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Abstract

NMR detection in the ultralow-field regime (below 10 µT) was used to measure the nuclear spin relaxation rates of
liquids imbibed into silica pellets with mean pore diameters in the 10-50 nm range. Heptane, formic acid and acetic
acid were studied and relaxation rate data were compared with a conventional field-cycling NMR technique. Detection
of 1H-13C spin coupling NMR signals at zero field (∼0.1 nT) allowed spectroscopic identification of molecules inside
the porous material and unambiguous measurements of the chemistry-specific relaxation rates in liquid mixtures. In
the case of molecules that contain 1H and 13C, spin-singlet state relaxation can provide additional information about
the dynamics. Applications and future improvements to the methodology are discussed.
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1. Introduction

Porous materials – from rocks to heterogeneous cat-
alysts – are extensively and widely studied. Of par-
ticular interest is to improve understanding of the be-
havior of fluids inside the pore structure; magnetic res-
onance techniques are uniquely positioned to address
this because of their ability to probe inside the pore
space[1, 2]. Magnetic resonance provides the oppor-
tunity to quantify molecular diffusion within the pore
space using pulsed field gradient techniques[3, 4, 5, 6],
while nuclear spin relaxation time measurements are
now becoming established for characterizing the affin-
ity of species for the pore surface. Relaxation rates are
measured either at fixed field[7, 8, 9, 10] or at several
values of applied magnetic field[11, 12, 13, 14, 15] to
determine the spectral density function, and in turn the
molecular dynamics, referenced to the NMR frequency.

Conventionally, a wide frequency range is studied
via the fast-field-cycling (FFC) NMR method, where
the pre-polarization, relaxation and detection stages
of the measurement are performed at different mag-
netic fields, with rapid switching (<5 ms) between field
strengths[16, 17, 18]. FFC NMR instruments operate
with switchable electromagnets over a proton (1H) fre-
quency range of tens of MHz (∼1 T) to a few kHz (∼200
µT) and can accurately quantify inter-molecular associ-
ation and adsorption dynamics for correlation times up
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to the order of 10 µs. A present limitation of FFC NMR
is poor temporal field stability and homogeneity of the
switchable magnets that make chemical-shift-resolved
spectroscopy impossible. However, an inverse Laplace
transform of the relaxation curve can separate environ-
ments where there are pronounced differences in rates,
e.g. water and oil mixtures [19, 20]. An alternative ap-
proach, although not commonly applied to porous mate-
rials, is to shuttle the sample between different fields for
relaxation and detection[21, 22, 23]. Subject to homo-
geneity of the applied field and magnetic susceptibility
of the sample, one can profit from chemical shift reso-
lution, but at the cost of a much longer field-switching
time (>100 ms) due to shuttling the sample.

In this paper, we report on nuclear spin relaxation
in porous materials at much lower magnetic fields than
those conventionally used in FFC NMR. Field strengths
are from < 1 nT to a few mT, where the goal is to inves-
tigate aspects of surface-induced relaxation that hitherto
have been inaccessible due to limited relaxation disper-
sion. The apparatus used is a sensitive alkali atomic
magnetometer[24, 25, 26] inside a compact magnetic
shield, which provides easy access to the field range
below 100 µT, is scalable to the sample volume and
is easy to operate. NMR detection at magnetic fields
around 1 µT minimizes the effect of magnetic gradients
on line width, resulting in a high single-scan signal-to-
noise ratio. NMR detection at zero field, where nu-
clear spins have negligible Larmor frequency, allows
specific chemicals to be resolved spectroscopically via
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heteronuclear J couplings [27, 28, 29, 30, 31, 32]. The
latter provides an opportunity to study nuclear relax-
ation in liquid mixtures.

2. Experimental methods

2.1. Materials and sample preparation

Relaxation rates were measured (a) for bulk liquids
and (b) after imbibing the liquids into mesoporous silica
pellets of varying pore size (FUJI Silysia CARiACT Q
series, spherical pellets, 4 mm outer diameter). Mean
pore size is denoted in nanometers as follows: Q–10
(10 nm mean pore diameter), Q–15 (15 nm), Q–30 (30
nm) and Q–50 (50 nm).

Bulk liquid samples: The following liquids were pur-
chased from a chemicals supplier and degassed using
several freeze-pump-thaw cycles before use: n-heptane
(CH3(CH2)5CH3, 99 %), [13C]-formic acid (H13COOH,
95 wt. % in H2O, CAS: 1633-56-3) and [2-13C]-acetic
acid (> 99% 13CH3COOH, glacial, CAS: 1563-80-0).

Approximately 0.15 mL of degassed liquid was pipet-
ted into a 5.0 mm outer diameter (o. d.), 5 cm length
borosilicate glass tube. The tube was purged with car-
bon dioxide and then flame sealed.

Porous silica samples: The spherical pellets were
dried at 120 ◦C for 12 h before use. Four or five pel-
lets were placed in a plastic Eppendorf vial then soaked
in 0.2 mL of the degassed liquid for a further 12 h to sat-
uration. Excess liquid was removed from the outside of
the pellets before transfer into a 5 mm o. d. glass tube,
which was then purged with carbon dioxide and flame
sealed.

2.2. Ultralow-field NMR instrument

Ultralow-field NMR spectra and relaxation measure-
ments were made in a magnetically shielded environ-
ment. A hot-vapor alkali magnetometer (87Rb, 150 ◦C)
with a sensitivity below 5×10−14 T/Hz1/2 in the fre-
quency range 0-400 Hz was used to detect the nuclear
magnetization in DC bias magnetic fields up to a few
µT.

As shown in Figure 1a, the magnetometer vapor cell
and NMR sample are both placed in the center of four
concentric cylindrical magnetic shielding cans (Twin-
leaf LLC model MS-1F, mu-metal, outer shield diame-
ter = 20 cm, length = 23 cm), where the magnetic back-
ground is below 10−10 T, setting a lower limit of mag-
netic field for the NMR experiment that is 4 to 5 orders
of magnitude below the Earth’s field. The magnetome-
ter produces a voltage signal that is proportional to the
total magnetic field along the z axis[33, 34]. Between

Figure 1: Field-cycling NMR instrument based on an optically
pumped 87Rb magnetometer: (a) the magnetic field due to ordered
nuclear spins in the NMR sample is detected by magneto-optical rota-
tion in a continuous-wave linearly polarized probing light beam near
to the 87Rb D1 transition (5s 2S1/2 → 5p 2P1/2, 795 nm). In the small-
angle limit the difference of s and p polarized light intensities at the
photodetector equals the optical rotation angle and produces a propor-
tional output voltage. The NMR sample in a 5 mm outer-diameter
glass tube is polarized in the Halbach magnet and then pneumati-
cally shuttled inside the shield through a guiding solenoid (along z
axis), which supplies the relaxation field. The Helmholtz coil (along
x axis) provides a perpendicular DC magnetic field to drive nuclear
Larmor precession after the solenoid coil is switched off. Field coils
are switched on/off via an optocoupler and the field strength is var-
ied by changing the current-limiting resistor; (b) Total magnetic field
experienced by the sample during the NMR experiment. Abbrevia-
tions used: DFB = continuous-wave distributed-feedback laser diode;
PBS = polarizing beam splitter; λ/2 = half-wave plate; λ/4 = quarter-
wave plate; TTL = 5 volt transistor-transistor logic; ADC = analog-
to-digital converter; PC = personal computer.
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different bias fields the only necessary adjustment to the
instrument is to zero the DC voltage output of the bal-
anced photodetector. The signal is filtered (passband 1
Hz to 1 kHz), amplified (gain 1000) and then digitized
with a low-cost microcontroller unit (Arduino UNO R3
[35] interfaced with a 16-bit analog-to-digital converter,
sampling rate 4000 Hz). Data are then transferred to
a laptop/personal computer via universal serial bus and
stored in a file for processing later on. Further details of
the magnetometer are given in ref. [26].

Relaxation measurements follow the timing sequence
given in Figure 1b. A sample, sealed in a glass tube
as described above, is polarized for 3 to 5 times the
nuclear spin T1 inside the bore of a Halbach magnet
placed 10 cm vertically above the outermost shielding
layer (field strength Bpol = 1.9 T, 7.5 mm magnet bore
diameter, details given in ref. [36]). The sample is then
pneumatically shuttled to the shield interior through a
carbon-fiber tube (5.1 mm inner diameter, 7.3 mm outer
diameter) passing through purpose-cut holes in the mu-
metal. Typically, the sample shuttling takes 250−300
ms and the bottom of the tube comes to rest 2−3 mm
above the hot alkali vapor cell. A thermocouple placed
at the bottom of the shuttling tube shows the ambient
temperature is in the range of 40–45 ◦C after equilibra-
tion in the air flow of the shuttling system (presently,
active control of the sample temperature is not yet im-
plemented). During the shuttling time a magnetic field
is supplied along the z axis by a single-layer solenoid
wound around the carbon-fiber tube (28 American wire
gauge, 20 cm length, 5.8 mT/A). The field serves to adi-
abatically orient the nuclear magnetization along the z
axis and also provide the relaxation field. Current up
to 2 A can be supplied to the solenoid from a DC volt-
age source (12 V lead acid battery), an optical switch
(4N25) and a shunt resistor, allowing the relaxation field
to be switched up to ∼3 mT. The maximum value of Bz

is limited by the current rating of the circuit. Additional
layers of coil windings can be added to increase the field
3-4 fold if desired, but are not employed in the present
work.

A Helmholtz coil (230 µT/A, 20 mm radius, 6 loops
of 28 American gauge wire on each side) was centered
on the sample to supply a bias magnetic field along
the x axis (Bx). After the relaxation delay time the
solenoid (Bz) coil is rapidly switched off and the Bx coil
is switched on. Nuclear magnetization then precesses
in the yz plane at the Larmor frequency and the NMR
signal is acquired (coil switching times <20 µs). Data
processing involves taking the Fourier transform of the
time-domain magnetometer signal to extract the NMR
signal amplitude. Repeating this process for a set of

Figure 2: Variation in amplitude of 1H Larmor precession NMR signal
in distilled water (100 µL) due to dependence of magnetometer sen-
sitivity on bias field and signal frequency. Displayed are the Fourier-
transformed magnetometer signals between frequencies (νH − 2 Hz)
and (νH + 2 Hz), where νH = γHBX/(2π) is the 1H Larmor frequency.
Signal attenuation below 10 Hz is due to a high-pass filter between the
photodetector and digitizer.

variable delays produces a curve of magnetization decay
at the relaxation field Bz. Mono- or multi-exponential
decay functions may be fitted to determine the relax-
ation rates. By repeating the process for different values
of the shunt resistance, the rates can be measured as a
function of Bz.

A value of Bx = 0.7 µT produced the highest 1H
free-precession signal amplitude against the magnetic
noise background. Figure 2 shows relative signal am-
plitudes for 1H free precession in a sample of 100 µL
of distilled water versus the Larmor frequency up to
νH = |γHBx/2π| = 68 Hz (Bx = 1.6 µT, 1H gyromag-
netic ratio γH = 42.576 Hz/µT). The signal amplitudes
diminish with increasing |Bx| according to a Lorentzian
curve, which is due to the increased spin exchange re-
laxation in the alkali vapor[37]. However, signal-to-
noise ratios are still in excess of 100 per scan around
Bx = 1 µT, corresponding to a detection limit below 10
µL of the pure liquid. The half width at half maximum
is approximately 0.08 Hz below 10 Hz frequencies and
the increase over the field range indicates a homogene-
ity of (|∆Bx/Bx| = (2100±150) ppm) across the sample.

2.3. Conventional fast-field-cycling relaxometry

Relaxation measurements were also made with a
commercially produced field-cycling NMR instrument
(Spinmaster 2000, Stelar Inc. [38]). A low-
homogeneity unshielded electromagnet supplies relax-
ation fields between 250 µT and 1 T, and the NMR sig-
nal is detected at 0.39 T (16.3 MHz 1H frequency). Field
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Figure 3: Single-scan NMR spectra and T1 relaxation data recorded at
Bx = 0.634 µT (27 Hz 1H Larmor frequency) for n-heptane in (a+c)
bulk liquid and (b+d) imbibed into Q–15 porous silica.

switching times are 2-3 ms. In this unshielded configu-
ration, the Earth’s magnetic field is a large uncertainty
in the total field strength and determines the lower limit
for Bz. The sample temperature is regulated to within 1
◦C by flowing heated air through the magnet bore.

Thus, the ultralow-field NMR and conventional fast-
field-cycling relaxometry instruments provide concur-
rent measurements of relaxation – on the same NMR
sample – over the field range 250 µT < Bz < 2.5 mT,
i.e. one order of magnitude in field.

3. Results

3.1. Benchmarking of ultralow-field relaxometry with
conventional approach

Longitudinal (T1) relaxation measurements were
made for samples of n-heptane (a) bulk liquid and (b)
imbibed into Q–15 porous silica. The solvent was cho-
sen because it does not react chemically or bind strongly
with the surface of the porous silica. The expectation
was a simple relaxation mechanism for a non-wetting
liquid, which has been considered elsewhere[15].

The 1H-precession NMR spectra shown in Figure
3(a+b) represent the typical line shapes and sensitivity.
The spectra are presented in-phase and are the result of

Figure 4: Dependence of 1H longitudinal relaxation rate on Bz for
n-heptane (a) bulk liquid and (b) imbibed into Q–15 silica.

a single acquisition (i.e. without averaging). The widths
of the spectral lines at half height are 0.16 Hz (bulk)
and 0.28 Hz (Q–15), corresponding to T ∗2 values of 1.99
s and 1.14 s, respectively. The increase in 1H NMR line
width between bulk and Q-15 samples is due mainly to
a reduction in the natural coherence lifetime (homoge-
neous broadening), and not the result of inhomogeneous
broadening caused by the porous medium. For both
samples a single scan provides a signal-to-noise ratio
in excess of 30:1, and decay curves for 1H longitudinal
magnetization were measured without signal averaging.
As an illustration, Figure 3(c+d) shows decay curves
at a relaxation field of Bz = 11 µT, which are accu-
rately fit by single exponential time constants: bulk liq-
uid T1 = (6.1±0.1) s and Q–15 silica T1 = (1.16±0.02)
s.

Figure 4 shows the profile of 1/T1 versus Bz. For
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the bulk liquid sample, both the commercial fast-field-
cycling instrument and ultralow-field instrument show
that the relaxation rate is independent of field below 1
mT, and that the curves overlap for a sample tempera-
ture of 40–45 ◦C. Small variations in the relaxation rate
vs. field are the result of larger errors in the fitted re-
laxation times (caused by sample shuttling). These ob-
servations are consistent with the dominant relaxation
process being caused by rapid fluctuations of the 1H
dipole-dipole coupling, which is modulated by transla-
tions and rotations on the picosecond timescale. The re-
sults suggest that the ultralow-field instrument provides
a reliable extension of the relaxation curve down to Hz
frequencies. For the Q–15 sample, consistent data are
also obtained with the two instruments in the tempera-
ture range 40–45 ◦C. In this case the relaxation rate is
strongly field dependent in the range 1 mT to 100 mT
owing to transient adsorption of heptane molecules on
the silica surface, but independent of field below ∼1 mT.
The observation of the “plateau” starting at 1 mT pro-
vides two key pieces of information. The first is that no
additional relaxation mechanisms begin to contribute in
the low-field/long-time limit and the second is the ab-
solute value of the spectral density maximum. Both of
these help the accurate fitting of models and elucidation
of the underlying molecular dynamics of the system, but
are not always accessible with conventional relaxome-
try. In other systems, the microtesla region of the relax-
ation curve may provide amplified contrast to differen-
tiate between molecules in the system.

3.2. Chemically resolved NMR detection at zero field
NMR signals for different molecular species can be

analyzed separately provided that their NMR frequen-
cies are sufficiently dispersed. In high magnetic field,
chemical shifts provide this dispersion. However, in the
switchable magnets used for fast-field cycling, the mag-
netic field is not uniform enough to resolve chemical
shifts at all. Even if the magnetic field were perfectly
uniform, magnetic susceptibility gradient effects will
degrade line widths by at least 0.5 ppm of the Larmor
frequency, making it a challenge to resolve chemical
shifts without resort to lengthy experiments involving
insensitive nuclei (e.g. 13C) or indirect detection (e.g.
zero-quantum spectroscopy).

An alternative means of identification is to detect the
NMR signal in the limit where the ambient magnetic
field is below 1 nT (Larmor frequencies below 0.04
Hz), termed “zero field”. Directly observable NMR sig-
nals arise where nuclear polarization is exchanged be-
tween unlike spin species (e.g. 13C plus 1H) due to intra-
molecular scalar couplings and/or residual dipolar cou-

plings. A paragon of zero-field NMR in the liquid state
is [13C]-formic acid (H13COOH). The alkyl proton and
carbon are scalar coupled with 1JCH ≈ 222 Hz. If al-
lowed to reach thermal equilibrium in a high magnetic
field (Bpol) and then adiabatically shuttled into a weaker
field oriented along the z axis (Bz), the state of the sys-
tem is given by the following spin density operator

ρ = 1/4 + [(γI + γS )(Iz + S z)
+ (γI − γS )[(Iz − S z) sin θ
+ (I · S − IzS z) cos θ]]~Bpol/2kBT, (1)

where spin operators represent I = 1H, S = 13C and
θ = atan2[(γI − γS )Bz, 2πJIS ]; JIS = 1JCH (atan2 is the
four-quadrant inverse tangent function). An observable
NMR signal arises from the fact that while lines 1 and
3 of Equation 1 are stationary states at zero field, line
2 is not. Non-adiabatic switching of Bz to zero field
(|B| < 1 nT) causes the (Iz − S z) component to oscillate
at a frequency JIS, producing an alternating magnetic
field along the z axis that can be detected by the magne-
tometer. Similar results are found for small molecules
that contain more than two spins; molecules with ANX
spin topology (Pople notation: I=A and S=X) yield
zero-field NMR signals either at integer (odd N) or half-
integer (even N) multiples of JIS [30]. For instance, the
A3X system in [2-13C]-acetic acid (13CH3COOH) will
give signals at 1 ×1 JCH ≈ 129 Hz and 2× 1JCH ≈ 258
Hz.

Chemically resolved zero-field NMR detection pro-
vides a direct way to study low-field relaxation rates in
mixtures and obtain insight into competition for adsorp-
tion at pore surfaces. The following liquids were studied
in Q–50 and Q–15 porous silica: (i) [13C]-formic acid,
(ii) [2-13C]-acetic acid and (iii) a binary liquid mixture
made by combining the “stock” acids in a 1:1 volume
ratio (to reach final concentrations of HCOOH = 12.5
mol dm−3, CH3COOH = 8.4 mol dm−3 and H2O = 3.2
mol dm−3 before imbibing). The 1JCH NMR signals are
displayed in Figure 5. Spectral line widths are inversely
correlated with surface area to volume ratio, resulting
in a less intense peak as the pore diameter decreases.
However, the resonances remain clearly identified with
the half-width at half maximum not exceeding 0.6 Hz.

These distinct spectral frequencies allow relaxation
rates for each acid to be measured and fitted indepen-
dently. In the limit |θ| ≈ π/2 the decay rate should
approximate a mono-exponential decay where the time
constant is close to the value of the proton T1. Measured
rate data at Bz = 130 µT are plotted in Figure 6a.

The data show that formic acid has a higher relaxation
rate in the binary liquid mixture than when absorbed
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Figure 5: Zero-field NMR signals at the 1 JCH resonance frequency
for the mixture of H13COOH and 13CH3COOH in the bulk liquid and
imbibed into Q–50 or Q–15 porous silica.

Figure 6: (a) Relaxation rates of [13C]-formic acid, [2-13C]-acetic
acid and the 1:1 (ratio by volume) binary liquid mixture at 130 µT,
Dotted lines are used to guide the eye only; they are not “best fit”
lines. (b) Relaxation curves for the liquid mixture in the Q–15 sample
were measured on the commercial FFC-NMR instrument at logarith-
mic field strengths. The graph shows rate distributions obtained from
the inverse Laplace transform of the data. The distributions were nor-
malized to give a maximum peak height of 1.
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as a single component. Conversely, acetic acid in the
binary liquid mixture relaxes with a rate that is slower
than as a single component. Qualitatively, these data are
consistent with a relaxation model where molecules in
the bulk of the pore space are rapidly exchanging with
the surface (“two-site fast-exchange model”), hence the
surface relaxivity is a time-weighted average of relax-
ation rates in the pore bulk and on the surface sites.
In mixtures, the relaxivity of a molecule may increase
or decrease relative to the single-component liquid de-
pending on its affinity for the surface adsorption: for
binary liquid mixtures, the relaxivity of the preferen-
tially adsorbed component increases, while that of the
other component decreases [7, 39]. The data here sug-
gest that formic acid adsorbs more strongly than acetic
acid.

The above conclusion cannot be reached with the
commercial fast-field-cycling NMR instrument, where
1H NMR line widths at the detection field (0.39 T)
are the order of kHz and neither chemical shifts nor
J couplings are resolved. Figure 6b shows the inverse
Laplace transform of relaxation curves for the Q–15 sil-
ica imbibed with the binary liquid mixture. At low fields
the inverse-Laplace “spectra” show two peaks corre-
sponding to the acidic and alkyl 1H environments. The
indication is that the CHO and CH3 relaxation rates can-
not be differentiated, even though they differ by a factor
of almost 3 according to the data in Figure 6(a).

3.3. Singlet state relaxation in H13COOH
In the region near zero field (|θ| � 1) the amplitude of

(Iz−S z) produced by the shuttling method is too small to
yield observable NMR signals. The NMR signal must
be generated instead from the spin-singlet order I · S
in Equation 1. This is achieved by applying a strong
DC field (Bz,pulse) along the z axis (using the Bz solenoid
coil) for a duration π/[2(γI − γS )Bz,pulse] immediately
before the data acquisition period [40]. During the pre-
ceding relaxation delay, singlet spin order decays with a
different rate constant here denoted 1/TS (I, S ); the sub-
script denotes ‘singlet state’ and should not be confused
with the spin species label S . Spin-singlet relaxation
in H13COOH and in other 13C-containing liquids have
been studied before at very low field, where it is ob-
served that the intra-pair dipole-dipole mechanism does
not contribute, while other dipole-dipole couplings only
influence at very short-range distances[40, 41].

Field-dependent relaxation data recorded for
H13COOH in (a) bulk liquid, (b) Q–50 (c) Q–30 and
(d) Q–10 silica are plotted in Figure 7a-d, respectively.
Curves show mono-exponential relaxation rates that
were fitted to the signal decay curves in the range

Figure 7: Field-dependence of relaxation rates for H13COOH: (a) bulk
liquid; imbibed into (b) Q–50, (c) Q–30 and (d) Q–10 silica. Plot
markers denote whether the NMR signal is obtained from longitudinal
polarization Iz −S z (�, rate tending to 1/T1 at mT field) or the singlet
spin polarization I · S (�, tending to 1/TS at zero field).

0.1 nT < Bz < 2.5 mT. The main observation is the
occurrence of two plateau regions that define the limits
of weak (where 1H and 13C relax individually with
rates 1/T1) and strong coupling (tending to 1/TS at
zero field) – between which relaxation rates change
by a factor close to 2. Filled square plot markers (�)
indicate that the NMR signal was measured with the
sequence of Figure 1b, while open square plot markers
(�) indicate a DC excitation pulse was used.

The dashed vertical line shows the field for which
tan θ = 1 (i.e. [γI − γS ]Bz = 2πJIS ). The decay rate
in this intermediate region is a smooth function of Bz

(i.e. θ) due to strong mixing between (Iz − S z) and I · S
in the eigenstates of the relaxation superoperator.

For bulk liquid H13COOH a rate difference between
zero-field 1/TS and high-field 1/T1 is expected because
the singlet order is not relaxed by the 1H-13C dipole-
dipole interaction. The value of 0.18 s−1 is reasonably
accounted for by the rate contribution calculated from
known C−H bond length and a molecular rotational cor-
relation time of 12 ps. The non-zero rate 1/TS is at-
tributed to residual mechanisms, principally intermolec-
ular dipole-dipole couplings and acidic 1H exchange.

The data for H13COOH in Q silica may be interpreted
within a simple model where surface sites approximate
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fluctuating random fields BI and BS at the nuclear sites
and surface adsorption is represented with a single cor-
relation time τc that is much faster than the NMR fre-
quency. Predicted rate contributions are

1/T1(I) = 2τcγ
2
I B2

I,rms, (2)

1/TS (I, S ) = 2τc(γ2
I B2

I,rms + γ2
SB2

S ,rms

−2cIS γIγS BI,rmsBS ,rms), (3)

where BI/S ,rms = 〈BI/S · BI/S 〉
1/2 are the root-mean-

square amplitudes of the random field and cIS = 〈BI ·

BS 〉/(BI,rmsBS ,rms) describes their instantaneous corre-
lation. Assuming further that BI,rms = BS ,rms, the ra-
tio T1/TS depends only on cIS . Experimental data are
compared with this model by dividing the zero-field re-
laxation rate 1/TS by the difference 1/T1 − 1/TS (bulk),
which produce values in the range of 0.5 to 0.6. These
correspond to a correlation parameter cIS above 0.95,
implying near perfectly correlated fields BI/S .

If the relaxation mechanism proceeds via transient
adsorption of molecules on surface sites, then the value
of cIS should depend strongly on the pore surface area
to volume ratio. In the present case, there is no signifi-
cant dependence observed. This may change for smaller
pore diameters where there is a higher probability of
molecular adsorption at surface sites. The relaxation
mechanism is also undoubtedly more complicated than
assumed in this model. For instance, the dynamics also
involve chemical exchange with the aqueous/acid pro-
tons, which relax rapidly (T1 < 10 ms). More detailed
studies may be able to characterize the phenomenon and
provide information about the nature of liquid-liquid
and liquid-surface interactions, which cannot be read-
ily obtainable elsewhere. This is a subject of ongoing
work.

4. Discussion

The above experiments demonstrate ultralow-field
NMR relaxation measurements on simple liquids con-
fined in meso-porous silica. A sensitive atomic magne-
tometer enables liquids inside the porous matrix to be
detected down to only a few tens of microliters in a sin-
gle scan.

When operated in the most sensitive regime near
zero field the magnetometer yields J-coupling spectra
of molecules with a resolution given by the natural co-
herence line width, on the order of 0.1 to a few Hz. This
allows independent fitting of relaxation rates for each
chemical species regardless of the number of compo-
nents in the system, provided that J couplings are re-
solved. In this case, the relative affinities of HCOOH

and CH3COOH for the silica surface (Figure 6) were
diagnosed from the relaxation rate of each acid when
imbibed as a single liquid or part of a liquid mixture.
Further studies may investigate surface competition in-
volving additional species in the liquid, or the effect of
surface treatments (e.g. modified wettability).

The zero-field NMR frequencies may provide infor-
mation about the composition in the liquid in the porous
material. The spectra in Figure 5 show a noticeable shift
in the formic acid J coupling, 1JCH(bulk) − 1JCH(Q–
50) = 0.3 Hz. Quantitative measurements of composi-
tion in each sample via chemical-shift-resolved 1H and
13C NMR at 9.4 T show that these shifts are most con-
sistent with a preferential uptake of H2O into the porous
silica during imbibition, where the final concentration
of water in the pellet appears to be 35 − 40% higher
than that in the pre-imbibed liquid mixture.

The zero-field NMR spectra of H13COOH and
13CH3COOH are relatively simple in appearance as
there is only one value of 1H-13C coupling in each
molecule. Regarding application of the method to other
molecules, one must consider that the complexity of the
spin coupling topology and zero-field spectrum greatly
increases with the number of magnetically inequiva-
lent nuclei[30, 31]. Small molecules containing iso-
lated groups of nuclei are therefore preferred. Acetyl
(13CH3CO-) and methoxy (13CH3O-) chemical groups
are immediate candidates for future studies to seek a
further understanding of relaxation in the 13CH3 group,
which is also a subject of interest in hyperpolarized
NMR and polarization storage [42, 43, 44]. Spin de-
coupling [45] or narrowband excitation pulse sequences
[46] at zero field may also simplify the spectra and
increase the scope for application to more complex
molecules.

Finally, the avoidance of strong electromagnets in the
ultralow-field instrument is an attractive feature, as the
experimental setup consumes less than 100 W total elec-
trical power and is compact enough to fit on a laboratory
bench top. In future, we hope to modify the instrument
to increase its potential for routine use:

(1) The magnetic field applied inside the shielded
chamber by the electromagnetic coils can safely be in-
creased to tens of mT without risk of saturating the mu-
metal walls, which would allow one to measure relax-
ation dynamics in the MHz frequency range. These
fields also present a realistic option for polarizing the
sample when inside the shields. Such an approach
would reduce the field switching times to only a few ms
by eliminating the need to mechanically shuttle the sam-
ple. Presently, the sample shuttling prevents accurate
measurements of relaxation rate above ∼3 s−1. A disad-
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vantage of the suggested approach is a dramatic reduc-
tion in signal strength due to the lower polarization field
(e.g. a 100× reduction between a 20 mT solenoid and a
2 T permanent magnet). However, the decay of polar-
ization during field switching intervals is avoided and
the magnetometer sensor can be scaled to larger detec-
tion volumes that compensate for the signal loss. Fur-
ther improvements could be made by tuning the center
frequency and bandwidth of the magnetometer to maxi-
mize sensitivity at the NMR frequency of interest[47].

(2) NMR relaxation rates depend strongly on the sam-
ple temperature, as seen in Figure 4. Concerning the
proposed route of polarizing a stationary sample inside
the magnetic shield, the temperature should be much
easier to control and stabilize. To minimize thermal gra-
dients and keep the sample close to room temperature,
a cooling system or better insulation of the hot vapor
cell may be needed. A cesium magnetometer may be
a better choice as its lower vapor pressure allows sim-
ilar sensitivity to be reached only slightly above room
temperature [28, 48].

5. Conclusion

The experiments in this work demonstrate that NMR
at zero and ultralow magnetic fields is a promising
methodology to probe liquid-surface adsorption dynam-
ics of molecules inside porous materials. A compact
NMR instrument based on a rubidium magnetometer
was used for relaxation measurements at mT down to
nT fields, several orders of magnitude below Earth’s
field. In the limit of transient surface adsorption where
induced relaxation is weak, NMR detection at zero
field yields low-frequency dynamics information to-
gether with chemical resolution, which may be use-
ful in quantifying composition and behavior of multi-
component liquids in porous materials. The option
of probing alternative relaxation pathways, including
spin-singlet states, may allow further information about
the interactions between solvent and surface to be ob-
tained. In future, the technique may become applied to
understand liquid-surface interactions in porous-solid-
supported catalysts and rock cores.
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