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ABSTRACT: 1H spin−lattice relaxation time (T1) measurements were
performed to probe the dynamic behavior of water in aqueous suspensions of
cellulose nanocrystals (CNCs) and a layered smectite clay mineral with different
degrees of concentration. 1H−T1 experiments were carried out over a wide
frequency domain, ranging from a few kilohertz to 500 MHz, with the aid of
conventional and fast field cycling nuclear magnetic resonance (NMR)
techniques. The experimental relaxometry data illustrate differences between
the dynamic behavior of bulk water and that confined in the vicinity of CNC−
clay surfaces. Clay alone in moderate concentration was found to enforce almost
no effect on the water dynamics, whereas introducing CNCs to the system
presented a significantly enhanced relaxivity. The modeling of the relaxation
dispersions allowed the determination of dynamical processes and variables
explaining the dynamic behavior of water in CNC−clay suspensions. It turned
out that reorientations mediated by translational displacements are a leading NMR relaxation mechanism for water interacting with
the surfaces of CNC−clay particles in the low-frequency domain. In the high-frequency regime, however, the inner-sphere
paramagnetic relaxation mechanism dominates, which is caused by the interaction of water protons with dissolved Fe ions.

■ INTRODUCTION

With the increasing demand for environment-friendly renew-
able materials, nanocomposites have become a subject of
intense investigation.1−5 Nanocomposites are a group of
hybrid materials resulting from the combination of naturally
occurring polymers and inorganic nanosized particles. Nano-
composites offer excellent advantages in developing functional
materials with desired chemical, physical, and mechanical
properties, depending on the applicability.3,4 Incorporating
nanoparticles into a polymer network is a leading technique to
achieve or control the properties of composite materials.3 The
properties of nanocomposite materials depend not only on the
properties of the constituting parent components but also on
their morphology and interfacial characteristics.4 The sub-
stantial property enhancements displayed by nanocomposites
makes them an important class of materials offering a wide
range of applications.4 Among the various nanocomposites,
polymer−clay nanocomposites have attracted increasing
attention in recent times because of the existence of novel
properties that differ from their virgin counterparts.5 Polymer−
clay nanocomposites have been reported since the 1960s;6,7

however, they gained attention only in the early 1990s when
the central research laboratory of Toyota prepared a
nanocomposite of nylon-6 with montmorillonite clay, demon-

strating significant improvements in the thermal and
mechanical properties.8

Using biodegradable polymers for nanocomposites may lead
not only to the development of new materials with desirable
properties but also, in particular, to the replacement of
nonrenewable polymers. There are many types of biodegrad-
able polymers that have been used to produce nanocomposite
materials such as cellulose, chitosan, polylactide, gelatin, and
poly(3-hydroxy butyrate).9 Among them, cellulose is low-cost,
renewable, biodegradable, and the most abundant naturally
occurring organic polymer on earth and is widely available in
plants. The primary source of cellulose is wood pulp and
cotton. Cellulose is a linear polymer made of glucose subunits
held together by β-1,4 bonds. van der Waals and
intermolecular hydrogen bonds between hydroxyl groups and
the oxygen of adjacent molecules are known to be responsible
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for the parallel stacking of cellulose chains.10 These bundles of
parallell-oriented molecules aggregate into microfibrils. Within
these cellulose chains, there are highly ordered domains
(crystalline) interseparated by disordered (amorphous)
regions with varying degrees of crystallinity, depending on
the source of cellulose.11 However, these crystalline regions
can be extracted from cellulose microfibrils through a
combined chemical and mechanical treatment, producing
cellulose nanocrystals (CNCs). In contrast with bulk cellulose,
which exhibits a larger amount of amorphous region, CNCs
have significantly enhanced mechanical strength, a uniform
nanorod shape, high surface area, and unique liquid crystalline
character.12 CNCs in water, at a given concentration, have
shown the ability to self-organize into a chiral nematic
(cholesteric) liquid-crystalline phase with a helical arrange-
ment.13,14 Because of this remarkable feature, the dried films of
aqueous CNCs suspensions can produce structural colors,15 a
fascinating feature of certain surfaces, mostly found in nature,
that change color with illumination or by changing the viewing
angle.16 These structural colors can be tuned, over a broad
range, by controlling the pitch of the chiral nematic structure
and also by modifying the preparation conditions of
CNCs.14,17 CNCs also exhibit many more outstanding
properties that are potentially useful for many industrial
applications, such as textiles, optics, composite materials,
aviation, pharmaceuticals, and health care.18

A broad variety of nanoparticles, such as clays, carbon
nanotubes, and graphene19 have been reported to be used in
the formation of nanocomposites with different polymers. The
properties of a polymer nanocomposite largely depend on the
properties of incorporated nanoparticles, namely, their shape,
size, aspect ratio, specific surface area, and so on.20 Among all
kinds of nanoparticles, clays have been found to be effective
because of their wide availability, cost-effectiveness, and easy
processability.21 In particular, the smectite-type clays are
known to form nematic liquid-crystalline phases in aqueous
suspensions.22,23 Clay-based nanocomposites have been
exceedingly studied and explored to find a wide range of
applications, such as adsorbents of organic pollutants in water,
soils, and air, rheological modifiers in paints, inks, and grease,
and drug delivery carriers.24 It has been observed that the
addition of clay can substantially improve the mechanical and
thermal properties of nanocomposites.25 The smectite-type
clays, such as montmorillonite and fluorohectorite, are the
most used clays in the synthesis of polymer nanocomposites.
They are characterized by a layered structure with a layer
thickness in the nanometer range. It is a fact that the dried
films of CNCs can generate structural colors, whereas
nanoclays are reported to be used as rheological modifiers.26

Hence the CNC−clay composites have opened a new horizon
for researchers to develop new, environment-friendly, multi-
functional surfaces and coatings for the coloration and
reflection of light. In such structurally colored materials, the
reflected colors can be tuned by controlling the concentration
of added CNCs.
In conjunction with many key features, understanding the

complex interaction between polymer−clay nanocomposites
and their solvents is equally important in determining the
overall material properties.27,28 The structure and dynamics of
water are assumed to be modified when water molecules are
confined in nanoscale cavities or are close to interfaces.
Understanding the dynamic properties of such confined water
might reveal many microscopic details regarding the interfacial

relationship between the confined water and the confining
environment. In this context, a detailed analysis of the
influence of the polymer/clay composition on the structural
and dynamic properties of solvent water is of prime
importance. However, there are not many studies probing
the dynamic properties of water in polymer/clay nano-
composites. In this work, motivated by the potential
applications demonstrated by these multifunctional materials
and the insight that NMR techniques can unveil, we have
investigated, by pulsed-field-gradient (PFG) NMR and 1H
NMR relaxometry, the dynamic behavior of water in aqueous
suspensions of CNCs and sodium-fluorohectorite clay (CNC−
NaFh) at different concentrations. Among the large body of
experimental techniques, 1H NMR relaxometry provides a
unique tool to study water dynamics in a confined environ-
ment and conclude on possible interaction mechanisms. PFG-
NMR provides a direct means for obtaining information on the
translational diffusion of nuclear spins.
The spin−lattice relaxation time, T1 (reciprocal of the

relaxation rate, R1) reflects the recovery rate at which the
longitudinal component of the magnetization vector recovers
toward its thermodynamic equilibrium, and it is affected by
many factors such as the solvent, temperature, nuclear
environment, and molecular motions. Therefore, the proton
NMR relaxometry, being very sensitive to host−water
interactions, could serve as a highly suited method for the
identification and characterization of water dynamics in
restricted geometries imposed by the added CNC−clay
complexes on a variety of time scales. The spin−lattice
relaxation rate of protons is usually driven by fluctuating
dipole−dipole interactions. It is consequently composed of
intramolecular and intermolecular contributions. The intra-
molecular relaxation process is governed by rotation/
reorientation motions, whereas the intermolecular contribution
includes the self-diffusion mechanism. In addition, there are
more specific contributions that are often included to fully
account for the relevant relaxation mechanisms. These
contributions, in the nuclear magnetic relaxation dispersion
(NMRD) curves of R1, dominate in different frequency ranges
and therefore can be identified and separated. Many relaxation
models are available to fit the NMRD curves, which allow us to
separate different contributions to R1 arising from different
molecular motions depending on the frequency tested. The
analysis of NMRD profiles based on such relaxation models
enables the evaluation of various molecular parameters and
interprets how they influence the relaxation behavior. On the
basis of these interpretations, we can discriminate the dynamic
behavior of both bulk water and water in aqueous suspensions
at different CNCs/clay concentrations. Indeed, being new
systems to the NMR relaxometry, they present a new challenge
on the choice of appropriate models to understand the shape
of relaxation profiles and on extracting meaningful motional
parameters (e.g., motional correlation times) that are
important for explaining the dynamic relations and internal
interactions between water molecules and their environment.
Through the presented study, we will provide detailed

knowledge on the interactions of CNC−clay surfaces with
solvent water that might contribute to the development of new
materials with targeted properties and relevant applications.

■ MATERIALS AND METHODS
Materials. In this work, aqueous suspensions of CNCs and

a high-aspect-ratio sodium-fluorohectorite (NaFh) synthetic
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clay, dispersed in different ratios, were used to study the T1
spin−lattice relaxation time. Sodium fluorohectorite, NaFh
(Na0.5[Mg2.5Li0.5]Si4O10F2), was synthesized using a melt
process according to a published procedure.29 The NaFh
particles may exhibit diameters of up to ∼200 μm, whereas
their delaminated nanolayer thickness is ∼1 nm. The rod-like
CNCs have dimensions between 5 and 10 nm in width, with
lengths of 100−150 nm.
Preparation of Composite Aqueous Suspensions of

CNCs/Clay. CNCs were produced via the sulfuric acid
hydrolysis of cellulose microcrystal (CMC) that was derived
from cotton (Avicel PH-101, particle size of 50 mm, Fluka), as
described elsewhere.30 The counterion H+ of the resultant acid
from CNC−H was replaced by Na+ using a mixed-bed
Amberlite IR120 Na ion-exchange resin from Aldrich and
following the batch method adapted from Dong et al.31

CNC−clay composite suspensions were obtained by mixing
a suspension of NaFh at 1.0 wt % in water with the previously
mentioned CNCs suspension, giving rise to suspensions with
2.5/0.5 wt % and 2.0/1.0 wt % CNCs/NaFh. This is the same
protocol as was previously used in ref 32. Fifteen mL of CNC
suspension with a solid content of 3.0 wt %, as obtained, was
dispersed and sonicated for 15 min with an ultrasonic probe
(Dr. Hielscher UP400 St, 3 mm diameter titanium tip) with an
energy input of 0.82 kJ/mL.
ICP-AES Analysis. Oven-dried samples of CNCs, CMCs,

and all of the chemical compounds used in the hydrolysis
process were characterized by elemental analysis (inductively
coupled plasma atomic emission spectroscopy (ICP-AES)) for
the presence of any metal content. The analyses were carried
out on a Horiba Jobin-Yvon ULTIMA sequential ICP
apparatus through the Horiba Jobin-Yvon ICP Analyst 5.4
software using a monochromator with a Czerny−Turner
spectrometer.
ICP-AES analyses revealed a sulfur content of 0.97 wt %,

equivalent to 5-OSO3-Na+/100 anhydroglucose units, accord-
ing to the C6H10O5−(SO3) formula and calculated from the
equation S (%) = 100n × S/[6C + 10H + (5 + 3n)O + nS].33

A value of 1.01 wt % was determined for Na through these
analyses.

1H NMR Relaxometry. The 1H spin−lattice relaxation
times (T1) of the water in the bulk and confined states were
measured at 25 °C across a broad frequency range from a few
kilohertz to 500 MHz. We covered such a broad frequency
range with three different spectrometers using two different
techniques. Bruker 7 and 11.7 T superconducting magnets,
both connected to Bruker Avance II consoles, were used to
measure the T1 values at 300 and 500 MHz, respectively. In the
frequency range between 10 and 100 MHz, relaxivity
measurements were performed on a variable-field (0.2 to 2
T) iron-core electromagnet (BE30) also connected to the
Bruker Avance II console. At lower fields from 10 kHz to 9
MHz, a home-developed fast field cycling (FFC) NMR
relaxometer was employed. For frequencies higher than 10
MHz, the measurements were performed using the classical
inversion−recovery technique.34 For the frequencies below 10
MHz, the FFC technique35 was used to obtain the relaxation
data. In this technique, the 1H spin system is subjected to rapid
variations between different magnetic field intensities. This
allows the measurement of relaxation times over a wide range
of field strengths with just one instrument. In our FFC
relaxometer, both the polarizing (BP) and detection (BD) fields
are equal to 0.215 T with a switching time of <3 ms.35 In these

NMR measurements, a standard airflow system controlled the
temperature with a precision of ±0.5 °C. The experimental
error for the measurements of the spin−lattice relaxation time
is estimated to be ∼5%. These experiments provide raw NMR
relaxation data, that is, the time evolution of the longitudinal
magnetization of water protons that was, to determine the T1
values at each frequency, fitted to a monoexponential recovery
function

= + − ω∞ ∞ −M t M M M( ) ( )ez z z z
t To ( / ( ))1 (1)

This shows that the z-magnetization, Mz(t), returns from the
perturbed state, Mz

o, to the equilibrium state, Mz
∞, following an

exponential law. ω is the Larmor or precessional frequency that
depends on the magnetic field experienced by the nucleus.

1H NMR Diffusometry. To aid in the separation of
different dynamical processes, we also carried out independent
NMR diffusometry measurements in the studied systems that
allow for a precise determination of the self-diffusion
coefficient (D) of water molecules, fixing the parametric
contribution of the self-diffusion mechanism to the relaxation
rate, R1. The D values in the studied samples were measured by
applying a stimulated-eco pulsed-field gradient (STE-PFG)
sequence36 with the aid of a 7T Bruker Avance III console
(operating at 1H resonance frequency 300 MHz) equipped
with a Bruker Diff30 diffusion probe and a magnetic field
gradient unit. Owing to the stream of compressed air, the
sample temperature of 25 °C was controlled throughout the
measurement within an uncertainty of ±0.5 °C. In these
experiments, the attenuation of the NMR signal intensity (due
to molecular diffusion) is measured as a function of the
strength of the applied magnetic field gradient, keeping all
other sequence parameters constant. This intensity change is
described according to the following equation37,38
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For one of the studied samples, however, a biexponential
decay of the magnetization was observed; therefore, two
diffusion coefficients (DI and DII) were estimated. One is
associated with the water moving in bulk with a relative
population q, and the other is associated with the water in
contact with the CNC-NaFh surfaces, with a relative
population (1 − q). In that case, the model fitting expression
takes the following form
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In these equations, I is the observed intensity, I0 represents
the reference intensity in the absence of a gradient, D is the
diffusion coefficient, γH is the gyromagnetic ratio of the proton,
Δ is the diffusion time, g is the amplitude of the gradient pulse,
and δ is the length of the gradient pulse. It follows that by
incrementing g over a range of values, the observed attenuation
data of I(g) can be fitted to eq 2 or 3 to extract the diffusion
coefficients of the spin-bearing molecules.

Data Analysis. The experimental 1H NMRD profiles over
the complete frequency range (10 kHz to 500 MHz), obtained
by combining the R1 values measured through all three
spectrometers, were analyzed by using the least-squares
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minimization procedure, as implemented in an online fitting
platform, fitteia.org.39 f itteia is a web-based application that
allows the dispersion profiles to be fit in terms of various
relaxation modes to distinguish different dynamic processes.

■ THEORETICAL BACKGROUND
The spin−lattice relaxation is a stimulated process induced by
the fluctuations of the local magnetic field from neighboring
spins. Hence any process that causes such fluctuations can be
considered as a possible relaxation mechanism. Usually, there
is a coexistence of many of these relaxation mechanisms.
However, assuming that different molecular motions are
statistically independent or have considerably different
characteristics time scales, any cross-relaxation contribution is
neglected. In such a case, the frequency dependence of the
overall spin−lattice relaxation rate R1 (= 1/T1) can be
expressed by the superposition of different relaxation
mechanisms (R1)i, each one associated with a specific type of
molecular motion

∑ω
ω ω

= =
=

R
T T

( )
1
( )

1
( )i

n

i
1

1 1 1,

Here i represents the contribution of individual molecular
motions to the spin−lattice relaxation rate. The individual
motions considered in this work are molecular rotations/
reorientations (ROT), translational self-diffusion (SD), para-
magnetic relaxation (PAR), and rotations mediated by
translational displacements (RMTD). Thus, for the overall
relaxation rate, we can write
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Molecular Rotations/Reorientations. To describe rota-
tions, we used the well-known Bloemberg−Purcell−Pound
(also known as BPP) theory40 involving a single correlation
time to describe the isotropic rotations. According to this
theory, the frequency dependence of the relaxation rate can be
expressed as
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with the prefactor AROT = 3μo
2γ4ℏ2/160π2<rij

6>, where τc is the
correlation time that can be replaced by the rotational
correlation time because, in this situation, the relaxation is
dominated by rotations. The rotational correlation time is the
average time interval between rotations of nuclei or the time it
takes for the nucleus to diffuse or rotate into a nearby position.
ω is the Larmor frequency, which depends on the type of the
nucleus and the strength of the applied magnetic field. μo is the
magnetic permeability of free space, γ is the gyromagnetic ratio
of the nucleus under investigation, ℏ is the reduced Planck
constant, and rij is the distance between spin nuclei. <>
represents an ensemble average performed over all spin−pair
distances.
Translational Self-Diffusion. Relaxation due to transla-

tional diffusion or self-diffusion is a mechanism by which spin
relaxation occurs through the modulation of dipole−dipole
interactions between protons located on different molecules.
The relaxation rate contribution associated with translational
self-diffusion (SD) has been analyzed based on Torrey’s

model.41 Torrey’s model was devised from the BPP model to
address the relaxation due to diffusion. Torrey’s model assumes
equally probable jumps of molecules in any random direction
to the neighboring sites from an initial one. According to
Torrey’s model, we can write the relaxation rate as

ζ ωτ ζ ωτ= [ + ]
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1 SD

SD SD SD
(6)

with prefactor τ= μ γ
π

ℏA N d( /2 )( )SD H SD
3 3

8
2

o H
2

. Here ζ(ωτSD) is
a dimensionless analytical function that depends on the
average time between diffusion jumps (τSD), the mean square
of the jump length (⟨r2⟩), and the lateral distance between
neighboring molecules (the distance of closest approach), d.
The correlation time (τSD) is related to the translational
diffusion constant (D) through the expression ⟨r2⟩ = 6τSDD.
NH is the number of 1H spins per unit volume.

Paramagnetic Relaxation. Brownian motion of a para-
magnetic species/ion induces a fluctuating magnetic field that
promotes relaxation in nearby solvent molecules. The
paramagnetic relaxation originates from the dipole−dipole
interaction between the investigated nuclear spins and the
fluctuating local magnetic field, resulting from unpaired
electron spins of paramagnetic species, including iron,
manganese, and molecular/dissolved oxygen. If the frequency
of these fluctuations has a component at or near the Larmor
frequency, then a significant enhancement of proton relaxation
is induced. When the solvent molecules (mostly water)
approach a paramagnetic center, magnetic interactions
between water protons and paramagnetic centers speed up
the relaxation of water protons to their magnetic equilibrium.
Typically, the relaxation of water protons in the close vicinity
of paramagnetic entities could be classified into two regions of
interactions: the inner sphere (IS) and the outer sphere (OS).
The IS relaxation contribution originates from the direct
coordination (temporary binding) of water molecules to
paramagnetic centers, and when these water molecules
exchange with bulk water molecules, the paramagnetic effect
propagates to the entire solvent surrounding the paramagnetic
entity. OS relaxation is a more complex mechanism. Solvent
molecules of the bulk, which are not directly bound to the
paramagnetic species but diffusing around them, also
experience the paramagnetic effect. This relaxation contribu-
tion represents the OS (purely diffusive) relaxation.
A combined paramagnetic relaxation rate enhancement due

to the paramagnetic agent is therefore given by
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where the subscripts “IS” and “OS” stand for the inner- and
outer-sphere relaxations, respectively.

Inner-Sphere Relaxation. The IS contribution to the
overall relaxation rate is given by

τ
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+
i
k
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y
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cq
T

1
55.5

1
( )1 IS 1m m (8)

where c is the molar concentration of paramagnetic species, q is
the number of IS solvent molecules simultaneously bonded to
each paramagnetic particle, τm is the average time a bonded
solvent molecule spends in the IS of the paramagnetic site
(equal to the reciprocal of the solvent molecule exchange rate
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between its bound-state and the in-bulk state), and T1m is the
relaxation time of the protons of solvent molecules in the IS or
bound state.
On the basis of Solomon−Bloembergen−Morgan equations

of paramagnetic relaxation theory,42−44 the relaxation rate of
bound solvent protons (1/T1m) can be expressed in terms of
two components arising from dipole−dipole (“through-space”)
and scaler (contact or “through-bond”) interactions. Because
the relaxation rates are additive, 1/T1m can be written as
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Here S is the total electronic spin of metal ion, γH is the
gyromagnetic ratio of the proton, ge is the electronic g-factor,
μB is the Bohr magneton, rMH is the proton−metal ion
distance, ωH and ωS are the Larmor frequencies of the proton
and electron, respectively, and (A/ℏ) is the hyperfine or SC
coupling constant between the electron spin of the para-
magnetic center and the proton spin of the bound solvent. For
most paramagnetic ions, the interaction with solvent protons is
through space, so the dipolar mechanism dominates the 1/T1m
relaxation.45 The correlation times appearing in these
equations describe the time fluctuations of the corresponding
interactions and can have contributions from different
mechanisms.46 The overall correlation times, corresponding
to the dipolar, τd, and scalar, τSC, relaxations, are defined as
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τ τ
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Here T1e stands for the longitudinal electronic relaxation
times of the paramagnetic ion, τm is the residence lifetime of a
solvent molecule in the inner sphere, and τd = 1/(6DR) is the
rotational correlation time of the entire metal−water complex,
with DR as the rotational diffusion coefficient.
Like other relaxation processes, electronic relaxation rates

also depend on the magnetic field. For metal ions with spin S >
1/2, there is zero-field splitting (ZFS) of electronic energy
levels. Compared with microscopic parameters such as
molecular rotations and vibrations, the ZFS interactions are
the primary cause of electronic relaxation.46 On the basis of the
Bloembergen−Morgan theory42−44 the modulation of elec-
tronic relaxation rates through ZFS can be described by the
following equations
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Here Δ2 represents the mean-squared amplitude of the ZFS
in frequency units, and τv is the correlation time for the
modulation of the ZFS. When combined, these equations
establish a complete theory for the description of the
paramagnetic relaxation rate enhancement, and it is referred
to as the Solomon−Bloembergen−Morgan theory.42−44 A
complete description of this theory can be found in the
literature.

Outer-Sphere Relaxation. In a limiting case when the
paramagnetic species weakly interact with the nuclear spins of
solvent molecules (i.e., τm becomes very short), the
contribution of the ion−nucleus interaction (through direct
binding) may become substantially small in determining 1/
T1m. Under these conditions, the OS relaxation is assumed to
be purely diffusive and is described by the complex dynamics
of solvent molecules and the paramagnetic species diffusing
and rotating in each other’s neighborhoods. The OS
contribution to the paramagnetic relaxation is described by a
purely diffusive model47,48
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Here NA is the Avogadro number, a is the distance of closest
approach between the nuclear spin and electron spins, m is the
molar concentration of electron spins, γH and γS are the
gyromagnetic ratios of the proton and electron, respectively, τD
is the diffusion correlation time, and D is the sum of the
diffusion constants of the OS solvent molecules (bearing the
proton nuclear spin) and the paramagnetic complex (bearing
the electron spin), D = DH + DS. Because the solvent molecules
(in the case of water) move much faster than the relatively
large paramagnetic complexes, D is dominated by the self-
diffusion coefficient of water.

Reorientations Mediated by Translational Displace-
ments. In a system where small molecules are confined in
nanosize cavities, molecular dynamics becomes more complex
as molecular motions are restricted by the confining walls/
surfaces. Near surfaces, the adsorbate molecules are expected
to exhibit significantly different rotational and translational
diffusion behavior in contrast with the bulk. In this mechanism,
an adsorbate molecule diffusing along curved surfaces adopts a
preferential orientation imposed by the surface. This
orientation changes when the molecule diffuses back to the
bulk (desorption). This cyclic process of adsorption, bulk
diffusion, and readsorption keeps on reorienting the molecule.
Hence we can say that the molecular reorientations are no
longer independent of translational diffusions. Such a
dynamical process in which molecular reorientations are
induced by the translational displacements of molecules is
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known as reorientations mediated by translational displace-
ments (RMTD), and a specific relaxation contribution (a
combination of both motions) should be used in such a case.
These motions are known as “slow dynamics” because they
occur on a much slower time scale than bulk rotational or
translational diffusion. The RMTD model, which is relevant for
several confining systems, was proposed by Kimmich and
coworkers.49,50 The following equation can express the
contribution of the RMTD mechanism to the overall spin−
lattice relaxation
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Here ARMTD is the prefactor that depends on the residual
dipole−dipole interactions among proton spins that are
averaged by local molecular reorientations of adsorbed
molecules, microstructural features of the confined matrix,
the diffusion coefficient, and the fraction of molecules at the
surface.51 The exponent p = (1 + χ), with χ being the
orientational structure factor varying between 0 and 1,52 zmin =
(ωRMTD;min/ω)

1/2, and zmax = (ωRMTD;max/ω)
1/2. The frequen-

cies ωRMTD;min and ωRMTD;max denote the low and the high
cutoff limits, respectively, which are related to the two-
dimensional surface diffusion through the following relations,
ωRMTD;min

−1 = lmax
2 /4Ds and ωRMTD;max

−1 = lmin
2 /4Ds, where lmin and

lmax stand for the smallest and largest displacement distances,
respectively, and Ds denotes the surface diffusion coefficient.

■ RESULTS AND DISCUSSION
Determination of Diffusion Coefficients: 1H NMR

Diffusometry. The water diffusion coefficient (D) measured
for each sample is listed in Table 1. For all of the studied

samples, a monoexponential behavior of the time-dependent
longitudinal magnetization was observed, except for 1% NaFh
+ H2O, in which a biexponential function gave a better fitting
and two diffusion coefficients were estimated. Such biexpo-
nential behavior was attributed to the existence of two distinct
pools of water: (I) free water with a diffusion coefficient DI ≈
1.6 × 10−9 m2/s and (II) restricted or slowly diffusing water
with a diffusion coefficient DII ≈ 3.1 × 10−10 m2/s. The two
pools of water indicated very different diffusion behaviors. Pool
(I) acts much like bulk water with b ≈ 70% of water
population; however, for pool (II), a significantly reduced
mobility was evaluated that could be associated with the
diffusion of a fraction of water molecules interacting with larger
partners with (1 − b) ≈ 30% population. The water diffusion
coefficients for the other three samples were very close to the
one observed for pure water. The experimental error in the

determination of diffusion constants is estimated to be within
±5%.

1H NMR Relaxometry Results. The goal of NMR
relaxation studies is to probe the dynamics of water that is
expected to be altered in a multicomponent system due to the
imposed geometrical restrictions and interfacial interactions
and is reflected by changes in the NMR relaxometry data. The
raw data of observed spin−lattice relaxation times of the water
protons in bulk and those interacting with the CNC−NaFh
surfaces are presented in Figure 1. The spin−lattice relaxation

rate dispersions for the CNC-containing materials are
markedly different compared with those for bulk water. It is
also interesting to note that the NMRD profile of 1% NaFh +
H2O is almost identical to that of bulk water. The molecular
self-diffusion measurements (see Table 1) identified two pools
of water populations in this sample, although the relaxation
measurements could not identify the less abundant compo-
nent, probably because of its small weight percentage. A more
focused analysis, however, shows that the 1% NaFh + H2O
sample has only slightly enhanced relaxivity compared with
bulk water. The NMRD profiles of CNC-containing materials
also exhibit relaxivity humps at high frequencies that are typical
for nuclear paramagnetic relaxation mechanisms.
The results depicted in Figure 1 were fitted using the model

given by eq 4, which comprises different contributions to the
overall relaxation mechanism, and the fitting results are
presented in Figures 2 and 3. The analyses were performed
by the nonlinear least-squares minimization method, as
implemented in f itteia. The values of associated fitting
parameters involved in these models are listed in Table 2.
These parameters were obtained for the best fits to the
experimental data while fixing their ranges within their most
likely values, as reported in the literature.
The NMRD profiles for bulk H2O and 1% NaFh + H2O are

presented in Figure 2. The observed plateaus in the NMRD
curves reflect the relaxation rates that are almost independent
of the Larmor frequency, as is characteristic of most
conventional liquids. NMR relaxometry typically allows the
detection of molecular motions with large correlation times at
low frequencies; however, molecular motions with short
correlation times are detected at high frequencies. The
correlation times for molecular rotations, which dominate for
the bulk water, are short (i.e., fast motions) throughout the
studied frequency range, and thus no noticeable dispersion is
observed over this range. It is expected that adding a
component to water reduces its mobility compared with that

Table 1. Measured Values of Diffusion Constants (D) of the
Studied Samples at B = 7 T and 25 °Ca

sample D (m2/s)

pure H2O 2.4 (±0.1) × 10−9

1% NaFh + H2O DI = 1.6 (±0.08) × 10−9

DII = 3.1(±0.1) × 10−10

3% CNCs + H2O 2.2 (±0.1) × 10−9

0.5% NaFh + 2.5% CNCs + H2O 2.2 (±0.1) × 10−9

1% NaFh + 2% CNCs + H2O 2.1 (±0.1) × 10−9

aSuspension composition in percentage values corresponds to wt %.

Figure 1. Frequency dependence of the proton spin−lattice relaxation
times for the indicated samples observed at 25 °C.
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of pure water, and this effect is highly sensitive to the amount,
dimensions, and chemical nature of the added component(s).
However, a water-like NMRD profile is observed for 1% NaFh
+ H2O. This implies that only motions with short correlation
times are present in both samples, and a small concentration of
NaFh clay has barely any effect on the water mobility of the
observed component. The contributions of rotations (R) and
self-diffusion (SD) considered in the relaxation model explain
well the observed dispersions for these two samples.
In Figure 3, the R1 dispersions for the (a) 3% CNCs + H2O,

(b) 0.5% NaFh + 2.5% CNCs + H2O, and (c) 1% NaFh + 2%
CNCs + H2O samples are presented. It is important to note
that these three samples comprise ∼97 wt % water, and the
mentioned ratios of CNCs and NaFh are relative to each other.
For these samples, the restricted mobility of solvent (water)

molecules, that is, slower dynamics, substantially influences the
NMR relaxation behavior. This is also clear from the results
presented in Figure 1, where, even at very low solute contents,
the R1 of CNC-interacting water is up to 18 times higher
compared with that of pure water. The R1 dispersions
smoothly increase with decreasing frequency until they reach
a plateau at ∼10 kHz. For all three samples, the observed
dispersions were not markedly different from each other, and
they even overlap in the lower frequency domain. This can be
because the water concentrations in these samples are almost
equal (∼97 wt %); therefore, the efficiency of the water−
CNC/NaFh surface interaction remains very similar. Although
presenting similar R1 dispersion behavior, it is noted that the
3% CNCs + H2O sample (without clay) has the highest

Table 2. Fitting Parameters Related to the Relaxivity of the Studied Sample Obtained from the Best Model Fit to the
Experimental 1H NMRD Profilesa

pure H2O 1% clay + H2O 3% CNCs + H2O 0.5% NaFh + 2.5% CNCs + H2O 1.0% NaFh + 2.0% CNCs + H2O

τROT (10−12 s) 4.09 4.26 4.26 4.26 4.26
ARMTD (102 s−(1+p)) 3.03 3.03 3.03
τm (10−10 s) 3.91 3.91 3.91
τR (10−8 s) 6.55 6.55 6.55
Δ2 (1020 s−2) 3.01 3.01 3.01
τV (10−12 s) 8.76 8.76 8.76
C (10−2 mmol/L) 11.43 3.90 0.26

aSuspension composition in percentage values corresponds to wt %. Parametric descriptors of hydration, rMH = 3.0 Å, and q = 1, were fixed during
fitting. τROT, rotational correlation time; ARMTD, prefactor for RMTD mechanism; τm, residence lifetime of water molecules bound to m
paramagnetic centers; τR, rotational correlation time of the complex; Δ2, mean-squared amplitude of the zero-field splitting; τV, correlation time of
the zero-field splitting fluctuations; C, concentration of m paramagnetic particles.

Figure 2. Experimental (circles) and fitted (solid black lines) 1H NMRD profiles of bulk H2O (left) and 1% NaFh + H2O (right). Dashed red and
green lines indicate contributions to the overall relaxation arising from molecular reorientations (R) and self-diffusion (SD), respectively.

Figure 3. Experimental (circles) and fitted (solid black lines) 1H NMRD profiles of (a) 3% CNCs + H2O, (b) 0.5% NaFh + 2.5% CNCs + H2O,
and (c) 1% NaFh + 2% CNCs + H2O. Dashed red, green, blue, and violet lines indicate contributions to the relaxation arising from molecular
reorientation and self-diffusion (R + SD), reorientations mediated by translational displacements (RMTD), the paramagnetic inner-sphere (PMIS),
and the paramagnetic outer-sphere (PMOS), respectively.
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relaxivity, and its magnitude decreases with an increase in the
incorporation degree of added clay.
Unlike NaFh clay, introducing CNCs to pure H2O is seen to

produce a significant change in the relaxation rates of water
protons by not only imparting profound enhancements of the
relaxation rates in the low-frequency domain but also inducing
the paramagnetic relaxation enhancement. The “bumps”
observed in the NMRD profiles, in particular, for 3% CNCs
+ H2O and 0.5% NaFh + 2.5% CNCs + H2O samples, suggest
the presence of paramagnetic species. These bumps are a
characteristic of nuclear paramagnetic relaxation that is often
observed at high frequencies. It follows that the added CNCs
must have some amount of dispersed paramagnetic entity
(most common are metal ions) because in the structure of
CNCs, there are no paramagnetic species attached. Increasing
the ratio of dissolved NaFh clay (from 0.5 to 1.0 wt %) makes
it possible to further suppress the paramagnetic contribution to
the overall relaxation, as can be seen in Figure 3b,c. As
illustrated in Figure 2 for 1% NaFh + H2O, there is almost no
effect of NaFh clay on the relaxation behavior of water protons.
Therefore, we have a sound reason to believe that the
paramagnetic relaxation is induced by CNCs only, and this
disappears as the concentration of NaFh clay increases; in turn,
the amount of CNCs decreases. In this context, to quantify the
origin of this paramagnetic-like behavior, we carried out ICP-
AES analyses that allow the detection of metal elements in the
samples.
ICP-AES analyses showed the presence of sulfate half-ester

groups and iron (Fe) in CNCs. To determine the true source
of these metals, we also conducted elemental analyses on all of
the reagents that are used in the production process of CNCs.
Fe was found in CMCs, in which the ICP-AES analyses
returned a value of 352.6 ppm. This value is in accordance with
the one found for pure CNCs, where 352.2 ppm of Fe was
obtained. In the pure CNC suspension (3.0 wt %), this value
corresponds to having 0.19 mmol/L of Fe, which is in close
agreement with the amount estimated by NMR studies. Lower
values of 0.16 and 0.13 mmol/L of Fe can be inferred for the
2.5/0.5 and 2.0/1.0 wt % of CNCs/NaFh composite
suspensions, respectively. The presence of Fe in the raw
material can apparently be associated with the existence of
such minerals in natural cotton that depend on its maturity,
type, and crop year and the inorganic fertilizers that plants
absorb from the soil.
The dipole−dipole interactions between the water protons

and Fe ions are therefore concluded to be responsible for the
paramagnetic relaxation. As the concentration of CNCs is
further decreased to 2.5 and 2.0 wt %, in turn, the molar
concentration of Fe ions is reduced, and the paramagnetic
relaxation enhancement is suppressed. Such paramagnetic
relaxivity could originate from either or both of the IS and OS
mechanisms. In this work, it was observed that the high-field
bumps in the NMRD curves due to the presence of iron are
well-explained by the IS mechanism, chemical exchange
between bound and bulk water molecules. This also indicates
that the paramagnetic centers are distributed in such a way that
they are directly accessible to the water molecules; therefore,
they contribute to the IS mechanism. Although the possibility
of OS interactions cannot be ruled out, it seems to be
insignificant.
To fit the observed NMRD profiles for the CNC-based

samples, instead of including them separately, we presented the
R and SD contributions by a simple curve (R + SD) with just

one correlation time. The low-frequency dispersions of water
molecules interacting with the internal surfaces of CNC/NaFh
matrices were successfully explained by the RMTD mecha-
nism. RMTD is the main mechanism for explaining
substantially long correlation times, which can be on the
order of 10−5 s. It is important to point out that to simplify the
fitting procedure, we have kept fixed the values of those
parameters that have well-known values from the literature.
The distance between the Fe ion and the IS water protons
(rMH) was maintained at 3.0 Å. The number of water
molecules coordinated in the inner coordination sphere of
the Fe ion was assumed to be 1 (hydration number q = 1). The
water residence lifetimes (τm), rotational correlation time of
the complex (τR), mean-squared amplitude of the zero-field
splitting (Δ2), and correlation time describing its modulation
(τV) were optimized through the best-fitting analysis of the
experimental data to the IS relaxivity theory for the 3% CNCs
+ H2O sample. The obtained parameters were then kept
constant to fit the experimental data for the other CNC-
containing samples because the relaxation dispersion trends for
these samples are quite similar to each other. Hence the
differences in the relaxivities for the CNC-containing systems
could be explained alone in terms of the molar concentration
(C) of dissolved metal (Fe) ions. The best-fitting curves
estimated C = 0.11 mmol/L for the 3% CNCs + H2O sample,
which is lower than that obtained experimentally.
According to the obtained results, the main findings of this

study can be summarized as:

• 1H NMR relaxation data obtained herein revealed large
differences between the dynamic behaviors of bulk water
and water interacting with CNC−NaFh suspensions.

• It was determined that the proportion of CNCs governs
the shape of the relaxation dispersion profiles in both the
high- and low-frequency regions.

• The relaxivity of water protons in the CNC-based
systems was markedly enhanced in the low-frequency
domain, as water mobility was significantly reduced due
to its interaction with CNC−NaFh suspensions.

• High-frequency bumps in the NMRD curves, dominated
by the IS paramagnetic relaxation mechanism, were
attributed to the interactions between Fe ions and water
nuclei.

• At low concentrations (0.5 or 1.0%), NaFh particles
turned out to have no noticeable influence on the T1
relaxation behavior throughout the studied frequency
range.

■ CONCLUSIONS
The present study aimed via PFG-NMR and NMR
relaxometry to understand the molecular dynamics of water
interacting with CNC−NaFh clay mineral nanocomposites and
elucidate the role of these constrained environments in
changing the dynamic behavior of solvent water. To that
end, the longitudinal relaxation rates were measured for a
broad range of Larmor frequencies, 10 kHz to 500 MHz. The
relaxometry data indicated that the addition of a small
concentration of CNCs to bulk H2O is seen to not only
significantly enhance the longitudinal relaxivity of the water
protons but also to impart a pronounced frequency depend-
ence on the low-frequency domain of the relaxation rate, which
is not seen in isotropic H2O. The NMRD profiles for bulk
water and water with 1% clay were interpreted using a
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relaxation model that considered the sum of two relaxation
contributions: local rotations and bulk-like translational
diffusion. For the CNC-containing materials, on the contrary,
two dominant relaxation processes were revealed to be
attributed to the dynamics of confined water. The RMTD
relaxation mechanism was found to be leading in the low- and
intermediate-frequency domains, which stems from the
interaction of water molecules with the CNC−NaFh surfaces.
However, the high-frequency dispersions have been found to
be mostly determined by the IS paramagnetic relaxation that is
associated with the interaction of water protons with the
paramagnetic entities. The observed paramagnetic relaxation
effect was proportional to the concentration of CNCs. A
remarkably high value of R1 at low fields was obtained for the
3% CNCs + H2O sample, for which the longitudinal relaxivity
was found to increase up to 18-fold compared with that of the
bulk water. This points to a global change in the water
dynamics in the studied systems that is driven by the
interaction of H2O molecules with the CNC−NaFh particles.
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