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ABSTRACT
The out-of-time-order correlator (OTOC) has emerged as a central tool for quantifying decoherence across wide-ranging physical platforms.
Here, we demonstrate its direct measurement in a classical ensemble using nuclear magnetic resonance with a modulated gradient spin echo
sequence and extend the method into a multidimensional correlation to track exchange phenomena. Position is encoded through magnetic
field gradients and momentum through the velocity autocorrelation function, enabling experimental access to OTOCs for proton motion
confined within the self-similar lattice of the metal–organic framework MOF-808. Here, water confined to specified geometries within the
MOF pores gives rise to spatially distinct diffusive eigenmodes with characteristic relative entropies. We demonstrate that periodic radio
frequency driving combined with gradient modulation yields entropy evolution through the selection of distinct diffusion modes. Frequency-
resolved diffusion spectra connect these entropy dynamics to classical heat exchange laws, revealing how operational features of quantum
systems are mirrored in confined, macroscopic spin ensembles.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0323131

I. INTRODUCTION

Quantum technologies are typically built on experimentally
fragile, microscopic platforms—trapped ions, NV centers, or super-
conducting circuits—that permit exquisite control but require cryo-
genics, vacuum systems, and complex infrastructure.1 Alterna-
tively, there is increasing interest in studies of classical systems

whose dynamics admit similar mathematical descriptions as quan-
tum systems.2 By leveraging hierarchical molecular architectures,
it is possible to design macroscopic systems that offer tunabil-
ity, reproducibility through chemical synthesis, and compatibility
with existing technologies. Such systems create accessible exper-
imental platforms to test theory and potentially reveal universal
physics.
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Metal–organic frameworks (MOFs) provide especially promis-
ing platforms for this purpose.3,4 Their recursively self-similar
crystalline architectures can confine molecules across length scales
from internal pores (∼1 nm) to the crystallite (>100 nm), creating
locally ordered environments in which, within individual crystal-
lites, physical and spin diffusion admit mathematically equivalent
descriptions.5–10 Protons can be localized in chemically and topolog-
ically distinct settings defined by the MOF fractal crystalline struc-
ture, making MOFs versatile platforms for studying dynamics gov-
erned by conservation laws. The scale-invariant symmetry of these
architectures invites comparison with Noether’s theorem, which
links spatial symmetries to conserved dynamical quantities.11,12

Such conserved quantities are essential both for encoding quan-
tum information and for describing classical transport: classically,
they include energy, charge, and angular momentum, while in the
present context, they correspond to translation-invariant Hamilto-
nians defined over the MOF-relevant length scales. Under these con-
ditions, the classical transport of confined water molecules provides
access to the dissipation of conserved quantities in the underlying
quantum spin system.13,14

Here, we directly probe these dynamics using the out-of-time-
order correlator (OTOC), a measure of information scrambling
and decoherence, via nuclear magnetic resonance (NMR) with a
modulated gradient spin echo (MGSE) sequence.15–24 In this frame-
work, magnetic field gradients encode the spatial position of aque-
ous protons, while velocity autocorrelations encode momentum,
enabling room-temperature measurement of the OTOC in water
confined within the zirconium-based MOF-808.25,26 A multidimen-
sional OTOC extension enables the study of water exchange dynam-
ics between reservoirs whose fixed geometries impose characteristic
diffusive eigenmodes. Periodic radio frequency (rf) driving, inter-
spersed with variable delays, selects distinct diffusion eigenmodes
and allows entropy changes to be tracked over timescales extend-
ing to days.27 By monitoring exchange correlations and incremental
entropy changes through frequency-resolved diffusion spectra cal-
culated from OTOCs, we demonstrate that confined, macroscopic
water can reproduce operational features typically associated with
quantum systems.

II. METHODS
A. Materials

The MOF-808(Zr) compound, selected for its thermal and
chemical stability, was synthesized in a manner similar to that
previously reported.28,29 Because Zr(IV) in MOF-808 is diamag-
netic (4d0), paramagnetic relaxation pathways are absent; pro-
ton relaxation arises primarily from 1H–1H dipolar interac-
tions and molecular motion. Here, 0.315 g of trimesic acid
(H3BTC–95%, Sigma-Aldrich) and 0.727 g of zirconium chloride
(ZrOCl2.8H2O–98%, Sigma-Aldrich) were added to 33.7 ml of DMF
[HCON(CH3)2–99.8%, Sigma-Aldrich] and 33.7 ml of formic acid
(HCOOH–95%, Sigma-Aldrich), and the solution was subjected to
10 min of sonication. After this step, the mixture was transferred
to a Teflon-lined autoclave and heated to 130 ⌐C, allowing the reac-
tion to proceed for a duration of 48 h. Subsequently, the solution
was cooled to ambient temperature and the solution was filtered and
washed three times with DMF (30 ml), deionized water (30 ml), and
acetone (30 ml) (CH3COCH3–99.5%, Sigma-Aldrich), respectively.

The solid was dried at 150 ⌐C for 24 h. A powder x-ray diffraction
pattern is provided in the supplementary material (Fig. S1). Celery
was used as a well-established and readily accessible control sample
for one-dimensional diffusion.30–33

PDK elastomers were synthesized by solvent polymeriza-
tion of triketone monomer [1,10-bis(2-hydroxy-4,4-dimethyl-6-
oxocyclohex-1-en-1-yl)decane-1,10-dione] with tribranched amine-
terminated polypropylene glycol cross-linker T403 (Huntsman),
whose molar mass is nominally 403 g mol−134–36 PDK-T403 was pre-
pared by mixing the triketone monomer and triamine cross-linker,
pre-dissolved in dichloromethane (DCM) (>99.9%, purchased from
VWR), followed by thermal evaporation of the solvent. The concen-
tration of triketone and triamine solutions before mixing was kept
at 50 wt. % and the triketone to reactive amine molar ratio was kept
at 1:1.3. PDK elastomers were characterized in a previous article.36,37

For swelling measurements, samples were immersed in an excess of
H2O. For depolymerization measurements, aqueous HCl acid solu-
tion was prepared in 5.0 M concentration, with chemicals obtained
from Sigma-Aldrich and used as received.

B. Experimental design
NMR modulated gradient spin echo (MGSE)22,23 measure-

ments were obtained at room temperature with an NMR-MOUSE
(Mobile Universal Surface Explorer) PM25 0.3 T unilateral
magnet38,39 and a Magritek Kea II spectrometer at a 1H resonant
frequency of 13.11 MHz with a constant gradient of 7 T m–1.
The number of ω rf pulses in a Carr–Purcell–Meiboom–Gill pulse
sequence (CPMG)40,41 was varied within a fixed total time of 55 ms
per echo train to selectively detect the diffusive contribution to signal
relaxation, and not transverse relaxation, using Prospa v3.61 soft-
ware from Magritek (Malvern, PA.). For all experiments, ω/2 rf pulse
lengths were 2.5 ωs, the delay between ω rf pulses was varied between
55 and 1100 ωs in 20 incremental steps for both the direct and the
indirect dimension, with typical mixing times varied between 0.5
and 10 ms, and the repetition time for signal averaging was 2.4 s to
sum 128 CPMG transient signals. To cancel artifacts arising from
pulse imperfections, the initial ω/2 rf pulse and the receiver were
cycled between +x and ⌐x phases, while holding the ω rf pulse phase
constant at +y. Calculation of D(ϵ) from MGSE experiments was
performed using a formula for echo attenuation (corresponding to
the OTOC, F(t)) as a function of gradient modulation frequency,

E(ϑ, ϵm) = ⩀i E0,ie
− ϑ

T2
− 8ϖ2G2

π2ϵ2
m

Dzz,i(ϵm)ϑ .22,23

In heterogeneous rigid solids, echo attenuation is often mod-
eled using stretched exponentials to account for multiple relaxation
pathways (e.g., static dipolar couplings, nuclear spin diffusion, and
cross-relaxation). In the present work, we isolate liquid water popu-
lations in which 1H–1H dipolar interactions are motionally averaged
over the MGSE timescale and attenuation is well-described by an
exponential envelope. Importantly, the position–momentum OTOC
depends on the frequency-dependent phase encoding imposed by
modulated gradients rather than on the detailed functional form
of transverse relaxation. The modulated gradients encode displace-
ment statistics through accumulated phase, producing a correlator
proportional to ⌜x̂(0)p̂(t)x̂(0)p̂(t)⌜, which constitutes the diffu-
sion analog of the out-of-time-order correlator. Because transverse
relaxation enters only as a multiplicative attenuation envelope, it
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does not generate artificial correlations in the encoded displacement
spectrum.

For the entropy modulation experiment, echo times were incre-
mented periodically from 55.00, 68.75, 91.67, 137.50, 91.67, 68.75,
and 55.00 ωs, with the number of echoes varied from 1000, 800, 600,
400, 600, 800, and 1000, respectively; this sequence was repeated for
20–50 cycles, with a repetition time of 9.5 s. All data analysis was
accomplished with MATLAB (MathWorks, Natick, MA).

III. RESULTS
A. OTOC for spin diffusion

The out of time order correlator (OTOC) is a theoretical and
experimental framework for quantifying decoherence and informa-
tion scrambling in systems ranging from quantum circuits to black
holes. It is formally defined as

C(t) ≡ ⌐⌝[W(t), V(0)]2⌝, (1)

where W(t) and V(t) are any Hermitian pair of local, time-
dependent Heisenberg operators averaged over a given system.15–18

In the present context, these operators are elements of the SU(2)
Lie algebra generated by spin operators, which exhibit a continuous
U(1) subgroup corresponding to phase rotations about the quanti-
zation axis. This U(1) symmetry underlies conservation of total spin
projection in the absence of relaxation, linking the OTOC to exper-
imentally accessible quantities, such as the velocity autocorrelation
function in a magnetic field gradient.

As a dynamic observable, the OTOC quantifies the
growth of noncommutativity between initially local operators,
reflecting how localized information becomes delocalized—or
“scrambled”—across the Hilbert space of a quantum many-body
system. This operator spreading of initially localized information
is central to diagnosing quantum chaos, as it captures the rate and
manner in which perturbations propagate through the system.
Originally introduced in the context of higher-order corrections to
current response in superconductors,42 the OTOC has since found
wide-ranging applications: detecting many-body localization and
dynamical phase transitions with non-analyticities in Loschmidt
echoes,43,44 analyzing information flow in quantum machine
learning models,45 and bounding the scrambling capacity of black
holes via anti-de Sitter/conformal field theory (AdS/CFT) duality,
which has advanced the current understanding of string theory
and quantum gravity.46–48 Recent algorithmic developments have
enabled OTOC evaluation on quantum circuits via interferometric
protocols,49 randomized measurements, and classical shadows,50

making it feasible to study scrambling in highly entangled quantum
states.

When W(0) and V(0) are unitary and Hermi-
tian, it can be shown that Eq. (1) reduces to C(t)= 2(1 ⌐ Re⌜W(t)V(0)W(t)V(0)⌜). In these cases, the quan-
tity ⌜W(t)V(0)W(t)V(0)⌜ is of central importance to characterize
OTOCs and is often analyzed exclusively.51 Here, we focus on a
specific operator choice, W(0) = x̂(0), the position operator, and
V(0) = p̂(0), the canonically conjugate momentum, and introduce
an experimental paradigm for evaluating

F(t) = ⌐⌜x̂(t)p̂(0)x̂(t)p̂(0)⌜ (2)

using nuclear magnetic resonance (NMR) (vide infra). This pair of
operators is historically well-studied due to their classical analog,
evaluated via the dequantization procedure of converting com-
mutators to Poisson brackets: i⌝h[, ] →{,}PB.52,53 Here, exponential
divergence of nearby trajectories is quantified by the expression,

⌝ Ϛx(t)
Ϛp(0) ⌝ = ⌝{x(t), p(0)}2

PB⌝ ∼ e2ϕLt , (3)

where ϕL represents the Lyapunov exponent.16–18 Thus, in semi-
classical regimes, the OTOC defined in Eq. (1) is readily shown
to approach a form given by F(t) ∼ e2ϕLt , from which Lyapunov
exponents can be extracted.54 This framework naturally provides an
operational definition for diagnosing quantum chaos, where opera-
tor growth—not phase-space trajectories—encodes the scrambling
dynamics. The spatial propagation of scrambling is characterized
by the “butterfly” velocity, obtained from the spacetime profile of
F(t) [or more generally, of C(t)] as the slope of the contour defin-
ing the boundary of the commutator core. This velocity quantifies
the speed at which initially localized perturbations influence dis-
tant degrees of freedom, complementing the Lyapunov exponent
that describes the temporal growth rate. In generic chaotic systems
with short-range interactions, sharply localized initial operators and
open or weakly confining boundaries tend to produce a clear regime
of short-time exponential growth in F(t). In contrast, extended or
delocalized initial conditions, strong confinement, or boundaries
that reflect operator growth can suppress or obscure the exponen-
tial regime, making the observed behavior highly sensitive to these
system-specific attributes.16–18

B. OTOC for physical diffusion
It is convenient to recognize that the OTOC of position and

momentum can be recast in terms of a time-dependent diffusion
measurement that can be performed with NMR using a mod-
ulated gradient spin-echo (MGSE) sequence. In this framework,
position is encoded by a magnetic gradient–time wave vector and
momentum is encoded by the velocity autocorrelation function of
spin-bearing molecules.55,56 Here, the rotating frame Hamiltonian
for non-interacting spins may be written as

Ĥ(t) = ⌐⌝h⊍
i
⌞ϵ0 Îz,i + ϵ⌞↢⇀r i⌞Îi⌞ + Ĥr f (t), (4)

where ϵ0 = ϖ
⇀
B0,z represents the Zeeman interaction and ϵ⌞⇀r i⌞

= ϖG
⇀
r i represents the spatially dependent frequency offsets resulting

from a magnetic field gradient, G, ϖ is the magnetogyric ratio, and
the summation in the first term is over the i spins in the ensemble
represented by the spin operator Î. The second term represents the
interaction of an rf pulse with the spin system, which here is given
by

Ĥr f (t) = Ĥx
π⌜2(t) + Ĥy

CPMG(t) (5)

for an echo train experiment designed to measure the OTOC for
time-dependent diffusion in a closed system (Fig. 1). The second
term is

Ĥy
CPMG(t) = ⌐2ϵπ(t) cos (ϵ0t)⊍

i
Îy,i, (6)
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FIG. 1. Water confined in MOF-808 as a molecular spin system studied with
OTOCs measured by MGSE NMR. (a) Chemical structure of MOF-808, showing
its multi-scale hexagonal framework for proton confinement with 0.48 and 1.84 nm
pores. (b) TEM image highlighting the crystalline ordering and pore arrangement.
(c) MGSE pulse sequence used to measure the OTOC (inset), with echo trains
collected by varying the ω-pulse frequency within a fixed total time to separate
relaxation and diffusion effects. (d) The OTOC, F(t), extracted from the nor-
malized echo attenuation as a function of ω-pulse frequency, corresponding to
Eq. (15).

where ϵπ is the frequency of π rf pulses with amplitude 2ϵn⌞ϖ.
Transformation of Eq. (4) into the toggling frame gives

Ĥ(t) = ⌐⌝h⊍
i

ϵz⌞↢⇀r i(t)⌞⌟Îz,i cos b(t) ⌐ Îx,i sin b(t)⌟, (7)

where the effect of successive π rf pulses is to modulate b(t) from±π. The echo signal corresponds to the trace,

E(t) = ⌝hϖ
d
dt⊍i

Tr↼̂(t)Îy,i ≈⊍
i
⌟ei⩀ t

0 ϵz⌜↢⇀ri⌜t⌐⌝⌝ cos b⌜t⌐⌝dt⌐⌟. (8)

When sampled stroboscopically, the peak echo amplitude at points
occurring at multiples of the cycle time, t = NT, is

E(t) =⊍
i
⌟ei⩀ t

0 ⋊ϵz⌜↢⇀ri⌜t⌐⌝⌝⋅↢⇀vi⌜t⌐⌝⋅ f π⌜t⌐⌝dt⌐⌟, (9)

where f π(t) is a modulating function that alters the orientation of
the magnetic field gradient in space.

The Einstein definition of diffusion considers D as a time
derivative of molecular mean squared displacement in the long
time, or zero frequency, limit.27,57–59 In a finite time interval, how-

ever, D may often exhibit time-dependence, as the initial velocity,↢⇀v (0), may remain imprinted upon motion at later times, ↢⇀v (t).
To characterize such a quantity, we construct a rank-4 tensor,
T, with indices (i, j) indicating individual spins and (ϵ, ϑ) ∈ S= {(a, b) ⌟ a ∈ {x, y, z}, b ∈ {x, y, z}} denoting spatial compo-
nents,

Tij
ϵ,ϑ =

ϖ

⊍
0

⌟vi
ϵ(t)v j

ϑ(0)⌟dt. (10)

Here, we note that the diagonal elements of this tensor yield direc-
tional time-dependent self-diffusion coefficients, such as Dzz(ϑ),
corresponding to the Green–Kubo relation,

Tii
ϵ=z,ϑ=z = Dzz(ϑ) =

ϑ

⊍
0

⌜vz(t)vz(0)⌜ϑdt = 2
π

⋉
⊍
0

Dzz(ϵ)ϑ
sin (ϑϵ)

ϵ
dϵ,

(11)
where movement is considered the ensemble average of spin trajec-
tories along ẑ within the time interval, ϑ.27 The corresponding power
spectrum is the velocity autocorrelation function,

Tii
zz = Dzz(ϵ)ϑ =

ϑ

⊍
0

⌜vz(t)vz(0)⌜ϑ cos (ϵt)dt. (12)

To describe one-dimensional diffusion spectra from an NMR
measurement, the Green–Kubo relations may be associated with
phase decoherence encoded by the gradient–time wave vector, q(t)
= ϖ∫ t

0 G⌞t′⌞ f π⌞t′⌞dt′, where ϖ is the magnetogyric ratio of the
detected nuclear spin and G(t) is the magnetic field gradient. In
the presence of a constant magnetic field gradient, the application
of π rf pulses causes f π(t) to switch between ±1. This may be
expressed mathematically through an oscillatory function, where
f π(t) = cos (b(t)) and successive π rf pulses modulate b(t) from
±π. In the limit that molecular displacements are less than ∣q∣−1

within the π pulse-generated phase modulation interval, i.e., the dif-
fusive regime, the Gaussian approximation may be used to express
the attenuation of the echo train through a cumulant series as

E(ϑ) =⊍
i

E0,ie−i↽i(ϑ)−⇀i(ϑ), (13)

where the nuclear spins with differing dynamics are grouped as i
in the sum and ϑ is half the time between successive π rf pulses.
Critically, the imaginary part of the phase shift,

↽i(ϑ) =
ϑ

⊍
0

q(t) ⋅ ⌝↢⇀v i(t)⌝dt, (14)

may be neglected when the velocity of the detected molecules aver-
ages to zero.22,25 In this case, the echo attenuation may be calculated
through the real part only,

⇀i(ϑ) = 1
π

⋉
⊍
0

q(ϵ, ϑ) ⋅Di(ϵ, ϑ) ⋅ q⧖(ϵ, ϑ)dϵ. (15)
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Here, q(ϵ, ϑ) represents the wave vector that has been encoded with
spin phase decoherence, resulting from thermal fluctuation-driven
displacements in the medium. During gradient modulation, two
distinct processes contribute to signal decay: (i) phase dispersion
arising from gradient-encoded molecular displacements and (ii)
intrinsic transverse relaxation of the proton ensemble. In the present
analysis, the displacement-dependent phase accumulation gener-
ates the frequency-resolved wavevector q(ϵ, ϑ), which encodes the
position–momentum correlations underlying the diffusion OTOC.
Intrinsic transverse relaxation enters multiplicatively as an attenua-
tion envelope and does not alter the encoded phase structure. Thus,
⇀i(ϑ) parameterizes diffusion-weighted (motion-induced) attenua-
tion arising from gradient-encoded displacement statistics. Addi-
tional non-diffusive sources of transverse decay, when present, enter
as a separate multiplicative envelope (e.g., e−t⌜T2,eff ) and do not mod-
ify the gradient-encoded frequency-dependent correlations used to
extract the diffusion OTOC.

For this case, the power spectrum of the velocity autocorrela-
tion function from Eq. (12) is modified to

Tii
zz = Di(ϵ, ϑ) =

⋉
⊍
0

⌝↢⇀v i(t)⋊↢⇀v i(0)⌝ϑ cos (ϵt)dt. (16)

By substituting Eq. (16) into Eq. (15), it is clear that measurement of
⇀i(ϑ) from an MGSE experiment directly probes F(t) in Eq. (2) as
the OTOC for physical diffusion in a magnetic field gradient across
a many-body network.

In the present work, this network is realized by water
molecules confined within MOF-808, a crystalline zirconium-based

metal–organic framework with 0.48 and 1.84 nm pores (correspond-
ing to cage and aperture dimenions, respectively) and high thermal
and chemical stability. The periodic, self-similar pore arrangement
of MOF-808 provides a spatially isotropic but topologically ordered
environment at length scales relevant to both spin phase evo-
lution and physical diffusion, ensuring transport is governed by
uniform geometric constraints in all directions. These structural
features satisfy the requirement for a highly ordered isotropic spa-
tial environment, while allowing pore topology and connectivity
to impose well-defined confinement effects on the spatial arrange-
ment of spins.60 The resulting molecular spin system, structured
across multiple length scales, is depicted in Fig. 1 for aqueous pro-
tons confined in MOF-808. Such confinement naturally gives rise
to higher-order diffusion eigenmodes, which provide a modal basis
for describing transport under geometric constraints. These modes
arise when boundary conditions quantize diffusive motion and can
be calculated from the OTOC, F(t).

To probe interactions beyond frequency-resolved mode
dynamics, we introduce a multidimensional extension of the
OTOC (2D OTOC), which maps correlated motion across distinct
timescales and length scales. This approach extends a modulated
gradient echo train to an additional dimension, using a unilateral
magnet to supply a constant field gradient.25,26 The resulting spa-
tiotemporal correlations capture how structurally distinct domains
are dynamically connected by mapping chemical structures to net-
work dynamics, thereby linking interactions of nuclear spins to
distinct chemical environments. Depending on sample preparation,
these 2D OTOCs can reveal specific forms of frequency-correlated
exchange across boundaries that constrain diffusion.

By monitoring frequency-correlated exchange within varying
timescales, it is possible to observe the exchange of water molecules

FIG. 2. Multidimensional OTOCs
report correlations via spatiotem-
poral exchange networks in water
confined in MOF-808. (a) Schematic
of water molecules experiencing motion
in four distinct domains: bond-scale,
micropore, macropore (intercrystallite),
and bulk water. (b) T2 = 1

R2
relaxation

time distributions obtained by Laplace
inversion (dashed) and matrix pencil
method (solid). Peaks correspond to the
four domains in panel (a), spanning over
three orders of magnitude in relaxation
times.61–64 (c) 2D OTOC correlation plot
for a 1 ms mixing time, showing discrete
off-diagonal exchange between specific
domains, e.g., between macropore
and backbone-confined water (∼2 and∼9 kHz). (d) 2D OTOC correlation
plot for a 10 ms mixing time, showing
widespread off-diagonal exchange,
indicating extensive proton migration
across domains.
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between pores, where each pore is characterized by unique dif-
fusion dynamics (Fig. 2). Physically, exchange between two fre-
quencies indicates mutually diffusing molecules between differing
regimes of porous confinement (localization). Analysis of multidi-
mensional OTOCs in this way links proximally diffusing molecular
moieties in dynamic settings and resolves distinct, yet interfer-
ing, eigenmodes of components. Because the experiment averages
over a distribution of crystallite sizes, morphology-driven het-
erogeneity primarily contributes to the intercrystallite/macropore
reservoir, appearing as broadened low-frequency components and
exchange pathways, while the intracrystalline pore-confined modes
are determined by the MOF lattice geometry. These insights pro-
vide assessments of the influence and extent of microstructure on
the lifetimes and entanglement-like processes mediated by diffusive
exchange between topologically ordered water molecules in these
systems.

Figure 2 demonstrates one implementation of this strategy to
track exchange dynamics for water molecules confined at bond-
scale, micropore, macropore, and bulk domains. Figure 2(b) shows
distributions of relaxation times in a system with multiple domains
of varying heterogeneity, illustrated in Fig. 2(a), and how these com-
ponents relate to the 2D OTOC correlation plots demonstrating
exchange between these domains at varying timescales [Figs. 2(c)
and 2(d)]. Each of the represented domains is characterized by
unique and resolved time- and length-scales. At low frequencies
(<2 kHz), the dynamics of bulk water are predominantly observed.

As frequencies increase (∼2 to 4 kHz), transient interactions become
evident as scattered correlations with intercrystallite (or macro-
pore) regions characterized by micrometer-to 100 nm-scale confine-
ment [depicted in Fig. 1(b)]. At frequencies of ∼5 to 7 kHz, there
is increasing influence from micro-pore regions with greater con-
finement [shown in Fig. 1(a)]. Contribution from network-bound
protons with the greatest confinement dominates at the highest
frequencies >8 kHz.

Measurement of exchange occurring within varying timescales
of 1 ms [Fig. 2(c)] vs 10 ms [Fig. 2(d)] via 2D OTOCs demon-
strates the effects of dissipation and confinement in this physical
network. The more localized exchange regions shown in Fig. 2(c)
represent “jumps” of a proton from one environment to another
(e.g., between an intercrystallite region and the MOF-808 back-
bone), indicated by symmetric off-diagonal intensity c.a. 2 and
9 kHz, for this example. Within the 1 ms mixing time, exchange
is resolved into relatively discrete off-diagonal regions, indicating
that most protons have migrated between at least two environments
in the crystalline network within this time (an annotated overlay
is provided in the supplementary material, Fig. S2). Contrastingly,
with a longer exchange time of 10 ms [Fig. 2(d)], more extensive
mixing is observed, indicating more complete migration of pro-
tons throughout the network. Here, exchange is widespread, show-
ing extensive movement or exchange of protons throughout the
material architecture. In this framework, the observed exchange cor-
responds to correlations that are naturally described by a two-time

FIG. 3. Comparative OTOCs and diffu-
sion spectra for one-dimensional con-
trol systems. (a) OTOCs measured by
MGSE for water confined in MOF-808
and for a control phantom of water con-
fined in xylem bundles of celery, which
form parallel cylindrical channels ∼5 mm
in diameter. (b) Corresponding diffu-
sion power spectra, showing differences
in frequency dependence between con-
fined and one-dimensional geometries.
(c) MGSE correlation plot for the cylin-
drical phantom oriented parallel to the
magnetic field gradient (Z axis), show-
ing primarily Brownian motion. (d) MGSE
correlation plot for the same phan-
tom oriented in the XY plane, reveal-
ing confinement effects as increased
high-frequency mixing.
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OTOC, F(t1, t2), whose frequency-domain representation is shown
here and captures both the diffusion timescale and the exchange
interval.

Previous work has corroborated frequency-correlated exchange
with simulated data and benchmarked the technique using
homopolymers with known domains arising from topology as
standards.25,26 To benchmark the multidimensional MGSE OTOC
approach against a well-defined one-dimensional geometry, we per-
formed comparative measurements on a control phantom consisting
of the xylem bundles of celery, which contain parallel cylindrical
water channels with diameters of ∼5 ωm. By orienting the phan-
tom either parallel or perpendicular to the applied magnetic field
gradient, we can distinguish Brownian motion along the channels
from confinement effects in the transverse plane. To verify that the
multidimensional MGSE OTOC accurately reports physical mix-
ing of spins initially prepared in superposition states from a ω/2
pulse, Fig. 3 shows contrasting MGSE OTOC correlations of water
confined in cylindrical 5 ωm pores oriented (see Sec. II) along
the gradient dimension (Z) and orthogonal to it [XY, Fig. 3(d)]
at the longest-considered mixing time of 10 ms. When oriented
along Z [Fig. 3(c)], it is apparent that the primary nature of pro-
ton movement is Brownian (e.g., bulk-water like), whose signature
is exchanged at predominantly low (or zero) frequencies. Contrast-
ingly, when the sample is reoriented in the magnetic field, such that
the cylindrical pores are in the XY plane, the effects of confinement
become evident with more extensive high-frequency exchange.30–33

Having established the experimental framework (Figs. 1
and 2) and validated its performance using a well-controlled test sys-
tem (Fig. 3), we now apply the method to probe the correspondence
between classical diffusion dynamics and quantum-mechanical
OTOC principles. To this end, we use the MGSE-based OTOC
measurement to reveal an entropy modulation effect that can be
interpreted through a quantum-mechanical extension of Noether’s
Theorem.11,13 In this framework, the symmetry constraints that
ensure energy conservation applies in analogous form to both phys-
ical diffusion and spin phase evolution are presented; however,
these conditions are often easier to satisfy—and to quantify—using
macroscopic analogs, as in the present work.

Figure 4 demonstrates the entropy modulation effect that arises
when the gradient–time wave vector used to measure physical dif-
fusion OTOCs is modulated in a nonlinear, periodic manner (see
Sec. II). The gradient modulation generates distinct spin coherences
and, at each modulation frequency, selectively addresses specific
proton spin sub-ensembles. The effect is negligible for free water,
underscoring the role of the confining crystalline network. Entropy
growth is quantified by the incremental change,

ΔS(⇁, t) = ln [D(⇁, t)
D(⇁, 0)], (17)

as derived from the text in the supplementary material from
Shannon entropy.26,65–71 Physically, high-frequency diffusion modes
appear when water is confined to increasingly smaller physical
domains, thus D(⇁, t) is greater than D(0, t) for confined systems.
As a direct consequence, since entropy is related to heat flow through
ΔQ = TΔS, integration over frequency can yield the total ΔQ⌞T asso-
ciated with the measured entropy change.65,70,72 The entropy metric

FIG. 4. Experimental demonstration of periodic entropy modulation, reflect-
ing changes in accessible microstates through frequency-selected diffusive
modes. (a) OTOC as a function of frequency for water confined in MOF-808. (b)
Corresponding diffusion spectrum obtained from panel (a). (c) Entropy change as a
function of frequency, calculated from panel (b) using D(⇁, t)⌐ ln S(⇁, t), which
follows from the definition of incremental entropy change in Eq. (17), as derived
in the Supplementary Material. This effect is not observed for free water, whose
diffusivity and entropy remain near their infinite-time values [blue dashed line in
panels (b)–(c)].

derived here reflects how confinement modifies the accessible dis-
placement microstates encoded in the frequency-resolved OTOC.
Variations in transverse relaxation alter signal amplitude but do
not change the underlying displacement statistics that determine
microstate accessibility.

The frequency-resolved diffusion and entropy data shown in
Figs. 4(b) and 4(c), derived from the OTOC in Fig. 4(a), highlight
how the geometry of confinement and corresponding diffusive-
mode selection govern the entropy modulation effect. Variation of
the inter-echo dephasing time selects states of varying entropy in
the water. During these times, diffusive disorder increases entropy
to degrees set by confinement, which, in turn, determines the num-
ber of accessible microstates. Here, modulation frequencies span
3.5–9.5 kHz. The high-frequency (9.5 kHz, green) data markers cor-
respond to the largest measured diffusivities D(⇁, t) and associated
entropy changes ΔS(⇁, t). This reflects the selection of the most spa-
tially localized protons, which are those with the greatest number
of accessible microstates. In contrast, the low-frequency (3.5 kHz,
blue) markers correspond to the smallest D(⇁, t) and ΔS(⇁, t), as
these frequencies predominantly select water populations within the
MOF whose motion is bulk-like, with minimal confinement and
a correspondingly smaller state space; these values align with the
featureless dashed line for free water. Physically, the observed fre-
quency dependence follows from the fact that diffusion in a confined
geometry is an eigenvalue problem, with additional modes emerg-
ing as confinement increases. In MOF-808, these eigenmodes map
directly onto the pore topology, with localized modes corresponding
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to aqueous protons in small cages and delocalized modes spanning
interconnected channels.73

When assessing the useful work that can be extracted from
an energy-conserving system, entropy must be considered, as it is
the driver of dissipative losses.74,75 An external “force” that restores
a system to a high potential energy state does so by injecting low
entropy, in the form of order or phase coherence that limits acces-
sible microstates, after which the system evolves naturally toward
higher entropy as new microstates become available. This is the basic
principle of a heat engine; by analogy, spin-containing material net-
works can exhibit related entropy dynamics. Information can be
encoded into such systems by preparing subsets in superposition
states via ω/2 rf pulses, followed by controlled evolution intervals.
In this picture, entropy governs the diffusion processes that medi-
ate energy dissipation. Boltzmann entropy (S = kB ln ϵ) plays a role
analogous to a classical force that drives dissipation, while partial
but constrained knowledge of the system—arising from entangle-
ment processes and couplings between superposition states—can
modify this evolution. Information entropy is analogous to Boltz-
mann entropy, much as spin and physical diffusion can each carry
analogous quantum information. Entropy thus reports the flow of
information in quantum systems; notably, it scales with surface
area and its measurement fundamentally involves non-commuting
operators.76,77

The selection via ω-pulse spacing between high and low fre-
quencies thus alternates between high- and low-entropy modes,
producing an ordered, periodic sequence of entropy growth
and restoration—an effect reminiscent of discrete time-translation

symmetry breaking in time crystals, although manifested here
through diffusion modes in a confined molecular network.78–80

In other contexts, this method offers a framework for studying
non-equilibrium processes and macroscopic transport. Here, the
observed oscillations correspond to mode selection within a sys-
tem at thermal equilibrium; hence, they do not decay. However,
repetition of this experiment in chaotic systems with changing archi-
tectures or concentration gradients enables direct observation of
how such processes alter available modes of diffusion and microstate
evolution. In this scenario, the oscillation envelope may grow or
decay at rates analogous to a macroscopic butterfly velocity, defined
by the spacetime profile of F(t) that marks the boundary of a
commutator core. This velocity quantifies the speed at which ini-
tially localized perturbations influence distant degrees of freedom,
complementing the Lyapunov exponent that describes the temporal
growth rate. In chaotic systems with long-range interactions, sharply
localized initial operators coupled with initially strong confinement
boundaries may lead to hybrid behavior of F(t), where exponential
growth or decay is modulated by oscillatory effects.

To explore the utility of this measurement in understanding
such processes, we examine the evolution of higher-order confine-
ment modes during two scenarios: (i) polymer swelling, where water
progressively enters confined environments, and (ii) hydrolytic
depolymerization, where confinement is removed as the material
network breaks down (Fig. 5). During polymer swelling, the ampli-
tude of the highest-order confinement modes of water moving into
the material network increases, consistent with increasing aqueous
ordering under progressive spatial restriction [Figs. 5(a) and 5(b)].

FIG. 5. Dynamic entropy evolution via modulation of higher-order confinement modes during polymer swelling and depolymerization. [(a)–(c)] Polymer swelling-
induced confinement leads to temporally increasing aqueous order, indicated by exponential growth of higher-order modes and corresponding relative entropy changes. Here,
polydiketoenamine elastomer (PDK-T403; see Sec. II) was used, prepared in cylindrically symmetric geometries, 8 mm in diameter and 6 mm in height, swelling in ∼1 ml of
water during the measurement. Envelopes of the highest-order modes were fit to a mono-exponential function with measured rate constants of (1.26 ± 0.30) × 10−1 h−1,
(1.04 ± 0.18) × 10−1 h−1, and (1.37 ± 0.33) × 10−1 h−1 for F(t), D(⇁, t), and ΔS(⇁, t), respectively. Error is reported for 95% confidence intervals. [(d)–(f)] Polymer
hydrolysis leads to temporally increasing release from confinement as the material network breaks down. Here, ∼1 ml of 5.0 M HCl was added to PDK-T403 prepared in the
same geometry as panel (a), leading to acid catalyzed hydrolysis during the measurement, with data reported here after the initial swelling-dominated phase of heterogeneous
reaction, beginning at t = 35 h. Envelopes of the highest order modes were fit to a mono-exponential function with measured rate constants of (1.71 ± 0.34) × 10−2 h−1,
(2.04 ± 0.61) × 10−2 h−1, and (1.30 ± 0.34) × 10−2 h−1 for F(t), D(⇁, t), and ΔS(⇁, t), respectively. Here, the rate constant provides a macroscopic analog of a chaos
metric, where the envelope of the change of the highest order modes with greatest confinement exhibits exponential growth or decay, consistent with a macroscopic analog
of chaotic amplification shown in Eq. (3). The associated rate constant reflects the sensitivity of phase-encoded displacement modes to evolving boundary conditions.
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This serves to increase the number of spatially distinct available
microstates [Fig. 5(c)]. During depolymerization, these modes decay
as confinement is released and accessible microstates become degen-
erate as motion becomes increasingly Brownian [Figs. 5(d)–5(f)].
Notably, the envelope governing the evolution of the most confined
modes is well-described by exponential growth or decay. This behav-
ior reflects the sensitivity of phase-encoded displacement modes
to evolving boundary conditions and provides a macroscopic ana-
log of chaotic amplification in the confinement-controlled diffusion
spectrum.

IV. DISCUSSION
In this work, we demonstrated that water molecules confined

within the crystalline lattice of MOF-808 can emulate aspects of a
quantum information processor. We developed and implemented
an NMR-based approach for measuring the out-of-time-order cor-
relator (OTOC) for physical diffusion and extended this framework
to probe multidimensional correlations, enabling the observation of
entanglement-like processes mediated by diffusive exchange. This
approach provides a route to studying information scrambling and
coherence dynamics in macroscopically classical systems.

By employing modulated gradient spin echo (MGSE) exper-
iments, we accessed both position (via magnetic field gradients)
and momentum (via the velocity autocorrelation function), thereby
reconstructing the OTOC for proton motion in a spatially con-
fined environment. We found that the emergence of frequency-
selective excitation and entropy oscillations depends critically on
structural confinement within MOF pores—effects absent in free
water. These findings show that ensemble-averaged classical dif-
fusion, when analyzed through MGSE and OTOCs, can display
dynamics formally analogous to those of quantum circuits. More
broadly, the confinement-controlled eigenmode spectrum suggests a
hydrodynamic handle on scrambling rates. In structurally evolving
systems, such as those with gradients or dynamic disorder, mode-
resolved OTOCs develop growth and decay envelopes governed
by an effective butterfly velocity that bounds spatial perturbation
spread, complementary to Lyapunov-like temporal growth.

Periodic rf driving, combined with gradient modulation,
allowed observation of entropy dynamics: a sequence of entropy
growth and reversal driven by frequency-selection of diffusion
modes. This behavior parallels the operation of a heat engine, where
external coherence inputs (rf pulses) inject low entropy into the sys-
tem, and subsequent diffusion redistributes it. The entropy dynam-
ics were quantified through frequency-resolved diffusion spectra,
establishing a link between the thermodynamics of the spin sys-
tem and classical heat exchange laws. In this setting, the relevant
timescales are set by geometry-dependent hydrodynamic diffusion
of aqueous protons, rather than by the T2 coherence limits typical of
strongly dipolar-coupled solids. Moreover, the topology and chem-
istry of the MOF pores provide a structural control layer over spin
interactions, offering a hydrodynamic means to tune entropy mod-
ulation and OTOC dynamics via confinement geometry, molecular
environment, and external driving fields.

In the presence of dipolar coupling, spin evolution acquires
an additional transport term that is mathematically equivalent to
a diffusion equation, termed “spin diffusion” in the NMR lit-
erature to indicate dipole-mediated transport of magnetization.

In the high-temperature, secular limit, the dipolar Hamiltonian
reduces to a form mathematically equivalent to the diffusion
(heat) equation for spin magnetization—this is the essence of
the Bloembergen–Purcell–Pound/Redfield/Bloch–Torrey family of
models, and the spin diffusion equation is written precisely this way
in seminal texts by Abragam and Slichter.81,82 In the language of clas-
sical transport, “diffusion” is any second-order Laplacian-governed
spreading process (heat, particles, and probability amplitudes); we
have dealt with this classical form in the present work. However,
we note that the multidimensional OTOC measurement used to
track exchange in the macroscopic context may readily be applied
to study the true entanglement processes in interacting spin chains
that have been studied with other NMR implementations of OTOCs
as “quantum simulator” systems.18

V. CONCLUSIONS
This work illustrates a convergence between classical statistical

mechanics and quantum dynamics, showing that structure-driven
classical dynamics can reproduce key operational features of quan-
tum evolution. By employing MGSE-based NMR measurements
of OTOCs, in one and two dimensions, we established that con-
fined spin ensembles can exhibit entropy dynamics governed by
periodic, frequency-selected diffusion modes. Frequency-selected
diffusion reveals sustained, geometry-controlled entropy modula-
tion absent in free water, confirming the confinement-based origin
of the effect. Because the measurement fundamentally probes non-
commuting operators, the entropy readout reflects information flow
rather than ordinary relaxation. These findings define an experimen-
tal regime where quantum–classical analogies become quantitatively
testable equivalences. In such systems, the interplay of coherence,
entropy, and confinement provides both a conceptual link between
disciplines and a practical framework for probing and manipulat-
ing information flow in physical materials. More broadly, these
results establish porous frameworks and tabletop NMR as accessible
platforms for exploring universal features of scrambling in con-
densed matter systems, bridging classical transport and quantum
information dynamics.

SUPPLEMENTARY MATERIAL

The supplementary material included in this work provides
an expression for entropy changes from diffusion-induced phase
decoherence and Figs. S1–S2. Figure S1 reports the powder x-ray
diffraction pattern for the MOF-808(Zr) material. Figure S2 anno-
tates the spatiotemporal domains measured in the multidimensional
OTOC of Fig. 2 in the main text as an interpretation aid.
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Supplementary Text 

Entropy changes from diffusion-induced phase decoherence 

The modulated gradient spin echo (MGSE) signal measured in this work can be written as 

 !(#, %) = ⟨)!"($,&)⟩ (S1) 

where +(%) is the accumulated phase resulting from spin motion in the applied gradient waveform 
#(%)	[1,2]. For motion along the gradient direction, the phase may be expressed as 

 +(%) = 1 #(
&

(
%)) 2(%)) 3%), (S2) 

with 2(%) the velocity component along the gradient direction. Angle brackets denote an ensemble 
average over spin trajectories. Here we adopt the Gaussian phase approximation, which is valid 
when phase accumulation arises from many uncorrelated or weakly correlated microscopic steps, 
such that +(%) is well described as a zero-mean Gaussian random variable [3]. Under the Gaussian 
approximation, the signal attenuation is determined by the phase variance,  

 !(#, %) = exp 7−12  Var(+)<. (S3) 

The phase variance may be written in the frequency domain as 

 Var(+) = 1 |#(?)|*@(?, %)3?
+

(
, (S4) 

where #(?) is the Fourier transform of the effective gradient modulation and @(?, %) is the 
frequency-dependent diffusion spectrum (or velocity power spectrum) probed by the MGSE 
sequence. All sample- and time-dependent dynamical information enters through @(?, %); the filter 
function A(?) is fixed by the pulse sequence and hardware setup. 

To quantify the spreading of phase information induced by diffusion, we associate an 
information entropy with the random phase variable +. For a continuous random variable with 
probability density B(+), the Shannon (differential) entropy [4–7] is defined as 

 C" = −1B(+) ln B(+) 3+. (S5) 

For a Gaussian distribution with variance F"* = Var(+), this entropy is given analytically by  

 C" =
1
2 lnG2H)F"

*I = 1
2 ln(2H) Var(+)) (S6) 
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where ) is Euler’s number. Substituting Eq. (S4) yields  

 C" =
1
2 lnJ2H)1 |A(?)|*@(?, %)3?

+

(
K. (S7) 

 

Because differential entropy is defined only up to an additive constant and depends on 
units, we focus on entropy changes relative to a reference condition (e.g., an initial time % = 0) [8–
10]. The entropy change is  

 ΔC"(%) = C"(%) − C"(0) =
1
2 ln N

Var(+, %)
Var(+, 0)O. 

(S8) 

Using the spectral representation,  

 
ΔC"(%) =

1
2 lnP

∫ |!(")|2#(", &)("∞
0
∫ |!(")|2#(", 0)("∞
0

R. 
(S9) 

 

For fixed experimental filtering #(?), entropy changes at a given frequency ? are directly tied to 
changes in the diffusion spectrum. Absorbing the factor of ½ into the entropy normalization (since 
only relative changes are considered), we obtain the frequency-resolved entropy change reported 
in the main text: 

 Δ+(", &) = ln /#(", &)#(", 0)0. 
(S10) 

 

Thus, the relative entropy ΔC(?, %) quantifies the loss of phase information associated with 
diffusion-induced decoherence in a specified dynamical frequency band. It is an information 
theory form of entropy derived directly from experimentally measured quantities and does not rely 
on assumptions about thermodynamic equilibration or microscopic irreversibility. 
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Figure S1. Powder X-ray diffraction pattern of MOF-808(Zr), recovered post-NMR 
measurement. 
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Figure S2. Multidimensional OTOCs report correlations via spatiotemporal exchange networks in 
water confined in MOF-808. (a) Schematic of water molecules experiencing motion in four distinct 
domains: bond-scale, micropore, macropore (intercrystallite), and bulk water. (b) T* = ,

-!
 

relaxation time distributions obtained by Laplace inversion (dashed) and matrix pencil method 
(solid). Peaks correspond to the four domains in (a), spanning over three orders of magnitude in 
relaxation times [11–14]. (c) 2D OTOC correlation plot for a 1 ms mixing time, showing discrete 
off-diagonal exchange between specific domains, e.g., between macropore and backbone-confined 
water (~2 and ~9 kHz). Colored circles indicate “jumps” corresponding to exchange between 
domains indicated by arrows of corresponding colors in (a). (d) 2D OTOC correlation plot for a 
10 ms mixing time, showing widespread off-diagonal exchange, indicating extensive proton 
migration across domains. 
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