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Understanding water interactions in complex systems is PROTON EXCHANGE M) = Age™ T8 + Age™/Ta
crucial, as they play a key role in fields such as biochemistry, pharmaceutical
formulations, and food science. Nuclear magnetic resonance (NMR)
relaxation measurements have become one of the widely used methods to
visualize various water characteristics owing to their noninvasive nature and
ease of use. However, unambiguous data interpretation can be challenging J
and potentially misleading if not carefully analyzed. One such example is the
observation of multiple relaxation times, which is often linked to different
water types such as “bound” and “free”. In this paper, we present a new
approach for the interpretation of proton NMR relaxation data using a second-order reaction kinetics-based model. The case of first-
order asymptotic analysis considering fast proton exchange is shown to be of particular relevance. The presented theory is tested
using a series of sucrose—water and sucrose-D,O systems with varying sucrose content. The comparison of these systems reveals a
biexponential behavior in both T, and T, relaxation times. These observations are interpreted by considering both nonexchangeable
and exchangeable protons in the system, with the corresponding contribution coeflicients following trends consistent with the
concentrations of these proton types.
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urations, defining unique water characteristics within these
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compartments.' '~ However, as different fields utilize varied

Unravelling the intricate dynamics of water within complex
biosystems is crucial across multiple scientific domains due to experimental techniques to probe the biomolecular hydration
profound impact of water on biomaterial properties.'”* process, resulting in definitions that depends on the method

Hydration water plays a vital role in the stability, structure, used. Water is generally categorized into three distinct types
: . . : 5—7 ) . N

dynamics, and function of proteins and other biomolecules. across various fields, based on different criteria: (i) thermal

The strength of water interaction is influenced by several expansion, such as hydrated, interfacial, and bulk water; (ii)

factors, including the chemical composition and physical
properties of biomolecules, as well as various physiological
conditions such as pH, temperature, pressure, and the presence
of other molecules.””® The biomolecules’ hydrophilic or
hydrophobic nature determines how strongly it attracts or

mobility, which includes ice-like (or tightly bound),
intermediate (or loosely bound), and free water; and (iii)
freezing temperature, distinguishing between nonfreezing
bound water, freezing bound water, and free water.'* These

repels water, while the water exchange rate—how quickly categorizations have their own limitations, for example,
water molecules are absorbed, released, or replaced—can also thermodynamic analysis of water freezing indicates that the
impact the interaction. quantity of nonfreezing water does not necessarily correspond

Conventionally, the hydration state is presumed to be to the total amount of bound water.'” The occurrence of
predominantly depending on the intra- and intermolecular nonfreezing water arises from the intersection between the

hydrogen bond network established with the biomolecules, 15
resulting in varying water compartments characterized by
distinct strengths of hydrogen bonding. The binding of water
to the biomolecules is defined by its reduced mobility as well
as its anisotropic motion. The distinction between “bound”
and “nonbound” has been a widely employed framework for
characterizing water behaviors across various systems.”'® This
concept delineates distinct physical states or compartments,
categorizing “bound” water into “loose” or “tight” config-

liquidus line and the glass transition line.
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The widely accepted definition of “hydration” in contem-
porary theory refers to solute-induced perturbations of the
structure, energetics, and dynamics of the aqueous solvent.”'¢
These perturbations are often probed using NMR parameters,
with the spin—lattice relaxation time T, transverse-relaxation
time T,, and spin—lattice relaxation time in rotating frame T,
(solid-state) being particularly useful for studying hydration
water.'”" Laage, et. al® emphasized that hydration should be
understood as solute-induced perturbations of water structure,
energetics, and dynamics with graded, heterogeneous slow-
downs, not as a binary “bound” vs “free” state. This view is
consistent with earlier NMR studies on sugar solutions™’™ >’
and more recent work”* showing that hydration dynamics are
strongly environment-dependent. Recent NMR studies on
trehalose and glucose solutions™ and in porous silica ge126
further confirm that water relaxation reflects a continuum of
exchange rates and local environments, not two distinct
populations. However, in much of the literature, relaxation
(T,/T,) measurements of hydrated biomolecules yield a
multicomponent relaxation profile, which are often misinter-
preted as evidence for distinct water “bound” and “unbound”
or “free” water states.'?”*®* However, can NMR relaxation
measurements effectively differentiate between “bound” and
“unbound” water?

In a static magnetic field By, nuclear spin levels (2I + 1)
adopt a Boltzmann distribution with a slight population excess
in the lower-energy state. During an NMR experiment, the
equilibrium state is perturbed by the application of a second
oscillating radiofrequency field (B;), driving transitions and
energy absorptions.

Relaxation of nuclear spins back to equilibrium occurs via
four primary mechanisms:* (i) dipolar coupling to thermally
driven local field fluctuations (lattice motion), (ii) molecular
reorientations and translation, (iii) proton exchange, and (iv)
interactions with paramagnetic centers. Energy transfer from
spins to the lattice defines the longitudinal (spin—lattice)
relaxation time (T)); after the applied RF field along B, is
switched-off, M, recovers to equilibrium with time constant T,
while M,, decays with T,.

T, and T, probe dynamics at different spectral regions:
generally, high-frequency motions contribute to both, whereas
low frequency processes influence mainly the T, relaxation,
causing T, <T| when the condition wt, <1 where  is the
Larmor frequency and 7, is the correlation time. In liquids,
rapid molecular motions average dipolar fields, reducing both
T, 'and Tz_l. Chemical exchange will affect both T and T,. T,
is affected because energy is transferred from one nucleus to
another. For example, if there are more nuclei in the excited
state of water (A*), and a normal Boltzmann distribution in
sucrose (B), exchange will force the excess energy from A* into
B. T, is affected because phase coherence of the transverse
magnetization is not preserved during chemical exchange.

In the hydration layer of macromolecules, magnetic
interactions between water protons are only partially averaged,
with the extent determined by specific water-macromolecule
interactions. These include proton exchange, reorientational
dynamics, and translational diffusion of water molecules
through regions of varying structural order. In contrast, free
or bulk water exhibits rapid isotropic motion that effectively
averages out dipolar couplings, dominating the relaxation
behavior. It is often associated with the notion that water
molecules interacting with solutes, like sugars or other
molecules, experience different environments, leading to
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distinct NMR relaxation times. However, this conceptual
framework has limitations for its oversimplification, with
debates on its ability to accurately capture the intricate
dynamics of water within heterogeneous systems.

We put forward an alternative perspective that the observed
differences in water characteristics, e.g, in '"H T, and T,
relaxation times, are primarily attributed to the varying rates
of chemical exchange between water molecules and solutes,
such as sugars, rather than the existence of distinct compart-
ments of “bound” and “nonbound” water. The rate at which
these exchanges occur can alone dictate the observed variations
in the relaxation times. For instance, the water molecules are
actively engaged in rapid intra molecular exchange processes as
well as (not so rapid) with the exchangeable protons of the
solute molecules. Additionally, there’s a third scenario wherein
nonexchangeable hydrogen within the sugar also undergo
relaxation, however, that will not impact the water relaxation
significantly. The first two types of dynamic exchange process,
intramolecular and water-solute exchange, can cause the
protons within the water molecules to experience differing
environments, resulting in the diverse relaxation times
observed experimentally.

The aim of this work is to demonstrate the direct
generalization of second-order reaction kinetic equations to
incorporate the effect of chemical exchange and to illustrate
the biexponential decay of the longitudinal and transverse
magnetizations without considering any distinction between
“bound” or “non-bound” water. Our model directly addresses
these issues by demonstrating, through explicit exchange-based
analysis in H,O, D,O, and partially deuterated sucrose
samples, that the observed relaxation can be explained without
invoking a separate bound-water fraction, thereby providing a
more accurate framework for future research.

Crystalline sucrose was purchased from Sigma-Aldrich and used as
obtained. Sucrose—water systems with a fixed water content (1 g),
and increasing sucrose composition from 0 to 70 wt % in Milli-Q
water, were analyzed using a Spin Track TD-NMR analyzer operating
at 18.27 MHz. It was ensured that no solid sucrose remained in the 70
wt % solution. The solution pH ranged between 6.5 and 7.5
(approximately neutral) across the different concentrations.

To decrease concentration of exchangeable protons, crystalline
sucrose was dissolved in D,O (20 wt % sucrose - 80 wt % D,O
solution) and then freeze-dried. The obtained partially deuterated
sucrose was dissolved in D,O. Apart from nonexchangeable protons,
the samples obtained this way (denoted as FD-D,0) still contained a
small number of exchangeable protons (see Table S3). The samples
were placed in a 10 mm diameter NMR tube. Measurements were
conducted at 25 °C, allowing the samples to equilibrate for 15 min.
Further extension of the thermostatting time did not impact the
measurement outcomes. Proton spin—lattice relaxation times (1))
were measured using the saturation recovery method by adding 32-
time intervals ranging from 4 ms to 30 s, a relaxation delay of 2.5 s,
and 4 scans. The spin—spin relaxation times (T,) were determined
using the Carr—Purcell-Meiboom—Gill (CPMG) pulse sequence
with specific parameters: a 3.3 us duration for the 90° pulse, a 300 ys-
3000 us time interval (7) between the 90° and 180° pulses, and a
range of 3000 echoes on the decay curve. Each sample underwent
three identical measurements, accumulating 32 scans with a 15 s delay
between scans.

The 'H T, and T, relaxation data were analyzed using a nonlinear
least-squares fitting procedure implemented in MATLAB (Math-

https://doi.org/10.1021/acsphyschemau.5c00108
ACS Phys. Chem Au 2026, 6, 196—206


https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.5c00108/suppl_file/pg5c00108_si_001.pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.5c00108?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Works Inc.). The relaxation curves were fit to biexponential models of
the forms:

M, (t _ -
z( ) =1-ae Yhs _ a;ee /i
M, (1)
M, (t)
4 —t/ Ty, —t/T,
0 = dxe B+ aye 2

xy (2)

where T, and Ty are the two T, relaxation times, while T,, and T,¢
correspond to the two T, relaxation times. The respective populations
(normalized) of the slow-relaxing and fast-relaxing components are
denoted a,; and a,;, respectively. An offset constant, y,, is included in
the MATLAB fitting to account for residual signal contributions
arising from imperfect pulse calibration and baseline drifts. Initial
parameter estimates were chosen based on signal amplitude and time
scale and bounded within physically meaningful limits. The fitting was
performed using the Isqcurvefit function in MATLAB, with
convergence criteria set by increasing the maximum number of
iterations and function evaluations. Goodness-of-fit was assessed using
the coefficient of determination (R*) and the root-mean-square error
(RMSE). Each T, and T, measurement was performed in triplicate to
account for experimental variability. The reported values are means of
the triplicate measurements, with errors representing the standard
deviation across replicates. Each data set was fit independently and we
did not combine individual fitting errors with replicate variability.
Representative saturation recovery (T;) relaxation curves for the SO
wt % sucrose solution, along with 80% confidence intervals (Cls),
were fitted and plotted for each of the three independent trials. These
sample plots are provided in the Supporting Information (Figure S2)
to illustrate the fitting quality and variability across replicates.

In nonionic systems such as water-carbohydrate, to preserve
electrical neutrality of the molecules, a transfer of a proton
from molecule A to B implies a transfer of another proton from
molecule B to A. This interpretation aligns with the cyclic
concerted mechanism proposed by Harvey and Symons®’ and
Hills,"" where proton exchange occurs via coordinated
hydrogen-bond jumps that enable rapid proton switching
between water and sugar hydroxyl groups without charge
separation. Hence the chemical exchange of hydrogen atoms
between two electrically neutral molecules in a solution follows
second order kinetics:

% K

A+B"3A*+B (3)
k,
A" +B3 A+ B )

Here “A” and “B” represents the exchangeable ground states
(f) protons in the two molecules, while “A*” and “B*” denote
the excited state () protons. Without losing generality, below
we will consider “A” and “A*” as protons in water molecules
while “B” and “B*” as protons in sucrose molecules. In an
exchange process, “B*” hydrogen of sucrose exchanges with
“A” hydrogen of water and the “A*” hydrogen on water
exchanges with sucrose in the forward and backward reactions.
Knowing that the influence of the proton state on the chemical
properties of molecules is minor, we assume that the k,, values
of the forward and backward reactions are equal.

The rate of chemical exchange corresponding to eqs 3 and 4
can be described using a set of two first-order differential
equations:
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%

w _ ko -A-B* — k,-A*B

dt ()
%

dB” = k,-A*B — k-A-B*

dt (6)

The total concentrations of protons from water (A™") and
sucrose (B™"), can be expressed as follows:

A*=A"+A B*=B"+B 7)
Substituting eq 7 for “A” and “B” in eqs S and 6, respectively:
dA*
=k AtOt‘B* _ Btot_A*
dt EX( ) (8)
dB*
=k Btot_A* _ AtOt-B*
dt ex( ) (9)

The net proton longitudinal magnetizations due to sugar
(M,p) and water (M,,) are proportional to the population
difference between their respective spin states:

M, p = (B — B")u and M, 4= (A — A (10)

where y is the proton magnetic moment.
Substituting eq 7, one obtains expressions for concentrations
of protons in excited states:

AF = ﬁ _ MZ'A

2 2u

andB* = B _ Men

2u (11)

Therefore, eqs 8 and 9 can be expressed in terms of
magnetization as follows:

Wt by — ke

dt B z,B "A zZ,A (12)
Wes _ —kgM, 5 + ky-M, ,

dt © o (13)

where k= k., - B  and k= k., - A", given that A" and B** are
constants in an NMR experiment.

Adding the longitudinal relaxation term in the absence of
chemical exchange (R, = 1/T)), to eqs 12 and 13,

dM, ,
=~ =R, ,(M®, — M — kM -M
dt I,A( Z,A z,A) Az, A + kB z,B (14)
dM, g
— =R (M5 - M — kgM k.M
dt I,B( z,B z,B) B z,B + A Z,A (15)

where M7z and M, represent the equilibrium longitudinal
magnetizations due to sugar and water protons, respectively.
Equations 14 and 15 constitute a system of differential
equations that describe longitudinal relaxation when the
proton exchange obeys eqs 3 and 4. This system of equations
formally coincides with the conventional Bloch—McConnell
equations®** but the rate coefficients k, and kg are here
defined as concentration-dependent quantities (k4= k., - B*,
kg= ke - A™), explicitly reflecting the second-order nature of
the underlying proton-exchange process. Unlike the Bloch—
McConnell formulations, which assumes first-order rate
constants, our approach directly links the observed relaxation
behavior to the actual molecular concentrations of the
exchanging species, providing a more physically realistic

https://doi.org/10.1021/acsphyschemau.5c00108
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Figure 1. (a) Saturation recovery 'H T, and (b) CPMG T, relaxation measurements for a 50 wt % water-sucrose solution at 25 °C, showing both
single- and double-exponential least-squares fits. Insets show the residuals for both fitting models.

description of water-sucrose system. Nonetheless, due to a
similarity of the mathematical structure, the solution of the
differential equation has a similar form and is given below:

Mz,A(t) = _Ale_/l‘t - Aze_/lzt + M;,OA (16)
-1 -1
M, ,(t) = A, (ra D) e ht _ A, (rs 2) et 4 M,
’ kB kB il
(17)

where the normalized longitudinal magnetization recovery for
the two exchanging pools can be expressed as

M, 4(t) + M, (t)
M, + My
1 — Ay(ky + 14 = 4y) ot
k(MZ%y + M7%)

Ay(ky + 1 = 4y) ot
ky(MZy + M)

(18)
and
1
b= A+ ) = = ) + bk ) (19)
A =l{(r +r)+\/(r — rp)” + 4kykg )
2= S+ 1p ! AKp (20)
A=—-—22 (R, -1
1 (/12 _ A,l)( 1,A 2) (21)
z,A
=——" (A, —R;,)
2 (/12 _ Al) 1 1,A (22)
ra=ky+ R andrg=ky+ Ry g (23)

Observe that, while the second-order kinetics eqs 3 and 4 are
symmetric, formulas 16 and 17-derived using a standard
Gaussian elimination scheme-are not. In particular, the
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expression for M, p(t) contains the exchange coefficient kj in
the denominator (see eq 17). The efficiency of the symmetrical
form of the solution was emphasized™ in solving the inverse
problem for the Bloch—McConnell equations.

In comparison to eqs 12 and 13, the kinetic equations in terms
of transverse magnetization can be expressed as follows:

dM

xy, A

T - kB.Mxy,B - kA'Mxy,A (24)
P2 = kg M,y + kg M
dt = TRk VB + Ay, A (25)

By adding the T, relaxation in the absence of exchange:

dM

xy,A .
— = —(Ryy — i)M,y 4 — ky- M, 4 + kgM, 5
(26)
xy,B .
— = —(Ryp — iwp)M,, 5 — kM, 5 + ks M, 4

(27)

in the absence of the radio frequency field. Here % is the

time derivative of the transverse magnetization M,,; in site j,
where j = A, B. In this context R,; and w; refer to the
corresponding transverse relaxation rate of the macroscopic
magnetic moment, and the Larmor frequency, respectively, in
the absence of exchange.

The general solutions of eqs 26 and 27 are obtained by
applying the following substitutions M3 — 0 and R;; = R, —
iw; to eqs 16 and 17 as follows:

-9, -3
Mxy,A(t) = @18 ! + ®Ze ’ (28)
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Figure 2. Two-component 'H T relaxation times (ms) (a) and coefficients (b) in sucrose-water systems as a function of sucrose concentration (wt

%).
M () = ~ 2O v OO = )
, 5 o
(29)
where,
Y = l{(rZA + 1) — \/(,.ZA "+ 4kky )
2 (30)
82 = l{(VZA + rZB) + \/(VZA _ rZB)Z + 4kAkB}
2 (31)
Hha = Rz,A —iw, + kA (32)
hp = Rz,B — iwg + kB (33)
o — My = na) + kMg
1 %, -9) (34)
0. = M° My, 4(8; = ry0) + kM
2 xy,A
y ®-9) (35)

The equations derived above indicate that the magnet-
izations in both T, and T, relaxations should exhibit
biexponential decay (eqs 16, 17, 28, and 29) without invoking
any assumption of free and bound water. In the case of very
fast proton exchange, the situation may differ and will be
addressed in the Discussion section. To validate the equations
derived here, the following sections present and analyze proton
NMR relaxation data for a simple liquid system-sucrose in
water. To investigate the effect of proton concentration, a
partially deuterated system (sucrose in D,0O) is also
considered.

The longitudinal (T) relaxation times of protons in sucrose-
water solutions were measured in the concentration range of
0—70 wt % of sucrose using the saturation recovery pulse
sequence (Figure Sla).

Although in certain studies, (e.g,,””), proton relaxation in
sucrose-water system is considered as a single exponential
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process. However, our experimental results indicate proton
relaxation in these systems is more accurately described using
biexponential approximations, as demonstrated by the residual
plot for the 50 wt % sucrose-water solution shown in Figure la.
Hence, the magnetization was fitted by a biexponential
function, see eq 1, except for sucrose concentrations below
10 wt %, where the data fit well to a single exponential
function. Both the fast (T};) and slow (T,;) relaxation times
gradually decreased with increasing sucrose concentration (see
Figure 2a, blue lines). The relative contribution of the fast-
relaxing component (a,¢) increased with sucrose content, while
that of the slow relaxing component (a,,) decreased propor-
tionally (see Figure 2b).

In D,O-sucrose solutions, T, relaxation times of protons
displayed biexponential behavior across the concertation range
of 5—65 wt %. Notably, the T values observed in D,O (Figure
2a, red squares) were significantly higher than those observed
in Milli-Q water solutions for sucrose concentrations below 40
wt %, while the T; values remained comparable for both
systems across the studied concentration range (see also Table
S1 in the Supporting Information). Interestingly, in contrast
with the normal water case, the relaxation component
contributions (a;; ~ 0.6 and a;; & 0.4) were almost
independent of concentration (see Figure 2b, red symbols).

The T, relaxation times of protons in FD-D,0O samples are
shown in Figure 2a (black symbols). Measurements were
conducted for concentrations ranging from 5 to 30 wt %
freeze-dried sucrose (see Table S1 in the Supporting
Information). The Ty values followed a similar trend to
D,O-sucrose solutions, the T values aligned more closely with
trends in Milli-Q water-based sucrose solutions. Similarly to
sugar dissolved in D,0O, in FD-D,0O samples, the coeflicients
remained constant, with a significantly higher fast-relaxing
contribution (a;; &~ 0.85) compared to the slow-relaxing
contribution (a;, & 0.15) (see Figure 2a,b).

The transverse relaxation was studied using the CPMG pulse
sequence across sucrose the concentration range of 0—70 wt %
(see Figure S1b). Consistent with the behavior of T
relaxation, the CPMG T, relaxation curves is more accurately
captured by biexponential fitting, as illustrated by the residual
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Figure 3. Two-component 'H CPMG T, relaxation times (ms) (a) and their populations (b) in sucrose-water (Milli-Q) system as a function of

sucrose concentration (wt %).

plot for the 50 wt % sucrose-water solution in Figure 1b. The
transverse (T,) relaxation times of protons in sucrose-water
solutions were calculated using the biexponential equation eq
2, where contributions are classified as fast Ty and slow T,
relaxations and presented in Figure 3 and Table S2 in the
Supporting Information. In general, the T, relaxation times
follow a similar trend as T relaxation times, decreasing with
the sucrose concentration. The relative contribution coef-
ficients a,¢ and a,, also quantitatively follow the coefficients of
longitudinal relaxation.

NMR studies of the interactions between water and
carbohydrates, as well as other biomolecules, are abundant.
Their number further increased with the rapid adoption of
time-domain NMR techniques, which enable simple and cost-
effective analysis of proton relaxation. In many of these studies,
water binding is evaluated by attributing the slow and fast
relaxation components (as illustrated by eqs 1 and 2) to “free”
and “bound” water, respectively. Although it is often noted that
proton exchange can influence the results, a consistent theory
that correctly describes NMR relaxation in homogeneous
aqueous systems with proton exchange-while explicitly
accounting for the bimolecular nature of the exchange-has
not yet been presented in the literature. In this section, we
analyze the experimental data presented in the Results section
using the equations derived in the Theory section.

As mentioned above, proton exchange results in biexponen-
tial relaxation behavior even in the absence of any difference
between free and bound water. However, this does not
necessarily mean that the relaxation time data presented in
Figures 2 and 4 correspond to 4,, (egs 19 and 20) and 9,
(egs 30 and 31), respectively. It is important to note that a
sucrose molecule contains 14 nonexchangeable protons and 8
hydroxyl protons that undergo exchange with the solvent
(water). In the analysis presented in the Theory section, we
explicitly considered contributions only from exchangeable
protons (generally producing biexponential behavior), while
contributions from nonexchangeable protons-which can
introduce a third exponential decay component-should also
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Figure 4. Predicted fractions of exchangeable and nonexchangeable
protons in sucrose-H,0O, sucrose-D,0 and FD sucrose-D,0 systems,
calculated using eqs S20—S27.

exist.” To figure out the nature of the biexponential behavior
observed in the experiments, we calculated fractions of
exchangeable (x;’“h) and nonexchangeable (x;"“) protons
under the three experimental conditions used in this study
(H,0, D,0 and FD-D,0). These calculations were based on
component concentrations using formulas $20—S25 (Support-
ing Information), and the results are plotted as a function of
sucrose wt % (see Figure 4).

The calculated exchangeable and nonexchangeable proton
concentrations for sucrose-H,O and sucrose-D,O systems
across a range of sucrose contents are shown in Figure 4 (also
see Table S3 in the Supporting Information). Clearly,
calculated proton fractions exhibit the same trends as in
experiments and the values closely align with the experimental
data presented in Figures 2b and 3b. In particular, in H,O, the
two relative contributions of fast and slow signals exhibit
opposite behaviors: the fraction of the fast-relaxing component
increases with sucrose content, whereas the fraction of the
slow-relaxing component decreases. Likewise, concentration of
nonexchangeable protons increases with sucrose content (wt
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for freeze-dried sucrose reconstituted in D,O.

%), while the total concentration of exchangeable protons
decreases.

In contrast, for systems prepared in D,0O, the contributions
of relaxation components remain nearly constant across all
concentrations (Figures 2b and 3b). Similarly, in the D,O
system, both nonexchangeable and exchangeable proton
concentrations remain relatively constant (Figure 4).

Hence analysis of ratios a,¢/a;, and a,¢/a,, in three systems
suggest that the fast-relaxing component primarily originates
from nonexchanging protons. This conclusion is supported by
several observations:

e The relative contribution from the fast components
clearly grows upon the increase of D,O content in the

sequence H,0 — D,0 — FD-D,0. In H,O, the fast-
relaxing component is consistently smaller than the
slow-relaxing component, whereas in D,0O, the fast-
relaxing component becoming dominant.

e The relative contributions of the fast components are
nearly independent of water content in both D,O and
FD-D,0O samples, since the addition of D,O does not
affect the amounts of exchangeable protons.

e The observed contributions closely align with calculated
proton concentrations, both in trend and magnitude.

Hence, the other, slow-relaxing component originates from
exchangeable protons. The theory presented above, however,
predicts the existence of two contributions in both the T, and
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on the exchange dynamics and relaxation behavior.

T, experiments (eqs 21 and 22 and eqs 34 and 35,
respectively). The absence of the second, “exchangeable”,
component can be explained by the asymptotic analysis for the
case of fast proton exchange.

Assuming that R, , and R, 3 < k, and kg, where k,= kB
and k= kA" one can show (see the Supporting Information
for details) that

Ay = xRy 4 + xR, g (36)

Ay = ko (A + B®) + xRy 4 + %Ry 5 (37)
where x, = A®Y/(A™ + B™) is the fraction of water protons
and analogously xy is the fraction of sugar protons in the total
pool of exchangeable protons (see Tables S4—S6 in the
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Supporting Information). Due to inequality listed above, 4, <
Ay, and moreover, disregarding the last two terms in eq 37, 4,
~ k(A + B™). In other words, 4, depends on the chemical
exchange rate rather than on NMR relaxation. On the other
hand, for this asymptotic case one can show (see the
Supporting Information) that

a,=1,a,=0 (38)

fad
s —

a,, = 1,a,, =20

s —

(39)

This shows that in the limit of fast exchange, the
contributions associated with fast components (4, and 9, for
T, and T, relaxations, respectively) vanish. In the asymptotic
case of fast proton exchange (large k4 and kg), our analysis
shows that the system relaxes with a single effective relaxation
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time. This is given by the weighted mean of the component
relaxation rates, in agreement with the prediction of the
Bloch—McConnell equations (eq 32) It is worth noting that
despite linear dependence in eq 36, R, 4 and R, ; are expected
to be dependent on water content and hence 4, dependence
on water content should not necessarily be linear.

In Figure 5, we compare the experimental relaxation times
T, and T, with theoretical values derived from both exact
solutions (eqs 19 and 20) and the fast exchange approximation
(eqs 36 and 37). The total exchangeable proton concentrations
(mol/m®) from solvent and sucrose were calculated explicitly
using expressions $24—S29 (Supporting Information). For
sucrose in H,O, both models yield nearly identical predictions
for 1/, while 1/4, approaches zero. This result reflects the
dominant influence of the large water proton reservoir and the
relatively minor contribution of sucrose hydroxyl protons.
These findings demonstrates that when the proton pool is
abundant, the fast-exchange approximation reliably describes
the proton relaxation behavior.

In contrast, for sucrose in D,0O, where the solvent proton
concentration is minimal, small but consistent deviations
appear between the exact and fast-exchange approximate
model. In this case, sucrose hydroxyl protons contribute
significantly to the exchangeable pool, leading to greater
discrepancies between theory and experiment, especially for T,.

For the freeze-dried sucrose samples reconstituted in D,0O,
partial deuteration of hydroxyl groups further reduces the
concentration of exchangeable protons. The experimental data
for these samples show clear deviations from both exact and
approximate predictions, reflecting changes in the balance
between solvent- and solute-derived exchangeable sites. These
results demonstrate the sensitivity of relaxation behavior to
solvent isotope composition and sample preparation and
highlight the limitations of the fast-exchange approximation
under proton-depleted conditions.

The correlation between 1/4 and the exchange rate constant
k.. (s mol™" ‘m?®), as well as between 1/4 and the mole
fraction of sucrose (xy), further illustrates the distinct effects of
solvent environment and sample preparation on exchange
dynamics (Figure 6). For sucrose in H,0, 1/is highly
sensitive to sucrose concentration, particularly in the
intermediate exchange regime 107*—107> s™' per mol/m’,
whereas in the fast exchange limit it remains nearly constant. In
contrast, 1/, approaches zero across this range, indicating that
relaxation is almost entirely governed by the dominant water
proton reservoir. At very low exchange rates (ky < 107* 571
mol™"'m?) both 1/4, and 1/4, begin to increase, but the effect
is much more pronounced for 1/4,, reflecting its greater
sensitivity to changes in exchange dynamics.

The concentration dependence is further clarified in Figure
6b: for a fixed k., 1/4, remains nearly constant across the
sucrose concentration range, while 1/4, decreases as the mole
fraction of sucrose increases. Only at the slowest k., values do
1/4, exhibit a slight increase, though it remains essentially
invariant with concentration. Conversely, the dependence of
1/2; on xy diminishes systematically as k., is reduced by orders
of magnitude, indicating that the relaxation response becomes
less sensitive to solute concentration under slow exchange
conditions.

For sucrose in D,0O, the trends shift noticeably. Both 1/4,
and 1/4, exhibit a reduced sensitivity to k., with the onset of
the “flattening” behavior occurring nearly an order of
magnitude earlier compared to sucrose in H,O. This shift is
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expected because the background proton population in D,O is
much lower, with exchange contributions from sucrose
hydroxyl groups becoming dominant. In this system, both 1/
Ay and 1/4, also display a somewhat stronger dependence on
solute mole fraction, suggesting that solute contributions play a
proportionally greater role in defining the relaxation landscape.

The freeze-dried sucrose reconstituted in D,O qualitatively
resembles the behavior of sucrose in D,0, with exchange
dynamics slowed relative to H,O and with measurable, though
modest, concentration dependence in both 1/4;, and 1/4,.
These results demonstrate that the exchange behavior is highly
on the solvent, with H,O dominated by the fast solvent
exchange, D,0 amplifying the relative contribution of solute
hydroxyls, and partially deuterated sucrose samples displaying
an attenuated but qualitatively similar response. Overall, this
analysis extends beyond the Bloch—McConnell two-site
exchange model by explicitly demonstrating how solvent
isotope composition and sample preparation affect exchange
dynamics in sucrose-water systems, offering new molecular
insight into proton relaxation mechanisms that is not available
from standard approaches.

Finally, we point out that in a strongly deuterated system the
fast exchange assumption is not necessarily valid. Indeed, k,
and kz are products of the exchange rate by respective
concentrations (for example in moles per unit of volume). In a
strongly deuterated system, protons become diluted, and both
A™ and B"* become very small, decreasing k, and k. Hence,
eqs 36—39 may not accurately work for FD-D,O case. This can
be illustrated by the slow component behavior for this system
(Figures 2a and 4a, black squares) which does not continue the
growing trend observed upon partial deuteration of the system.

In applications to sucrose-water systems, the low-field NMR
relaxation methodology shows difficulties in the distinguishing
between “bound” and “free” This
limitation arises because the NMR relaxation signals do not
provide a clear delineation between water molecules tightly
associated with sucrose (“bound” water) and those that remain
free or loosely associated (“free” water). The observed
multiexponential relaxation behavior in these systems likely
results from the relaxation contributions of distinct proton
populations. Specifically, these protons can be categorized as
exchangeable protons—those involved in hydrogen bonding or
exchange processes with the surrounding environment—and
nonexchangeable protons, which are not directly engaged in
such interactions. This complex relaxation behavior suggests
that the relaxation dynamics of the system are influenced by
both molecular interactions and exchange processes, compli-
cating the interpretation of the data and the precise
identification of the bound and unbound states of water.

water characteristics.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.5c00108.

Additional equations, tables of relaxation times, and
proton concentrations, including Appendix A and
Appendix B (PDF)
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