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ABSTRACT: Many different methods have been developed to
investigate fluid−solid interactions in nanoporous systems. These
methods either only work in the liquid phase or provide an indirect
measurement by probing the fluid−solid interaction based on a
measured property change of the fluid or solid under different
sample conditions. Here, we report a direct measurement
technique using NMR dipolar cross-relaxation between the
nanoconfined fluids and the matrix solids. The method was tested
using a methyl-functionalized mesostructured silica saturated with
methanol as a model sample. A formal theory was established to
describe the enhanced dipolar cross-relaxation interaction between
the nanoconfined fluids and the matrix solids. Both the experiment
and theory showed that nanoconfinement of the fluids enhances
the dipolar cross-relaxation interaction between the fluid and the matrix solids, which can be applied to investigate the fluid−solid
interaction for various materials of a similar nanostructure.

■ INTRODUCTION
Fluid−solid interactions are ubiquitous in natural and
manmade porous materials. The interfacial interaction between
a fluid and a solid significantly influences the properties of the
solid as well as the storage and transport of the fluid.1−3 This
interaction is of special importance in nanoporous materials
because of the large interfacial areas and high surface-to-
volume ratios.4 Methods to quantify the fluid−solid interaction
thus have broad applications in many different nanomaterials
including synthesized mesoporous silica nanoparticles, carbon
nanotubes, metal−organic frameworks, and natural nanoma-
terials, such as zeolites, shale, etc. Moreover, materials with
significant fluid−solid interactions have major economic
impacts on hydrocarbon extraction,5 energy storage,6 and
radioactive waste disposal.7 In shales and coalbeds, the capacity
for natural gas extraction8,9 and greenhouse gas sequestration10

is determined by the gas adsorption and transportation
through the nanopores embedded in their matrixes. Thus,
there is a great need to understand and quantify the interfacial
interaction in many of these nanoporous materials.
Many different methods have been developed to investigate

the fluid−solid interaction, such as isothermal titration
calorimetry (ITC),11,12 surface adsorption,13,14 neutron or X-
ray scattering,15,16 and zeta potential analysis.17 ITC is a very
useful measurement of the thermodynamic parameters of
interactions, but the method only works in solution. Most
other measurement methods are indirect and probe the fluid−
solid interaction based on the measured property change of the
fluid or solid under different sample conditions. Analytical and

computational methods are also widely used to study the
fluid−solid interaction.18
Nuclear magnetic resonance (NMR) can directly measure

the fluid−solid interfacial interaction using the information
from nuclear spin dipolar coupling. Dipolar coupling of nuclear
spins is particularly important in magnetic resonance spec-
troscopy and imaging because it depends on distance,
orientation, and dynamics.19 The net dipolar coupling in
solid-state NMR experiments provides a direct approach to
extract information about structures and dynamics19 and has
been used to study interaction of fluid molecules on the solid
surface.20,21 Dipolar coupling in isotropic fluids averages to
zero as a result of molecular Brownian diffusion and becomes a
key relaxation mechanism.22 The dipolar cross-relaxation, also
called the nuclear Overhauser effect (NOE), has been the most
important and extensively used NMR method in determining
structure with molecular dynamics, especially for macro-
molecules such as proteins and nucleic acids.23 NMR has
also been widely applied to study porous materials, mainly by
measuring nuclear spin−lattice (longitudinal) relaxation time
T1

24,25 and/or spin−spin (transverse) relaxation time
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T2.
26,27T1 and T2 have also been extensively used to study

porosity, pore size distribution, and fluid saturation for
subsurface rock samples.28 However, the T1 and T2 of pore
fluids depend on multiple interactions including intramolecular
and intermolecular dipolar coupling of the fluid spins, coupling
of fluid spins with solid spins of the pore surface and/or matrix,
and interaction of fluid spins with the paramagnetic electron
spins on the pore surface.29 Therefore, it can be challenging
from the measured T1 and T2 to isolate the fluid−solid
relaxation, which can provide information on the intermo-
lecular interaction between the fluid and matrix solid in porous
materials.
Here, we investigate the direct measurement of dipolar

cross-relaxation of nanoconfined fluids with the matrix solids
using a methyl functionalized mesostructured silica (MCM41-
C1) saturated with methanol as a model sample. Exper-
imentally, we used solid-state NMR with magic-angle-spinning
(MAS)30 to suppress line broadening from local susceptibility
heterogeneity.31 This resulted in narrow peaks of the methyl
proton resonances and allowed easy measurement of the cross-
relaxation rate between the nanoconfined fluid with the matrix
solids. The drastically different behaviors between materials at
the nano scale and ones at the bulk scale are well documented
and can be related to the boundary conditions at nanometer or
bulk scales.4 We have observed that intermolecular cross-
relaxation in nanofluidics were enhanced by two orders of
magnitude as a result of nanoconfinement on the molecular
translational diffusion.32 Here, we further show how nano-
confinement of the fluids enhances the dipolar cross-relaxation
between the fluid and the matrix solids. The enhanced cross-
relaxation of nanoconfined fluid with the matrix solids in this
study provides a direct approach to quantify the interaction
between them, which can be applied to various materials with a
similar nanostructure, such as energy harvest33 and subsurface
extraction from organic-rich shales,8 nanomedicine,34,35

membrane science,36 nanopore DNA sequencing,37 macro-
molecules with nano-cavities,38 and cell organelles containing
nanostructures, such as mitochondrial compartments.39,40

■ METHODS
Sample Preparation. Methyl-functionalized MCM-41

(MCM41-C1) was purchased from Glantreo Ltd. (see Figures
S1 and S2 in the Supporting Information (SI) for more
details). Methanol alcohol-OD (CH3OD, 98% atoms D,
density ρ = 0.813 g/mL, molecular weight = 33.05) was
purchased from Sigma Aldrich.
The average pore diameter of MCM41-C1 was determined

to be 2.57 nm using N2 adsorption on a Micromeritics ASAP
2460 instrument and using the BJH desorption data.41Figure
S2 in the SI shows the pore size distribution of the sample
measured using this method.
All the materials were used without further purification.

MCM41-C1 was dried under vacuum at 50 °C for 1 week. It
was then transferred to a saturation chamber as illustrated in
Figure S3 in the SI. Saturation of the nanopores in MCM41-
C1 was done based on capillary condensation.42,43 Specifically,
a thin layer of MCM41-C1 was placed in a glass Petri dish, and
a separate vial of CH3OD was placed in a glass desiccator
connected to a vacuum pump. We first vacuumed the
desiccator to approximately 4800 Pa. We then closed the
connection to vacuum and allowed the vapor pressure from
methanol to build in the desiccator. The CH3OD vapor
condensed in the nanopores via capillary condensation. This

method allows all the nanopores to saturate while leaving no
observable fluids between the particles. We then packed the
saturated sample into a 4 mm magic-angle-spinning (MAS)
NMR rotor from Bruker Biospin Inc. for NMR measurement.

NMR Measurement. All the experiments were done on a
Bruker Aeon 500 MHz NMR spectrometer using a 4 mm MAS
probe. All the experiments were done at 22 °C unless
specifically stated. All the data were acquired at a MAS rate of
8000 Hz. MAS of the sample removes the line-broadening
from dipolar coupling30,44 and from susceptibility inhomoge-
neity,45 thereby narrowing the peaks. The former is mainly for
the solid components and later for the liquid in the pore. For
all the samples, the longitudinal relaxation times (T1) of all the
resonances were estimated using an inversion recovery
method46 to ensure that the interscan delay is greater than
five times T1 for all quantitative experiments.
The 2D nuclear Overhauser effect spectroscopy

(NOESY)47,48 spectra were acquired using a mixing time
(τm) of 800 ms in the NOESY pulse sequence. The acquired
data were 512 and 2048 in the t1 and t2 dimensions,
respectively. The increments were the same for both t1 and
t2 dimensions, 333.2 μs. Eight scans were accumulated for each
t1 increment. Sixteen dummy scans were used at the beginning
of the pulse sequence.
The selective NOE spectra were acquired using the pulse

sequence shown in Figure S4 in the SI. The selective pulse
used was a 5 ms E-BURP-249 and was on-resonance of the
methanol methyl proton. The 5 ms selective pulse decayed the
methyl magnetization to 98% of its equilibrium value. At the
beginning of the pulse sequence, the combination of the
selective 90° pulse and the hard 90° pulse placed the methanol
proton magnetization along the z direction while the matrix
methyl (C1) magnetization was in the horizontal plane. During
the mixing time, z magnetization was transferred from the
methanol signal to the C1 signal by the cross-relaxation. The
last 90° pulse converts the z magnetization to the horizontal
direction for detection. The selective excitation coupled with
the eight-step phase cycling suppressed all the initial
polarization of the C1 proton magnetization. The entirety of
the detected signal from the C1 protons was transferred from
the methanol protons through NOE. The NMR signal
intensities in a selective-NOE experiment are provided in
Figure S4 in the SI.

■ RESULTS AND DISCUSSION
Nanoconfinement Enhances the Interaction of Con-

fined Fluids with a Nanocavity Matrix. We used a simple
system of methyl-functionalized MCM4150 saturated with
deuterated methanol (CH3OD) to demonstrate the NMR
cross-relaxation between the nanoconfined fluids and the pore
matrix. MCM41-C1 has an average pore diameter 2.57 nm,
measured using nitrogen desorption and the BJH model,41 as
shown in Figure S2 of the SI. This size was selected for
practical reasons: the peak intensity of MCM41-C1 is
comparable to the peak of the confined liquid in the nanopores
in the acquired NMR spectrum at this size.
The 1D proton MAS NMR spectrum of the CH3OD

saturated MCM41-C1 is shown in Figure 1a. A schematic
model of CH3OD in a single MCM41-C1 pore is shown as the
inset in Figure 1a where the nucleus of interest, 1H, is
represented with white spheres. Note that in MCM41-C1 the
silica matrix is proton-free with the only protons appearing on
the surface via alcohol or methyl functional groups. The peak
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at 3.31 ppm is the methyl proton of CH3OD in the pore and
the peak at 0.18 ppm is from the methyl proton on the
MCM41-C1 pore surface. The linewidths at half height of the
two peaks are 11 and 230 Hz, respectively. With MAS
suppressing the net dipolar coupling of the solid protons and
the magnetic field heterogeneity from local susceptibility for
fluid protons,31 the peak linewidth is now determined by the
transverse relaxation T2. CH3OD in the pore has a narrow
linewidth because the molecular rotational motion is free. The
translational motion of CH3OD is also free in the time scale of
t∼R2/4D, where R is the pore radius and D is the diffusion
coefficient of CH3OD. In contrast, the methyl protons on the
MCM41-C1 surface are broader in linewidth due to the solid
nature of the matrix, albeit they have some degree of free
rotation along the carbon-silicon bond. Without MAS, the
methyl proton of MCM41-C1 would be too broad to be
detected.
NOESY is a fundamental NMR experiment for measuring

cross-relaxation rates used in the determination of molecular
structure.23,47,48Figure 1b is the phase-sensitive 2D NOESY
spectrum47,48 of the CH3OD saturated MCM41-C1 at 22 °C.
The cross peaks represent the fraction of magnetization
transfer from one spin to the other and thus depends on the
cross-relaxation rate and sign. In the 2D NOESY spectrum of
Figure 1b, the cross peaks between CH3OD and MCM41-C1
are positive, which is the opposite result that would be
generally observed in a bulk solution where the cross peaks are
negative from positive intermolecular cross-relaxation rates.48

In addition, the cross peaks in Figure 1b are strong in
comparison to the diagonal peaks, in contrast to the generally
weak cross peaks of intermolecular NOEs in bulk fluids with
fast molecular tumbling.32,48

We used a selective NOE experiment51,52 to measure the
intermolecular cross-relaxation rates between the methanol
proton and solid methyl proton for higher accuracy than the
2D method. The pulse sequence with a detailed description of
the NMR signals acquired in the selective NOE experiment is
shown in Figure S4 in the SI. The signal intensity follows eqs
S12 and S13 for the selectively excited spin (fluid methyl
protons, spin B) and the non-excited spin (surface solid methyl
protons, spin A), respectively. We plotted the best fit to the
experimental data at 22 °C in Figure 2a. We fit the two curves
simultaneously with common parameters using a nonlinear

regression method53 and obtained the intermolecular cross-
relaxation rate RBA = −0.10 ± 0.04 s−1.

We repeated the selective NOE measurements at four other
temperatures and plotted the cross-relaxation rate according to
the temperature in Figure 2b. We found that the variation of
the cross-relaxation rate over the temperature range is
insignificant. The experimental setup does not allow for
experimental temperatures below 6 °C. We stopped at 42 °C
for concern that the increased vapor pressure in the rotor at
higher temperature may loosen the MAS rotor cap.

Nanoconfined Fluid Molecule Diffusion in a Matrix
Solid. Nuclear spin relaxation is the result of a fluctuating local
magnetic field on one nuclear spin by the neighboring nuclear
spins.22 For a spin pair on two different molecules, the
relaxation is caused by the fluctuating intermolecular dipolar
coupling due to the translational diffusion.54,55 Here first, we
show simulated results of a fluid molecule confined in
nanopores using the random walk method to illustrate that
nanoconfinement can modulate the interaction of the fluid spin
and the solid spin on the matrix.
Without losing the generality and ease of comparison to

experimental results, we only consider a two-dimensional (2D)
pore with the assumption that the third dimension is infinitely
long. When confined in a pore, a fluid molecule is reflected
back into the pore cavity when it encounters the solid pore
matrix. Figure 3 shows the simulated molecular diffusion of a
fluid particle in two 2D circular pores of different radii: (a) 1.5
nm and (b) 50 nm. In Figure 3b, only a small section of the
pore is shown. The red dot represents a fixed spin on the solid
pore wall and the black dot represents the initial position of the
fluid spin, which is 0.3 nm from the fixed red spin. In the

Figure 1. NMR spectra of CH3OD in methyl-functionalized MCM41
(MCM41-C1). (a) 1D MAS NMR spectrum with an inset showing a
schematic model of CH3OD in MCM41-C1 with a diameter of 2.57
nm. The two peaks at 3.31 and 0.18 ppm are the methyl protons of
methanol and MCM41-C1, respectively. (b) 2D phase-sensitive
NOESY spectrum with a mixing time 0.8 s.

Figure 2. NMR measurement of intermolecular cross-relaxation rate.
(a) Signal intensities at different mixing times from the selective-NOE
experiments for the CH3OD proton (triangles) and the MCM41-C1
proton (diamonds) with the best fit (curves) for the two-spin systems.
The experiments were done at 22 °C. (b) Measured cross-relaxation
rates at different temperatures.
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simulation, we used a diffusion coefficient of D = 2 × 10−9 m2/
s for the fluid molecule. The solid straight lines represent 200
steps of a random-walk by diffusion of the fluid molecule
within the pore. The diffusion process is random and thus
Figure 3a and Figure 3b each represent only one scenario
among infinite possibilities. It is evident, however, that the spin
of a randomly diffusing molecule in a large pore, as illustrated
in Figure 3b, has a very small probability of being within 0.5
nm of the fixed red-spin again, as would be required for direct
NMR dipolar relaxation. In contrast, the molecule in the
smaller pore, which cannot escape the solid boundary, has a
much greater probability of being less than 0.5 nm from the
solid spin, as illustrated in Figure 3a. As a result, the correlation
of dipolar coupling between the fluid and solid spins is
enhanced by the nanoconfinement.

Formal Calculation of Nuclear Spin Dipolar Cross-
Relaxation of Nanofluidics with a Matrix. In the bulk
state, the intermolecular dipolar cross-relaxation rate is positive
and small from the well-established method.48,56 For a proton
pair on two free diffusing molecules A and B, the rates are

= =R
N

D
R

N
D240

;
240AB

H A

AB
BA

H B

AB

0
2 4 2

0
2 4 2

(1)

where μ0 = 4π × 10−7 N/A2 is the magnetic permeability in
vacuum; γH = 2.675 × 108 rad·s−1·T−1 is the proton
gyromagnetic ratio; ℏ = 1.05 × 10−34 J·s is Plank’s constant;
NA and NB are the number density of the two spins,
respectively; σ is the average closest internuclear distance;
and DAB is the summation of the diffusion coefficients of the
two molecules.56 Note that σ can be smaller than the
summation of the radius of the two molecules because the
proton can be on the periphery of the molecules. Equation 1
always gives a positive intermolecular cross-relaxation rates on
the magnitude of 10−3 s−1 in typical bulk solutions. The
intermolecular cross-relaxation between a mobile spin and a
fixed spin in the bulk state can still be described by eq 1 except
that the diffusion coefficient now is only dependent on the
mobile spin. Therefore, the cross-relaxation rate in this case
would remain positive and have a magnitude of 10−3 s−1.

Now, we calculate the dipolar cross-relaxation between
nanoconfined fluid and the matrix solid. The cross-relaxation
rate for a pair of dipolar coupled spins takes the form54

i
k
jjj y

{
zzz= [ ]R J J

4
6 (2 ) (0)cr

o
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0

(0)
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where ω0 is the resonance frequency and is 500.18 MHz,
J(k)(ω0) (k = 0, 2) are the power spectral densities
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and G(k)(t) is the correlation function
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where =c(0) 48
15

, =c(1) 8
15
, =c(2) 32

15
, N is the number

density of spins, r is the distance between the two spins, P(r, r0,
t)d3r is the probability that one spin lies within the volume
element d3r located at r relative to the other spin at time t, r0 is
the initial relative position vector between the two spins at t =
0, and F2(k)(r) is a random function of space with F2( − k)(r) =

F2(k)(r)*and defined by =F k Y
r2

( ) ( )k
2
( )

3 with Y2(k)(Ω) the
spherical harmonics. For the 2D circular domain studied
here, following the treatment of Faux et al.,57 the spherical
harmonics are functions of the azimuthal angle θ only and

=Y ( ) 5/162
(0) , =± ±Y ( ) 15/32 e i

2
( 2) 2 . A simplifi-

cation was made by ignoring the contribution of diffusion
along the cylindric axis to the overall cross-relaxation. This is a
reasonable assumption because diffusion in this direction is in
an infinite space, and according to eq 1, the resulting
intermolecular cross-relaxation rate is on the order of 10−3 s,
which accounts for about 1% of the measured rate with
nanoconfinement.
To obtain the cross-relaxation rate, one must first obtain the

probability function P(r, r0, t), which is defined by the relative
diffusion of the two interacting spins, as illustrated in Figure 3a.
Here, we consider schematically in Figure 4a that one spin, O1′,

is fixed on the pore surface and the other, O2′, is diffusing
within the pore space. Note that spin, O1′, can be at any place
on the pore surface. Therefore, both the direction and
magnitude of the vector

÷÷÷÷÷÷÷÷÷÷
O O1 2 change with the movement of

the spin O2′. Note that the closest interspin distance is σ. The
longest distance between the two spins is 2R when O1′O2′ is
equal to the diameter of the circle shown in Figure 4a. We can

Figure 3. Relative position of two spins from different molecules with
one fixed on the pore surface (red dot) and the second one (black dot
representing initial position) diffuses in a circular pore with radii of
1.5 nm (a) and 50 nm (b). The black line segments represent 200
step traces of diffusion that started at the same initial positions of 0.3
nm apart. The x and y components of each step were drawn from a
normal distribution with a standard deviation of 0.9 nm,
corresponding to a time step of 9 ps for a molecule with a diffusion
coefficient D = 2 × 10−9 m2/s based on the 2D Einstein−
Smoluchowski relationship: t = L2 / 4D.

Figure 4. Schematics for (a) the 2D circular domain in which one
spin, O1′, is fixed on the solid surface and the other one, O2′, is diffusing
inside the circular 2D pore. (b) After the translation of the vector÷÷÷÷÷÷÷÷÷÷÷
O O1 2 to

÷÷÷÷÷÷÷÷÷÷
O O1 2, spin, O1′, is fixed at the domain center and spin, O2′,

diffuses in the 2D light gray ring area.
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apply the translation of the vector
÷÷÷÷÷÷÷÷÷÷
O O1 2 to

÷÷÷÷÷÷÷÷÷÷
O O1 2 where the

point O1 is fixed, as illustrated in Figure 4b. As a result, the
movements of O1′ and O2′ are equal to the movement of O2,
which is restricted in a ring area shown in Figure 4b. The inner
and outer radii of the ring are σ and 2R, respectively. Note that
the translation does not change the form of probability
function P(r, r0, t) but significantly simplifies the boundary
condition.
The probability function P(r, r0, t) is governed by the

following diffusion equation in a two-dimensional circular
domain

=
r r

r r
P t

t
D P t

( , , )
( , , )0 2

0 (5)

where r stands for the vector O O1 2 with magnitude of r and
azimuth θ, r0 is the initial state of the two spins,

= + +
r r r r

2 1 12

2 2

2

2 , and D is the mutual translational
self-diffusion constant between the two spins and thus equal to
the diffusion coefficient of the fluid.
The initial and boundary conditions for eq 5 take the

following forms

= =r rP t r r( , , 0) ( ) ( )0 0 0 (6)

= =
= =

r r r rP t
r
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where δ is the Dirac delta. Equation 7 indicates that a fluid
molecule is reflected back when it encounters the boundary.
Following Ölçer and Sunderland,58 the solution of eq 5 with

initial condition eq 6 and boundary conditions eq 7 is
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where τ = 4R2/D is a characteristic time constant (τ ∼ 5.57 ns
with R = 1.5 nm and D = 1.21 × 10−9 m2/s) and
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δ0m is the Kronecker delta, Jn(x) and Yn(x) are the nth order
Bessel functions of the first kind and second kind, respectively,
and βmn is the nth non-negative root of the following equation
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Completing the integration in eq 10, we have
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For a 2D circular domain dΩ0 = r0dr0dθ0 and dΩ = rdrdθ,
the correlation function eq 4 can be written as
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Substitution of eq 8 into eqs 13 and 14 gives
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Using eq 9, we can complete the integration in eqs 17 and

18
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where 1F2(a1; b1, b2; x) is the generalized hypergeometric

function and i
k
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is the Meijer G-

function.59

Substitution of eqs 15 and 16 into eq 3 leads to
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Inserting eqs 21 and 22 into eq 2, we obtained the dipolar
cross-relaxation rate between nanoconfined fluids and the solid
surface
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We evaluated eq 23 using Wolfram Mathematica 11.1 and
plotted the cross-relaxation rate versus the closest distance of
the fluid spin and spin on the pore surface σ in Figure 5. The

other parameters used were N = 6.05 × 1018 spins/m2 for 2D
number density; D = 1.21 × 10−9 m2/s for the 2D diffusion
coefficient which is 2/3 of the measured 3D diffusion
coefficient (Figure S5 in the SI); and ω0 = 500 MHz. The
dashed line in Figure 5 is for the bulk state calculated using eq
1 with 3D number density NA = 1.49 × 1028 spin/m3.
Using the pore radius of 1.3 nm from Figure 5 and the

measured dipolar cross-relaxation rate −0.10 s−1 between

methanol and MCM41-C1 matrix protons, we can estimate the
closest approach of the fluid proton spin to the solid surface
spin is approximately 0.19 nm. This is much larger than two
times the hydrogen-atom radius of 0.12 nm. However, the
relaxation theory derived here was based on uniform density
and molecular dynamics of fluid in a perfectly spherical pore.
All these conditions are only approximately true. Therefore,
the difference could be due to these uncertainties.
The measured cross-relaxation rate between nanoconfined

methanol protons and matrix solid protons is approximately Rcr
= − 0.1 s−1, in contrast to the positive rate with a magnitude of
10−3 s−1 in bulk fluid. In the bulk state, negative NOE rates
occur only for large, slowly diffusing molecules.54 In deriving
the dipolar cross-relaxation between nanoconfined fluid and
solid, we used the same 2D diffusion coefficient for the fluid in
nanopores on the time scale of t ≤ R2/4D as in the bulk state,
i.e., the molecule is free-tumbling in the pore. When the time
scale is larger than R2/4D, the molecules are reflected back into
the pore by the pore wall, which would result in a much
smaller macroscopic diffusion coefficient for the confined
liquid than that in bulk liquid. The theoretical result based on
this model is consistent with the measured cross-relaxation rate
in both magnitude and sign, indicating that the free molecular
tumbling in the nanopore in the time scale t ≤ R2/4D is
appropriate. It also indicates the nanoconfinement indeed
enhances the dipolar cross-relaxation interaction of the fluids
and matrix solid. Furthermore, in the calculation, we treated
the fluid in the pore as continuous, so that eq 5 is valid. The
average pore radius of MCM41-C1 is 1.3 nm, which only
allows about 3 methanol molecules across the radius. This is
approaching the limit in which a fluid can still be treated as
continuous. For smaller pores, outside the continuous regime,
the use of molecular dynamics simulations is needed to
calculate the cross-relaxation rate between the fluid and the
solid.
NMR relaxation is the result of time-modulated interactions

with a time average of zero over the NMR measurement.22,54

Thus, the upper limit of correlation time t in eq 4 must be
several orders of magnitude smaller than the minimum NMR
experimental time, typically 10−3 s. Therefore, the character-
istic time constant τ defined in eq 24 needs to be shorter than
10−7 s. This τ limit then sets a limit on the application of the
current theory for the fluid in pores with a given diffusion
coefficient. As a result, the theory presented here may not work
when >R D4 28 nm for contained fluids with a
diffusion coefficient of D = 2 × 10−9 m2/s.
For the sample used in our experiment, the solid hydrogens

in MCM41-C1 are only on the surface of the nanopore.
Therefore, the hydrogen dipolar cross-relaxation is between
this thin layer of solid and the entire pore fluid. However, in
terms of dipolar relaxation between nanoconfined liquid and
the matrix solid, a sample with hydrogen in the entire solid
matrix is not very different from the sample used in this study
because spin-diffusion between hydrogens in the solid state can
rapidly equilibrate spin polarization among all solid hydro-
gens.54 In addition, the observed enhancement of dipolar
cross-relaxation between nanoconfined fluids and matrix solids
is true for any pore shapes, although pores in MCM41-C1 is
largely spherical, which allows easier theoretical calculation.

Figure 5. Cross-relaxation rate by varying the closest internuclear
distance.
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■ CONCLUSIONS
NMR dipolar cross-relaxation was used to investigate the
interaction of nanoconfined fluids with matrix solids.
Confining a fluid in a nanopore affects the molecular diffusion
of the fluid thereby altering the interaction with surface species.
This confinement changes the correlation of the fluid spins
within the matrix solids and significantly enhances the NMR
cross-relaxation interaction of nanoconfined fluids with the
matrix.
The enhanced cross-relaxation of nanoconfined fluid with

the matrix solid allows easy and accurate measurements using
1D and/or 2D NMR experiments. This method thus provides
a direct approach to quantify the fluid-matrix interaction and
may be applied to investigate many different nanoporous
systems such as energy storage and subsurface extraction from
organic-rich shales,8 energy harvesting,33 nanomedicine,34,35

membrane science,36 DNA nanopore sequencing,37 macro-
molecules with nanocavities,38 and cell organelles containing
nanostructures such as fluids in mitochondrial compart-
ments.39,40
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