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PHYS I CAL since grown into a line of work that finally produced experimental strategies and convincing evidence

for distinct relaxation eigenmodes in NMR spectroscopy.
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ABSTRACT: Hyperpolarization techniques such as dynamic nuclear polarization
(DNP), chemically-induced dynamic nuclear polarization (CIDNP), and para-
hydrogen-induced polarization (PHIP) enhance the sensitivity of NMR spectros-
copy and MRI, but the associated antiphase magnetization patterns often relax
faster than those of conventional in-phase signals. This study analyzes the spin—
lattice relaxation matrix for single-quantum transitions in an isolated, weakly
coupled two-spin AX system to identify eigenvectors and eigenvalues that govern
the time evolution of in-phase and antiphase longitudinal magnetization. The
analysis predicts that AX antiphase magnetization, such as that generated by PHIP
hydrogenations in high magnetic field, can relax up to twice as fast as the in-phase in-phase relaxation
magnetization of traditional inversion-recovery or saturation-recovery experiments. e,
To validate these predictions, a dedicated NMR pulse sequence was used to IO
selectively generate and monitor antiphase magnetization. trans-Cinnamic acid in

deuterated DMSO served as a model compound, with the hydrogen atoms on its central conjugated double bond forming a weakly
coupled AX spin system with a large scalar coupling (>16 Hz). The large scalar coupling allowed for the separate integration of the
two lines in each doublet. Experimental results confirm an accelerated relaxation of antiphase magnetization but also reveal that in-
phase relaxation is influenced by double-quantum transitions, which do not contribute to the relaxation of antiphase magnetization.
The findings of this study highlight the importance of distinguishing in-phase from antiphase relaxation, providing a basis for
optimizing hyperpolarization experiments with explicit consideration of antiphase signal dynamics.

antiphase relaxation

d2l1z12,
dt

Bl INTRODUCTION intensities, often by several orders of magnitude, and improved
image contrast in MRI applications.

Once hyperpolarization is achieved, the perturbed spin
system relaxes back to thermal equilibrium through spin—
lattice interactions. This process is commonly quantified by the
longitudinal relaxation time constant T}, which depends on
factors such as local magnetic field fluctuations, molecular
motion, and spin—spin couplings. The time constant T,
ultimately defines the time window during which hyper-
polarized spin states can be effectively exploited. For
hyperpolarization methods to be successful, polarization
buildup must occur on a time scale that is faster than T,
relaxation.

In systems where spin hyperpolarization involves coupled
nuclear spins, such as in parahydrogen-induced polarization

Nuclear magnetic resonance (NMR) spectroscopy is a widely
employed analytical technique to determine molecular
structure, investigate chemical environments, and study
dynamic processes in both solution and solid phases. The
spin-physics principles underlying NMR also form the basis for
magnetic resonance imaging (MRI), where spatial encoding of
spin populations enables noninvasive, high-resolution imaging
for clinical diagnostics including tumor detection and tissue
characterization. A principal limitation of both NMR and MR],
however, is their inherently low sensitivity, which stems from
the small population differences between nuclear spin states at
thermal equilibrium under conventional magnetic field
strengths.

To overcome this limitation, a variety of nuclear spin
hyperpolarization techniques have been developed to tran-
siently enhance spin polarization well beyond thermal Received: July 28, 2025
equilibrium values."”” Spin hyperpolarization involves the Revised:  September 10, 2025
intentional redistribution of spin populations, resulting in an Accepted:  September 11, 2025
overpopulation of certain energy levels and a corresponding
depletion of others. These non-Boltzmann population
distributions can lead to significantly enhanced NMR signal
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Figure 1. Homonuclear spin energy levels (left) of a weakly coupled two-spin system (AX)." The single-quantum transitions (A;, A,, X;, and X,)
(indicated by arrows) correspond to the observable NMR signals shown schematically in the AX spectrum (right). If the transition probabilities
Wogepar W, Wogespr A0 Woqe,pq are identical, then the resulting spectrum under thermodynamic equilibrium conditions will exhibit equal-

aapa apfa

intensity signals for all four transitions.

(PHIP)*™° or the multiplet effect observed in chemically-
induced dynamic nuclear polarization (CIDNP),” spin—lattice
relaxation is often estimated by the same T, value that is
measured with inversion-recovery, saturation-recovery, or
related pulse protocols.”” However, the population distribu-
tion in hyperpolarized coupled nuclear spin systems can lead to
dramatically different relaxation dynamics, even though the
individual transitions and their probabilities may not change.

The relaxation kinetics of spin population redistribution in
coupled nuclear spin systems, whether initiated by inversion,
recovery, spin hyperpolarization, or other perturbation
techniques, can be described using relaxation matrices
composed of coupled first-order differential equations.
Eigenvalue decomposition of such matrices reveals a set of
eigenvectors, each associated with a distinct relaxation mode
and decay rate. Inversion-recovery and saturation-recovery
experiments typically probe a single slowly relaxing eigenmode,
whereas hyperpolarized spin systems frequently involve
additional eigenmodes that decay more rapidly.

B THEORY OF RELAXATION IN A WEAKLY COUPLED
TWO-SPIN SYSTEM

A system consisting of two weakly coupled spin-1/2 nuclei
gives rise to four distinct energy levels, associated with the
spin-state combinations aa, fa, af, and 3, where a denotes a
spin aligned with the external magnetic field and B a spin
aligned against the field” As illustrated in Figure 1, these
energy levels permit four single-quantum transitions, each not
only contributing to observable signals in the NMR spectrum
but also representing distinct relaxation pathways. The
probability of population exchange between two adjacent
spin states is described by a transition probability Wicj where
subscript indices identify the pair of spin states involved. For
example, the probability w,,.,4, corresponds to the transition
between the values of aa and fa. As these transition
probabilities are bidirectional, notation throughout this work
consistently lists the lower-energy state first.

In a first-order approximation, relaxation contributions from
double-quantum transitions (e.g., Wyqe.5) and zero-quantum
transitions (e.g., Wyeqp) are neglected. Under this assumption,
population redistribution following a perturbation from nuclear

spin equilibrium proceeds exclusively via single-quantum
transitions between adjacent energy levels. The resulting
time-dependent population dynamics is therefore governed
by the following set of differential equations:''

d(p]

wopopp(lapl — [BB1) + w ([pal = [BP1)

ar paspp
(12
d
S — s UBB) — tap) + w0, (la] — [ap)
(22)
d
% = Wpaepp(1BP] = [Bal) + w__ (laa] = [fal)
(3)
AL cp(lap) — laal) + (1] ~ L)
(42)

Here, in analogy to concentration terms used in chemical
kinetics, square brackets denote the populations of the
individual spin states. More precisely, these quantities
represent deviations from thermodynamic equilibrium pop-
ulations. The system of eqs la to 4a provides a general kinetic
framework for modeling spin—lattice relaxation in weakly
coupled two-spin systems, forming the basis for further
simplifications and matrix-based treatments.

Assuming equal transition probabilities for all single-
quantum transitions, a common approximation in weakly
coupled, homonuclear two-spin systems, each w,_; can be
replaced by a common rate constant w,, where subscript 1
denotes single-quantum relaxation. Under this assumption, the
rate egs la to 4a simplify to

dlAp]

wi([ap] + [fal — 2[pp1)

dt (1b)
dlap]
o - wi([BB] + [aa] — 2[ap]) (2b)
d[fa]

" wi([BB] + [aa] — 2[pal) (3b)
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d[j‘t"] = w([ap] + [fa] — 2[aa])

(4b)

This system of coupled first-order differential equations can be
expressed in matrix form as
dp
 —w -R-P
a ()

where

[4P] 2110
[af] 1 —20 1
P_

igarl 1 021

[act] 0 1 1-2

The relaxation matrix R has four eigenvalues: 0, —2 (twice
degenerate), and —4. These eigenvalues, combined with the
rate constant w,, represent characteristic relaxation rates, while
the associated eigenvectors (shown in Figure 2) define spin
population modes that evolve independently over time. These
eigenvectors form an orthogonal basis for describing any
nonequilibrium spin-state population and define distinct
relaxation pathways with unique decay rates.

The eigenvector associated with the zero eigenvalue [1 1 1
1]" (Figure 2a) corresponds to the equilibrium state, in which
all four spin states are populated according to Boltzmann
equilibrium, and no further relaxation occurs. The eigenvector
[1 0 0 —1]" (Figure 2b), associated with eigenvalue —2,
represents the relaxation pathway typically observed in
inversion-recovery or saturation-recovery experiments. This
mode reflects an overpopulation of the highest-energy level
(Bf) and a corresponding underpopulation in the lowest-
energy state (aa), relative to equilibrium. A second
eigenvector, [0 1 —1 0]" (Figure 2c), also associated with
eigenvalue —2, involves a differential population between the
intermediate spin states, with overpopulation in af and
underpopulation in fa. In contrast, the eigenvector [1 —1
—1 1] (Figure 2d), associated with eigenvalue —4, represents
a relaxation mode that decays twice as fast as the —2 modes.
This fast-relaxing mode is characterized by an excess
population in the outer states (ff and aa) along with
depletion in the intermediate states (a8 and fa).

According to the matrix formulation described above,
relaxation following standard inversion-recovery or satura-
tion-recovery excitation involves a single eigenmode with an
eigenvalue of —2. The time constant associated with this decay
is what is conventionally referred to as T;. Within the matrix
framework, this time constant is directly related to the
transition probability w by the expression T, = (2w)™."”
where the factor of 2 reflects the relaxation mode’s eigenvalue.

Hyperpolarized spin systems, such as those generated via
PHIP or observed through the multiplet effect in CIDNP,
frequently exhibit initial population distributions that project
significantly onto the —4 eigenmode.”” In such cases,
relaxation toward equilibrium is dominated by a faster decay
component characterized by the eigenvalue —4, corresponding
to a relaxation time constant of (4w)~". This mode proceeds at
twice the rate of the conventional T, relaxation process,
leading to a rapid loss of nonequilibrium spin order and a
substantial reduction in the effective lifetime of hyperpolarized
states. As a result, hyperpolarized systems often relax much
faster than those predicted by standard inversion-recovery or
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Figure 2. Spin-state population modes and associated eigenvectors for
a weakly coupled two-spin (AX) system. Dark shading indicates
overpopulation relative to thermal equilibrium, whereas light shading
with dashed outlines denotes depletion. Blue dashed arrows indicate
the single-quantum transitions between the four energy levels (5, af,
Pa, and aa) that mediate relaxation between adjacent levels. Each
panel illustrates a distinct eigenmode of the relaxation matrix: (a)
thermodynamic equilibrium (eigenvalue 0), (b) population excess in
PP and depletion in aa (eigenvalue —2), (c) population excess in aff
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Figure 2. continued

and depletion in fa (eigenvalue —2), and (d) population excess in
and aa with depletion in aff and fa (eigenvalue —4).

saturation-recovery measurements. Accurate interpretation of
relaxation behavior in these systems therefore necessitates
accounting for the full spectrum of contributing eigenmodes
and their associated time constants. Notably, an early
observation of unusually rapid relaxation in parahydrogen-
induced polarization (PHIP) experiments was already reported
in the 1988 Master’s thesis (Diplomarbeit) of one of the
present authors.'”” In that study, catalytic hydrogenation of
acetonitrile with enriched parahydrogen produced hyper-
polarized propionitrile, which exhibited longitudinal spin
relaxation more than twice as fast as the T, time measured
by conventional inversion-recovery on the same solution after
a full return to equilibrium. At the time, this effect was
attributed to enhanced relaxation caused by reactive
intermediates or nuclear Overhauser effects. Only in retrospect
is this behavior interpreted as a manifestation of relaxation
through faster eigenmodes.

B EXPERIMENTAL SECTION

trans-Cinnamic acid was used as a model compound for
investigating the relaxation dynamics in a weakly coupled
homonuclear two-spin system. The trans-vicinal protons at the
central conjugated double bond (H, and Hy in Figure 3)

‘ trans-cinnamic acid

T T T T T T T T

7.8 76 7.4 7.2 7.0 6.8 6.6 6.4
3, ppm

Figure 3. Standard one-dimensional 400 MHz '"H NMR spectrum
(red trace) of (2E)-3-phenylprop-2-enoic acid (commonly known as
trans-cinnamic acid) in deuterated dimethyl sulfoxide (DMSO-dy).
The trans-vicinal protons H, and Hy at the central conjugated double
bond form a weakly coupled AX spin system with a large scalar
coupling (J = 16.04 Hz), giving rise to two well-resolved doublets at
7.60 ppm (H,) and 6.53 ppm (Hy). The multiplets centered around
7.64 and 7.37 ppm arise from the aromatic protons. The blue trace
shows signals derived following the generation of longitudinal
antiphase magnetization (2I,,1,,), which corresponds to an
eigenmode population characterized by eigenvalue —4 (Figure 2d).

exhibit a scalar coupling constant (J = 16.04 Hz) that ranks
among the largest reported for an isolated, coupled two-spin
system. Under the high field strength of a superconducting
NMR magnet, these protons form an AX spin system,
characterized by a chemical shift difference of 1.34 ppm,
which exceeds the coupling constant by more than an order of
magnitude (e.g, 536 Hz at 400 MHz). AX systems of this type

yield two well-resolved doublets in the proton NMR spectrum,
corresponding to the single-quantum transitions illustrated in
Figure 1. The large scalar coupling allows for the separate
integration of the two lines in each doublet.

Conventional spin—lattice relaxation of these protons (H,
and Hy in Figure 3) was determined using the recently
introduced split-inversion pulse and recovery (SIP-R)
protocol, a modified dual-scan inversion-recovery experiment
that converts the traditional rise-to-maximum relaxation
behavior into a decay-to-zero functionality.'*"® This reformu-
lation reduces the dependent variables that must be optimized
in an exponential curve fit from three to two and yields
relaxation curves that are more amenable to numerical inverse
Laplace transform (ILT) algorithms,lé’17 which are commonly
employed to resolve multiexponential relaxation components
in systems with overlapping kinetic processes.

To isolate and selectively observe the relaxation of spin
populations associated with the eigenmode corresponding to
eigenvalue —4, a dedicated NMR pulse sequence (Figure 4)

90°, 1805 905 45°, 905

-1 -1 :
(4)) (4)) T AQ
90°% 180% 90% 4é?x 90°%
=1 x| ¢ §
(4)) (44) T AQ
A B : C

Figure 4. Dual-scan NMR pulse sequences designed to isolate and
monitor relaxation of spin populations associated with the fast-
relaxing eigenmode (eigenvalue —4) in a weakly coupled two-spin
system. The sequence consists of three segments: (A) generation of
2I..I,, longitudinal two-spin order from thermal equilibrium via
frequency-selective 90° pulses and scalar coupling evolution time with
a central 180° refocusing pulse; (B) a variable relaxation delay 7
allowing for spin—lattice relaxation; and (C) the selective detection of
remaining 2I,.I,, spin order using an effective 45° pulse in the first
scan and an effective —135° pulse in the second scan. The combined
result of the two scans converts the longitudinal two-spin order into
observable single-quantum coherence while simultaneously suppress-
ing contributions from pre-existing single-quantum coherence.
Selective pulses are applied at the resonance frequencies of either
nucleus A or X. Subscript indices denote the transmitter phases of
each pulse, and AQ marks the acquisition period.

was developed consisting of three segments (A, B, and C). In
Part A, spin-state populations reflecting the eigenvector of
eigenvalue —4 (Figure 2d) are generated from thermal
equilibrium. Part B introduces a variable delay period to
allow for spin—lattice relaxation. In Part C, the residual
eigenmode population is selectively detected, allowing direct
measurement of the relaxation behavior specific to this fast-
relaxing mode.

Within the framework of product operator formalism, the
eigenmode associated with eigenvalue —4 corresponds to
longitudinal antiphase coherence, represented by the non-
classical two-spin operator 2I;,L,,.'""" In this operator, I
denotes spin polarization (i.e., the population difference
between the a and f spin states), and subscripts identify the
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Figure S. Relaxation plots of in-phase signal intensities of the trans-cinnamic acid trans-vicinal protons (H, and Hy) as a function of relaxation
delay. The "H NMR signals were obtained by SIP-R inversion-recovery experiments and integrated over a 16 Hz (0.04 ppm) range centered around
each resonance. Shown are relaxation plots for A;, A;, X;, and X, (as defined in Figure 1). The experimental data (red circles) are overlaid with
monoexponential fits (black lines), from which the relaxation time constants T were extracted. The about 2.5 times larger intensity observed for A,

arises from partial overlap with aromatic proton signals.

individual nuclei in the coupled spin system; the Cartesian
index z refers to the axis aligned with the static magnetic field
in the rotating frame. Such a 2II,, spin order can be
generated from thermal equilibrium magnetization without
employing hyperpolarization techniques. It is established
through a pulse sequence (Part A in Figure 4) that begins
with the frequency-selective excitation™ of one of the coupled
nuclei, followed by a mixing period during which antiphase
coherence evolves under the influence of scalar coupling. A
second frequency-selective pulse, applied to the same nucleus,
then converts this antiphase coherence into the desired
longitudinal two-spin order.'® Frequency-selective excitation
was performed using a sin(x)/x-shaped radiofrequency pulse
(sinc pulse) of 1000 discrete intensity steps truncated before
and after the first zero crossings. The sinc pulse duration was
adjusted to 20 ms to achieve an excitation bandwidth of 100
Hz around the center of the Hy doublet at 6.53 ppm (Figure
3). The performance of the sinc pulse was optimized by
varying the pulse power until the maximum intensity was
recorded for signals within the excitation bandwidth. Only Hy
resonances were selectively excited because their chemical shift
is well separated from other resonances of trans-cinnamic acid,
unlike that of H,, which overlaps with resonances from the
aromatic protons. After selective excitation of one of the trans-
vicinal protons, scalar coupling transfers coherence between
the coupled spins, leading to antiphase signals for both H, and
H,.

A nonselective 180° pulse at the midpoint of the mixing
period serves to refocus the antiphase coherence along the
negative axis of the initial excitation, enhancing the efficiency
of the following transfer to 2I,.I,, longitudinal spin order.

Optimal evolution of the two-spin order occurs when the total
mixing time is set to (2]) !, implemented here as two intervals
of (4])™" before and after the 180° refocusing pulse. For trans-
cinnamic acid, where the scalar coupling constant between the
trans-vicinal protons is ] = 16.04 Hz, the mixing delays were set
to (4])7! = 15.6 ms.

To selectively detect the 2I).I,, spin order, a dual-scan
acquisition strategy is employed, as shown in Part C of Figure
4. This detection scheme uses a pair of effective pulses: one
with a nominal flip angle of +45° and the other with —135°.
Two-spin orders such as 2I,,I,, exhibit twice the Rabi
frequency (nutation frec%uency) compared to their single-spin
operators (I, + L,,).”""> As a result, the paired pulses act
effectively as +90° and —270° excitations for the two-spin
order, reinforcing its detection when the signals from the two
scans are added. In contrast, for single-spin orders, the 45° and
—135° pulses yield opposing transverse contributions that
cancel upon coaddition, thereby suppressing any pre-existing
single-quantum coherence. In practice, the pulse widths used
in this detection block were empirically optimized by executing
Part C of the dual-scan experiment in isolation and minimizing
the detection of trans-cinnamic acid signals under thermal
equilibrium conditions. A spectrum recorded by the dual-scan
method (Figure 4), using the optimized pulse widths and a
minimum relaxation delay of 0.1 s, is shown as the blue trace in
Figure 3 and compared to the standard trans-cinnamic acid
spectrum.

Figures 5 and 6 show relaxation curves obtained from
integrated signal intensities of the trans-vicinal protons (H,
and Hy) in the spectrum of trans-cinnamic acid in DMSO-d,.
Figure 5 displays the relaxation of the in-phase signals acquired
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Figure 6. Relaxation plots of antiphase signal intensities of the trans-cinnamic acid trans-vicinal protons (H, and Hy) as a function of relaxation
delay. The '"H NMR signals were obtained using the newly developed pulse sequence designed to monitor the relaxation of the 21,1, spin order
and integrated over a 16 Hz (0.04 ppm) range centered around each resonance. Shown are relaxation plots for A}, A,, X, and X, (as defined in
Figure 1). The experimental data (red circles) are overlaid with monoexponential fits (black lines), from which the relaxation time constants T
were extracted.

Table 1. Relaxation Time Constants (T;) from Monoexponential Fits of the Integrated H, and Hy Signal Intensities in trans-

Cinnamic Acid, Listed Separately for Each Component (A;, A,, X;, X,) of the Respective Doublets

Experiment Spin Operator Dynamics  Eigenvalue T, (A) [s]? T, (A,) [s]? T, (Xy) [s]? T, (X,) [s]?
In-phase relaxation % % -2 1.330 (+ 0.002) 1.896 (+ 0.007) 1.354 (+ 0.002) 1.328 (+ 0.002)
Antiphase relaxation Shehe —4 1.046 (+ 0.007) 1.021 (+ 0.005) 0.989 (+ 0.003) 1.000 (+ 0.005)

dt

“Uncertainties represent standard errors from the curve fits.

by inversion-recovery experiments following the SIP-R
protocol, while Figure 6 shows the relaxation of the antiphase
signals monitored with the newly developed pulse sequence
targeting the 2I,zl,, eigenmode. For each pulse sequence, a
series of 256 individual experiments was recorded, with each
experiment consisting of four dual-scans (total of eight scans)
for signal averaging. The recovery delays () were incremented
exponentially, i.e., increased linearly on a logarithmic time scale
(log 7) from 0.1 to 25 s. Signal intensities were integrated over
a spectral width of 16 Hz (0.04 ppm) centered on each
resonance. Relaxation curves are shown separately for the four
signals of the H, and Hy doublets (A;, A, X;, and X, as
indicated in Figure 1), with the experimental data points
overlaid by monoexponential fits to the integrated intensities of
each signal.

Table 1 presents the relaxation time constants obtained from
monoexponential fits to the integrated intensities of each
individual signal of the H, and Hy doublets (A;, A,, X;, and X,
as indicated in Figure 1). The data compare results from the
SIP-R experiment, which tracks the relaxation of in-phase
magnetization, with those from the newly developed dual-scan
experiment designed to monitor the relaxation of antiphase

magnetization, i.e., relaxation of the 2I I,  two-spin order
corresponding to the eigenmode with eigenvector [1 —1 —1
1]" and eigenvalue —4.

B RESULTS AND DISCUSSION

The relaxation times observed for antiphase spin order were
consistently measured to be approximately 1.0 s for trans-
cinnamic acid dissolved in DMSO-d;. Comparable trends were
obtained in deuterated acetone (acetone-ds) and deuterated
water (D,0), although the absolute values of the relaxation
time constants varied with the solvent. In every case, the
relaxation times of in-phase magnetization were longer than
those of the corresponding antiphase magnetization, typically
by a factor of 1.3—1.9. Notably, the in-phase relaxation times
differed substantially between H, and Hy and even between
the individual signals (A, and A,) of the H, doublet. A likely
explanation not only for the shorter T, but also for the larger
integrated intensities of A, (by a factor of ~2.5, see Figure 6) is
that the chosen integration window of 0.04 ppm (16 Hz)
around the resonance center, though narrow, still includes a
substantial contribution from overlapping aromatic proton
signals. Consequently, the extracted T, for A; may primarily
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reflect the relaxation of these aromatic protons rather than H,.
None of the in-phase relaxation time constants reached twice
the value of the corresponding antiphase relaxation times,
although T(A,) approached this limit (see Table 1).
Additional relaxation mechanisms beyond the simplified
matrix model presented in eq 5 may further shorten in-phase
relaxation times while still leaving them longer than those of
antiphase magnetization. As illustrated in Figure 7, double-

a) Eigenvalue: -2 b) Eigenvalue: -4

dly, db, A2y, 15,
e dt de
BB BB
L

Waa o pp

aa

Figure 7. Influence of zero- and double-quantum transitions on the
relaxation of (a) in-phase and (b) antiphase magnetization in a weakly
coupled two-spin (AX) system. Because of equal populations of the
intermediate spin states, zero-quantum transitions between the fa
and aff states (with transition probability wg,..,s) do not contribute
to the relaxation of either in-phase or antiphase magnetization. In
contrast, double-quantum transitions between the aa and ff} states
(with transition probability W, ss) can accelerate the relaxation of
in-phase magnetization but will not affect antiphase magnetization,
where the aa and ff states are equally overpopulated.

quantum relaxation pathways provide one possible explanation.
A finite transition probability of wg,.ps enables direct
exchange between the Bf and aa spin states. This process
accelerates the decay of in-phase magnetization but does not
affect the two-spin order described by the operator 2I,I,,
where the ff and aa states remain symmetrically over-
populated relative to the equilibrium magnetization. Such
pathways therefore selectively enhance in-phase relaxation
while leaving antiphase spin order largely unaffected. This
observation is consistent with the experimental finding that in-
phase relaxation times were always longer than, but never twice
as long as, the corresponding antiphase relaxation times.

B CONCLUSION

This study demonstrates that antiphase magnetization,
whether generated by hyperpolarization techniques or pulse
sequences utilizing scalar coupling evolution, can relax
substantially faster than in-phase magnetization. Therefore,
antiphase relaxation cannot generally be characterized by the
conventional T, time constant obtained from inversion-
recovery or saturation-recovery methods. While theory predicts
that antiphase modes may relax up to twice as fast as in-phase
modes in a weakly coupled two-spin system, additional
mechanisms, such as double-quantum transitions, may
accelerate in-phase relaxation while remaining inactive for
antiphase spin orders.

For the design of hyperpolarization strategies in NMR and
MR, it is crucial to consider each relaxation mode and its
associated eigenvalue independently. It has long been
observed, for instance, that PHIP-generated hyperpolarization
decays more rapidly than inverted thermal polarization. This
study expands the framework for understanding such
accelerated decay by introducing the concept that hyper-
polarized spin systems may selectively populate intrinsic
eigenmodes with larger (i.e.,, more negative) eigenvalues. An
important implication of this study is that future, carefully
designed pulse sequences should, at least partially, mitigate
relaxation losses by preferentially storing hyperpolarization in
modes with smaller eigenvalues such as longitudinal in-phase
orders, which are inherently longer-lived than antiphase spin
order. Approaches to transfer antiphase to in-phase spin order
have been reported previously”’ but without appreciating the
associated and potentially beneficial change in relaxation
eigenmodes. Developing such strategies with explicit attention
to eigenmode relaxation behavior will be an important next
step toward extending hyperpolarization lifetimes in both
NMR and MRI applications. It is worth noting that storage of
hyperpolarization as long-lived singlet states at low magnetic
fields represents another strategy to mitigate relaxation
losses.”* However, such an approach does not alter the
fundamental observation that in-phase relaxation is inherently
slower than antiphase relaxation.

When more than two spins are coupled or the coupling
exceeds the weak-coupling limit, relaxation acceleration may
become even more pronounced. Preliminary matrix-based
calculations for systems of three weakly coupled spin-1/2
nuclei suggest the existence of additional eigenmodes
(including one with an eigenvalue of —6) beyond the 0, —2,
and —4 eigenvalues observed in two-spin systems.

These findings underscore the need to rethink how
relaxation behavior is interpreted in hyperpolarized spin
systems. Rather than treating T, relaxation as a universal
descriptor, a more nuanced approach that accounts for
multiple relaxation eigenmodes is required, each with its own
distinct lifetimes. As experimental techniques and hyper-
polarization strategies continue to evolve, understanding and
controlling the specific population modes involved will be
critical for optimizing signal lifetimes and maximizing the
information extracted from hyperpolarized NMR and MRI
experiments.
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