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ABSTRACT: Developing novel and more efficient filters for chemical warfare agent
(CWA) decomposition remains an important challenge for modern technology due
to the continuous threat those weapons present in the event of use. Recently,
metal−organic frameworks (MOFs) have attracted attention as potential catalysts
for nerve agent decomposition. However, in order to improve their performance
under battlefield conditions, it is crucial to understand the influence of ambient
contaminants such as carbon dioxide on CWA adsorption and decomposition. Here,
we present a comprehensive experimental and computational study on the influence
of CO2 on the adsorption and decomposition of the CWA simulant dimethyl methyl
phosphonate (DMMP) by the Zr-based MOF-808. The study combined in situ
synchrotron powder X-ray diffraction (PXRD) with variable-temperature infrared
spectroscopy (VTIR) and computations. PXRD and experiments with pure CO2
revealed that the MOF framework contracts by 0.2% after CO2 saturation and CO2
adsorbs within the MOF-808 framework via dispersion forces with an enthalpy of adsorption of −32.2 ± 1.8 kJ/mol. From five
DRIFTS experiments conducted in various gas flow regimes we established that CO2 interferes with the decomposition of
DMMP due to the formation of carbonate species, while if it is used as a regeneration agent, it accelerates the desorption of
DMMP and DMMP decomposition products. In situ PXRD experiments showed that CO2 also limited expansion of the
framework due to the formation of carbonate species by 40% in comparison to values in a control experiment with N2. The
main conclusions of the computational study are (a) CO2 reversibly adsorbs onto MOF-808 via both μ3-OH groups located
within the tetrahedral pores of the MOF and/or to the MOF surface with stabilizing dispersion interactions, (b) the presence of
DMMP provides stability to the CO2−(μ3-OH) moiety, which hinders the μ3-OH transfer to the DMMP molecule required for
the nerve-agent decomposition until the carbonyl to carbonate transformation is completed, and (c) CO2 molecules are not
sufficient for the regeneration of the MOF when DMMP decomposition products are present but rather there is desorption of
bound DMMP.

■ INTRODUCTION

Chemical warfare agents (CWAs) are extremely toxic
chemicals that are public health concerns and that have been
used in the past by terrorist groups and in large- and small-
scale warfare.1 Thus, the development of efficient methods for
the capture and destruction of CWAs in the battlefield and
under noncombat conditions remains a crucial task and
continues to be of major national security interest.1−3

Currently, the detoxification of CWAs is performed via
photocatalytic4 and incineration methods,5,6 as well as the
use of strong oxidants,7 enzymatic biodegradation processes,8

or atmospheric pressure plasma.9 These methods present
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significant drawbacks, including the lack of stability that leads
to loss of activity over time, strong environmental impact, and
high temperature requirements, which make them unsuitable
for large-scale field-based detoxification of CWAs. The
development of new environmentally friendly and cost-
effective strategies for decontamination of CWAs is thus
necessary.
Two main types of CWAs include G-type nerve agents such

as sarin, soman, and tabun and vesicants such as mustard gas
(sulfur mustard).10,11 Nerve agents affect signal transmission
from the nervous system to the muscles, causing incapa-
citation.9 These agents are organophosphorus compounds,
each containing P−X bonds, where X is a leaving group such as
F or CN.3 In general, nerve agents are degraded through
general base hydrolysis, where the P−X bond is broken,
leading to the formation of less toxic byproducts such as
methylphosphonic acid and methanol.3 Although G-type nerve
agents are soluble in and decompose in water, the reactions
involving metal catalysts significantly accelerate the decom-
position process.3 The development of novel solid-state
materials with active metal centers, catalytically reactive with
gaseous CWAs, is needed for nerve-agent decontamination,
specifically when CWAs are delivered in the vapor phase.
These challenges have motivated research into a new
generation of sorptive or catalytically active materials for
CWA decontamination, including metal oxides and hydrox-
ides,3,12,13 polyoxometalates (POMs),10,14,15 zeolites,16 organic
polymers,17 and metal−organic frameworks (MOFs).18−37

MOFs are a class of hybrid materials consisting of metal
atoms or atom clusters connected by organic ligands that form
extensive frameworks in one, two, or three dimensions. Some
of those frameworks retain their porosity after solvent removal,
enabling the formation of materials with high porosity and
ultrahigh surface areas.38 Due to their porous nature, MOFs
have possible applications in areas such as gas storage,39 gas
separation,40 sensing,38 catalysis,41,42 and toxics filtration,43

including catalytic decontamination of CWAs.18−36 Zirconium-
based MOFs have been the most extensively studied for the
catalytic decomposition of CWAs because of their water
stability and high thermal stability.44 In one of the first reports
on the subject, Farha, Hupp, et al. studied the Zr-based MOF
NU-1000 and identified that it was able to efficiently capture
and degrade, by catalytic hydrolysis, the nerve agent soman.32

Further, Katz et al. and Kalaj et al. investigated CWA simulant
decontamination in a series of pristine and functionalized UiO-
66 and UiO-67 and discovered that the amino and bromine
derivatives of UiO MOFs are more active for CWA
decomposition in comparison to nonfunctionalized materi-
als.45,46 Liu et al. identified a porphyrin-based Zr(IV) MOF
(PCN-222) to be a dual-function catalyst for the simultaneous
decomposition of two different CWA simulants at room
temperature.47

Despite promising preliminary research on Zr(IV) MOFs,
there is a further need to determine the effect of atmospheric
components such as H2O and CO2 on the reactions of MOFs
with CWAs. CO2 is an important component of detoxification
efforts both in the battlefield and under noncombat conditions
due to elevated levels in personal protective equipment such as
gas masks or hazardous materials suits. Studies performed
under pristine laboratory conditions can have dramatically
different results from operations in relevant battlefield
environments. The disparities can include unexpected
decomposition performance, lowered dependability, or com-

plications with deployment methods.48 Pehrsson and co-
workers studied the environmental effects on Zr(OH)4a
well-known sorbent for CWA detoxificationand found that
elevated humidity promoted hydrolysis of the adsorbed
simulant but high concentrations of CO2 reduced decom-
position kinetics. In another study on solid-state CWA
decomposition catalysts, Musaev and co-workers similarly
observed that CO2 shields the active sites of the
polyoxoniobates and hinders the hydrolysis reaction.49 In the
case of Zr(IV) MOFs, we have previously shown that Zr(IV)
MOFs are effective at the removal of CWA simulants from the
air.33 Further, Ryu et al. and Cho et al. reported that UiO
MOFs maintain nerve agent decomposition ability, both under
high relative humidity and in water,24,37 but the detailed
influence of CO2 on CWA detoxification has not been reported
to date.
In this work, we combined in situ synchrotron X-ray

diffraction with in situ IR spectroscopy and theoretical
calculations to take a detailed look at the CO2 and MOF-
808 interaction and the influence of CO2 on MOF-808
performance for CWA decomposition. MOF-808 is a porous
framework constructed of hexazirconium(IV) nodes, with the
general formula Zr6(μ3-O)4(μ3-OH)4(HCOO)6(OH)6(H2O)6,
connected with 1,3,5-benzenetricarboxylate linkers (Figure
1).44 The framework contains two types of pores: smaller

tetrahedral cages with an internal free diameter of 4.8 Å and
large adamantane-shaped cages with a diameter of 18 Å.50 The
larger pores and pore opening ensure the fast delivery of the
nerve agents or nerve agent simulants inside the framework,
which are advantageous characteristics in the development of
sorbent materials for rapid CWA hydrolysis.33 MOF-808 is an
excellent candidate for these studies, since it was reported to
display the highest CWA simulant hydrolysis rates among all
Zr-MOFs.32 In our experiments, we used dimethyl methyl
phosphonate (DMMP) as a nerve agent simulant, which has a
structural similarity to sarin (Figure S1) but has the advantage
of significantly lower toxicity.51

■ MATERIALS AND METHODS
Synthesis of the Sample. The preparation of MOF-808 was

modified from the reported literature method.50 Typically, 1,3,5-
benzenetricarboxylic acid (H3btc, 0.11 g, 0.50 mmol) and ZrOCl2·
8H2O (0.16 g, 0.50 mmol) were added to a mixed solvent of
dimethylformamide (DMF) and formic acid (20 mL/20 mL). The
mixture was then stirred for 30 min and transferred to an autoclave,
which was heated at 373 K for 7 days. White crystalline powders were

F igu r e 1 . S t r u c t u r e o f MOF-808 . Z r 6 (μ 3 -O) 4 (μ 3 -
OH)4(HCOO)6(OH)6(H2O)6 metal clusters (purple) and a 1,3,5-
benzenetricarboxylate linker form tetrahedral cages (green spheres
represent the internal free volume of 4.8 Å) and large adamantane-
shaped cages of 18 Å.
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collected by centrifugation and washed extensively with DMF and
anhydrous acetone. The obtained materials were further vacuum-
dried at 423 K for 8 h.
In Situ X-ray Diffraction (XRD) Measurements. For time-

resolved in situ X-ray diffraction, the MOF-808 sample was loaded
into a Kapton capillary of 1.15 mm outside diameter. Both ends of the
capillary were loaded with quartz wool to immobilize the sample while
allowing the gas to flow through. The capillary was attached to the
flow cell with Swagelock fittings and graphite ferrules. The input of
the cell was connected to a gas inlet system that carried gas to the cell.
The outlet was connected to a trap and released to exhaust. During
the experiment the gas flow rate was fixed at 10 mL/min and
controlled with the mass flow controller. A total of four in situ
experiments were performed: two pure CO2 and N2 adsorption/
desorption experiments and two DMMP-doses in the N2 and CO2
carrier gases. At the beginning of each experiment samples were
desolvated (activated) in situ using a He gas flow for 2 h at 383 K.
After it was cooled to room temperature, the MOF sample was
exposed to the flowing gases of interest. The X-ray diffraction
experiments involving pure N2 and CO2 adsorption and desorption in
He were performed with synchrotron X-rays at the 17-BM beamline
at the Advanced Photon Source (APS) at Argonne National
Laboratory with the PerkinElmer amorphous silicon 2D detector,
using a monochromatic beam of λ = 0.72959 Å, and were analyzed
using GSAS-II software.52 The NIST standard LaB6 was used for
calibration of the detector geometry in the transmission mode.
For the time-resolved in situ X-ray diffraction experiment of

DMMP dosing the input of the cell was connected to a gas inlet
system that carried DMMP vapor with N2 or CO2 to the cell. During
the dosing stage of the experiment carrier gas was flowing through a
fritted glass saturator filled with DMMP (∼5 mL) liquid kept at ∼313
K using a water bath. In order to avoid condensation of DMMP
vapors, the carrier lines were also heated to 343 K using heating tapes.
After activation and cooling to room temperature, the MOF samples
were exposed to DMMP for 2 h. In situ PXRD data were collected
every 1 min during the whole experiment, including activation and
DMMP treatment. The powder XRD diffraction data were collected
at the X-ray Powder Diffraction (XPD) beamline of the National
Synchrotron Light Source-II, Brookhaven National Laboratory, using
a monochromatic beam of λ = 0.29411 Å. Diffraction data were
collected in transmission mode with an amorphous silicon-based flat
panel detector (PerkinElmer), mounted orthogonal to and centered
on the beam path, and were analyzed with the Fit2D software.53 The
NIST standard LaB6 was used for calibration of the detector
geometry.
The model of the empty framework structure of MOF-808 was

refined on the basis of the previously published structure44 with the
Rietveld method,54 using the Jana200655 software. The difference
electron density map of the CO2-loaded MOF was calculated using
the refined framework structure. The unit cell parameters of MOF-
808 in all four experiments were obtained from initial Le Bail fitting,
where the peak shape was refined with a pseudo-Voigt function and
peak asymmetry corrected with a Simpson function.55 The back-
ground was modeled manually using 50 points. The structure of
DMMP-loaded MOF-808 could not be refined, due to significant
disorder of DMMP molecules.56 During the Rietveld refinement of
the initial MOF-808 structure 16 soft distance restraints were used.
The atomic coordinates and isotropic atomic displacement parame-
ters for all framework atoms were refined; hydrogen atoms were
added to the linker moieties using riding commands.
Variable-Temperature Infrared Spectroscopy (VTIR). The

sample preparation was adapted from the method reported by
Grissom et al.57 Briefly, MOF-808 was pressed into a 50 μm thick
tungsten mesh (Tech Etch) and mounted onto a nickel support clamp
containing copper power leads. K-type thermocouples were spot-
welded onto the mesh adjacent to the pressed sample, which allowed
for real-time temperature monitoring. The power leads were
connected to a sample manipulator and terminated at an external
power supply, which allowed for precise control of the sample
temperature through resistive heating. The sample manipulator was

placed onto a custom-built vacuum chamber, and gases were
evacuated from the chamber until a base pressure below 5 × 10−8

Torr was reached. Operation under high-vacuum conditions keeps the
sample clean and allows for the probing of gas−MOF interactions free
of ambient or contaminant gas contributions. The VTIR method has
been reported previously.58 Briefly, the MOF-808 sample was
thermally activated by heating at 448 K for 3 h under vacuum to
remove loosely-bound water collected during storage. The inter-
actions that take place between CO2 and MOF-808 was investigated
by back-filling the vacuum chamber with 1.5 Torr of CO2. An IR
spectrum was collected at 303 K (Figure S2). Fourier-transform
infrared (FTIR) spectra of MOF-808 + CO2 were then collected at a
series of temperatures ranging from 303 to 383 K.

In Situ Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS). DRIFTS data were collected with a
Thermo Scientific Nicolet iS50 FT-IR spectrometer using an MCT/
A detector. A Harrick cell was used for the in situ experiments. In the
case of each in situ experiment the first step involved activation
(desolvation) of the sample and each experiment was performed in
the same fashion. First, approximately 20 mg of the sample was loaded
into the Harrick cell with 10 mL/min of He flow (regulated with a
Brooks Instruments mass flow controller). The temperature was
gradually increased to 383 K, and the sample was at 383 K for 18 h.
After activation was completed, the sample was cooled to 298 K and
the spectra were collected. Single-beam spectra collected after
activation were later used as a background in the in situ DMMP
dosing/desorption experiments. In DRIFTS experiments, the same
sequence of experiments as with XRD was used. During absorption
experiments, the input of the cell was connected to a gas inlet system
that carried DMMP vapor with carrier gas mixture to the cell. Carrier
gas was flowing through the saturator filled with DMMP liquid (1−5
mL) kept at a temperature of 313 K in a water bath. The lines that
delivered DMMP vapors to the cell were heated to 313 K. In situ
DRIFTS data were collected in continuous mode (128 scan spectra;
58 s per spectrum) during the whole experiment.

A total of five in situ experiments were performed. In the first two
experiments N2 and CO2 were used as carrier gases for DMMP; the
objective of the study was to compare the N2 and CO2 influence on
the mechanism and rate of DMMP decomposition. After activation
the sample was exposed to the DMMP/N2 or DMMP/CO2 at a rate
of 10 mL/min. During the third experiment CO2 was again used as
the carrier gas for DMMP but the flow rate was increased to 50 mL/
min rate in order to accelerate the reaction.

Two additional experiments were performed to examine the effect
of the carrier gas on DMMP desorption from fully loaded MOF-808
with a He or CO2 flow. The dosing part of the experiment was
performed identically during both experiments, where the sample was
exposed to DMMP in He carrier gas for 24 h at a flow rate of 10 mL/
min. Then the gas was switched to pure He or CO2 for 24 h with a 10
mL/min flow rate. The last step involved heating the sample to
activation temperature (383 K) in He flow.

As a control for the DMMP experiment we performed two
DRIFTS experiments with CO2 and H2O. Before the experiments
MOF-808 samples were activated at 383 K for 18 h. In the first
experiment MOF-808 sample was exposed to a He/CO2/H2O
mixture, with 20% CO2 and 10% H2O (40% relative humidity). In the
second experiment the MOF-808 sample was exposed to 100% CO2

for 30 min and then to a He/H2O mixture (100% relative humidity)
for 30 min.

Computational Methodology. All presented calculations were
carried out with the M06-L density functional,59 as implemented in
the Gaussian09 code.60 Here we used 6-31G(d,p) basis sets for C, H,
O, and P and Lanl2dz basis sets with corresponding Hay−Wadt
effective core potentials for Zr.61,62 The reported structures were
confirmed to have all real frequencies (minima). The reported gas-
phase enthalpies and Gibbs free energies are computed at a
temperature of 298.15 K and pressure of 1 atm.
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■ RESULTS AND DISCUSSION
CO2 Interaction with MOF-808. Metal−organic frame-

works have been reported previously to interact with gaseous
CO2.

39 We have employed high-vacuum (HV)-based infrared
spectroscopic methods and in situ powder X-ray diffraction
(PXRD) to characterize the energetics and mechanism of
interaction between CO2 and MOF-808 prior to exposure to
DMMP. In the HV-IR study the only observed change after
the exposure to CO2 was the formation of a feature at 2337
cm−1, which is associated with the νas(CO2) signal of adsorbed
CO2 stabilized by dispersion forces.58 This feature was found
to decrease with increasing temperature (Figure 2). Collection
of IR spectra over a range of temperatures provides insight into
the energetics of CO2 adsorption by use of a van’t Hoff analysis
which relates the equilibrium constant, Keq, to the standard
enthalpy of adsorption, ΔH°ads,63 as shown in eq 1

i
k
jjjj

y
{
zzzz
i
k
jjjj

y
{
zzzzK

H
RT

S
R

ln eq
ads ads=

−Δ ° Δ °
(1)

where ΔS°ads is the standard entropy of adsorption, R is the
gas constant, and T is the temperature. Using the assumption
that the CO2 coverage on the MOF is low, the gas-phase
concentration is high, and ΔH°ads is constant over the
temperature range examined, the integrated absorbance, A, at
each temperature can be related to the ΔH°ads by eq 2.

A
T

H
RT

ln ads∝
−Δ °

(2)

The results of the van’t Hoff analysis of CO2 adsorption on
MOF-808 are presented in Figure 2. As expected, the amount
of adsorbed CO2, on the basis of the area of the νas(CO2)
feature at 2337 cm−1, decreased as the sample temperature
increased. The slope of the van’t Hoff plot in Figure 2b reveals
the ΔH°ads value of CO2 on MOF-808 to be −32.2 ± 1.8 kJ/
mol, consistent with CO2 adsorption enthalpies found in other
zirconium- or benzenecarboxylate-based MOFs.39,58,64,65 Upon
evacuation of CO2 from the vacuum chamber, the adsorbed
CO2 was immediately removed at 303 K, and the IR spectrum
of the MOF returned to the original, pre-CO2 exposed state.
We performed in situ powder X-ray diffraction to better

understand the effect CO2 has on the MOF and to locate the
main CO2 adsorption sites. Exposure to CO2 at 300 K does not
dramatically change the powder diffraction pattern, indicating
that the MOF topology (Figure 1) is preserved. The small
changes (Figure S4) do indicate, however, that CO2 was
indeed adsorbed within the pore space of MOF-808. After a

switch from CO2 to He gas, the changes reverse (Figure S4),
suggesting that CO2 desorbs quickly, in agreement with the IR
results. Exposure to N2 (at room temperature) does not lead to
any changes in the PXRD (Figure S5) most probably due to an
insignificant uptake of N2.

66 The Le Bail fit further revealed
that, upon CO2 exposure, the framework contracted with a
maximum unit cell volume change of −0.2% at 300 K,
consistent with the previously reported CO2−framework
interactions, where the introduction of CO2 or other strongly
interacting small molecules leads to the contraction of the
pores.67

Beyond structural changes to the MOF, the PXRD data
provide insight into the location of adsorbed CO2 via Fourier
difference analysis of the empty and CO2-loaded frameworks.
The starting structural model for MOF-808 was refined with
the Rietveld method from the data acquired from the activated
sample in He. Rietveld refinement of the CO2-loaded MOF-
808 confirmed that the structure is retained and no significant
breathing or reorganization was observed. The residual
electron density inside the pores that cannot be assigned to
the framework atoms was identified as adsorbed CO2
molecules with predominant localization in close proximity
to benzenetricarboxylate linkers inside the tetrahedral pores
(Figure 3). Adsorbed CO2 molecules presumably interact with
MOF-808 through dispersion forces.39 Such an interaction is
consistent with the −32.2 ± 1.8 kJ/mol enthalpy of CO2
obtained from IR experiments.65

CO2 Influence on the Reaction with DMMP. The effect
of CO2 on the MOF-808 interaction with DMMP was studied
with in situ DRIFTS and in situ synchrotron PXRD; for the
control experiments we used N2 as a carrier gas. The powder
diffraction experiments show significant changes upon
exposure to DMMP as opposed to pure N2 or CO2.
Examination of the collected patterns clearly reveals that the
sample undergoes structural changes during DMMP adsorp-
tion, in agreement with previously reported results.33 The most
apparent change is the decrease in intensity of the low-angle
reflection relative to higher-angle reflections. This behavior is
typically indicative of adsorbates entering porous materials,
which suggests that DMMP diffused into the pore space of
MOF-808 during exposure.
Apart from changes in the peak intensity, we observed that

exposure to DMMP shifts reflections toward lower 2θ angles,
indicating the expansion of the lattice. Results from Le Bail
analysis show that in the case of N2 the unit cell started
expanding approximately 20 min after the start of the
experiment and the expansion was finalized at approximately

Figure 2. CO2 on MOF-808 between 303 and 383 K: (a) infrared spectra of the νas(CO2) mode of adsorbed CO2 (black to red) under 1.5 Torr
CO2 and (blue dashed line) the location of the fundamental frequency of gas-phase CO2; (b) van’t Hoff plot, where the slope of the best-fit line
gives the value of ΔH°ads.
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60 min with a maximum increase of 1.2% in lattice volume.
When CO2 was used as a carrier gas, the expansion of the unit
cell started instantaneously and reached a maximum of 0.7% of
the initial volume in 15 min and no further increase was
observed (Figure 4). The difference in the behavior of the
MOF-808 framework can be explained by the formation of
carbonate species when the DMMP was introduced to MOF-

808 together with CO2, as revealed by DRIFTS measurements
(vide infra).
To evaluate the fate of DMMP within the pores of MOF-

808 in the presence of CO2 and to characterize reaction
products, we performed in situ DRIFTS measurements. In the
first group of experiments, we used a 10 mL/min gas flow of
CO2 or N2 (control) carrying DMMP into the cell with the
activated MOF-808. The IR spectra were collected continu-
ously over time during dynamic adsorption of DMMP by the
MOF and are plotted in Figure 5 and Figures S6 and S7.

When N2 was used as a carrier gas for DMMP, we observed
the formation of absorption bands consistent with phys-
isorption and decomposition of DMMP to produce methyl
methylphosphonic acid (MMPA), showing that N2 behaves
similarly to He; hence, N2 does not appear to influence the
DMMP−MOF interaction.33 Upon exposure to DMMP, we
observed the appearance of new IR bands, which can be
assigned to the adsorbed DMMP. The differential spectra also
show a negative feature at 3668 cm−1 (Figure S6) assigned to
the free OH stretching vibration, which indicates the formation
of hydrogen bonds between the guest DMMP and hydroxyl
groups at the inorganic nodes. The consumption of free
hydroxyl groups is also indicative of the hydrolysis of DMMP
to form MMPA.19 Further, the appearance of many new bands
in the low-wavenumber region between 1000 and 1350 cm−1,
consistent with previous reports of both gaseous and adsorbed
DMMP, support the physisorption/decomposition of DMMP
inside the MOF-808 pores.19,37 In that region, adsorbed
DMMP is indicated by the ν(PO) band at 1250 cm−1

(Figure 5). Peaks indicating DMMP hydrolysis to the bridging
MMPA species are seen at 1030, 1050, 1065, 1170, and 1312
cm−1, which are assigned to the νs(CO), νa(CO), νs(OPO),
νa(OPO), and ρ(PCH3) modes of DMMP byproducts on the
surface, respectively (Figure 5).19,37

In the case of CO2, during the same time frame of the
reaction no significant peaks from DMMP/MMPA are
observed, indicating that CO2 hinders DMMP adsorption
and decomposition. The only significant band present in the
fingerprint region can be assigned as νs(CO). Further, we can
see the formation of the carbonate species, as evidenced by the
growth of the νas(CO3) mode at 1506 cm−1 and the

Figure 3. Results of the in situ PXRD experiment. (a) Difference
Fourier electron density map of MOF-808 with adsorbed CO2 (right)
calculated from in situ PXRD data (left). (b) Residual electron
density isosurface drawn at 0.2 e/Å3 in yellow. The overlaid CO2
molecule shows the suggested position. Color code: Zr, purple; O,
red; C, black; H, white.

Figure 4. Evolution of MOF-808 unit cell volume with the dosing of
DMMP and pure carrier gases.

Figure 5. Fingerprint region of the background-corrected in situ
difference DRIFTS spectra collected over 7 h during a DMMP
adsorption experiment with N2 or CO2 carrier gas (flow rate 10 mL/
min).
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consumption of hydroxyl groups, which is evidenced by a
negative-going IR feature at 3670 cm−1 (Figure S7).
In order to accelerate the reaction, we performed a second

experiment where the CO2 carrier gas flow was increased by a
factor of 5 to 50 mL/min. Here, the results indicate that the
reaction has two stepsin the first 3 h we observe very slow
growth of DMMP-related modes, while carbonate species are
forming quickly, as evidenced by the fast growth of the
νas(CO3) mode at 1506 cm−1. Once the carbonate formation is
finished, where presumably all sites within the MOF-808
framework are occupied, fast growth of DMMP and MMPA
modes is observed (Figure 6).

To confirm that the formation of carbonate species is linked
to the presence of DMMP, we performed two control
experiments, where MOF-808 was exposed to CO2 and
water. In the first experiment the gas mixture contained 10%
H2O and 20% CO2 to more closely resemble real life
conditions. In the second experiment the sample was saturated
with CO2 and then exposed to a He/H2O mixture (100%
relative humidity). In both cases, we observed the typical
features induced by the adsorption of H2O and CO2 but no
significant peak at ∼1500 cm−1 was detected, indicating the
absence of carbonate species (Figures S8−S13).

CO2 Introduced after DMMP Loading as a Desorbant.
An important challenge in developing reusable materials for
next-generation filters is understanding desorption behavior. In
the case of Zr-based MOFs, it has been previously established
that DMMP decomposition leads to the formation of
byproducts that irreversibly bind to under-coordinated Zr
sites.19 The experiments described above show that CO2
interferes with the DMMP decompostion; therefore, we
hypothesized that CO2 can displace adsorbed DMMP. To
verify this hypothesis, we performed two time-resolved
DRIFTS desorption experiments using a N2 and CO2 gas
flow at room temperature.
CO2 introduction to DMMP-loaded MOF-808 leads to the

formation of carbonate species, as evidenced by the appearance
of the νas(CO3) mode at 1506 cm−1, similar to the experiment
when both CO2 and DMMP are introduced simultaneously
(Figure S14). Further, after the gas flow is changed back to
inert He, the prominent peak at 2336 cm−1, consistent with
physically sorbed gaseous CO2, is still present, indicating that
CO2 interacts strongly with the DMMP-loaded MOF-808. The
peak can only be removed by heating the sample to activation
temperature (Figure S14).
In both N2- and CO2-driven desorption experiments after a

48 h gas flow at room temperature, the modes from adsorbed
DMMP and bound MMPA are still present, indicating that
without other means using only a gas flow for the regeneration
of the MOF filter is not sufficient (Figure S15). However, after
a closer look on the changing peak intensity, the modes from
DMMP such as ν(PO) at 1250 cm−1 lost intensity
significantly in both the N2 and CO2 regimes, while modes
from bound MMPA including νa(OPO) and νs(OPO) are less
affected in N2 than in CO2 (Figure S14). Further, we analyzed
the peak intensity change with time and we can see that CO2 is
increasing the rate of desorption of both DMMP and MMPA
(Figure 7).

Computational Insights. To elucidate factors contribu-
ting to the influence of CO2 on the DMMP decomposition by
MOF-808, we turn to computational analysis. Previously,
Troya, Morris, and co-workers58 demonstrated by using the
Zr6O4(μ3-OH)4(HCO2)12 model of UiO-66 that CO2
reversibly adsorbs onto UiO-66 (and possibly onto all MOFs
in the Zr(IV)-MOF family) via both μ3-OH groups located
within the tetrahedral pores of the MOF and/or at the MOF
surface with stabilizing hydrogen bonds and dispersion
interactions, respectively. The reported bonding enthalpies,
ΔHads, were −32.5 and −42.5 kJ/mol for dispersion-stabilized
and hydrogen-bonded species, respectively, with −32.2 ± 1.8
kJ/mol enthalpy obtained by the VTIR experiments for the
MOF-808 reported in this work. As could be expected, the
value of the CO2 absorption enthalpy depends on the MOF
models adopted in the calculations. With computational
analysis we obtained values of 21.8 and 27.3 kJ/mol CO2
bonding enthalpy onto the μ3-OH groups of the pristine
Zr6O4(μ3-OH)4(HCO2)12 and hydroxylated Zr6O4(μ3-
OH)4(HCO2)11(OH)(H2O) models, respectively. The exami-
nation of the calculated (CO2)/[MOF] structures (see Figure
8 and Figure S16) shows that CO2 binds onto the μ3-OH
groups of MOF through a hydrogen bond, which was also
reported previously.
Next, we examined the structural motif and energetics of the

species formed upon simultaneous addition of MOF DMMP
and CO2 to MOF. As shown previously,58 in the active form of
MOF, the formate linkers are removed, which generates the

Figure 6. (a) In situ difference DRIFTS spectra collected over 7 h
during a DMMP adsorption experiment with CO2 carrier gas (flow
rate 50 mL/min). (b) Evolution of the peak intensity of carbonate
species νas(CO3) and νs(OPO) from products of DMMP decom-
postion and ν(PO) from physisorbed DMMP and free OH
consumed during the reaction.
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active node with two adjacent coordinatively unsaturated Zr
centers. One of these Zr centers is capped by a hydroxyl group,
but another one is coordinated to a water ligand. In order for
the DMMP hydrolysis to occur in this “hydroxyl-water” form
of the MOF, the coordinated water molecule should be
substituted by a DMMP molecule. Our calculations show that
this water to DMMP substitution is almost a thermoneutral
process (see Figure S17). The addition of the CO2 molecule to
the resultant Zr6O4(μ3-OH)4(HCO2)11(OH)(DMMP) inter-
mediate is found to be exothermic by 34.8 kJ/mol. A
comparison of the CO2 coordination enthalpies to Zr6O4(μ3-
OH ) 4 ( HCO 2 ) 1 1 ( OH ) ( H 2 O ) a n d Z r 6 O 4 ( μ 3 -
OH)4(HCO2)11(OH)(DMMP), which are 27.3, and 34.8 kJ/
mol, respectively, shows that DMMP coordination provides an
additional stability to the CO2−(μ3-OH) interaction. Since the
DMMP hydrolysis directly involves the μ3-OH group, as was
revealed previously,19 we expect that the additional CO2- - -
(μ3-OH) stabilization in the presence of DMMP hinders the
DMMP decomposition. This conclusion is consistent with the
DRIFTS experiments reported above indicating stronger CO2

binding to the DMMP-loaded MOF-808 and lack of DMMP
decomposition product until the completion of the carbonyl to
carbonate transformation.

An additional support for this conclusion comes from the
calculated thermodynamics of the involved elementary trans-
formations OH + CO2 → HOCO2 and OH− + CO2 →
HOCO2

−, which are found to be exothermic (at the enthalpy
level) by 33.9 and 298.8 kJ/mol, respectively.
Previous studies of DMMP decomposition by the Zr-based

MOFs, in the absence of CO2 gases, have revealed the
formation of byproducts (MMPA) that strongly bind to the
coordinatively unsaturated Zr centers.19 Regeneration of the
MOF catalyst requires removal of this byproduct (or its
derivatives). As shown above, on the basis of the DRIFTS
experiments, the addition of the CO2 gas to the DMMP
decomposition products alone is not sufficient for the
regeneration of the MOF filter.
Consistent with this experimental observation, the presented

calculations (Figure S16) show that CO2 only weakly
coo rd ina t e s to the su r f a c e o f the Zr 6O4(μ 3 -
OH)4(HCO2)11(MMPA) through dispersive interactions.
The calculated CO2−Zr6O4(μ3-OH)4(HCO2)11(MMPA)
bonding enthalpy is 21.6 kJ/mol. However, the calculation
also reveals that the presence of a water molecule in the
reaction mixture may facilitate this process. Indeed, a water
molecule binds slightly more strongly than CO2 to Zr6O4(μ3-
OH)4(HCO2)11(MMPA), with 37.0 kJ/mol bonding enthalpy,

Figure 7. Time-resolved evolution of peak intensity from He and CO2 desorption experiments.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.9b04565
Chem. Mater. 2019, 31, 9904−9914

9910

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b04565/suppl_file/cm9b04565_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b04565/suppl_file/cm9b04565_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b04565


and could lead to carbonate formation and consequently to the
facile removal of byproducts and regeration of the MOF filter
(see Figure S16). This conclusion, on the basis of our limited
computational data, is consistent with the experimental finding
presented above which has shown that the presence of CO2

increases the rate of desorption of both DMMP and MMPA.
However, still more comprehensive computational and
experimental studies are needed to reach more rigorous
conclusions.
Thus, the computational data presented above show the

following. (a) CO2 reversibly adsorbs onto MOF-808 via both
μ3-OH groups located within the tetrahedral pores of the MOF
and/or to the MOF surface with stabilizing hydrogen bonds
and dispersion interactions, respectively. (b) The presence of
DMMP provides an additional stabilization to the CO2−(μ3-
OH) moiety, which hinders the μ3-OH transfer to DMMP
required for the nerve-agent decomposition. This conclusion is
consistent with the findings from the DRIFTS experiments
indicating no DMMP decomposition product until the
completion of the carbonyl to carbonate transformation. (c)
The addition of the CO2 gas to the DMMP decomposition
products alone is not sufficient for the regeneration of the
MOF filter: the presence of a water molecule along with the
CO2 gas is required for the removal of DMMP decomposition
byproducts and regeneration of the MOF filter.

■ CONCLUSIONS
In summary, we have studied the interaction between the Zr-
based metal−organic framework MOF-808 and CO2, as well as
the influence of CO2 on the absorption, decomposition, and
desorption of DMMP, a sarin simulant. We established
through variable-temperature infrared spectroscopy (VTIR)
that CO2 is adsorbed on the MOF with a relatively high energy
of −32.2 ± 1.8 kJ/mol. In situ synchrotron X-ray diffraction
results show that CO2 is located inside the tetrahedral pores,
presumably stabilized through dispersion interactions leading
to the contraction of the framework volume by 0.2%. When
CO2 is introduced to MOF-808 together with DMMP, it leads
to the formation of carbonate species, as evidenced from the
growth of the νas(CO3) mode at 1506 cm−1 observed in
DRIFTS measurments. The reaction with CO2 also hinders the
decomposion of DMMP until the carbonate formation is
complete. Introduction of N2 together with DMMP leads to
DMMP decomposition and formation of bound MMPA
species, as observed before with He as a carrier gas.33 Further,
it was found that, when CO2 is introduced after MOF-808 was
saturated with DMMP, it also leads to formation of carbonate
species as well as stronger binding of unreacted CO2
molecules. The analysis of the kinetics of the reaction showed
that CO2 can accelerate the desorption of bound DMMP and
decomposition of MMPA byproducts by reacting with bound
MMPA. Our extensive computational analysis has provided an
atomistic-level rationale to these important experimental
findings.

Figure 8. Calculated energetically lowest CO2, H2O, and H2CO2 complexes of various MOF-808 model systems used and discussed in this paper.
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