progress in magnetometry, which enables 
sensitive detection at low frequencies [28,29]. Among non-inductive 
approaches, optically pumped magnetometers (OPMs) have proven 
particularly capable [30,31]. When operated in magnetically shielded 
environments, OPMs directly measure magnetic fields generated by the 
sample, thereby circumventing the low-frequency sensitivity roll-off 
inherent to inductive coils. They further provide high near-DC sensi
tivity with broadband sub-kilohertz coverage, compact and low-power 
instrumentation, room-temperature (non-cryogenic) operation, and 
favorable cost and deployability [32–34]. In a relaxometry context, low- 
and ultralow-field R1 measurements report on the spectral density of 
molecular and spin-environment fluctuations near the corresponding 
Larmor frequencies [6,35]. The connection between molecular dy
namics and R1 relaxation is mechanism-dependent: processes that 
modulate dipolar, paramagnetic, exchange-related, or other relaxation- 
active spin interactions that remain effective at low field can contribute 
to relaxation [36]. However, ULF detection alone does not provide in
dependent control over relaxation fields across the kHz–MHz Larmor- 
frequency range. Without auxiliary field-cycling or shuttling hard
ware, ULF platforms therefore cannot by themselves map relaxation 
dispersion across the broader frequency window in which molecular 
tumbling, exchange, and paramagnetic relaxation mechanisms often 
show substantial field dependence [3,29,37].

Clinically used gadolinium chelates such as gadolinium diethylene
triaminepentaacetic acid (Gd-DTPA) are widely regarded as benchmark 
systems for NMR relaxometry and MRI contrast agent studies [11]. Their 
longitudinal relaxivity has been systematically characterized across 
broad field ranges using conventional FFC methods, as well as by low- 
field detection with atomic magnetometers [38,39]. Moreover, 

extensive work has established the physicochemical factors controlling 
their field-dependent relaxivity and strategies for enhancing sensitivity 
[40]. Consequently, Gd-DTPA is an ideal test case to validate the per
formance of new relaxometry platforms.

Here we present an OPM-detected shuttle NMR relaxometry system 
that directly bridges the gap between conventional FFC and ULF ap
proaches by combining high-field prepolarization, wide-range pro
grammable relaxation fields, and zero-field detection with a compact 
multi-channel OPM array. In this design, samples are motor-driven 
along a fixed path between a 2 T permanent magnet and a magneti
cally shielded detection region. Relaxation fields are provided by flat 
solenoid electromagnets, or permanent magnets, covering nearly nine 
orders of magnitude in Larmor frequency.

We validated the platform using a set of representative systems. First, 
we measured the relaxivity of the clinically used contrast agent Gd- 
DTPA and found excellent agreement with both commercial FFC relax
ometers and literature values [40]. Second, we examined field- 
dependent water relaxation in a conductive titanium sample tube, and 
found that the shuttle sequence yields consistent R1 profiles with only 
modest deviations from a standard glass tube, despite a strong contrast 
in the magnetic susceptibility at the metal–solution interface. Finally, 
we compared high-field and ultralow-field measurements of ammonium 
solutions containing metal–organic framework (MOF) particles. At 400 
MHz the heterogeneous MOF induces severe susceptibility-driven line 
broadening, whereas at ULF the transverse relaxation remains only 
weakly concentration-dependent, underscoring the robustness of zero- 
field detection in the presence of highly inhomogeneous materials. 
Together, these demonstrations highlight that the shuttle-based system 
can perform quantitative relaxometry in conventional solutions, within 
metal hardware, and in strongly heterogeneous porous media, opening 
opportunities for in situ studies of catalytic reactors, electrochemical 
cells, and implant-compatible biomedical sensing.

2. Materials and methods

2.1. Experimental apparatus

The shuttle NMR platform couples three relaxation-field modules to 
a (near-)zero-field detection chamber (Fig. 1A). Relaxation fields are 
provided by (i) a flat solenoid for ULF (nT–hundreds of μT, corre
sponding to sub-Hz to kHz 1H Larmor frequencies), (ii) an electromagnet 
for low-to-intermediate fields (up to ~10 MHz 1H Larmor, 0.235 T), 
Higher-frequency relaxation points were obtained using the calibrated 
field profile of the 2 T permanent magnet and its fringe-field region 
along the shuttle path (See Supplementary Fig. 4), and (iii) a permanent 
magnet for high-field operation (tens of MHz). Following the relaxation 
period, samples are delivered into a four-layer magnetic shield for 
readout by a six-channel OPM array. The detection array comprises five 
home-built magnetometers and one commercial QuSpin QZFM Gen-2 
sensor (designated as Ch1), their performance characteristics are 
compared in the Supporting Information (see Supplementary Fig. 3). 
The six-channel configuration was chosen as a practical compromise 
between the available shield volume, sensor dimensions, electronic/ 
optical access, and the need for redundant detection. The array enabled 
channel-to-channel comparison, exclusion of poor-quality channels 
when necessary, and averaging of suitable channels to improve mea
surement robustness. Commercial FFC reference measurements were 
performed using a Stelar Spinmaster FFC2000 NMR relaxometer (Stelar, 
Italy), as detailed in the Supplementary Information.

The ULF solenoid is driven by a Keithley 6221 precision current 
source, enabling low-ripple DC biases and fast, programmable ramps for 
kHz-range relaxation points. A separate transverse pulse coil, labeled in 
Fig. 1A, was used to generate the π/2 tipping pulse. An FPC shim-coil set 
mounted on the innermost shield layer provided x-, y-, and z-field 
compensation and first-order shimming during OPM detection. The 
electromagnet is powered by an AE Techron 7224 broadband power 
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amplifier whose input is generated and gated by a NI-6281 DAQ. This 
pathway provides amplitude/frequency agility for 10 kHz–10 MHz 
relaxation fields. High-field points (>10 MHz) are obtained with the 
lower permanent magnet using the DP sequence. All timing, coil cur
rents, and TTL triggers are orchestrated in LabVIEW, which also logs all 
experimental parameters for each cycle. Sample transfer was performed 
using a motor-driven belt shuttle. The NMR tube was fixed in a 3D- 
printed sample carriage, which was guided by two straight fiberglass 
rods passing through holes on both sides of the carriage to constrain the 
shuttle trajectory and suppress lateral motion. One side of the carriage 
was attached to a reinforced timing belt (5 M tooth, 3 mm width, 3 m 
total length) driven by a servo motor with braking (Mitsubishi HG- 
KR43BJ) through a 1:1.5 gear ratio and a Ø12 mm drive gear. The 
belt-driven mechanism translated the sample reproducibly between the 
solenoid, electromagnet, permanent-magnet region, and shielded OPM 
detection region, with a transfer time of 200 ms and sub-millimeter 
positional repeatability. Detailed carriage geometry, photographs with 
dimensions, and measured magnetic-field profiles along the shuttle path 
are provided in the Supporting Information (Supplementary Figs. 2, 4, 
8 and 9), including the determination of the optimal detection and 
polarization positions. In the coordinate system used in Fig. 1A, the flat 
solenoid and electromagnet fields are oriented predominantly along z, 
whereas the 2 T permanent magnet field is oriented along x. The shuttle 
trajectory and field profile were calibrated to ensure reproducible 
transfer and to minimize signal loss from uncontrolled precession during 
motion.

The shuttle, current sources/amplifier, and OPM acquisition are TTL- 
synchronized (LabVIEW/NI-6281), with the total duration set by the 
choice of storage delay τvar. Typical values are a shuttle time of ~200 
ms, a post-pulse dead time of ~40 ms, and an acquisition window of 
~10 s. For in-shield relaxation fields whose proton Larmor frequencies 
were within the OPM detection bandwidth, the same field was used 
during both the relaxation delay and OPM readout. For in-shield 
relaxation fields outside this bandwidth, the solenoid current is 
rapidly ramped down just before the π/2 excitation and readout, so that 

the resulting OPM-detected free induction decay (FID), i.e., the time- 
domain free-precession signal of the sample magnetization, falls 
within the OPM band (0–350 Hz).

2.2. Shuttle relaxometry sequences

Longitudinal relaxometry on the OPM-detected shuttle NMR relax
ometry system is performed using two standard field-cycling sequences, 
corresponding to the schemes shown in Fig. 2A. For ULF and low-field 
measurements, a pre-polarized sequence is used: the sample is polar
ized at high field for a time Tpol, shuttled to the chosen relaxation field 
Brelax via a transfer interval τrel, and allowed to relax for a variable 
storage time τvar. The sample is then moved into the shielded ULF region, 
where a calibrated π/2 pulse (~10 μT, y-axis) is applied (see Supple
mentary Figs. 2 and 4 for pulse duration calibration in the SI) and the 
FID is recorded with the OPM array, yielding attenuation curves as a 
function of τvar. For high-field points, a depolarized (DP) sequence is 
employed: the sample magnetization is first reset to M≈0 during a 
depolarized period Tdepol in the shielded near-zero-field region, and then 
shuttled to the target relaxation field and allowed to recover for a var
iable delay τrec, after which the sample is rapidly transferred to the ULF 
detector and read out with a π/2 pulse. In this case, recovery curves 
versus τrec report the high-field R1. Unless otherwise stated, Tpol and 
Tdepol = 20 s, corresponding to ≥5 T1 for the reference samples under the 
respective conditions.

2.3. Multi-channel signal processing

To fully harness the spatial redundancy of the six-channel OPM 
array, individual time-domain signals were first detrended and trans
formed into the frequency domain. A complex multi-peak Lorentzian 
model was fitted to each channel to extract the signal amplitude (Ai), 
frequency, and phase (ϕi). To eliminate destructive interference during 
array integration, the true phase of each channel was corrected, and the 
spectra were coherently summed using an optimal weighting scheme. 

Fig. 1. Experimental schematic of the relaxometry system. (A) Schematic of the shuttle-based system showing the sample path between the high-field region, a low- 
field electromagnet region, and the ULF detection region with a multi-channel OPM array. The enlarged view shows the NMR tube fixed in a 3D-printed carriage 
guided by fiberglass rods and driven by a timing belt for motorized transfer between the relaxation-field modules and the shielded OPM detection region. (B) 
Representative free induction decay (FID) signals of water recorded simultaneously from six OPM channels. (C) Frequency-domain SNR comparison between the Ch1 
(orange, SNR ~640) and the optimized six-channel array (blue, SNR ~750). (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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The maximal-ratio combining (MRC) weights were defined as wi∝Ai/σi
2, 

where σi
2 is the high-frequency noise standard deviation of the i-th 

channel. The weights were further normalized by their L2-norm 
(wi/

̅̅̅̅̅̅̅̅̅̅̅̅̅∑
wi2

√
) to ensure statistical consistency and rigorously quantify 

the array's sensitivity gain.

2.4. Sample preparations

Gd-DTPA (Adamas, 105819F) was dissolved in 10 mL deionized 
water to make a 10 mM stock solution and serially diluted to the 
working concentrations used in Fig. 3 (e.g., 0.05–0.25 mM), and the pH 
of the prepared solutions remained 7.4. Unless otherwise stated, samples 
were loaded into 5 mm tubes (sample volume ≈ 500 μL, and measured at 
room temperature (24 ± 0.1 ◦C).

Solutions of 14NH4Cl (Sigma-Aldrich, 213330) were first prepared at 

Fig. 2. Field-dependent relaxation measurements of water. (A) Pulse sequences used for longitudinal relaxation measurements. Two types of sequences were 
implemented: (i) polarization sequence for ULF/LF relaxometry. (ii) De-polarization sequence for high-field T1 measurements. See Methods for full timing details. (B) 
Single-exponential fits describe both the decay (i) and recovery (ii) curves at 24 ◦C. (C) Summary of water relaxation rates with magnetic field strength. Blue symbols 
denote measurements obtained with the OPM-detected shuttle NMR relaxometry system, and red symbols denote measurements obtained with the Stelar Spinmaster 
FFC2000 relaxometer. Pale symbols indicate the original water sample, whereas solid symbols indicate deoxygenated samples. The comparison shows improved 
agreement between the two instruments after controlled deoxygenation. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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6 M in deionized water. The pH was adjusted at room temperature by 
dropwise addition of 98% H₂SO₄ (Sigma-Aldrich) while monitoring with 
a calibrated pH meter, giving a final acid concentration of ≈1.9 M. For 
the MOF, CAU-1—an aluminum–amino terephthalate metal–organic 
framework with a three-dimensional porous structure (octahedral and 
tetrahedral cages of ~1.0 and 0.45 nm connected by 0.3–0.4 nm win
dows, Langmuir surface area ~ 1700 m2 g− 1), was synthesized following 
the reported procedure [41] and dried at room temperature in air before 
use. The activated CAU-1 powder was gently ground and weighed into 5 
mm NMR tubes, after which the NH4Cl solution was added to obtain 
final CAU-1 loadings of 0, 100, and 150 mg/mL (sample volume ≈ 500 
μL). The suspensions were vortexed and briefly sonicated to ensure 
homogeneous dispersion of the MOF particles, then equilibrated at room 
temperature for at least 5 min before high-field and ULF NMR 
measurements.

All deoxygenated samples were prepared using the same procedure 
after being loaded into their corresponding sample tubes. Each sample 
was placed under vacuum and then refilled with nitrogen. This vacuum/ 
nitrogen cycle was repeated five times. The tubes were sealed immedi
ately after deoxygenation and measured on the same day to minimize 
reintroduction of dissolved oxygen.

2.5. Relaxivity model for Gd-DTPA

The field-dependent proton relaxivity of Gd-DTPA was analyzed 
within the Solomon-Bloembergen-Morgan (SBM) framework [42], in 
which the observed longitudinal relaxation rate is written as R1(ωI) =

R1,w + [Gd]r1(ωI),with r1(ωI) = rIS
1 (ωI)+ rOS

1 (ωI). Here R1,w denotes the 
diamagnetic background relaxation rate of water, whereas the para
magnetic contribution is decomposed into inner-sphere and outer- 
sphere terms. The inner-sphere component describes relaxation medi
ated by water molecules directly coordinated to Gd3+ and depends 
primarily on the hydration number q, the residence lifetime of the bound 
water τm, the rotational correlation time τR, the Gd–H distance rIS, and 
electron-spin relaxation parameters. Because proton-electron scalar 
coupling is small for Gd-DTPA, only the dominant dipolar contribution 
was retained. The outer-sphere term accounts for diffusional encounters 
between bulk water and the paramagnetic complex and was modeled 
using the Hwang-Freed formalism, parameterized by the relative diffu
sion coefficient D and the closest-approach distance d. Simultaneous 
fitting of the NMRD profile was performed by varying q, τm, τR, τυ Δ2, rIS, 
D, and d within physically reasonable bounds to reproduce the experi
mental r1(ω) (curve)

Relaxation rates were obtained by fitting the signal amplitudes as a 
function of relaxation delay to a single-exponential model. Uncertainties 
in fitted R1 values were estimated by bootstrap resampling of the 
experimental data, and are reported as 95% confidence intervals unless 
otherwise stated.

Fig. 3. Ultra-wide range shuttle NMR relaxometry of protons in aqueous Gd-DTPA. (A) Longitudinal relaxation rates R1 of aqueous Gd-DTPA at 24 ◦C as a function of 
concentration for magnetic fields spanning <1 μT to 2 T. Each point represents the mean of four independent measurements, error bars denote the corresponding 
standard deviations. (B) Frequency-dependent longitudinal relaxivity r1 as a function of proton Larmor frequency measured with the shuttle system (blue symbols) 
and with a commercial FFC relaxometer (red symbols). The dashed line shows the calculated relaxivity curve based on the SBM/Hwang–Freed model [42] using Eqs. 
S1–S14. The parameters used were τM = 23 ns, τR = 131 ps, τv = 8.53 ps, Δ2 = 12.9 × 1019 s− 2, q = 1, r = 3.41 Å, D = 2.84 × 10− 5 cm2 s− 1, a = 4.16 Å, rSS = 3.94 Å, 
qSS = 5.78, and τM,SS = 17.2 ps. (C) Representative linear regression of R1 versus Gd-DTPA concentration at 6 MHz showing a linear dependence with slope r1 = 6.26 
(19) s− 1 mM− 1. Symbols show experimental data and the solid line shows a linear least-squares fit. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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3. Results

3.1. Design and performance of the shuttle NMR relaxometry

We characterized the baseline performance of the OPM-detected 
shuttle NMR relaxometry system using a 500 μL water sample. At a 
proton Larmor frequency of 116 Hz (B ≈ 2.7 μT, Fig. 1C), the QuSpin 
QZFM Gen-2 sensor (Ch1) achieves a single-scan SNR of 640. To further 
enhance sensitivity, we implemented a multi-channel detection scheme 
using the six-channel detection scheme.

However, we observed that a simple unweighted summation of all 
channels often resulted in a sub-optimal SNR, or even a decrease in 
signal quality. This is primarily due to destructive phase interference 
and severe amplitude disparities caused by the steep 1/r3

i spatial decay 
of the sample's magnetic dipole field. To address this, we employed a 
phase-corrected Maximal-Ratio Combining (MRC) summation 
approach. Rather than relying solely on estimated geometric correc
tions, each channel was rotated by its true phase—extracted from 
frequency-domain Lorentzian fitting—to ensure strictly constructive 
interference. The aligned spectra were then coherently summed using 
optimal weights proportional to their individual signal-to-noise ratio 
squared (i.e., weight ∝A/σ2).

This optimized coherent summation yielded an array SNR of ~750, 
demonstrating a 1.15-fold enhancement over the best individual sensor. 
While the peak amplitude theoretically approaches a 

̅̅̅̅
N

√
scaling when 

combining N identical and independent channels, the spatial de
pendency of ultra-low-field NMR concentrates the vast majority of the 
magnetic flux into the proximal sensor, causing inevitable deviations 
from the ideal 

̅̅̅̅
N

√
gain. Notably, the empirical array gain of 1.15×

demonstrates that the multi-channel summation effectively enhances 
detection sensitivity. This performance indicates that the combining 
scheme effectively prioritizes the high-quality signal from proximal 
sensors while simultaneously facilitating the partial cancellation of 
spatially correlated environmental noise within the magnetic shield.

Using the two field-cycling sequences described in the Methods and 
summarized in Fig. 2A, we performed longitudinal relaxometry over a 
broad range of fields. For ULF and low-field measurements we use a pre- 
polarization sequence, whereas for high-field points a depolarized (DP) 
sequence probes relaxation directly at the target field before rapid 
transfer to the ULF detector. In all cases, the duty cycle is largely set by 
the storage delay τvar, the polarization/depolarization durations and all 
field-switching, transport, and acquisition timings are specified in the 
Methods. The polarization and depolarization durations were chosen to 
be at least 5T1 of the sample at the corresponding field to ensure near- 
complete equilibration.

We extracted R1 from stepped-τ series at two representative fields on 
degassed water at 24 ◦C. As shown in Fig. 2B (i), at 5 Hz the signal 
decays mono-exponentially with τ, yielding R1 = 0.331(4) s− 1 with R2 =

0.99 and the residuals are structure-free. For 60 MHz (≈1.41 T), the DP 
variant gives R1 = 0.293(8) s− 1 detected at 116 Hz proton Larmor fre
quency, again well described by a single-exponential model. Fig. 2C 
shows the water R1(B) dispersion from 5 Hz to 85 MHz acquired on the 
OPM-detected shuttle NMR relaxometry and compared with measure
ments from a Stelar Spinmaster FFC2000 relaxometer. The original 
datasets showed the same overall field-dependent trend over the over
lapping range, but with a visible offset between the two instruments. To 
examine the role of sample oxygenation, we repeated the comparison 
using deoxygenated water samples measured on the same day at 24 ◦C. 
With this controlled sample preparation, the OPM-detected shuttle NMR 
relaxometry showed substantially improved agreement, with water T1 
values close to 3 s over the overlapping field range. These results confirm 
the consistency between the OPM-detected shuttle NMR relaxometry 
and commercial FFC relaxometry, while also showing that dissolved 
oxygen has a measurable influence on relaxation measurements.

All deoxygenated samples were prepared using the same procedure 

after being loaded into their corresponding sample tubes. Each sample 
was placed under vacuum and then refilled with nitrogen. This vacuum/ 
nitrogen cycle was repeated five times. The tubes were sealed immedi
ately after deoxygenation and measured on the same day to minimize 
reintroduction of dissolved oxygen.

3.2. Relaxometry of Gd-DTPA in an ultra-wide field range

We therefore evaluated the shuttle-based relaxometry platform using 
aqueous Gd-DTPA solutions at 24 ◦C. Measurements were performed on 
500 μL samples at several concentrations over a magnetic-field range 
from ~70 nT to 2 T (proton Larmor frequencies from a few hertz to tens 
of megahertz). Each data point in Fig. 3A represents the average of four 
independent runs, demonstrating the reproducibility of the platform. 
The results show that R1 increases approximately linearly with Gd-DTPA 
concentration across the full range, consistent with paramagnetic 
relaxation enhancement. However, the field dependence of R1 differs 
between regimes. At ULF below ~10 kHz proton Larmor frequency, R1 
remains nearly constant, whereas in the low- to high-field range 
(kHz–MHz), R1 exhibits a clear decrease with frequency. This behavior 
reflects the spectral-density profile of paramagnetic fluctuations: effi
cient dipolar relaxation at intermediate frequencies and reduced effi
ciency at both very low and very high frequencies.

To assess quantitative accuracy, we calculated relaxivity values (r1 =

ΔR1/[Gd]) and compared them with results obtained from a commercial 
FFC NMR relaxometer. Despite fundamental differences in 
implementation—mechanical shuttling with OPM-based detection 
versus electronic field switching with inductive detection—both in
struments probe the same underlying principle of field-cycled R1 mea
surement. As shown in Fig. 3B, the relaxivity curves obtained with the 
shuttle NMR system and the commercial FFC instrument are in excellent 
agreement, particularly in the low-field regime where dispersion effects 
are most pronounced. As a representative example of this extraction 
procedure, the linear fit at 6 MHz (Fig. 3C) yields r1 = 6.26(19) s− 1 

mM− 1,consistent with the literature NMRD profile, from which a value 
of 6.3 mM− 1 s− 1 can be estimated [40]. These observations are consis
tent with earlier FFC relaxometry studies on paramagnetic agents and 
with magnetometer-based relaxometry of gadolinium complexes [39].

To further rationalize the field-dependent relaxivity and provide a 
quantitative interpretation of the NMRD profile, we calculated the r1(ω) 
data using the Solomon–Bloembergen–Morgan (SBM) framework, in 
which the observed dispersion is decomposed into inner-sphere and 
outer-sphere contributions [40]. The calculation involved simultaneous 
optimization of key parameters governing water exchange, rotational 
and electronic dynamics, and diffusive encounters, yielding a theoretical 
curve that reproduces the experimentally measured NMRD behavior 
(Fig. 3B) (see Supporting Information for the full derivation and Eqs. 
1–14). The fitted parameters and their 95% confidence intervals are 
summarized in Supplementary Table 1. These Gd-DTPA measurements 
provide a quantitative benchmark dataset for the OPM-detected shuttle 
NMR relaxometry system across the investigated field range and moti
vate the subsequent tests in metal-enclosed and heterogeneous samples.

3.3. Expanding sample compatibility to metal-enclosed systems

Relaxometry at ultralow field is intrinsically more tolerant to 
conductive enclosures, which are often problematic for conventional 
high-field NMR. To assess practical compatibility, we measured the 
longitudinal relaxation of water contained either in a standard 5 mm 
glass tube or in a 5 mm titanium tube (0.5 mm wall, ~500 μL). The field 
points were acquired in an interleaved order, and each R1 value was 
obtained from four repeats and single-exponential fits with bootstrap 
errors.

As shown in Fig. 4, water R1 values could be measured in both 
standard glass and titanium tubes over the investigated field range. The 
original measurements showed the same overall field-dependent trend 
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but a visible offset between the two containers. After deoxygenation 
under matched preparation conditions, this offset was substantially 
reduced, indicating that dissolved oxygen contributed to the initial 
discrepancy. A small residual difference remained between the deoxy
genated titanium- and glass-tube measurements, suggesting that 

container-related effects may still influence high-accuracy R1 compari
sons. These data demonstrate the feasibility of field-dependent relax
ometry in a conductive titanium enclosure using the OPM-detected 
shuttle NMR relaxometry.

These measurements provide a metal-enclosed benchmark dataset 

Fig. 4. Water R1 across magnetic field in Titanium vs. standard glass tubes before and after deoxygenation. Black triangles: 5 mm titanium tube (0.5-mm- 
thick, ~500 μL). Blue circles standard glass tube. Pale symbols indicate the original measurements, whereas solid symbols indicate deoxygenated samples. Error bars 
represent bootstrap uncertainties from single-exponential fits. After deoxygenation, the offset between titanium- and glass-tube measurements is reduced but not 
completely eliminated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Proton NMR linewidths of ammonium solutions with MOF additives measured at HF and ULF. (A) High-field (9.4 T) 1H spectra of the water resonance in 
ammonium chloride solutions containing different concentrations of CAU-1 (0, 100, 150 mg/mL). The annotated values denote the full width at half maximum 
obtained from Lorentzian fits. (B) Corresponding ultralow-field 1H spectra of the same samples acquired with the OPM-detected shuttle NMR relaxometry system 
under a background field corresponding to a proton Larmor frequency of 21 Hz. (C) Summary of R1, spin-echo-derived R2, and linewidth-derived R2* relaxation rates 
measured at high field and ULF as a function of CAU-1 concentration. R2 values were obtained from spin-echo decay measurements, whereas R2* values were 
calculated from the Lorentzian linewidths in (A, B). Blue symbols denote HF data and red symbols denote ULF data. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
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and set the stage for the porous and heterogeneous-material experiments 
discussed next.

3.4. Suppression of susceptibility broadening in porous materials 
suspensions at ULF

Porous and heterogeneous materials typically generate strong in
ternal susceptibility gradients, and conventional high-field NMRD ex
periments suffer from severe line broadening and loss of spectral 
resolution. To test how our shuttle-based platform performs under such 
conditions, we studied aqueous ammonium chloride solutions contain
ing dispersed CAU-1, a nanoporous aluminum–amino terephthalate 
metal–organic framework with a three-dimensional pore network [41].

At 9.4 T (Fig. 5A), increasing the CAU-1 loading from 0 to 150 mg/ 
mL produces strong susceptibility-induced broadening of the water 
resonance: the linewidth grows from 4.89 Hz to 25.79 and 47.51 Hz for 
0, 100, and 150 mg/mL CAU-1, respectively, corresponding to 
linewidth-derived R2* values of 15.36, 81.02, and 149.26 s− 1 (Fig. 5C). 
Under these conditions, susceptibility-induced internal field gradients 
dominate the observed linewidth and apparent transverse dephasing, 
thereby restricting quantitative analysis. When the same samples are 
interrogated in the ultralow-field regime with the shuttle–OPM detector 
(Fig. 5B), the water peak remains narrow, with linewidths of 0.32, 0.56 
and 1.12 Hz for 0, 100 and 150 mg/mL CAU-1, respectively, the cor
responding R2* values of 1.01, 1.76, and 3.52 s− 1.Fig. 5C further sum
marizes R1, spin-echo-derived R2, and linewidth-derived R2* measured 
at HF and ULF. The ULF R1 values were obtained under the same 21 Hz 
background field used for the spectra in Fig. 5B. The spin-echo-derived 
R₂ values were 1.47, 6.36, and 12.36 s− 1 at high field and 0.70, 1.91, and 
3.53 s− 1 at ULF for 0, 100, and 150 mg/mL CAU-1, respectively. The 
much larger increase of R2* relative to R2 at high field indicates that the 
high-field spectra are dominated by susceptibility-induced inhomoge
neous dephasing, whereas the smaller R2/R2* difference at ULF shows 
that near-zero-field detection substantially reduces susceptibility- 
induced linewidth broadening while preserving the concentration- 
dependent relaxation trend in heterogeneous suspensions of porous 
MOF particles.

4. Discussion

The shuttle-based NMR platform presented here demonstrates reli
able performance for longitudinal relaxation measurements across an 
exceptionally wide magnetic-field range, from sub-μT to several tesla. 
Using water and Gd-DTPA—two widely studied relaxometry 
standards—we validated both the accuracy and sensitivity of the system. 
The integrated six-channel OPM array enhances detection sensitivity 
through coherent signal combination while retaining a compact foot
print. The shielded ultralow-field detection region should not be inter
preted as eliminating the requirement for magnetic-field homogeneity. 
Rather, the field homogeneity required for reproducible spin precession 
and linewidth control can be achieved without the high-order shimming 
typically used in high-resolution high-field spectroscopy. Relative to 
electromagnet-based commercial FFC relaxometers, the present imple
mentation uses a shuttle geometry in which relaxation-field generation 
and ultralow-field magnetometer readout are physically separated. 
Similar separation of field evolution and detection has been adopted in 
previous mechanical field-cycling and shuttling system, including 
compact benchtop, robotic arms and gear-rack implementations 
[21,23,43,44]. The distinguishing feature of the present platform is 
therefore not the shuttling concept itself, but its integration with shiel
ded multi-channel OPM detection for direct ultralow-field readout. 
Together with the metal-tube and MOF demonstrations, these results 
highlight quantitative performance while maintaining robustness to 
challenging sample environments.

The water measurements also illustrate the sensitivity of low-field 
relaxometry to sample preparation. In Fig. 2C, the original water 

datasets acquired with the OPM-detected shuttle NMR relaxometry and 
the commercial relaxometer showed the same field-dependent trend but 
a visible offset over the overlapping field range. After controlled deox
ygenation and measurement at 24 ◦C, the two datasets showed sub
stantially improved agreement, with water T1 values close to 3 s. This 
comparison indicates that dissolved oxygen can measurably affect water 
R1, consistent with the paramagnetic contribution of molecular oxygen 
to proton relaxation. Thus, oxygen control should be regarded as an 
essential part of quantitative water relaxometry, particularly when 
comparing measurements across different instruments or field-cycling 
platforms.

Another notable advantage of operating in the ULF regime is the 
reduced impact of RF skin-depth limitations during detection. In con
ventional high-field NMR, metallic enclosures can attenuate RF excita
tion and inductive signal reception, whereas the present platform 
detects nuclear magnetization directly with OPMs in a shielded 
ultralow-field region. Previous low-field and magnetometer-detected 
NMR studies have demonstrated the feasibility of measurements in 
metal-compatible sample environments [45], including conductive en
closures [46]. In the present titanium-tube experiment (Fig. 4), field- 
dependent R1 values could be extracted from water inside the conduc
tive enclosure. The non-deoxygenated measurements showed the same 
overall dispersion trend as the glass-tube reference but with a visible 
tube-dependent offset. After deoxygenation, this offset was markedly 
reduced, indicating that dissolved oxygen was a major contributor to the 
initial discrepancy. A residual difference between the deoxygenated ti
tanium and glass tubes remains, particularly at lower relaxation fields. 
We therefore treat the titanium-tube result as a demonstration of 
feasible metal-enclosed sample container rather than as evidence of 
complete equivalence between the two containers. The residual offset 
may reflect container-wall-associated effects, including surface relaxa
tion at the titanium/titanium-oxide interface, residual wall-bound oxy
gen or paramagnetic impurities, susceptibility differences between the 
metal wall and the liquid, or transient eddy-current fields during shut
tling. Thus, matched sample preparation, oxygen control, and container- 
specific calibration remain necessary for quantitative comparisons.

Together, these results position the shuttle-based OPM relaxometry 
platform as a quantitative tool that bridges the ultralow-field and MHz 
regimes within a modular setup. By combining high-field prepolariza
tion with magnetometer readout, the system complements commercial 
FFC relaxometry—particularly at very low fields and in challenging 
sample enclosures—while maintaining quantitative agreement in the 
overlap range. These combined features position the system to 
contribute both to fundamental studies of relaxation mechanisms and to 
contrast-agent characterization and development, as well as materials 
characterization.

Beyond metal-enclosed samples, porous and heterogeneous mate
rials represent another important class of systems where conventional 
high-field NMRD is challenged by strong internal susceptibility gradi
ents and restricted diffusion.

Previous ULF relaxometry studies using atomic magnetometers have 
shown that detecting imbibed liquids at fields below ~10 μT can mini
mize gradient-induced broadening and provide access to surface- 
induced relaxation and adsorption dynamics inside mesoporous silica 
pellets, even with chemical specificity via zero-field J-spectroscopy 
[26]. FFC ULF NMRD based on OPM detection has further demonstrated 
that such instruments can probe extremely slow correlation times in 
confined liquids and in metal tubing, across the nT–mT range that is 
difficult to reach with conventional FFC hardware [31]. The CAU-1 
experiments reported here extend these ideas to suspensions of nano
porous metal–organic framework particles. Direct comparison of high- 
field and ULF transverse-decay behavior indicates that susceptibility- 
driven dephasing is substantially reduced under near-zero-field detec
tion, while concentration-dependent relaxation trends remain observ
able. Nevertheless, the linewidth increase observed at ULF should not be 
regarded as negligible. Because spectral separations in low- and 
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ultralow-field NMR can occur on the hertz scale, for example through 
small Larmor-frequency differences or scalar-coupling splittings, Hz- 
level broadening may still affect spectral resolution in more complex 
low-field spectra. Taken together, these observations suggest that 
shuttle-based ULF relaxometry may provide a practical route to studying 
fluid dynamics and surface interactions in MOF-based catalysts, sor
bents, and other complex porous media that are challenging to charac
terize using high-field NMR alone.

The mechanical transfer time is another practical limitation of the 
present implementation. In our current setup, transfer between the 
relaxation-field region and the OPM detection region takes 200 ms. For 
samples with T₁ values comparable to or shorter than this transfer time, 
magnetization may decay substantially during transfer, leading to 
reduced SNR and possible bias in the extracted relaxation rates. This 
effect is further complicated by the fact that the sample passes through a 
position-dependent magnetic-field profile during motion rather than 
remaining at a single well-defined relaxation field. The present platform 
is therefore most suitable for systems with relaxation times sufficiently 
longer than the transfer and field-settling times, or for measurements in 
which transfer-related relaxation can be explicitly calibrated or 
modeled.

The modest SNR gain of the six-channel array reflects the nonuni
form contributions of different sensors. For a fixed sample position, the 
most effective SNR improvement may be obtained from sensors with 
high sensitivity and strong coupling to the sample field. Thus, the pre
sent six-channel layout should not be interpreted as an optimized sensor 
number for maximizing SNR. Instead, it increases the spatial detection 
region and allows comparison and selection among channels, consistent 
with recent multichannel ZULF NMR work using compact OPM arrays 
for spatially distributed detection [47].

Beyond these demonstrations, the same architecture offers a natural 
interface with hyperpolarization methods. Recent advances in 
parahydrogen-induced polarization (PHIP) and SABRE have highlighted 
that polarization-transfer and relaxation processes can show pro
nounced field dependence across low and intermediate magnetic fields. 
[48,49]. The ability to perform systematic relaxometry and spectroscopy 
across this field range makes this shuttle-based system well suited for 
optimizing and mechanistically studying hyperpolarization dynamics.

5. Conclusion

In summary, we have developed a shuttle-based NMR relaxometry 
platform that combines high-field prepolarization, programmable 
relaxation fields from the nanotesla to tesla regime, and multi-channel 
OPM detection at ultralow field within a single modular setup. Using 
water and Gd-DTPA as benchmarks, we demonstrated quantitative 
agreement with commercial FFC relaxometry across more than six or
ders of magnitude in proton Larmor frequency, establishing both the 
accuracy and sensitivity of the approach. Measurements in titanium 
tubes show that the system can reliably determine R1 in metal-enclosed 
samples with small, quantitatively characterized deviations from stan
dard glassware, extending relaxometry to applications that demand 
robust metallic housings. Experiments on ammonium solutions con
taining nanoporous CAU-1 further reveal that near-zero-field detection 
substantially suppresses susceptibility-induced broadening of the water 
resonance while retaining sensitivity to concentration-dependent 
relaxation, thereby helping to access intrinsic fluid and surface dy
namics in heterogeneous porous suspensions. Together, these results 
position shuttle-based OPM relaxometry as a versatile tool for wide- 
range, quantitative relaxation studies in environments that are diffi
cult for conventional high-field or FFC instruments, with promising 
prospects for biomedical sensing, catalysis and materials science. Future 
developments integrating hyperpolarization schemes or optimized 
shuttle trajectories may further enhance sensitivity and temporal reso
lution, broadening the range of accessible systems and experimental 
timescales.
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