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ABSTRACT: In recent years, zirconium hydroxide powder and
zirconium-based metal organic frameworks have found promising
applications as chemical warfare agent (CWA) decomposition
materials. While bulk zirconium oxide (ZrO2) has proven to be
relatively inactive for such purposes, well-controlled fundamental
studies investigating the potential CWA decomposition propensity
of subnanoscale zirconium oxide, in which undercoordinated metal
centers abound, are still severely lacking. Herein, the adsorption
and decomposition of the nerve agent simulant dimethyl
methylphosphonate (DMMP) on size-selected zirconium oxide
trimer, that is, (ZrO2)3, clusters supported on highly oriented
pyrolytic graphite (HOPG), have been investigated via the
combination of X-ray photoelectron spectroscopy (XPS) and
temperature-programmed desorption/reaction (TPD/R). XPS measurements acquired for the DMMP-adsorbed, HOPG-supported
clusters at a preparation temperature of 298 K, and also after annealing to several successively higher temperatures of 473, 573, and
673 K, elucidated the uptake of DMMP to the (ZrO2)3 clusters, with one DMMP molecule adsorbed per cluster and virtually no
thermal molecular desorption observed up to 673 K. These measurements also showed dissociative adsorption of DMMP at room
temperature on some clusters, likely via scission of a P−OCH3 bond in DMMP, with further decomposition accompanying an
increase in temperature above 473 K. TPD/R experiments showed the evolution of methanol as a major reaction product via two
distinct pathways, with desorption peaks centered around 410 and 575 K. Evolution of dimethyl ether and formaldehyde as minor
reaction products was also observed with desorption peaks centered around 560 and 620 K, respectively. A second TPD/R cycle
following cluster-induced DMMP decomposition resulted in no detected decomposition chemistry, showing DMMP decomposition
on the (ZrO2)3 clusters to be stochiometric and non-catalytic, whereby the remaining P-containing species poisoned the clusters.

■ INTRODUCTION

Chemical warfare agents (CWAs) are an ever-present threat
across the modern geopolitical landscape. Organophosphorus
nerve agents, the most lethal class of CWAs, are among the
most toxic chemicals ever synthesized by humans1 and have
reared their ugly head in recent military conflicts and
assassinations. Personal protection from CWAs and sensors
for reliably detecting CWAs after having been deployed are
two important applications that stand to benefit from
improved materials.2 Their development requires a fundamen-
tal chemical understanding of the interaction between CWAs
and any potential candidate materials, both in solution3 and
heterogeneous gas−surface interface environments.4 However,
due to the high lethality of nerve agents, civilian research
laboratories have been relegated to the use of less toxic
simulants, which mimic some properties of live agents, to
minimize the risk to researchers and guard against the
proliferation of CWAs. A commonly employed nerve agent
simulant is dimethyl methylphosphonate (DMMP), especially

in surface adsorption studies. DMMP has been found to
simulate the adsorption behavior of sarin, the most toxic of the
G-agent family of nerve agents, especially well. The efficacy of
DMMP as an adsorption simulant arises from the relation of its
chemical structure to that of sarin, a comparison of which is
shown in Figure 1.
While activated carbon was the first filtration material

implemented during the First World War to defend against
CWAs, eventually transition metal oxide impregnates were
included, these imparting increased reactive sorption capability
to decompose adsorbed agents.5 Today, modern CWA
filtration materials are comprised of an ASZM-TEDA
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formulation, in which copper, molybdenum, zinc, and trace
amounts of silver metal oxide particles are impregnated into
activated carbon filters along with triethylene diamine.6 In
general, transition metal oxides are a promising class of
materials for adsorbing and decomposing CWAs due to their
acid/base and redox properties; a robust literature investigating
such species has accumulated over the last few decades. Some
of the earliest studies that appear in the literature focus on the
adsorption and decomposition of DMMP by several transition
metal single crystal surfaces, including Rh(100), Pt(111),
Mo(110), Ni(111), and Pd(111).7−10 In subsequent years,
similar studies of DMMP adsorption and decomposition on a
range of bulk transition metal oxide species followed, including
Al2O3,

11,12 Cu2O,
13 CuO,14 Fe2O3,

15 FeOx,
16 MgO,17 MnOx,

18

MoO3,
19,20 TiO2,

21−24 and WO3.
25 Studies of DMMP with

several nanosized transition metal oxide materials have also
been reported, including MnO2,

26,27 Y2O3,
28 and TiO2 and

ZnO,29 as well as supported metal cluster systems, for example,
Cu, Ni, Pt, Au, and Au−Pt clusters supported on
TiO2(110).

30−32 In addition, we have published work
involving mass-selected (MoO3)3 and (WO3)3 clusters
deposited onto a DMMP-laden highly oriented pyrolytic
graphite (HOPG) substrate.33,34

One particular transition metal species that has garnered
significant attention in recent years is zirconium(IV), especially
in the form of zirconium hydroxide, that is, Zr(OH)4. Bulk
Zr(OH)4 has been found to serve as an effective sorbent for a
variety of toxic chemicals including SO2, CNCl, Cl2, COCl2,
and HCl,35−37 and has also been found to very effectively
adsorb and hydrolyze nerve agents VX and soman, as well as
the vesicant, sulfur mustard.38 Promising results have also been
demonstrated for functional composite materials incorporating
Zr(OH)4 and graphite oxide for adsorbing and decomposing
several toxic chemicals including H2S, SO2, and sulfur mustard
simulant gas, chloroethyl ethyl sulfide.39,40 More recently,
Zr(OH)4 has even been successfully incorporated into a
nanofibrous mat material that effectively adsorbs and hydro-
lyzes the reactive nerve agent simulant, diisopropyl fluo-
rophosphate.41 Further fundamental studies of nanosized
Zr(OH)4 in the form of both nanoparticles42 and supported
thin films,43,44 confirmed the necessity of surface hydroxyls and
surface defect sites for the adsorption and decomposition
chemistry observed for Zr(OH)4 materials. Moreover, these
studies demonstrated that bulk crystalline samples of the
parent material of Zr(OH)4, that is, zirconium(IV) oxide
(ZrO2), is essentially unreactive toward DMMP decomposi-
tion.
While ZrO2 has had wide success as a catalyst,45 largely due

to its Lewis acidic properties,46 its low activity for DMMP
decomposition is likely due to a lack of both coordinatively
unsaturated Zr sites and reactive hydroxyl species on its bulk
crystal surfaces. Nevertheless, it has become clear over the last
few decades that small, nanosized samples of seemingly
unreactive species can exhibit widely divergent properties
from their larger bulk counterparts.47,48 Indeed, the work by
Gordon several years ago had shown evidence of exactly this

for small ZrO2 nanoparticles in their facile adsorption and
decomposition of DMMP at room temperature.49 Subse-
quently, an entire family of metal organic framework (MOF)
materials exhibiting an exciting degree of hydrolytic decom-
position activity toward a host of CWAs and simulants has
emerged, in which a partially hydroxylated zirconium(IV)
oxide hexamer cluster serves as the active nodal sites of the
MOFs.50−64 Hence, it is apparent that studies investigating the
reactivity of small zirconium oxide clusters toward CWA
simulants, such as DMMP, are of great importance in
advancing the understanding of CWA decomposition chem-
istry and the development of future protective materials.
In the present work, the adsorption and decomposition of

DMMP by size-selected zirconium(IV) oxide trimer clusters,
that is, (ZrO2)3, soft-landed onto a HOPG substrate, were
investigated. HOPG was chosen as a substrate in these
experiments to mimic the carbonaceous material that typically
serves as the metal oxide particle support in CWA filtration
materials and due to its relatively weak cluster−support
interactions. The activity of the HOPG-supported clusters
was investigated via the complementary application of X-ray
photoelectron spectroscopy (XPS) and temperature-pro-
grammed desorption/reaction (TPD/R) experiments. The
XPS measurements, acquired after heating to several critical
temperatures, served to elucidate the uptake of DMMP by the
clusters over a range of temperatures and interrogate the
chemical bonding environment of DMMP to the clusters,
while the TPD/R experiments served to identify the volatile
reaction products evolved from the surface resulting from
DMMP decomposition on the clusters as a function of
temperature. XPS measurements established strong evidence
for substantial DMMP decomposition at room temperature
upon adsorption to the clusters, with additional decomposition
upon treatment at higher temperatures above 473 K. The
TPD/R experiment of the cluster-bound DMMP showed the
evolution of volatile decomposition products methanol,
dimethyl ether, and formaldehyde. While methanol evolution
dominated below 473 K, alternate reaction pathways to
dimethyl ether and formaldehyde were accessed at higher
temperatures, a phenomenon which has not been reported for
DMMP decomposition on other Zr-containing materials to-
date. Together, these two complementary techniques provide
fundamental insights into the interaction of DMMP with
(ZrO2)3 clusters and the associated decomposition chemistry.

■ EXPERIMENTAL METHODS
Cluster Synthesis and Deposition. The details of the

apparatus used in this work have been described elsewhere.65

Zirconium(IV) oxide trimer cluster anions, that is, (ZrO2)3
−,

were synthesized via reactive magnetron sputtering of a
zirconium metal target (Kurt J. Lesker, Grade 702) using a
gas mixture of argon (Airgas, 99.999%) and helium (Airgas
99.999%), seeded with oxygen (Airgas 99.994%) via a
precision dosing valve (INFICON VDH016-x) having a
backing pressure of 15 psi. Ionized argon gas served to sputter
the zirconium metal target cathode, which was situated in the
magnetic field environment of a cylindrical permanent magnet
and electrically biased by as much as −500 V to generate a
discharge plasma, while helium served the role of a carrier gas
for inducing clustering within the source thermalization region.
The synthesized cluster anions were transported via a system
of electrostatic ion optics and mass-selected via a magnetic
sector mass spectrometer (25° sector, m/Δm = 20). Following

Figure 1. Chemical structures of DMMP (left) and sarin (right).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c06063
J. Phys. Chem. C 2021, 125, 23688−23698

23689

https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06063?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06063?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06063?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06063?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c06063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mass-selection, the cluster anions were focused via a
subsequent series of ion optics and soft-landed (<1 eV/
atom) onto a grounded HOPG substrate (Bucker, ZYB grade,
12 × 12 mm2, 2 mm thickness) situated in an ultrahigh
vacuum (UHV) environment with a base pressure of 1 × 10−9

Torr. Prior to deposition, the HOPG substrate had been
freshly cleaved in atmosphere and annealed in vacuo (T = 773
K, Δt = 30 min). Upon deposition, the cluster anions lost their
charge to the electrically conductive HOPG surface and
became neutral clusters. The resulting cluster discharge current
was monitored via a picoammeter and integrated over time to
give the total number of clusters deposited, assuming one unit
of elementary electric charge per cluster.
For XPS experiments, the HOPG substrate was secured to a

tantalum mounting plate via tungsten wires and inserted into a
versatile sample holder that allowed for removal of prepared
samples and transfer, in vacuo, to an adjacent XPS analysis
chamber via a linear manipulator. For TPD/R experiments, the
HOPG substrate was mounted on the end of a rotatable three-
axis sample manipulator using a sample holder assembly
comprised of tantalum foil clips wrapped around two copper
leads protruding from the ceramic feedthroughs of a 1.33″
diameter power feed/temperature measurement flange (Kurt J.
Lesker, TFT1KY2C302). Samples mounted via the TPD/R
assembly could be cooled via an internal liquid nitrogen (LN2)
reservoir (to approximately 100 K) in thermal contact with the
sample holder assembly. This assembly served to securely hold
the HOPG substrate, while simultaneously offering optimal
thermal and electrical conductivity for resistive heating (to 773
K) and minimal total surface area of the assembly components,
reducing background noise arising from species desorbed from
the sample holder assembly during TPD/R experiments.
X-ray Photoelectron Spectroscopy. Samples were

prepared by depositing (soft-landing) mass-selected (ZrO2)3
−

cluster anions onto HOPG (6.6 × 1013 clusters, 0.46 clusters/
nm2) maintained at room temperature (298 K), while
simultaneously exposing the surface to a constant system
dose of DMMP (PDMMP = 5 × 10−7 Torr) via a precision
variable leak valve (Varian, 951-5106). This dosing procedure
was chosen to maximize the extent of interaction between the
clusters and DMMP, as the sample holder used for preparing
XPS samples lacked LN2-cooling capabilities. Prior to dosing,
the prepared DMMP sample (Sigma-Aldrich, >97%) was
degassed via several freeze−pump−thaw cycles. Following
cluster deposition, the prepared samples were transferred in
vacuo to a secondary manipulator in an adjacent chamber
equipped with XPS instrumentation. Samples transferred to
the secondary manipulator were heated via electron bombard-
ment heating using the thermionic emission of a resistively
heated tungsten filament positioned directly behind the HOPG
substrate mounting plate. The sample temperature was
measured via a K-type thermocouple connected to the sample
holder on the manipulator. The XPS measurements were taken
using non-monochromatic Mg Kα X-rays (1253.6 eV) of a
Mg/Al dual anode X-ray source (PerkinElmer PHI 04-548) for
generating core electron photoemission in the sample, and a
hemispherical electron energy analyzer (PerkinElmer PHI
5100 10-360) for analyzing the photoemitted electrons via
their kinetic energies.
All XPS spectra were calibrated by graphitic carbon 1s at

284.5 eV and analyzed using CasaXPS (Casa Software Ltd.)
peak fitting software. Zirconium 3d spectra (Zr 3d) were
numerically fitted with Gaussian-broadened Lorentzian peaks

(GL(50)) after the U2 Tougaard background subtraction with
an integrated peak area ratio of 3:2 corresponding to the 3d5/2
and 3d3/2 states. A full width half maximum (FWHM) of
between 1 and 2 eV was allowed during fitting, with an optimal
value of 1.75 eV obtained for all Zr 3d spectra; a spin−orbit
splitting of 2.4 eV was constrained for each spectrum.
Phosphorus 2p spectra (P 2p) were numerically fitted with
sets of two Gaussian-broadened Lorentzian peaks (GL(50))
following the Shirley background subtraction, with an
integrated peak area ratio of 2:1 corresponding to the 2p3/2
and 2p1/2 states and a spin−orbit splitting of 0.87 eV. A
FWHM of between 1.3 and 2 eV was allowed during initial
fitting, with an optimal value of 1.4 eV obtained. The
constraints for each species were maintained for the fitting of
all XPS spectra acquired during experiments using a constant
analyzer pass energy of 71.55 eV.

Temperature-Programmed Desorption/Reaction.
Samples were prepared via a liquid nitrogen matrix deposition
(LNMD) method, in which mass-selected (ZrO2)3

− clusters
(4.8 × 1013 clusters, 0.33 clusters/nm2) were deposited into a
frozen multilayer matrix of DMMP on the HOPG substrate
surface. The LNMD method was inspired by the matrix
isolation method developed for infrared spectroscopy,66 in
which active molecules are trapped within an inactive host
matrix, and has been successfully used in this laboratory to
study the adsorption and decomposition of DMMP on size-
selected (MoO3)3 and (WO3)3 clusters.33,34 The frozen
DMMP matrix was prepared by dosing 1 Langmuir (L, 10−6

Torr s) DMMP (PDMMP = 1.0 × 10−8 Torr, Δt = 100 s) onto
the LN2-cooled HOPG substrate (100 K) using the variable
leak valve prior to cluster deposition. Temperature program-
ming was accomplished through resistive heating of the HOPG
substrate via the current generated by an external power supply
(Sorensen DCS 55-55) driven by a programmable PID
controller (Eurotherm 2048), resulting in a well-controlled
linear temperature ramp (2 K/s). The temperature of the
sample throughout TPD/R experiments was measured using a
K-type thermocouple spring-loaded to the back side of the
HOPG substrate. Following cluster deposition, the sample was
heated to 323 K to remove physisorbed DMMP from the
HOPG substrate, leaving behind only DMMP chemisorbed to
the (ZrO2)3 clusters. The prepared, annealed sample was then
positioned within several millimeters of the entrance aperture
of a line-of-sight quadrupole mass spectrometer (QMS, Hiden
HAL/3F PIC), with a built-in electron ionization source and a
dedicated secondary electron multiplier pulse-counting detec-
tor. The QMS had previously been fitted with a custom-built
glass shroud around the electron bombardment ionizer region
to minimize noise from residual gas molecules in the chamber
during TPD/R experiments. During temperature ramps, the
QMS was operated in multiplex mode to simultaneously
monitor multiple relevant mass-to-charge (m/z) ratios
indicative of any expected volatile species desorbing from the
sample surface. For the work reported here, the following
masses were measured as a function of sample temperature: m/
z = 16, 29, 30, 31, 32, 46, and 79.

■ RESULTS AND DISCUSSION
X-ray Photoelectron Spectroscopy. To investigate the

effect of increasing temperature on the binding of DMMP to
the (ZrO2)3 clusters, XPS measurements were taken for a
prepared sample at room temperature and after subsequent
annealing at successively higher temperatures of 473, 573, and
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673 K. In each case, the sample was cooled back down to room
temperature prior to each XPS measurement. The uptake of
DMMP by the HOPG-supported (ZrO2)3 clusters was
determined through quantitative analysis of the XPS spectra
acquired for each temperature by normalizing the integrated
background-subtracted peak areas for the P 2p and Zr 3d
regions by the appropriate relative atomic sensitivity factors.67

Quantitative determination of the relative amount of zirconium
and phosphorus present in the supported cluster sample was
feasible in this case due to the size of the (ZrO2)3 clusters
being much smaller than the inelastic mean free path of the Mg
Kα X-rays. The resulting ratio of phosphorus to zirconium (P/
Zr) in the sample after heating to each temperature is plotted
in Figure S1.
At room temperature, the calculated P/Zr value of 0.38 is

within 15% of 0.33, which corresponds to one P atom per
cluster. While this initially seems to suggest the adsorption of
more than one DMMP molecule to some relatively small
fraction of the (ZrO2)3 clusters, the measured value is also
within a reasonable experimental error. Therefore, we estimate
that one DMMP molecule was adsorbed per cluster. Moreover,
the P/Zr value remains essentially constant within reasonable
experimental error over the entire heating range, suggesting no
desorption of P-containing species, including molecular
DMMP, from the clusters throughout the entire temperature
range of this experiment.
The spectra acquired for the Zr 3d region for each annealing

temperature are shown in Figure 2.
In the Zr 3d measurements acquired at 298 K, the binding

energy for the Zr 3d5/2 peak (183.3 eV) is consistent with fully
oxidized Zr4+ reported in the literature for zirconium oxide thin
films synthesized via molecular beam epitaxy.68−70 After
heating to 473 K, the Zr 3d5/2 peak was shifted to a slightly
higher binding energy (183.5 eV), suggesting further slight
oxidation of Zr in some (ZrO2)3 clusters. This could be a result
of the formation of surface-bound DMMP decomposition
product species, that is, methyl methylphosphonate (MMP),
methoxy, and methyl phosphonate (MP). Further heating to
573 and 673 K resulted in the Zr 3d5/2 peak being shifted back
toward a lower binding energy of 183.2 eV. This could be
evidence of liberated surface-adsorbed species, such as
methoxy. Moreover, the spectra in Figure 2 show no evidence
of Zr reduction to oxidation states other than fully oxidized
Zr4+ over the entire heating range, which is in good agreement
with the XPS measurements of annealed clean ZrO2 reported
in the literature.71 Moreover, the lack of any substantial shifts
in the Zr 3d spectra acquired across the temperature range
suggests no obvious evidence of dramatic changes in the
surface morphology of the cluster sample relative to the as-
prepared state at room temperature.
The spectra acquired for the P 2p region at each

temperature are shown in Figure 3.
Each spectrum exhibited a broad single peak (FWHM ∼ 3

eV) with slight asymmetric character. In order to account for
the broadness and asymmetry, the peaks were each fitted with
a set of P 2p doublets, each corresponding to a distinct P-
containing species bound to the clusters. Under the constraints
listed in the Experimental Methods section above, optimal fits
across all spectra were obtained by incorporating a high energy
P 2p doublet (P1) with a P 2p3/2 binding energy of 135.0 eV,
and a low energy P 2p doublet (P2) with a P 2p3/2 binding
energy of 133.8 eV. These results are similar to XPS
measurements previously reported in the literature for

Figure 2. Zr 3d envelope from XPS measurements taken for the
HOPG-supported (ZrO2)3 clusters with adsorbed DMMP after
annealing at the indicated temperatures. The envelope is generated
from the fitted doublets corresponding to the Zr 3d5/2 (red) and Zr
3d3/2 (blue) states. The fitted doublets and background (dashed black
line) are offset from the envelope for clarity. The vertical black line
marks the Zr 3d5/2 peak position at 298 K, assigned to fully oxidized
Zr4+.

Figure 3. P 2p spectra from XPS measurements taken for the HOPG-
supported (ZrO2)3 clusters with adsorbed DMMP after annealing at
the indicated temperatures. Two discernible P-containing species are
present, labeled P1 (blue) and P2 (red), with the P 2p3/2 and P 2p1/2
components for each P 2p peak indicated by dashed and dotted-
dashed lines, respectively. The fitted doublets and background
(dashed, bold black line) are offset from the envelope for clarity.
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DMMP bound to a TiO2(110) surface.
23 There, the P 2p XPS

spectra were composed of similar high energy (134.9 eV) and
low energy (133.7 eV) P 2p doublets, assigned to molecularly
chemisorbed DMMP and POx species, respectively. Moreover,
both the P1 and P2 peak doublets have the same FWHM as the
single P 2p peak doublet fitted to the XPS spectrum acquired
for DMMP molecularly adsorbed to HOPG at 100 K (Figure
S2), which exhibited a 2p3/2 binding energy of 134.2 eV.
In the spectra reported here, similar assignments were made,

with P1 assigned to molecularly adsorbed DMMP and P2
assigned to P-containing species resulting from DMMP
decomposition. At 298 K, the signal for P2 is larger than that
of P1 by a factor of three, indicating dissociative adsorption of
DMMP by the clusters at room temperature. The most
commonly observed pathway for DMMP decomposition on
metal oxides at and near room temperature is the breaking of a
P−OCH3 bond, resulting in either surface-bound methoxy
species, or molecularly adsorbed methanol, depending on the
availability of reactive surface species.12,17 The resulting P-
containing species following P−OCH3 bond scission generally
exhibit a lower P 2p binding energy, due to bonding of the
phosphorus center to a lattice oxygen or a surface oxygen
stemming from a deprotonated hydroxyl species.23 This
suggests that upon adsorbing to the (ZrO2)3 clusters at
room temperature, a majority of DMMP readily decomposes.
The integrated peak areas for P1 and P2 in each spectrum

were calculated and are reported in the accompanying
Supporting Information (Table S1), along with the relative
percent of each species with respect to the total P 2p signal.
The extent of observed DMMP decomposition remains
essentially unchanged upon heating to 473 K, according to
the P 2p spectrum acquired in Figure 3. Heating to 573 K,
resulted in an increase in the intensity of P2 and a 40%
reduction in the intensity of P1, indicating further decom-
position of adsorbed DMMP after surmounting some thermal
barrier between the range of 473 and 573 K. This suggests the
existence of two discernible reaction pathways for DMMP
decomposition on the (ZrO2)3 clusters, that is, a low
temperature and high temperature pathway. Finally, heating
to 673 K resulted in a continued increase in the intensity of P2
and an additional 30% reduction in the intensity of P1. It is
possible that P2 contains P 2p doublets corresponding to a
number of possible P-containing decomposition products, such
as MMP and MP, but the lack of higher resolution in the
spectra reported in Figure 3 make such further assignments
infeasible.
Temperature-Programmed Desorption/Reaction. To

investigate the adsorption and reactivity of DMMP on (ZrO2)3
clusters, two successive TPD/R experiments were performed.
The LNMD method was used for preparing the sample for the
first experiment in order to maximize interaction of the clusters
with DMMP and mitigate the possibility of post-deposition
agglomeration of the clusters on the HOPG substrate. After
preparing the sample, the substrate temperature was initially
ramped to 323 K to remove the frozen DMMP multilayer and
any remaining physisorbed DMMP. A TPD spectrum showing
the physi-desorption of DMMP, acquired for DMMP adsorbed
on bare HOPG, is shown in the accompanying Supporting
Information (Figure S3). After removing the physisorbed
DMMP, a TPD/R spectrum was acquired over a temperature
range of 323−723 K, the results of which are shown in Figure
4.

The molecular desorption of intact DMMP is indicated by
m/z = 79, which is a major fragment in a typical electron
impact (EI) ionization mass spectrum of DMMP. Interestingly,
here, the signal for 79 is weaker than other product fragments
measured (i.e., m/z = 32, 31, and 29). Based on the peak
position and signal intensity, it is possible that the molecular
desorption peak observed here for DMMP originates from the
bare HOPG surface or sample holder assembly, as typical
background TPD experiments for DMMP exhibit largely the
same result. This interpretation is bolstered by the fact that
XPS measurements showed fairly high uptake of DMMP at
room temperature, with virtually no change in the relative
amount of phosphorus-containing species adsorbed to the
clusters up to 673 K. These results taken together suggest a
very low molecular desorption propensity for DMMP from the
(ZrO2)3 clusters following initial adsorption.
Determining the identity of any desorbing species resulting

from DMMP decomposition on the clusters requires an
analysis accounting for the cracking pattern of molecularly
desorbed DMMP and any decomposition products, in this case
dimethyl ether, methanol, and formaldehyde. Contributions of
molecularly desorbed DMMP to the signals measured for m/z
= 32, 31, 30, and 29 must be determined and subtracted to
reveal the signal in the TPD/R spectrum arising solely from
other desorbing species. For DMMP, this involved the cracking
pattern obtained from the dose profile of a sufficiently
prepared, clean DMMP sample dose and a typical background
TPD spectrum measured for a frozen multilayer of DMMP on
HOPG in our system. These spectra (Figure S4) and details of
the cracking analysis are reported in the accompanying
Supporting Information. The results, shown in Figure 5, reveal
the volatile DMMP decomposition products that were
desorbed during the TPD/R experiment. Here, desorption of
methanol, formaldehyde, and dimethyl ether is indicated by
the traces measured for m/z = 31, 29, and 46, respectively,
where 31 has been adjusted for contribution from DMMP
desorption and 29 has been adjusted for contribution from
DMMP, methanol, and dimethyl ether desorption.
The results illustrated in Figure 5 indicate that methanol is

the major desorption product resulting from DMMP
decomposition on the (ZrO2)3 clusters, while formaldehyde

Figure 4. As-acquired TPD/R spectrum for DMMP adsorbed to
(ZrO2)3 clusters, prepared via an LNMD method, with each mass
trace labeled by measured m/z value and assigned molecular ion
fragment. m/z traces are vertically offset from each other for clarity.
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and dimethyl ether appear to be relatively minor decom-
position products, which can form via reaction pathways that
become accessible at higher temperatures. The peak
desorption temperature for each product was assigned by
comparing the major fragment traces with those of the other
relevant cracking fragment(s) for the respective desorption
product. Methanol desorption is clearly manifested in two
distinct peaks at different temperatures, that is, a low
temperature peak around 410 K and a high temperature
peak around 575 K. Dimethyl ether desorption showed a single
peak around 560 K, while formaldehyde desorption showed a
single peak around 620 K. The broadness of the peaks
observed here are to be expected for experiments involving
subnanoscale clusters supported by a substrate surface. Even if
the native geometries of the clusters are maintained after soft-
landing onto the surface, the subsequent temperature ramp
during the experiments will provide enough energy to the
clusters to allow them to access a statistical ensemble of
possible states.72 The resulting chemistry, evidenced via
product desorption, will thereby reflect the ensemble average
of these many states, and its dynamic evolution throughout the
reaction cycle. Additional complicating factors, including
adsorbate-induced changes to the cluster geometries resulting
from DMMP chemisorption and ensuing decomposition
chemistry, can be expected to further expand the landscape
of present structures contributing to measured signal. Such
phenomena have been predicted through rigorous theoretical
treatments73,74 and supported by experiments75 performed by
others studying the chemistry of surface-supported clusters.
Moreover, given that the (ZrO2)3 clusters are small and

HOPG exhibits a fairly weak cluster−support interaction
relative to other substrates, it is likely that the clusters can
become mobilized and diffuse across the support at elevated
temperatures. Indeed, this phenomenon has been observed in
studies of various clusters on HOPG, the majority of which
have involved metal clusters deposited via physical vapor
methods. It has been shown that small metal clusters may
become mobilized and diffuse across a pristine HOPG surface

above cryogenic temperatures,76 and coalescence into much
larger particles can occur as a result of high temperature
annealing,77 and even room temperature treatment.78,79

HOPG surfaces with high defect density, typically achieved
via soft Ar+ ion sputtering, have been found to exacerbate
coalescence or ripening of small clusters into larger particles
even further.77,80

This phenomenon motivated earlier works in our laboratory,
which compared the surface morphology of samples prepared
by soft-landing two different species of mass-selected clusters
onto pristine HOPG, namely, either Mo100±2.5

− or
(MoO3)67±1.5

−.65 These clusters, having the same nominal
mass, were chosen to investigate whether different behavior
was observed for deposited metallic versus oxide clusters of the
same metal. At a submonolayer coverage, with a substrate
preparation temperature of 298 K, in situ STM imaging
showed the metallic Mo clusters had preferentially organized
along step edges, whereas the MoO3 clusters were stochasti-
cally distributed across terraces. This suggested that the
deposited oxide clusters were less prone to diffusion across the
HOPG surface following deposition. In another related study
in our laboratory, small (WO3)3

− clusters were soft-landed at
submonolayer coverage onto pristine HOPG maintained at
100 K. Ex situ atomic force microscopy measurements,
following atmosphere exposure during sample transfer, showed
two-dimensional, ramified fractal-like assemblies, which
persisted even after annealing at 673 K.81 Taken together,
these two studies show that metal oxide clusters supported on
HOPG, even very small clusters, can exhibit a much lower
propensity for diffusion and coalescence into large three-
dimensional particles, such as that seen for various metal
clusters supported on HOPG. However, while great care was
taken to ensure interaction of monodisperse (ZrO2)3 clusters
with DMMP, at the elevated temperatures during annealing
treatments between XPS measurements and the linear
temperature ramp during TPD/R experiments, some extent
of cluster agglomeration cannot be ruled out and may even
contribute to desorption signal broadening and loss of
reactivity on subsequent DMMP exposure.
Regarding methanol desorption shown in Figure 5, the low

temperature peak is of similar intensity to the high temperature
peak, but its profile is much narrower, while the high
temperature peak is rather broad. It has been well established
by previous studies in the literature that methanol production
via DMMP decomposition on metal oxide surfaces is the result
of protonation of a methoxy species often arising from P−
OCH3 bond cleavage by either surface bound water or surface
hydroxyls. Direct evidence has been found for this mechanism
in studies of amorphous Zr(OH)4 thin films and DMMP,43,44

as well as mesoporous zirconium hydr(oxide), that is, ZrO2/
Zr(OH)4, and a reactive nerve agent simulant, dimethyl
chlorophosphate.82 Even in the UHV environment used for the
studies in this work, surface-bound water and surface hydroxyls
may be present to some degree on the clusters,83 allowing for
the generation of methanol from methoxy species resulting
from DMMP decomposition. Indeed, a previous study of the
adsorption and decomposition of DMMP on size-selected
molybdenum oxide clusters supported on HOPG performed in
our laboratory, supplemented by calculations from theoretical
collaborators, supported this claim.33

The presence of two distinct desorption peaks suggests
either the existence of two distinct binding states for the bound
methoxy species, or two energetically different pathways for

Figure 5. Desorption profiles of volatile decomposition products,
methanol (m/z = 31), dimethyl ether (m/z = 46), and formaldehyde
(m/z = 29) measured during TPD/R of DMMP adsorbed to (ZrO2)3
clusters, following correction for the cracking patterns of desorbing
molecular species. Approximate desorption peak positions are labeled
by an arrow and corresponding temperature. m/z traces are vertically
offset from each other for clarity.
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generating bound methoxies from DMMP decomposition on
the clusters. While there has been virtually no published work
investigating the adsorption and decomposition of DMMP by
subnanoscale ZrO2, that is, small clusters, previous experiments
by Gordon have shown strong evidence for the effective
adsorption and decomposition of DMMP by small zirconium
oxide nanoparticles (1.6 ± 0.9 and 1.9 ± 0.9 nm) at room
temperature in a UHV environment, despite the relative
inactivity of bulk crystalline ZrO2 for DMMP decomposition.49

Through in situ Fourier-transform infrared spectroscopy
studies, strong evidence was found for the adsorption of
DMMP and subsequent facile elimination of a methoxy group
resulting in an O−P−O bridging bound MMP species and a
surface-bound methoxy. Coupled with the fact that chem-
isorbed methanol has been found to desorb molecularly from a
hydroxylated ZrO2 powder catalyst near 400 K,84 this suggests
that the low temperature methanol peak corresponds to the
desorption of methanol formed via protonation of methoxies
resulting from a single decomposition step in which a P−
OCH3 bond of DMMP is broken to form bound MMP and
methoxy. Then, as the temperature is increased, further
decomposition of DMMP, generating MP and additional
methoxy species, could be subsequently protonated to
methanol which could immediately desorb, generating the
high temperature broad desorption peak.
While the TPD/R results indicate that methanol is the

dominant volatile product formed via DMMP decomposition
on the clusters, other pathways are clearly accessed at higher
temperatures. Bulk ZrO2 has been shown to exhibit both acidic
and basic character, motivating its designation as a “redox
catalyst” by Wachs et al. in an expansive characterization of the
surface reactivity of a host of metal oxides.85 Their experiments
involving exposure of bulk ZrO2 to methanol, used as a “smart
probe” of surface active sites, showed the formation of
primarily formaldehyde and methyl formate at a temperature
of around 600 K. Moreover, surface methoxies, which are
present on the clusters resulting from P−OCH3 bond scission
of DMMP prior to protonation and methanol evolution, are
known to be the intermediates in the formation of form-
aldehyde and dimethyl ether as well.86 A study of several acidic
metal oxide catalysts found that the reaction of methanol to
dimethyl ether preferred weak to medium acid sites, while the
formation of methane preferred strong acid sites.87 Notably,
we observe no methane formation, which seems to be in line
with ZrO2 exhibiting redox catalyst characteristics with an
intermediate acidic nature, as opposed to being a strong acid
catalyst. In general, methanol to dimethyl ether activity has
been demonstrated to correlate positively with catalyst acid
strength for a wide range of bulk and supported metal
oxides.88,89 In fact, methanol exposure on a ZrO2 aerogel has
been found to produce dimethyl ether at elevated temper-
atures.90 In the case of our experiment, it is possible that
dimethyl ether formation occurs via the interaction of either
methanol resulting from DMMP decomposition or a surface
methoxy with a P−OCH3 species on a cluster-bound
phosphonate. In a recent rigorous study involving the
decomposition of DMMP on a well-defined Fe3O4 (111)
surface in UHV, it was convincingly demonstrated via isotopic
labeling and accompanying DFT calculations that dimethyl
ether formation at around 600 K during TPD/R experiments
was solely due to intramolecular reaction of surface-bound
MMP species, complicating this picture even further.91 That
work also demonstrated that oxygen adatoms on the surface,

that is, undercoordinated oxygen atoms, are key to the
observed DMMP decomposition pathways.
The decomposition of surface methoxy species on bulk ZrO2

crystal surfaces has been shown to be highly dependent on the
crystal plane identity of the surface. In particular, the (110)
surface is active for the formation of a dioxymethylene surface
intermediate that can give rise to formaldehyde desorption at
elevated temperatures above 450 K, while the (100) surface
exhibits no formaldehyde production.92 This is attributed to
the presence of undercoordinated oxygen species present in
the (110) surface, species the likes of which are expected to be
present on a (ZrO2)3 cluster. Hence, the high temperature
evolution of formaldehyde observed in our TPD/R experiment
is most likely due to the oxidation of a second methoxy
liberated from a MMP surface intermediate, having already lost
a methoxy, which had most likely been protonated to form
methanol. To our knowledge, all the experimental studies of
DMMP decomposition via Zr-containing materials published
to-date have only reported the evolution of methanol as a
volatile reaction product. The observation here of form-
aldehyde and dimethyl ether evolution resulting from DMMP
decomposition suggests that other volatile product species may
be formed on these materials as well. This result seems to
support a prediction made in a recent theoretical study on the
hydrolysis of DMMP by a Zr4(OH)16 cluster, which can be
viewed as a fully hydroxylated close relative to our HOPG-
supported (ZrO2)3 clusters.

93 The DFT calculations performed
showed that methanol formation via an addition−elimination
mechanism was the most energetically favorable reaction
pathway, resulting in a monodentate cluster-bound MMP
species that could potentially undergo further decomposition
prior to forming a more stable bridging-type intermediate.
While our experiments do not prove such a mechanism, the
observation of additional high-temperature reaction products
that are characteristic of DMMP decomposition are highly
suggestive. Future investigations should pay especially close
attention to the possibility of such chemistry occurring,
especially under conditions where the concentration of surface
hydroxyls can be depleted.
To investigate the potential activity of the (ZrO2)3 clusters

on subsequent exposures of DMMP, a second TPD/R
experiment was performed on the same sample immediately
following the experiment illustrated in Figures 4 and 5. After
completing the temperature ramp for the first TPD/R
experiment, the sample was cooled back down to 100 K and
exposed to a 2 L system dose of DMMP. The sample was then
heated to 323 K to remove the physisorbed DMMP, followed
by the collection of a TPD/R spectrum, the results of which
are shown in Figure 6.
Upon inspection, the second TPD/R spectrum appears to

only show evidence of molecular DMMP desorption. The
relative intensities of the species shown in the spectrum
correspond quite well to that of the typical background TPD
for DMMP on bare HOPG (Figure S4). The DMMP
desorption peak in this case has shifted lower to 373 K but
is still within the range of observed DMMP desorption peak
positions in background TPD experiments. To further confirm
this suspicion, the second TPD/R experiment data were
analyzed based on expected cracking patterns and DMMP
background TPD observations as described previously, the
results of which are shown in Figure 7.
After accounting for the DMMP background desorption

from HOPG and the sample holder assembly and expected
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cracking patterns of any desorbing species, it is clear that no
discernible evidence of the decomposition products observed
during the first TPD/R experiment manifest here. This result is
in agreement with the XPS measurements which suggested the
retention of cluster-bound phosphorus-containing species up
to at least a temperature of 673 K, which likely poison the
cluster active site(s) and prevent subsequent chemisorption
and decomposition of DMMP. Hence, while the (ZrO2)3
clusters show promising evidence of a high propensity for
DMMP adsorption and facile activity toward DMMP
decomposition, likely owing to the presence of hydroxyl
species, it appears that the observed decomposition chemistry
is stoichiometric rather than catalytic.
This is unsurprising, as the deactivation due to irreversible

adsorption of P-containing decomposition products of DMMP
has been widely observed for a wide variety of metal oxide
materials, including the most promising Zr-containing species

to-date. Zr-based MOFs, typically used to decompose DMMP
hydrolytically in buffered aqueous solution, generally show
irreversible binding of P-containing products to the nodal
active site.94 A combined experimental/theoretical study of
Zr6-based MOFs exposed to DMMP in UHV likewise showed
an irreversible binding of P-containing products after heating
to 600 K, which inhibited further DMMP decomposition.60

Zr(OH)4 thin films, which have been found to decompose
DMMP very effectively to evolve methanol, are also poisoned
due to the irreversible binding of P-containing products, even
after thermal treatment at 673 K.43 The same was observed for
ZrO2-based hydroxylated aerogels, which effectively decom-
posed DMMP at room temperature.95 While this seemingly
universal problem of strong binding and retention of P-
containing species to the active sites of a model organo-
phosphate decomposition material can prevent true catalytic
performance, it does not entirely undermine the function of a
candidate protective material. The strong binding of organo-
phosphonate species and their decomposition products by
previously studied Zr-containing materials, shown here to hold
true for (ZrO2)3 clusters at the small-size limit of ZrO2-based
species, is still a crucial property for any material intended for
the use of personal protection against CWAs.

■ CONCLUSIONS
The nature of the adsorption and decomposition of DMMP on
size-selected (ZrO2)3 clusters supported on HOPG has been
explored via a combination of XPS and TPD/R experiments.
DMMP simultaneously dosed during cluster deposition was
adsorbed at an approximately one-to-one ratio by the clusters
at room temperature, and the uptake of DMMP by the clusters
persisted upon heating to as high as 673 K. DMMP
decomposition was observed on a majority of the clusters at
room temperature, likely via a P−OCH3 bond scission,
resulting in the formation of bound MMP and methoxy
species. Upon heating to 410 K, the bound methoxies were
protonated, likely by nearby hydroxyl species, to form
methanol which could readily desorb from the clusters. At
temperatures above 473 K, an alternative series of DMMP
decomposition pathways was accessed, resulting in the
additional formation of methanol, along with dimethyl ether
and formaldehyde. This diversity of reaction pathways has not
been previously demonstrated for reported experimental
studies of hydroxylated zirconium materials, which to-date
have shown especially promising results for DMMP and nerve
agent decomposition. This suggests the decomposition
chemistry on these materials may be more complex than has
been demonstrated thus far. Exposure of the reacted clusters to
a subsequent cycle of DMMP dosing and TPD/R resulted in
molecular DMMP desorption, with no detectable formation of
the previously observed reaction products. Hence, one DMMP
reaction cycle up to as high as 723 K effectively poisoned the
clusters, drastically inhibiting their adsorption and decom-
position characteristics upon subsequent exposure, but
showing high retention of P-containing toxic product species.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c06063.

Relative atomic ratio of phosphorus to zirconium at
various temperatures, quantification and comparison of

Figure 6. As-acquired TPD/R spectra for DMMP dosed at 100 K
onto residual HOPG-supported (ZrO2)3 clusters after one previous
TPD/R cycle, with each mass trace labeled by measured m/z value
and assigned molecular ion fragment. m/z traces are vertically offset
from each other for clarity.

Figure 7. Desorption profiles of methanol (m/z = 31), dimethyl ether
(m/z = 46), and formaldehyde (m/z = 29) measured for a second
TPD/R cycle of DMMP on post-reaction HOPG-supported (ZrO2)3
clusters, following correction for the cracking patterns of desorbing
molecular species. m/z traces are vertically offset from each other for
clarity.
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