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ABSTRACT: Zirconium-based metal−organic frameworks (MOFs) are candidate materials
for effective nerve agent detoxification due to their thermo- and water stability as well as high
density of catalytic Zr sites. However, as high-porosity materials, most of the active sites of Zr-
MOFs can only be accessed by diffusion into the crystal interior. Therefore, the transport of
nerve agents in nanopores is an important factor in the catalytic performance of Zr-MOFs.
Here, we investigated the transport process and mechanism of a vapor-phase nerve agent
simulant, dimethyl methyl phosphonate (DMMP), through a representative Zr-MOF, NU-
1008, under practical conditions of varying humidity. Confocal Raman microscopy was used to
monitor the transport of DMMP vapor through individual NU-1008 crystallites, where the
relative humidity (RH) of the environment was tuned to understand the impact of water.
Counterintuitively, water in the MOF channels, instead of blocking DMMP transport, assists
DMMP diffusion; indeed, the transport diffusivity (Dt) of DMMP in NU-1008 is one order of
magnitude higher at 70% than 0% RH. To understand the mechanism, magic angle spinning NMR and molecular dynamics
simulations were performed and suggested that high water content in the channels prevents DMMP from hydrogen-bonding with
the nodes, allowing for faster diffusion of DMMP in the channels. The simulated self-diffusivity (Ds) of DMMP is observed to be
concentration-dependent. At low loading of DMMP, Ds is higher at 70% RH than 0% RH, while at high loadings the trend reverses
due to the DMMP aggregation in water and the reduction of free volume in channels.

■ INTRODUCTION
Metal−organic frameworks (MOFs), which are assembled by
linking metal nodes and organic linkers, typically feature high
porosity, along with crystallinity and extensive structural
tunability.1,2 These characteristics have rendered MOFs
attractive candidates for catalysis applications, such as
conversion of small hydrocarbons (natural gas) into feedstocks
for chemical manufacturing3 or detoxification of chemical
weapons.4,5 The high porosity of many MOFs implies that the
majority of the active sites are housed in the interiors of
particles/crystallites.6 The ability to access active sites located
within pores can partially or fully determine the extent of
utilization, and the overall performance, of MOF-based
catalysts.7−10 Therefore, the transport of guest molecules
into and through MOFs should be investigated to fully
understand the catalytic processes and to guide the develop-
ment of transport-efficient new MOFs for chemical catalysis.11

For MOF-enabled catalytic reactions occurring on and within
crystallites enshrouded by ambient air of finite humidity, a
commonly overlooked consideration is the recruitment of
atmospheric water by MOFs.12,13 Indeed, numerous MOFs
have been found capable of capturing water from air and,
depending on relative humidity, concentrating it to liquid-like
levels.14−17 At these concentrations, sorbed water might well

diminish or block the transport of reactants and products,
thereby impacting catalytic efficacy.

Zr-MOFs, featuring high water and thermal stability, have
shown promise for adsorption and detoxification of nerve
agents such as sarin and soman.18 The catalytic activity
originates from the Lewis-acidic Zr(IV) nodes, which are
excellent in activating the organophosphates by binding to the
P�O group, with detoxification ultimately occurring by the
hydrolysis of P−F bonds (or for simulants, P−O bonds).19 For
example, Mondloch et al.18 have reported that NU-1000, which
can present up to four such sites per Zr node, can rapidly
degrade nerve agent simulants in aqueous buffer solution, e.g.,
initial half-lives for hydrolytic detoxification as brief as 1.5 min.
The fast catalytic kinetics make Zr-MOFs promising
candidates to be integrated into respirators and clothing for
human protection.20−22 While free water molecules are not
required for stoichiometric capture and degradation of
simulants23,24 or agents by a Zr-MOF, catalytic degradation
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Figure 1. Composition and structure of Zr-MOF NU-1008 (a, b, and c represent the crystallographic axes). Structures and dimensions of a nerve
agent (sarin) and its simulant (DMMP).

Figure 2. Non-equilibrium transport of DMMP in NU-1008. (a) Schematic representation of the confocal Raman microscopy (CRM) setup for
monitoring vapor-phase DMMP transport through NU-1008 large crystals. The optical image shows NU-1008 crystal morphology and the
locations where DMMP concentrations were monitored. The Raman signals from both DMMP and NU-1008 at the crystal center are shown as a
function of time. (b) Spatially resolved concentration evolution of DMMP in NU-1008 as a function of time at 0% RH. Points are experimental
data, and curves are Fickian fittings. Equivalent transient concentration profiles plotted versus position at different times are shown in Figure S6.
Fittings at other RHs are available in Figure S8. (c) Transport diffusivity Dt of DMMP in NU-1008 under different relative humidities. The
distribution of Dt is shaded in purple and orange for low RH and high RH, respectively. (d) Water sorption isotherm of NU-1008 at 25 °C.
Background sections shaded in green, blue, and orange represent seeding, clustering, and filling stages, respectively.
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requires an accessible reservoir of water molecules. Water
sorption within MOF pores constitutes a reservoir. However,
Wang et al.25 reported that the detoxification of simulants and
real agents deposited directly (as neat liquids) on Zr-MOFs
positioned in a lab atmosphere is less efficient than
detoxification accomplished by Zr-MOFs immersed in a
solution containing a dissolved simulant or agent. They
additionally reported that the extent of water loading in the
ex situ MOF can affect the reaction rate.13 One plausible
interpretation is that co-adsorption of water favorably alters the
mechanism of simulant or agent transport, thereby enhancing
overall rates for hydrolytic degradation.26,27 There are,
however, very few quantitative, experimental, mechanistic
reports on nerve agent (or simulant) transport in MOFs,
especially in the presence of water.28

Hence, we investigated the transport process and mecha-
nism of a vapor-phase nerve agent simulant, dimethyl methyl
phosphonate (DMMP), through a representative Zr-MOF
NU-1008 (Figure 1). Confocal Raman microscopy was used to
monitor DMMP transport spatially and temporally under non-
equilibrium conditions, where the relative humidity was varied
from 0 to 90% to study the impact of water. Counterintuitively,
more water in the MOF channels facilitates DMMP transport,
and the transport diffusivity of DMMP in water-filled NU-1008
is one order of magnitude higher than that in empty pores. To
further understand the transport mechanism, magic angle
spinning (MAS) NMR and molecular dynamics (MD)
simulations were performed, where, at low relative humidity
(RH ≤ 50%), the P�O group of DMMP was observed to
preferentially bind with Zr nodes via hydrogen bonding, while
in water-filled channels where water molecules surround the
node, the hydrogen bonding between DMMP and the node is
interrupted, which increases the mobility of DMMP.

■ METHODS
Material Synthesis and Characterization. NU-1008 rod-

shaped crystals were solvothermally synthesized with ZrCl4 and
1,2,4,5-tetrakis(4-carboxyphenyl)-3,6-dibromo-benzene (H4TCPB)
linker using a previously reported method.27 Both large crystals
(300 μm in length) and powder crystals (3 μm in length) were made
by tuning the formic acid and solvents (see the Supporting
Information for details). The as-synthesized samples were activated
by supercritical CO2 to remove the residual solvents in the pores
before further characterization and measurements (see the Supporting
Information for details). Powder X-ray diffraction (PXRD) patterns
were collected for both large and small NU-1008 crystals to confirm
the crystallinity and phase purity. A N2 isotherm was measured to
obtain the surface area and pore size distribution of NU-1008. A H2O
isotherm was also collected to assist in understanding the water filling
process in the NU-1008 pores. The Zr6-node structure of NU-1008
was characterized by collecting the diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) spectra.
DMMP Transport Monitored by Confocal Raman Micros-

copy. To understand the transport process of DMMP through Zr-
MOF NU-1008, a confocal Raman microscope29−31 (see the
Supporting Information Section S3 for details) was used to monitor
DMMP vapor transport through individual NU-1008 crystals as a
function of time and location (Figure 2a). NU-1008 rod-shaped
crystals (150−300 μm in length), which were pre-equilibrated in a
mini-glovebox under different relative humidities (RH = 0, 20, 50, 60,
70, and 90%), were sealed in chamber slides, which would be
mounted on the confocal Raman microscope for transport monitoring
(Figure 2a). DMMP liquid was then injected into the chamber slide
(volume, ∼125 μL), which allowed for a stable DMMP vapor pressure
surrounding the NU-1008 crystals. After injection, a NU-1008 crystal
central layer was immediately focused by translating the microscope

stage in the x,y-direction and the objective in the z-direction. Seven
different locations on the crystals covering half of the crystal length
were selected through a 50× microscope for mapping. Laser light
(532 nm) was used to excite the samples. The Raman spectra (Raman
shift, 600−1700 cm−1) at each location were collected at 30 s intervals
to follow DMMP accumulation and distribution in the NU-1008
crystals (see the Supporting Information for details).
Molecular Mobility Investigated by Magic Angle Spinning

NMR. To understand the structure of water and DMMP molecules
adsorbed in MOF, 1H NMR and 31P MAS NMR were performed on a
Bruker 400 MHz instrument with a 4 mm HX probe. Before
measurements, NU-1008 powder was equilibrated in the mini-
glovebox under representative relative humidities (RH = 0, 20, 60,
and 70%), and then half of the samples were exposed to saturated
DMMP vapor for 24 h for adsorption. The water-only MOF samples
and DMMP-adsorbed MOF samples were then loaded and sealed in a
4 mm zirconia rotor to perform the 1H and 31P MAS-NMR
measurements.32,33 For 1H MAS NMR, a total of 16 scans were
recorded at a spin rate of 14 kHz at the magic angle to distinguish
individual peaks of protons. For the 31P MAS-NMR spectra, a total of
64 scans were performed at a spin rate of 14 kHz at the magic angle to
achieve high-quality spectra. The transverse relaxation time (T2) of
31P was measured by the Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence.34 A spin rate of 14 kHz and 128 scans were applied for
measurements.
Fickian Analysis for Transport Diffusivity and Surface

Permeability. Spectroscopic band analysis was performed on the
Raman spectra to quantify the concentration of DMMP in NU-1008
at different locations as a function of time. First, baseline corrections
were applied to regions of the spectra containing the Raman bands of
interest (600−1700 cm−1). Then, the Raman bands used for
quantification were fitted to Gaussian functions using the highest
signal-to-noise spectrum acquired for each kinetic series. These
functions were amplitude-scaled to fit all other spectra in the series
and integrated to determine peak areas for quantification (peak area
of νp − c (ADMMP) and νcoo− (ANU‑1008)). DMMP intensity (I) was
calculated by ADMMP/ANU‑1008. The intensity data were normalized to
a concentration c by c = (I − Imin)/(Imax − Imin), where Imin and Imax
are the minimum and equilibrium intensities, respectively.

Assuming that the diffusion of DMMP into the NU-1008 crystal
follows one-dimensional (1D) diffusion behavior along the axial z-
direction of the channel (i.e., crystallographic c-axis in Figure 1), the
transport diffusivity Dt and surface permeability α of the system can
be obtained by fitting the experimental diffusion data to Fick’s second
law:35

i
k
jjj y

{
zzzc

t z
D c

zt=
(1)

where normalized concentration c(z, t) is a function of the axial
position z along the 1D crystal channel and time t. The solution of eq
1 is subject to two boundary conditions:

D c
z

z0 at 0 (center of the crystal)t = =
(2)

D c
z

c c z l( ) at (crystal edge)t eq s= =
(3)

Equation 2 indicates that there is no net flux at the center of the
crystal due to the symmetry of the channel, which ranges from [ − l,
l]. Equation 3 describes the effect of transport resistance on the crystal
external surface, where ceq is the adsorbed phase concentration at
equilibrium with the surrounding phase, cs = c (z = l, t) is the actual
adsorbed phase concentration just inside the crystal, and l is the half
length of the crystal. Here, we hypothesized that both the transport
diffusivity Dt(c) and surface permeability α(cs) are concentration-
dependent. In this case, no analytical solution to eq 1 is possible.
Instead, we can write a finite difference solution to Fick’s second
law.36,37 The surface permeability α(cs) was first numerically evaluated
using Fick’s 1st law and the boundary condition in eq 3.37 With α(cs),
the transport diffusivity Dt(c), which is assumed to be an exponential
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function of the concentration, was fitted by minimizing the root mean
square error between the experimental data and the predictions using
the Fickian finite difference equations. Further details on the Fickian
diffusion analysis are available in Section S4.1. Python Jupyter
notebooks for performing this Fickian fitting under different RH
conditions are provided in the Supporting Information.
Equilibrium Molecular Dynamics Simulations. Canonical

(NVT) molecular dynamics (MD) simulations were performed
using LAMMPS software (version 3 Mar 2020).38 We investigated
DMMP diffusion in NU-1008 under representative RH conditions
(RH = 0, 20, and 70%) and DMMP loadings at 298 K.39 The DMMP
molecule was modeled using the united-atom TraPPE force field.40,41

The water molecule was simulated using the rigid TIP4P/2005 force
field.42 During the simulations, the framework structure was assumed
to be rigid. Nonbonded interaction parameters for framework atoms
were taken from a mixed set of force fields, DREIDING,43 UFF,44

TraPPE,45 and TIP4P/2005,42 following the suggestions of Wardzala
et al.46 Partial charges of framework atoms were assigned by the
PACMOF tool.47 For each RH condition, the number of water
molecules in the simulation was fixed at the value from the
experimental water adsorption isotherm (Figure 2d). All nonbonded
interactions were spherically truncated at 14 Å with no tail
corrections. The long-range Coulombic interactions were handled
using the particle-particle particle-mesh (PPPM) method with a
computation accuracy of 1 × 10−6.48,49 Lorentz-Berthelot (arithmetic)
combining rules were applied to estimate the cross-interaction
parameters for unlike pairs.

The starting configuration for the MD simulation was generated
using RASPA2 software,50 where an initially random water/DMMP
configuration in a (1 × 1 × 3) NU-1008 supercell was quickly
thermalized by a NVT Monte Carlo(MC) simulation. Periodic
boundary conditions were applied in all directions. The number of
degrees of freedom for the simulation was set to 3N, treating the rigid
framework as an external field.51 The system was integrated using the
velocity Verlet algorithm with a timestep of 1 fs. All MD simulations
were first equilibrated for 2 ns, and statistics were collected in the
following 100 ns. The self-diffusivity of DMMP, Ds, was calculated
from the mean square displacement (MSD) of the phosphorus atom
using the Einstein relation. We used a robust and automated workflow
to fit the MSD and to determine Ds in the long-time limit (the
diffusive regime).52 For each reported Ds, we took an average from
three independent MD simulations with different initial velocity
distributions. Further simulation details can be found in Section S6.

Example simulation files and Python scripts for the Ds calculations are
available in the Supporting Information.

■ RESULTS AND DISCUSSION
Material Characterization. The PXRD patterns of the

NU-1008 powder and large crystals match with the patterns
from single-crystal analysis (Figure S1a), confirming the
structure and phase purity of both samples. The N2 isotherm
of NU-1008 powder measured at 77 K shows a type IV
isotherm (although there is no hysteresis), consistent with the
existence of both mesopores and micropores (Figure S1b).53

The BET area is calculated to be 1365 m2/g. A DFT pore size
distribution calculation reveals that the mesopore diameter is
30 Å and the micropore diameter is 11 Å (Figure S1c), which
are both wide enough for DMMP transport along the c-
direction of the crystal (Figure 1). The windows interconnect-
ing the different channels are small as shown in Figure 1, which
likely limits the path of DMMP and leads to primarily 1-D
transport. The DRIFTS and 1H NMR spectra were used to
characterize the node structure of NU-1008.54 The peak at
3672 cm−1 is assigned to O−H stretching from terminal aqua
or hydroxyl ligands (−H2O/−OH) located on the Lewis acidic
Zr site, which are potential binding sites for the P�O group in
DMMP. Note that the peak at 2745 cm−1 is attributed to C−H
vibration from node-ligated formate (Figure S2).55 Adventi-
tious formate originated from aq. HCl-facilitated thermal
degradation of DMF during the modulator-removal step of the
solvothermal synthesis.56 1H NMR of the dissolved MOF
confirmed the presence of formate, with a loading of ∼3/node
(Figure S4), implying the initial presence of one terminal-OH/
H2O pair per node. Presumably, formate dissolves in water
when water appears in pores. Curiously, water introduction at
60 or 70% RH is accompanied by the disappearance of μ3-OH
protons at 2.8 ppm in the 1H MAS NMR spectra of NU-1008
(Figure 3a). Spontaneous deprotonation of bridging-hydroxo
ligands above a threshold level of water infiltration is not
unexpected in view of the acidity of these ligands (pKa =
∼3.3).57

Figure 3. (a) Evolution of water structures in NU-1008 identified by ss-NMR. (b) 31P MAS NMR of DMMP adsorbed in NU-1008 samples that
were pre-equilibrated under different RH values.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c03708
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03708?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03708?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03708?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03708?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


DMMP Transport through NU-1008 under Non-
equilibrium Conditions at Different Relative Humid-
ities. Two characteristic peaks from NU-1008 and DMMP
were identified for quantitative CRM analysis (Figure S5a).58

The peak area of the P−C vibration mode of DMMP (712
cm−1, ADMMP) relative to that of the COO− group of NU-1008
(1612 cm−1, ANU‑1008) increased as the DMMP vapor exposure
time increased (Figure 2a), indicating DMMP accumulation
inside the MOF. The DMMP normalized concentrations in
NU-1008 obtained from the intensity I = ADMMP/ANU‑1008 at
different crystal locations (Figure 2b) provided two immediate
insights into the transport process: (1) The DMMP
concentration at the crystal edge (point 1) did not reach
equilibrium at the beginning of the exposure to DMMP,
indicating the existence of surface barriers at the channel
termini. (2) The closer to the crystal center, the longer the
induction period of DMMP accumulation, suggesting that
intracrystalline diffusion resistance also played a critical role in
the transport process. Note that no DMMP degradation was

observed during the transport process under these measure-
ment conditions (Figure S5b).

To gain a quantitative understanding of the diffusion
behavior of DMMP in NU-1008, a 1D Fickian diffusion
model that incorporates a surface barrier at the crystal
boundaries was implemented to extract the intracrystalline
transport diffusivity Dt(c) and the surface permeability α(cs)
from the experimental concentration profiles.59 Figure 2b
shows spatially resolved concentration profiles of DMMP at
distinct locations under 0% RH. The good agreement between
the Fickian fittings (curves) and the experimental data (points)
confirms the concentration-dependent nature of both Dt and α.
Simply treating these variables as constants instead leads to
poor fittings to the experimental data as shown in Figure S12.
Fickian fitting results under other RH conditions are available
in Figure S8. Figure 2c shows the fitted Dt as a function of the
normalized concentration under different RH conditions.
Corresponding surface permeability results are plotted in
Figure S9. Quantitative analysis by Fickian fitting reveals that
when RH ≤ 50%, Dt is mainly in the range of 10−14 to 10−11

Figure 4. MD simulation results for DMMP diffusion in NU-1008 under three representative RH conditions. (a) Representative simulation
snapshots at low loading of DMMP (∼1 DMMP per unit cell). The black box indicates the size of the unit cell. Gray: linkers of NU-1008; blue:
node atoms; white: hydrogen; red: oxygen; cyan: methyl group; tan: phosphorus. (b) Self-diffusivity Ds of DMMP in the meso-channel versus free
pore density in the meso-channel, ρfree, which is defined as the mass of DMMP molecules per unit free volume in the meso-channel (see Section
S6.7 for details). The estimated saturation density in the meso-channel (gray vertical dashed line) is ρfree, sat ≈ 1.39 g/cc, which was obtained from
grand canonical Monte Carlo simulation (Figure S16). Open markers with a fixed value of 10−12 m2/s correspond to Ds values that are smaller than
10−12 m2/s and are thus inaccessible to the current MD timescale (100 ns). Error bars are the sample standard deviation. (c) Single-molecule
trajectory of DMMP on the yz-plane in the meso-channel at low loading of DMMP (ρfree ≈ 0.03 g/cc or 0.67 DMMP in the meso-channel per unit
cell); z-direction is parallel to the axial direction of the channel. The color map from light purple to dark purple denotes the simulation time from 0
to 100 ns. (d) Radial distribution function, g(r), between hydrogen atoms of the node and oxygen atoms of DMMP at the same loading as panel
(c). (e) Normalized average size of DMMP aggregates in bulk solution and in the meso-channels of NU-1008 at RH = 70%, where Nc is the average
number of DMMP molecules in an aggregate and Nc, max is the largest average number of DMMP in an aggregate. The values of Nc, max are 22 for
the bulk solution and 4 for the meso-channel (at saturation). We note that these absolute values depend on the system size, so the normalized
amounts presented here can, to some extent, eliminate the effect of the system size.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c03708
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03708?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03708?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03708?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c03708/suppl_file/ja3c03708_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03708?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


m2/s (Figure 2c). When RH ≥ 60%, the transport diffusivity of
DMMP ranges from 10−11 to 10−10, increasing by at least one
order of magnitude compared to the values at low RH, even
though the pores are full of water molecules at high RH
(Figure 2d).15 The shaded area (Figure 2c) highlights the
distinguished Dt distribution under different humidities. This
observation is somewhat counterintuitive, as one might expect
the diffusivity of DMMP to be diminished when the pores are
full of water molecules due to simple steric hinderance in the
pores. These results indicate that the intracrystalline diffusion
mechanism in this system is more complex than steric
confinement.26,60,61

We also determined the rate-limiting step (transport
diffusion versus surface permeation) in this process using the
dimensionless parameter l

Dt
.36,37 According to Heinke and

Kar̈ger,37 100l
Dt

> indicates that intracrystalline diffusion is

the rate-limiting step, 0.01l
Dt

< indicates that the transport is

dominated by the surface barriers, and 1l
Dt

suggests that

both diffusion and surface barriers contribute to the overall
resistance. In our case, we found that the value of l

Dt
is in the

range of 0.1 to 10 (Figure S10), implying that both
contributions must be considered in describing the transport.
Fickian analysis on an independent set of the experiments
confirmed that these results are reproducible (Figure S11).
DMMP Diffusion under Equilibrium Conditions by

MAS NMR. A systemic study using 1H and 31P MAS NMR
was carried out to understand the static and dynamic behavior
of water and DMMP within NU-1008 at equilibrium. First, the
1H NMR spectra of NU-1008 under different RH values in
Figure 3a provided information on the interactions between
Zr6 nodes and water. As RH increases, the peak at 2.0 ppm,
which corresponds to the proton from the −OH group on the
Zr6 nodes, shifts downfield, indicating H-bond formation with
H2O molecules. In addition, new peaks at ∼4.0 and ∼5.3 ppm
appear after water adsorption, which correspond to mobile
water molecules in the pores and H-bonded water on the
nodes, respectively (Figure 3a).62 Note that the mobile H2O
peak rises tremendously when RH ≥60%, consistent with the
water isotherm (Figure 2d).

31P NMR was next used to examine DMMP under different
RH values. At 0% RH, the chemical shift of DMMP adsorbed
in NU-1008 (32.1 ppm) is slightly up field compared to that of
pure DMMP (32.5 ppm, Figure 3b), which is due to the ring
effect from the linkers.63 With increasing RH, the chemical
shift gradually moves downfield, which is consistent with the
trend of diluting DMMP with water (Figure 3b). This suggests
that when water fills the NU-1008 channels, DMMP molecules
are surrounded by water molecules, and the chemical
environment of the DMMP molecules in the channel is
comparable to that in the bulk DMMP aqueous solution.64

More details are discussed in Section 3.4 by MD simulation. In
addition, as the transverse relaxation time (T2) of a nucleus has
been reported to be sensitive to the mobility of molecules,65,66

we also measured the T2 of the 31P nuclei to investigate the
mobility of DMMP in the pores at equilibrium. When DMMP
is adsorbed in NU-1008, T2 is in the range of 3−13 ms
depending on RH, which is more than 100-fold shorter than
DMMP in bulk (Figure S13), indicating restricted mobility due
to pore confinement.67 The RH dependence of T2 for DMMP

in NU-1008 is complicated and not yet fully understood.
Further investigation is needed to elucidate the underlying
mechanisms (see the Supporting Information for details). Note
that the crystallinity of NU-1008 was maintained after
adsorption of DMMP under varying relative humidity as
shown by the PXRD patterns (Figure S3).
Molecular-Level Understanding of DMMP Diffusion

by Molecular Dynamics Simulations. To provide addi-
tional molecular-level insights into the transport and NMR
results discussed above, we performed equilibrium MD
simulations under three representative RH conditions, i.e.,
RH = 0, 20, and 70%. Figure 4a shows representative
configurations for each RH at low loading of DMMP. At 0%
RH, no water molecules are present in the system, and DMMP
molecules are preferentially adsorbed on the Zr node. The
situation at 20% RH is similar to that at 0% RH but with a few
water molecules present in the system, mostly near the Zr
nodes. At 70% RH, micropores in NU-1008 are full and the
mesopores are partially filled by water molecules.

Figure 4b shows the self-diffusivity Ds of DMMP in the
meso-channel of NU-1008 under equilibrium conditions as a
function of loading. The diffusion in the meso-channel can best
represent the diffusion behavior observed in experiments
because (1) the windows between the mesopore and the
micropore are too small (Figure 1) for DMMP molecules to
freely pass through and (2) the meso-channel accounts for
about 90% of the total adsorption capacity of DMMP in NU-
1008. First, we studied Ds at infinite dilution of DMMP, where
Ds and Dt are equivalent.51 As shown in Figure 4b, we found
that, for 70% RH, the value of Ds at low loading of DMMP is
several orders of magnitude higher than that at 0 and 20% RH,
which is consistent with the general trend of Dt drawn from the
Fickian analysis in Figure 2c, i.e., high RH assists the diffusion
of DMMP.

At low loadings of DMMP at 0 and 20% RH, the channels
are nearly empty, and the MD trajectories reveal that DMMP
molecules tend to stick to the Zr nodes during the entire
simulation (Figure 4a,c) through hydrogen bonding with a
hydrogen atom in the terminal hydroxyl group (OH−),
bridging hydroxyl group (Zr−OH−Zr), or bound water
(H2O−) on the nodes. The hydrogen bonding can be seen
in the radial distribution function (RDF) between the
hydrogen atoms in the Zr node and the (O�P) oxygen
atoms in DMMP in Figure 4d. The RDF, g(r), was calculated
by the MDAnalysis package,68 and it measures the probability
of finding a particle at a radial distance r from a given reference
particle, relative to that for an ideal gas.69 The RDFs for RH =
0 and 20% exhibit a prominent peak at ∼2 Å, which
corresponds to hydrogen bonding between the DMMP
molecules and hydrogen atoms in the aforementioned groups
on the nodes. In contrast, when the meso-channel is (partially)
filled with water at RH = 70%, DMMP molecules form
hydrogen bonds mostly with surrounding water molecules.
The strong tendency of DMMP to form hydrogen bonds with
free water molecules was also observed in DMMP/water bulk
mixtures (Figure S18).70 The RDF for RH = 70% in Figure 4d
shows no pronounced peak at 2 Å, suggesting that hydrogen
bonds between DMMP and the Zr nodes are absent, and this
causes DMMP to be more mobile in this case. We note that
the simulation results are based on a bare Zr node structure
without formate groups (structure in Figure S14a) due to the
tendency of formate to dissolve in water (Figure 3a). For Zr
nodes with three formates (structure in Figure S14b), the RDF
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in Figure S20 shows that hydrogen bonding still exists due to
the interaction between the oxygen atom in DMMP and the
hydrogen atom in (Zr−OH−Zr) segments of the node.

Figure 4b shows that, as the loading of DMMP increases, the
self-diffusivity varies, albeit in a complex fashion. Note that, for
simplicity, in Figure 4b, the concentration of DMMP in NU-
1008 was varied, while the number of H2O molecules was fixed
for a given RH. In reality, H2O and DMMP might exhibit
competitive adsorption. Figure 4b shows that, as the number of
DMMP molecules increases up to 6 per node (ρfree ≈ 0.5 g/cc)
for RH = 0 and 20%, the self-diffusivity increases. At 6 DMMP
per node, the adsorption sites on the node are saturated
(Figure S21), and there is an inflection in the self-diffusivity
curve. Beyond the inflection point, the self-diffusivity continues
to increase with loading as further DMMP molecules added to
the system can freely diffuse in the center of the meso-channel
without being restricted to the adsorption sites on the node. At
high loading (ρfree > 1.17 g/cc), the mobility of DMMP drops
with increasing loading due in part to a reduction of the free
volume in the meso-channel. In contrast, the diffusion profile
for RH = 70% presents a monotonically decreasing trend due
to the reduction of the free volume and the formation of small
aggregates, which are discussed below.

Another interesting observation in Figure 4b is that, at low
DMMP loading, the DMMP self-diffusivity is the highest at
70% RH, while at the highest DMMP loading (vertical dashed
line in Figure 4b), the DMMP self-diffusivity is the lowest at
70% RH compared to 0 and 20% RH. To better understand
the DMMP loading effect in pores that are full of water
molecules, we further investigated the DMMP−DMMP
interactions in NU-1008 and in bulk aqueous solution.
Vishnyakov et al.70 performed molecular dynamics simulations
to understand the behavior of DMMP in bulk aqueous
solutions. They found that DMMP forms small aggregates in
its dilute solutions due to its hydrophobic nature. Such
clustering was found to have opposite effects on Ds of DMMP
molecules, leading to lower Ds compared to that of the pure
DMMP solution. Our molecular dynamics simulations of bulk
DMMP/water mixture confirm their findings (Section S6.5).
Interestingly, we found the formation of similar DMMP
aggregates in the meso-channel in NU-1008 at 70% RH as
shown in Figure 4e. The DMMP aggregate size was estimated
by a clustering algorithm. That is, if the pairwise distance
between a target DMMP molecule and any molecules in a
cluster is smaller than a certain cutoff, that target DMMP
molecule was considered to belong to that cluster. A cutoff
radius of 6.425 Å was chosen; below this value, the algorithm is
unable to cluster the pure DMMP liquid (at 298 K and 1 bar)
as a single “aggregate”. Figure 4e shows that the size of the
DMMP aggregates increases with the concentration of DMMP
in the meso-channel, consistent with the behavior in the bulk
aqueous solution. This suggests that the chemical environment
of DMMP in NU-1008 at high RH is similar to that in the bulk
DMMP aqueous solution, corroborating the MAS NMR
results in Figure 3b. The difference is that the DMMP
molecules (or aggregates) in NU-1008 are jumping between
organic linkers due to favorable interactions (as observed from
simulation trajectories) and experience the confinement of the
channels, while DMMP in the bulk solution can freely diffuse.

■ CONCLUSIONS
In situ assessments of the transient uptake of the nerve agent
simulant (DMMP) by the Zr-MOF NU-1008 can be

accomplished via confocal Raman microscopy. The non-
equilibrium transport diffusivity of DMMP at high RH
(channels filled with water) is observed to be higher than at
low RH. This counterintuitive finding implies that DMMP
transport in NU-1008 is influenced not only by steric
hinderance but also by host−guest and specific guest−guest
interactions. To gain a molecular level understanding of the
mechanism, a MAS NMR study of DMMP in NU-1008 under
equilibrium conditions was performed, which suggests that
DMMP, surrounded by water at higher RH, engages in
solvated diffusion and therefore displays higher mobility.
Molecular dynamics simulations facilitate the understanding of
non-equilibrium and equilibrium diffusion results, where, at
high RH (70% RH), water molecules form hydrogen bonding
with the nodes and diminish strong interactions between the
aqua/hydroxo-ligated Zr nodes and DMMP molecules, thus
enhancing DMMP transport. Additionally, MD simulations
reveal that DMMP molecules, depending on loading, can form
clusters in NU-1008 at high RH due to their hydrophobicity�
behavior that translates to smaller self-diffusivities and less
mobility under saturation conditions. This investigation
provides a new understanding of vapor-phase nerve agent
diffusion in Zr-MOFs in the presence of humidity. These
findings will facilitate the future work aimed at elucidating the
dynamics of nerve agent reaction within Zr-MOFs and further
aid the design of superior Zr-MOF-based materials for human
protection.
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