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NMR Relaxation Parameters from Molecular Simulations
of Hydrated Inorganic Nanopores

Jayesh S. Bhatt,*®! Peter J. McDonald,”® David A. Faux,’” Nicholas C. Howlett,®

and Sergey V. Churakov™!

Nuclear magnetic resonance (NMR) relaxometry is a powerful
technique to characterize diffusive motion of fluids in nanopo-
rous to microporous media. Molecular simulations can be used
to predict NMR relaxation parameters using a dipolar spin—-
spin correlation function. In this article, molecular dynamics
simulations of water diffusion in anomalous 11 A tobermorite,
consisting of three slit pores and one gel pore of width
~1.0 nm, have been performed. The spin-spin correlation
function components corresponding to both 2D and quasi-2D
translation and rotation of water are presented. It was found
that motion in the slit pores is highly correlated, leading to a
significantly shorter relaxation time compared to bulk water.

Introduction

Diffusion in porous media has received considerable attention
in recent years due to its relevance to problems as diverse as
heterogeneous catalysis, oil recovery from rocks, food process-
ing, and cement science. Systems in which the diffusing fluid
is protonated can be studied using nuclear magnetic reso-
nance (NMR) relaxation analysis experiments of the fluid owing
to the nuclear magnetic moment of hydrogen."? Water and
oil are two prime examples of such fluids. Experimentally, it is
well known that the NMR relaxation rate of fluids in small
pores increases as the pore volume to surface ratio, or size,
decreases. However, while NMR relaxometry experiments are
excellent for probing the surface to volume ratio of the pore
space confining the fluid in nanoscopic to microscopic porous
media,”® one must still resort to computational modeling™
to understand the fluid movement at the nanoscopic scale
and the chemical topology of the internal surfaces of the
porous media. Recent advances in computational power, as
well as advances in high frequency experiment, mean that
simulations of molecular trajectories of sufficient length can
be made to enable the calculation of relaxation rates at
(increasingly low) frequencies that overlap with (increasingly
high) frequency experiment. Results from the simulations may,
therefore, be compared to those from experiments.

A theoretical framework for calculating NMR relaxation rates
in an idealized fluid of noninteracting spins, known as the BPP
theory,”® was formulated by Bloembergen, Purcell, and Pound.
NMR relaxation rates were first calculated using Monte Carlo
(MC) simulations of spins hopping on a lattice in 1986,
wherein earlier theoretical work of Sholl on dipolar spin-spin
correlation functions was utilized.®® Grivet obtained relaxation
parameters from a molecular dynamics (MD) simulation of a
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The correlation between the slit pores and the gel pore was
found to be negligible compared to that within either the gel
pore or the slit pore exclusively. Nevertheless, this correlation
function can be useful in quantifying water diffusion within
the slit pores, which occurs primarily through stochastic site
jumping. It was found that stronger surface interaction leads
to lower relaxation times, while the hydroxyls on the surface
help further lower the water relaxation times. © 2014 Wiley
Periodicals, Inc.
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Lennard-Jones fluid of hypothetical particles and discussed
issues that may arise while performing such calculations on
water" Calculation of NMR relaxation rates using MD simula-
tions have also been done with considerable success in the
context of biologically relevant systems.!"'~'¥ However, most
studies involving biological molecules focus primarily on the
molecular reorientational dynamics. Faux et al. recently used
MD and MC simulations to obtain results of NMR relaxation
parameters arising from water diffusion between two slabs of
a-quartz (SiO ,) that included a detailed mathematical frame-
work capturing the angular as well as the relative translational
motion of spins over a long range.l"® This model was successful
in calculating a bulk water spin-lattice relaxation time of
43+ 04 s at 150 MHz Larmor frequency and 300 K, as com-
pared to the experimental value of 3.8 s.

This work is motivated by ongoing desire to characterize the
nanoscale porosity and morphology of calcium-silicate-hydrates
(C-S-H), the active phase of cement,['®'”! given the importance of
cement as a construction material, an interest to which NMR is
making an increasingly important contribution."® However,
many of its broader conclusions are equally applicable to other
nanoporous materials such as zeolites!'>?°! and layered double
hydroxides.*" C-S-H is a highly heterogeneous, nanoporous
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material comprising disordered sheets of calcium and oxygen
atoms and silicate tetrahedra separated by sheets of water.*?!
Regions of stacked sheets are reported to be separated by nano-
sized gel pores and larger capillary pores for which different mor-
phologies have been proposed.”*** Tobermorite is a naturally
occurring mineral,®! that is, often considered as a reference
structural model for C-S-H stacked sheets. Tobermorite has a lay-
ered structure represented by sheets of sevenfold coordinated
calcium ions. Silica tetrahedra form wollastonite-like chains
attached to the calcium layer. The interlayer space between
sheets is occupied by water molecules and hydrated calcium
ions. In the anomalous 11 A phase of tobermorite, there is no cal-
cium in the interlayer and hydroxyl groups are formed on the
interlayer surfaces. The detailed structural position of water and
ions in the interlayer of anomalous 11 A tobermorite has been
derived recently by ab initio MD simulations.?%2”!

In this article, we use a slightly modified ab initio tobermor-
ite structure as an analog of C-S-H to calculate NMR relaxation
parameters of water in C-S-H based on classical MD simula-
tions. The modification comprises of expanding one slit pore
and filling it with additional water. By this means the nano-
porosity of C-S-H with a bimodal distribution of largely planar
pores, consisting of very narrow interlayer or slit-pore spaces
and gel pores of the order of 1-5 nm wide, is reproduced.

The objectives of this work are to quantify water diffusion in slit
pores and to explore the relative importance of two-dimensional
(2D) slit pores and quasi-2D (Q2D) gel pores on the measured
relaxation. While Faux et al."™ previously explored the effect of
varying the size of a single gel pore on relaxation times using
quartz as a model system, there is no prior modeling work that
examines the effect of having two pores of different size in close
proximity. Moreover, to our knowledge, very little literature exists
on the nature of water diffusion in slit pores of C-S-H and no infor-
mation is available about the water translational correlation func-
tions leading to experimentally observed "H NMR relaxation times
in these pores. In this work, the chosen tobermorite system allows
us to assess the combined effect of having 2D and Q2D pores in
the same system. The motivation of the work is to establish the
validity of assumptions incorporated into analytical models of
relaxation in porous systems by exploring the fast-exchange
assumption, determining the relative contributions of the rota-
tional and translational motion of spins, measuring the surface resi-
dence time and exploring whether experimental relaxation times
contain contributions due to water interaction with surface hydrox-
yls. Throughout the work, the different contributions to relaxation
due to nuclei in different environments are separately calculated to
explore their relative importance.

Methodology
Theory

An NMR relaxometry experiment measures the spin-lattice (T;)
and spin-spin (T,) relaxation times in the presence of an exter-
nal static magnetic field and these times can be expressed in
terms of spectral density functions J(™(w). For a system
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involving the diffusion of the same nuclear species, the NMR
relaxation rates are related to the spectral densities as®®®
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where 7 and | are the gyromagnetic ratio and spin of the diffusing
spins and w is the Larmor frequency in the applied static field. The
spectral density functions, J(™ (), measure how much magnetic
field fluctuation a given spin experiences due to the presence of
other spins in its surroundings. These can be calculated from the
Fourier transformation of the dipolar correlation functions, G™(t),

J(m) (w)=J G(m)(t)efiwtdt’ (2)
G(m)(t):fx(m) Y2m(007 ¢0)Y;m(93 ¢) 3)
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Here, Yo (0, ¢) are the spherical harmonic functions involving
relative position vectors between spin pairs that are ry and r
at t=0 and at time t, respectively. The spherical polar coordi-
nates of the spin pairs are (ro, 0o, ¢o) and (r, 0, ¢), respectively,
in the laboratory frame of reference that has the polar axis in
the direction of the static magnetic field. The superscript on
the spherical harmonic indicates the complex conjugate, while
the ensemble average represented by Eq. (3) is the average
over spins pairs.

Equation (3) holds true for a system held at a fixed orientation
with respect to the external magnetic field. Real life experiments
usually involve powdered or porous material in which pores are
randomly oriented with respect to the magnetic field. An expres-
sion for the powder-averaged correlation function, G'(t), was
obtained by Sholl’® in the case where the spins are diffusing in a
three-dimensional (3D) manner, for example, a simple 3D box of
fluid. On the other hand, two-2D diffusion occurs when a fluid is
confined strictly to a flat 2D plane. In nanoporous materials, the
fluid is often confined between planar membranes that are sepa-
rated by a few nanometers. We refer to the confined fluid motion
in such materials as Q2D. It was later shown by Faux et al.™ that
the same expression for powder averaging is also valid for 2D and
Q2D diffusion of spins:

1 1(3cos2y—1)

Oy P& @
_ /Py(cosy)
B < r3r > )

where N is the number of spins in the summation,  is the
angle between r and r, and P,(x)=1(3cos’x—1) is a
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Legendre polynomial. The angular brackets again represent
the average over an ensemble of spin pairs. Furthermore, the
powder-averaged G (t) is related to G"™(t) through

B 4nGM (t)

G*(t) o)

(6)
The function G'(d) is independent of the value of m. Hence,
given the Cartesian coordinates as a function of time from a
molecular simulation, it is possible to work out the correlation
function from Eq. (4) and the NMR relaxation times through
Egs. (1), (2), and (6).

In theory, there is a unique value of T; and T, attached to
each spin in the system. This arises from the fact that a given
spin interacts with every other spin in the system and the sum-
mation appearing in Eq. (4) reflects this. However, in practice
the function G'(¢) for an individual spin would generally exhibit
extremely large statistical fluctuations. To smooth out these
fluctuations, averaging over a large number of time origins
would be required, making it a computationally expensive pro-
cess. Conversely, classifying spins according to their environ-
ments helps one understand the relative importance of each
environment to the relaxation rates. This also has the added
benefit that the G (1) averaged over all the spins in the given
class will have smaller fluctuations and obtaining a smooth G (t)
function will require a smaller number of time origins. It is,
therefore, useful to identify which distinct magnetic environ-
ments exist and to what extent spin exchange between envi-
ronments occurs. For instance, in a heterogeneous system one
can classify all the spins as either bulk phase spins or surface
phase spins. It is also important to identify the type of motion
they are undergoing (e.g., translational, rotational, 2D, 3D). The
relaxation time of a spin adsorbed on a surface would be much
shorter (faster relaxation rate) than that of a bulk fluid spin.

If the spins appearing in the summation of Eq. (4) can be
divided into different groups, then contributions due to each
group to the relaxation rate can be evaluated. If all the spins
have essentially the same dynamics, then a meaningful aver-
age can be calculated according to

-I n
1/T1:EZ1/TU: @)

=1
where n is the number of spins in the group and T;; is the value
of T; attached to the ith spin. A similar expression would hold
for T,. Equally, one can calculate the average rate for each inter-
action type. For example, one can calculate the average bulk-
bulk relaxation rate as well as the bulk-surface relaxation rate,
where the latter notation means the T, of a spin (starting) in the
bulk interacts with spins on the surface. It is then possible to
add the two rates to calculate the overall rate according to

1 1 1
G Foon Foae ©
T Bulk T Bulk-Bulk T Bulk-Surface

If there are two distinct classes of spins, then strictly speak-
ing there are two relaxation rates. In the slow exchange limit
these show up as two different values of T; in experiments.
However, if there is a fast exchange of spins between these
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Figure 1. Snapshot of the simulation setup. The larger (cyan) spheres are
Ca atoms. Si chains are shown by yellow polyhedra. Water molecules are
shown by two-color thin sticks. Surface OH groups are the smaller (red and
white) spheres. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

two classes, then an average spectrum weighted by the rela-
tive populations is observed in experiments.l'??! In systems of
fast exchange, a monoexponential decay of the transverse
nuclear magnetisation (T,) and recovery of equilibrium nuclear
magnetisation (T;) is observed. When exchange is slow, multi-
modal decay curves are seen, where the number of modes
correspond to the number of separate magnetic environments
in the system.

Computational details

A crystal of 11 A anomalous tobermorite,*>2”! which has the
chemical formula Ca4SigO:5(OH ), - 5H,0, was set up such
that the plane of the tobermorite sheets defines the x-y plane,
measuring 4.6 X 4.5 nm in the present case (Fig. 1). The sys-
tem consisted of four sheets of 11 A anomalous tobermorite,
except that one of the slit pores was widened to ~1.0 nm,
which we shall refer to as the “gel pore.” This configuration
leads to a total of 768 Ca and 1152 Si atoms in the system.
Hence, as per the chemical formula, there were 240 water mol-
ecules in each of the three intersheet slit pores. The gel pore
contained 792 water molecules, making a total of 1512 water
molecules in the system. In this model, the oxygen atoms in
the silica tertahedra that are at the interface with water are
each capped with a hydrogen atom to form hydroxyl groups
on the surfaces. There were thus a total of 480 hydroxyls in
the system.

MD simulations of this system were performed using the
DL_POLY package®®*" with periodic boundary conditions
applied in all three direction. Water molecules in both, slit
pores and the gel pore, thus experience confinement effect in
the z-direction, while the x-y plane is effectively infinite due to
the periodic boundary condition. The SPC/E potential® was
used for the water-water interactions, while the CLAYFF
potential®® was applied for interactions within the tobermor-
ite crystal. To model the tobermorite-water interface, the
Lorentz-Berthelot mixing rules® were applied.
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Figure 2. The axial density profile of the chemical species around the gel
pore and an adjacent slit pore. O,, and H,, are water oxygen and hydro-
gen, respectively, while Si and Og;o denote silicon and oxygen atoms in the
SiO, tetrahedra. Calcium and hydroxyls are omitted in this figure for clarity.
The first significant peak in water oxygen on either side of the gel pore
region is used to define a surface layer of water. The inset shows the time-
decay of the number of water molecules that start on the gel pore surface
at t=0, averaged over multiple time origins. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

The system was equilibrated using isothermal-isobaric
ensemble to a target temperature of 300 K and a pressure of
0 Pa. A cut-off distance of 10.0 A was applied to the potentials
and the Ewald summation method™* was used to incorporate
long-range Coulombic interactions. When equilibrated, the
overall dimensions of the entire simulation cell were 4.6 X
4.5 nm X 5.9 nm, which was then simulated using NVT ensem-
ble applying the Hoover thermostat™® to obtain a trajectory
of 3 ns for the production of the final results.

Results

The first task is to identify the distinct classes of nuclear spins
in the system. The hydrogen nuclei can be divided into four
environments: (1) water in the “bulk” phase of the gel pore,
(2) water adsorbed onto the surfaces of the gel pore, (3) the
hydroxyl group hydrogens, which remain attached to the
tobermorite crystal and perform dangling motion, and (4)
water confined in the slit pore regions.

Figure 2 shows the density profile around the gel pore and
one slit pore, along the z-axis, which is perpendicular to the
crystal plane. The other two slit pores, which have very similar
density profiles, have been omitted. Peaks in water density
near the crystal surface indicate structured water layer forma-
tion near the surface. The first major peak in the density of
water oxygens on either side of the gel pore can be used to
define the water planes. Using this definition, we calculated
the water residence time on the gel pore surface by plotting
the average number of original water oxygens left in the sur-
face layer as a function of time. The average was obtained
over multiple time origins. This is shown in the inset of Figure
2. By fitting an exponential decay function
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between the surface and the “bulk” water molecules in the gel
pore. Hence, we shall treat all the gel pore water molecules as
being equivalent while calculating T;.

In addition, given the fact that the hydroxyls remain
attached to the surfaces throughout the simulation, the com-
ponent of the correlation function due to hydroxyl-hydroxyl
interactions generally decays negligibly and it is extremely dif-
ficult to accurately obtain the Fourier transform of such a flat
function. Effectively, this is the rigid lattice limit, where the
BPP theory™ breaks down. Therefore, we do not calculate the
T, of the hydroxyls. Specifically, we shall neglect the correla-
tion function of the hydroxyl-hydroxyl and the hydroxyl-water
interactions while calculating T; components in the present
work. On the other hand, the water-hydroxyl correlation func-
tion will be included in the calculation of water T;.

Given these assumptions, we are now left with two distinct
environments for consideration in the correlation function cal-
culations: water in the entire gel pore and water in the slit
pores. Within each of these environments, water molecules
perform translational as well as rotational motion. Hence, there
are six components of G'(t) arising purely from water in the
entire system: translational and rotational components within
the gel pore as well as in the slit pores, plus the slit pore-to-
gel pore and gel pore-to-slit pore translational correlations. A
schematic of how the rotational and translational components
are calculated is shown in Figure 3, where two water mole-
cules (top and bottom) are shown at t =0 (left hand side) and
at a later time t (right hand side). The rotational component
may be calculated by evaluating the relative position vectors
ro and r between the two hydrogens in the same water

Figure 3. An illustration of the manner in which rotational and translational
components of G'(t) for water are calculated. In Eq. (4), calculating ro and r
between hydrogen atoms in the same water molecule gives the rotational
component. To calculate the translational component of the correlation
function, these vectors are evaluated between two hydrogen atoms on
separate water molecules. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 4. The time-evolution of the interwater and intrawater components
of the powder-averaged dipolar correlation function. The top two curves,
marked with the occasional box and cross symbols, arise from the transla-
tion and rotation of water molecules within the slit pores. The middle two
curves, marked with the occasional triangle and diamond symbols, arise
from translation and rotation of water molecules in the gel pore. The bot-
tom two curves show the cross-correlation between the gel pore and the
slit pore water, marked with the plus and circle symbols. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

molecule and substituting these in Eq. (4). In this case |ro|=]r|
and only the angle between these two vectors changes with
time. The translational correlation function is evaluated by
considering ry and r between hydrogens on separate water
molecules.

Figure 4 shows all the six components of G (t) arising purely
due to water, calculated on a per-spin basis. Averaging is per-
formed over multiple time origins as well as over the total num-
ber of spins in the given class. A cut-off distance equal to half
the simulation box length was applied to construct the neigh-
bor list over which the summation in Eqg. (4) is carried out to
evaluate the G'(t) contribution due to each spin. This is reasona-
ble in the current system, because the G'(t) contributions decay
rapidly as the square of the distance.l'>'® For a given spin, the
magnitude of G (t) depends on the number of spins with which
it is being correlated, as represented by the summation in Eq.
(4). There are different number of spins in the gel pore and the
slit pores and hence there is a slight difference in the magni-
tude of G'(t) of gel pore-slit pore and slit pore-gel pore com-
ponents. The calculation of the rotational component of G'(t)
involves a summation over only one spin, which is the alternate
hydrogen on the same water molecule. Conversely, the transla-
tional component of G(t) is obtained by summing over all the
spins on the neighboring molecules, although their contribution
diminishes quickly with increasing distance. These factors are
the origin of the different magnitudes of the various compo-
nents of the correlation function at t = 0. For water, the closest
intermolecular hydrogen-hydrogen distances are generally
larger than the intramolecular hydrogen-hydrogen distances
and since G(t) scales as the sixth power of these distances at
t =0, the initial magnitudes of the two rotational components
in Figure 4 are slightly larger than the translational components
for their respective environments.

Figure 4 shows that water movement within the slit pores is
highly correlated, with the translational component decaying
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the slowest. This is indicative of highly restricted translational
diffusion within the slit pores. The rotational component
within the slit pores decays to a slightly larger extent, suggest-
ing that translational movement of these water molecules is
more restricted than the rotational movement. The situation is
reversed in the gel pore, where the translational component
drops more rapidly than the rotational components. Also, the
extent of the decay of both these components in the gel pore
is much larger than in slit pores. This is due to the larger
width available for diffusion in the gel pore, although it can
be noted from the rotational component that even in this
larger pore width (~1 nm) water molecules have a tendency
to maintain their orientation. The increased noise in the gel
pore rotational component is due to poorer statistics coupled
with fluctuating movement; there are far fewer intramolecular
spin pairs in the gel pore than intermolecular spin pairs.
Finally, the gel pore-slit pore component of the correlation
function is identical in shape to the slit pore-gel pore compo-
nent, as expected, but their magnitude is slightly different due
to the different number of spins in these two regions. At short
times, the magnitudes of these two “cross” correlation compo-
nents are much smaller than the other four components due
to the fact that the initial slit pore-gel pore water distances
are larger than the nearest water-water distance in either the
gel pore or the slit pore. At larger times, the cross correlation
components appear to be starting to be very similar in magni-
tude to the translational component in the gel pore.

To underpin these results, mean squared displacements
(MSD)B”! of water in the gel pore and the slit pores were cal-
culated separately. Diffusion in the x-y plane and in the z-
direction were calculated separately. The MSD is shown as a
function of time in Figure 5. The 2D diffusion coefficient, D,p,
was calculated by evaluating the slope of the linear part of
the MSD curves through the Einstein equation

(A0 +(Ay)*)

Doy =
P 4-At

(10)
where At=t—ty is the time elapsed since the time origin ty,
while Ax and Ay are the atomic displacements in the x and y
directions, respectively, since time t,. The averaging indicated
by the angled brackets was carried out over all the water oxy-
gens in the respective class (gel or slits) as well as over multi-
ple time origins. The 2D diffusion coefficient in the gel pore
was thus found to be 1.68 X 107°m?/s. Within the slit pores,
this was estimated to be ~9.1 X 1072 m?/s, although a trajec-
tory much longer than the 3 ns reported here would be
needed to obtain an accurate value. Classical MD simulations
of up to 1 ns of the 9 A phase of tobermorite*® found a value
of 5.0X10™"" m?/s for diffusion in the slit pores.** In compari-
son, ""H NMR field cycling relaxation experiments on cement
pastes suggested a value of 2.6X107"m?/s in the slit
pores. % The experimental value™" of bulk water diffusion
coefficient is 2.2X107° m?/s.

The diffusion coefficient in the gel pore is only 20% less
than the value for bulk water. The reduction in diffusion coeffi-
cient is associated with the restricted motion of a fraction of
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Figure 5. MSD of water oxygens in the three slit pores (top) and the gel
pore (bottom). The squares show the 2D component of the diffusion in
the x-y plane, namely ((Ax)*+(Ay)?), while the circles show the MSD in
the z-direction, ((Az)?). For visual clarity, the square and circle symbols are
only exemplar and do not mark every calculated data point. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

the gel water at the crystal surfaces. Conversely, the diffusion
coefficient in the slit pore is more than two orders of magni-
tude smaller than that in the gel pore. This explains the slow
decay of the G'(t) components compared to those of the gel
pore in Figure 4 and reflects the confinement associated with
the crystal interfaces.

The slit pore-gel pore water components of G (t) presented
in Figure 4 show features appearing at about 1000 ps. We
believe that this is due to the water molecules undertaking
sudden hops to neighboring sites within the slit pore. This sto-
chastic process cannot be observed directly in a MSD curve
due to averaging but is confirmed in Figure 6, which contains
the squared displacements of three randomly selected water
oxygen atoms in the slit pores. There is no averaging over
multiple time origins in Figure 6 and so the hopping motion is
revealed by discrete jumps in the coordinate values. These
jumps occur on timescales comparable to those where the fea-
tures are observed in the G'(t) components for the slit pore-
gel pore interaction. No features are observed in the slit pore
components of G (t) in Figure 4 due to the fact that motion
within the slit pore is highly correlated and so a hop of a sin-
gle water molecule makes just a small contribution to the
overall G'(t). To detect the site jumping process from the cor-
relation function, the motion must be correlated with a differ-
ent class of molecules. This was additionally confirmed by
calculating the correlation of slit pore water spins with a ran-
domly chosen silicon atom of the tobermorite crystal. The G'(t)
curve for this interaction also showed similar features to those
in the slit pore—gel pore components.
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Figure 6. Single time origin displacement curves for some randomly cho-
sen atoms in the slit pores. The squares show the squared displacement in
the x-y plane, namely (Ax)>+(Ay)? with respect to the time origin, while
the circles show the squared displacement in the z-direction, (Az). For vis-
ual clarity, the square and circle symbols do not mark every calculated
data point. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

The spin-lattice relaxation times, T;, were evaluated using the
calculated G'(t) components of Figure 4 and Eq. (2), as a function
of the NMR linear frequency, f=w/2zn. Contributions arising
purely due to water in the gel pore and in the slit pores were cal-
culated separately and are shown in Figure 7. The value of T,
decreases with decreasing frequency in all the components, in
agreement with experimental observations.***?*3! Also, the trans-
lational T; in the slit pores is greater than in the gel pore at high
frequencies, but the situation is reversed at lower frequencies. A
similar phenomenon is observed for the rotational components
and hence also for the overall T; within the two pore types.

As mentioned earlier, because there is no exchange of spins
between the gel pore and the slit pores, two separate values
of relaxation times would be observed in experiments corre-
sponding to these two distinct regions. Each of these two val-
ues may be obtained by adding the relaxation rates arising
from the various components within the given region. For
instance, the overall value of T; due to purely water in the gel

pore, (T1)5el... can be evaluated according to

1 Gel 1 Gel 1 Gel
— == +( = , (11)
Ty Water T Water ,Rot Ty Water ,Trans

where the subscripts Rot and Trans refer to the rotational and

translational components, respectively. A similar expression can be
written for slit pore water. The average T, thus arising from water
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Figure 7. Components of the NMR relaxation time of water, purely due to
rotational and translational movement in the gel pore and the slit pores,
as a function of the NMR linear frequency. The water-hydroxyl interaction
is not included. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

translation and rotation is also plotted in Figure 7 for each of
these two regions, shown with the diamond and cross symbols.

In addition to the six components of G (t) purely due to
water, there are also additional components arising due to the
interaction of hydrogen spins in water with those in the
hydroxyl (OH) groups attached on the crystal surfaces. Hydroxyl
interactions with gel pore water and slit pore water need to be
considered separately. This is because there is no exchange of
spins between the gel pore and the slit pores and also because
water dynamics in the gel pore is very different from that in
the slit pores. Figure 8 shows the components that arise when
the hydrogens in the OH groups are correlated with the hydro-
gens in water either within the gel pore or within the slit pores.
As before, the G'(t) components are averaged over multiple
time origins and over the number of water spins in the given
region (gel pore or slit pores). In addition, the OH-OH compo-
nent is also shown, which decays negligibly due to the fact that
the hydrogen spins in the hydroxyls can only perform a dan-
gling motion and cannot detach from the surface. The
hydroxyl-slit water and slit water—hydroxyl components decay
more noticeably, but not considerably, due to water motion in
the slit pores being highly restricted. Again the magnitudes of
these two components are different due to the number of
hydroxyl spins and slit pore water spins being different, while
their shapes are identical. The hydroxyl-gel water component
decays more slowly than the gel pore translational component
shown in Figure 4 initially, but at longer times starts to exhibit
similar behavior to the latter.

The water T; components arising from water-hydroxyl interac-
tions in the gel pore and the slit pores are shown in Figure 9. The
overall water T, within the gel pore was calculated according to

1 Gel 1 Gel 1 Gel
- == + = . (12)
T Water T Water-Water T Water-OH
The overall water T; in the slit pores was calculated separately
through a similar expression. These are shown in Figure 10 as
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Figure 8. The time-evolution of the powder-averaged components of the
dipolar correlation function arising from hydroxyl interactions. The OH-gel
water and gel water-OH components, marked with the occasional cross
and triangle symbols, decay much faster than the OH-slit water and slit
water-OH components, marked with the occasional circles and boxes. The
OH-OH component decays negligibly. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

the circle and box symbols. The curves without the hydroxyl
contributions, namely the diamond and the cross symbols in
Figure 7 are also reproduced in order to illustrate how the
presence of hydroxyls lower the value of T; throughout the
frequency range. The effect of hydroxyls appears to be smaller
in the slit pores compared to the gel pore due to the fact that
water motion in the slit pores is much more restricted.

The 3 ns simulations performed here allowed us to obtain
T, down to a lower value of f ~400 MHz, which just overlaps
with frequencies accessible through the current generation of
NMR instruments. While the experimentally measured value of
bulk water T; at such frequencies is ~3-4 s at 300 K,“*) NMR
experiments on cement-based materials have measured values
of T, that are much smaller than the bulk water value."*?*!
Experimental cement samples invariably contain paramagnetic
impurities (e.g., iron) at the surfaces, some of which have
much larger values of the gyromagnetic ratio, y, which would

100

- [=© Gel: Water-OH ]
R0 - Slit: Water-OH i

60 - .

Tl/s

40 - & .

20+ o—& ]

10 9 10 11

10 10
f/Hz

Figure 9. Components of the NMR relaxation time of water, purely due to
water-hydroxyl interactions within the gel pore and the slit pores, as a
function of the NMR linear frequency. The water-water interactions are not
included. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 10. NMR relaxation time of water as a function of the linear fre-
quency within the gel pore and the slit pores, with and without hydroxyl
interactions included. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

significantly lower the value of the relaxation time. In our sub-
sequent publications, we aim to present calculations including
paramagnetic impurities.

At 400 MHz, Figure 10 shows T; =2.75 s and 1.47 s in the
gel pore and the slit pores, respectively, while the trend in
the curve indicates even lower values at lower frequencies. In
our earlier work,"™ relaxation time for water confined
between two sheets of SiO,, which acted as a gel pore of
~1 nm, was calculated. Also, calculated in that study was the
relaxation time for bulk water. Curves from that work,
obtained by evaluating T, ' =T, 3., +T; f..ns for the respective
systems, are plotted in Figure 11. Because the SiO,-water sys-
tem of that work only contained a gel pore and did not
include the hydroxyl contribution, for comparison we repro-
duce the overall T; arising from the rotational + translational
components in the gel pore of the present work (the curve
with diamond symbols in Fig. 7) as well as that in the slit
pores (cross symbols in Fig. 7). The surface residence time in

16 — Ty
&-o Bulk water
50810, gel pore
12 - |~ - This work gel: Rot + Trans| ] 7
This work slit: Rot + Trans 1 4
‘"-:_‘ 8 [ _
B~
4+ ’ - -
0 L PSR S | L P S Era | ' PR R S W
10° 10” 10" 10"
f/Hz

Figure 11. The overall NMR relaxation time for the entire system as a func-
tion of the NMR linear frequency, along with the results of earlier work of
Faux et al.l"® Circles and squares show the results of bulk water and an
SiO, gel pore, respectively, from the earlier study. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the SiO, gel pore was calculated to be 113 ps, which is larger
than the 30 ps calculated for the present tobermorite gel
pore, suggesting stronger surface—gel water interaction in
the SiO, system. Hence, in Figure 11 we see a clear trend
whereby at lower NMR frequencies, systems with increasingly
stronger fluid-surface interactions render decreasing relaxa-
tion times. While the tobermorite gel pore surface does not
interact as strongly with water as the SiO, surface did, the
tobermorite slit pore surfaces interact much more strongly
with water than the SiO, surface. These results are in qualita-
tive agreement with experimental observations that surface
interactions help lower the relaxation time 3424

Conclusions

MD simulations of water diffusion in anomalous 11 A tober-
morite, comprising three slit pores and one gel pore, have
been performed in order to calculate dipolar correlation func-
tions to yield NMR relaxation times as a function of the Larmor
frequency. The components of the correlation function corre-
sponding to different types of environments and motions
within the system were calculated separately. The relaxation
time of the surface hydroxyls was not calculated in the present
study.

The surface residence time of water in the gel pore was
very short (~30 ps), allowing us to neglect the need to treat
the surface water differently from that in the bulk phase. While
the 2D diffusion coefficient in the gel pore was of the same
order of magnitude as in bulk water, it was more than two
order of magnitudes smaller in the slit pores. Diffusion in slit
pores occurs largely through discreet site hopping.

The motion in the slit pores was found to be much more
strongly correlated than in the gel pore owing to the highly
restricted nature of motion in the slit pores. This leads to a
significant lowering of the relaxation time exclusively within
the slit pores. In general, it was found that stronger surface
interaction leads to lower relaxation time, in qualitative agree-
ment with experiments. In addition, interaction of water with
hydroxyls leads to further lowering of the relaxation times.
While interpreting experimental data, it is often helpful to
understand how much contribution surface hydroxyls are mak-
ing to an observed water relaxation time. This study helps
quantify this effect in both the slit pore and the gel pore envi-
ronments. It was observed that the hydroxyls lower the relaxa-
tion time more in the gel pore than in the slit pores.

This study also allows us to quantify the comparative contri-
bution due to rotational and translational motion in the gel
pore and slit pore environments. The T, due to rotational
motion was found to be lower than that due to translational
motion in both the environments at all frequencies. While the
difference between rotational and translational 7; was found
to be a weak function of the Larmor frequency in the gel
pore, it was a strong function of the frequency in the slit
pores.

The relatively short surface residence time in the gel pore
corresponds to the fast exchange limit. Our future work will
aim to study systems exhibiting slower exchange of surface
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and bulk phase water. The comparison of the two cases will
allow us to better understand the processes underlying experi-
mental data.
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