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ABSTRACT: Room temperature decomposition and thermal decom-

position of dimethyl methylphosphonate (DMMP), a chemical warfare Q@ cu100 & (cuo)80
agent (CWA) simulant, on size-selected copper clusters have been i @ TPD

studied via combined X-ray photoelectron spectroscopy (XPS) and @@@
temperature-programmed desorption (TPD). Cujy and (CuO)sg, 250C 200°C 300°C 400 °C
which have the same nominal masses, were chosen to present a direct m T T T T
comparison between the reactivity of metallic copper and that of cupric XPS

oxide with DMMP. Room temperature XPS results have shown that
most of the DMMP molecules decompose completely and reductively
into atomic phosphorus on Cu,o, while almost all the DMMP molecules are only dissociatively adsorbed on (CuO)g, as methyl
methylphosphonate (MMP). XPS and TPD have been carried out to analyze the thermal decomposition of adsorbed DMMP by
identifying the surface species after annealing to certain temperatures and the gaseous products evolved during linear temperature
ramps, respectively. Methanol, formaldehyde, and methane are the three most significant gaseous products for DMMP
decomposition on both Cu,y, and (CuO)g,. Methanol and formaldehyde, which evolve in the low temperature region, are believed
to originate from surface methoxy species. Methanol, formaldehyde, and methane evolved in the high temperature region are related
to further decomposition of the phosphorus-containing surface species. A set of methanol-probed TPD experiments have also been
carried out, which suggest that methane evolution originates from the methyl group within DMMP instead of the surface methoxy
species.

[l Metrics & More | @ Supporting Information

B INTRODUCTION

Synthetic organophosphonates are ubiquitous in the agricul-
tural, chemical, and pharmaceutical industries.” One group of

relatively low temperature (typically below room temper-

ature).#!#19192328 The P—=0 bond can convert to a bridging

O—-P—-O moiety at near room temperature.23’26 Adsorbed

organophosphonates, which are especially notorious, is
chemical warfare agents (CWAs).” Dimethyl methylphospho-
nate (DMMP) is a commonly used simulant for one of those
highly toxic CWAEs, i.e., sarin, and it has been used extensively
during the development of sensors and the study of catalytic
decomposition processes.” DMMP and many other similar
pesticide molecules are also studied in the field of environ-
mental chemistry.”~’ Due to high perseverance, toxicity, and
potential for bioaccumulation, their removal is imperative.” To
this end, developing a more fundamental understanding of how
DMMP decomposes on different surfaces is highly imperative.

The adsorption and decomposition chemistries of DMMP
have been studied on an extensive library of metal oxide
surfaces, such as A1203,9_12 8102,13’_15 TiOZ,m_23 CeOZ,ZA'_26
W05, " M0O,* MoO3* ' Fe, 05,19 Cu0,% Cu,0,*
and so on. On most of these metal oxide surfaces, DMMP first
adsorbs via its phosphoryl oxygen (P=0) at the coordina-
tively unsaturated metal ion sites or on surface hydroxyls at

© 2021 American Chemical Society
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DMMP can then undergo stepwise elimination of methoxy
groups upon heating.'"'”?* The formation of methyl
methylphosphonate (MMP) and surface methoxy species via
P—OCH; bond scission is commonly seen as the first
decomposition step on many metal oxides.”'”**** The P—
CH,; bond usually stays intact before scission of the two P—
OCH,; bonds within one DMMP molecule.”” However,
exceptions have been reported for DMMP decomposition on
CuO and Cu,O surfaces, both of which have shown room
temperature P—CHj scission.””*® The evidence that a small
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portion of adsorbed DMMP can decompose completely into
atomic phosphorus on Cu,0,” but not on CuO,’” suggests
that the oxidation states of metal ions in metal oxide materials
can have significant effects on their reactivity toward DMMP.

Besides metal oxides, DMMP adsorption and decomposition
studies have also been done on single crystal surfaces, such as
Ni(111),** Pd(111),** Pt(111),* Rh(111),*® and Mo(111).*”
Metallic copper has been investigated in the form of copper
clusters and films supported on TiO,(110),** as well as Cu/
TiO, composite aerogels.”” However, the sample preparation
procedures in these two studies may have produced a copper
oxide layer on top of the metallic copper. As a result, these two
studies have shown some similarities to the work done on pure
CuO, Cu,0, and TiO, surfaces. Considering the fact that
copper oxide surfaces have shown unique reactivities toward
DMMP, while the actual reactivity of metallic copper remains
unclear, a direct comparative study between metallic copper
and copper oxide is desirable.

Ultrasmall clusters, which have high surface-to-volume ratios
and a high percentage of low-coordinated metal atoms on the
surface, have unique physical and chemical properties that are
distinct from their macroscopic counterparts. Numerous
studies have highlighted the ability of the cluster deposition
method to explore the reactivity of ultrasmall clusters, with
different sizes and composition, supported on a given
substrate.”” In this work, Cu;p, and (CuO)g, clusters were
size-selected and deposited onto a highly oriented pyrolytic
graphite (HOPG) substrate, where they were exposed to
DMMP. Combined X-ray photoelectron spectroscopy (XPS)
and temperature-programmed desorption (TPD) character-
izations were carried out to analyze the room temperature
decomposition and thermal decomposition of DMMP,
respectively. Based on this direct comparison between metallic
copper and cupric oxide in cluster forms, the rather significant
effect that the metal oxidation state within the clusters can
have on their reactivity toward DMMP is demonstrated and
the unique reactivity of Cu,, is highlighted.

B EXPERIMENTAL SECTION

Formation and Deposition of Clusters. Copper and
copper oxide cluster anions were generated in a magnetron
sputtering source. After acceleration, mass selection and
deceleration, the clusters were then deposited (soft-landed, <
1 eV/atom) onto an HOPG substrate (Bucker, ZYB grade, 12-
12 mm?, 2 mm thickness) under ultrahigh vacuum (UHV, base
pressure 5 X 10~ Torr).

In the magnetron sputtering source, a copper sputtering
target (Kurt J. Lesker Co, 99.99%) was placed in front of a
circular magnet and biased by up to —500 V, where a mixture
of argon (Airgas, 99.999%) and helium (Airgas, 99.999%) with
a ratio of 1:1—1.2 (Ar/He) was introduced. Argon gas was
ionized to create argon cations, which sputtered the metal
target to produce a plasma. Helium served to cool and
transport the cluster anions down the beamline. Anionic
clusters were first electrostatically accelerated to 500 eV and
then entered a magnetic sector mass filter (25° sector magnet
with resolution of m/Am = 20). By tuning the magnetic field
strength, a beam of Cu,” cluster anions of the desired size was
mass-selected. The size-selected cluster anions were then
deflected and focused into the deposition chamber, where they
were decelerated and finally soft-landed onto the HOPG
substrate. (CuO),” clusters were generated, transported, and
deposited in the same manner, with the addition of oxygen into

the Ar/He mixture via a dosing valve (INFICON VDHO16-x)
with an oxygen (Airgas, 99.994%) backing pressure of 15 psi.
By reducing the dosing to a negligible pressure and lowering
the oxygen backing pressure to S psi, (CuO,_,),” clusters were
generated for comparative experiments. Cu,~ (n =100 + S),
(Cu0),” (n =100 + 4), and (CuO,_,),”, which all have the
same atomic mass range, were selected via the magnetic sector
with the same settings. Once deposited on the surface, the
anionic clusters lost their negative charges to form neutral
species. For the convenience of expression, Cu;o, (CuO)g,,
and (CuO,_,), are used in the rest of this article to denote
these three groups of clusters with the same confined mass
range.

During a deposition process, the deposition current was
monitored by a picoammeter, and the coverage of the as-
deposited clusters was given in current (ampere, A) integrated
over time (second, s). For each deposition, the average
deposition current was about 70 pA, corresponding to an
average flux of 4 X 10% clusters per second; and the final
deposition amount was controlled to be 1 X 107¢ A,
corresponding to a total amount of 6 X 10'? clusters.

Temperature-Programmed Desorption (TPD). TPD
experiments were carried out via the liquid nitrogen matrix
deposition (LNMD) method. This method was originally
inspired by the common experimental technique used in matrix
isolation infrared spectroscopy.”' It was then adopted to probe
the activities of metals or metal oxides toward a reactive
matrix.* In our lab, the LNMD method was successfully
implemented in order to probe the ligation and decomposition
process of 1,6-hexanedithiol on size-selected Cu, clusters.*’

Prior to cluster deposition, the HOPG substrate was cleaved
under ambient conditions right before being transported into a
load-lock chamber and then into a UHV chamber. The
substrate was then annealed at 500 °C for 30 min. This
preparation step was proven to be adequate to obtain a
relatively low background in a control TPD run, in which no
clusters were deposited while all the other experimental
conditions remained the same. The as-prepared HOPG was
then cooled and maintained at —170 °C by a liquid nitrogen
reservoir. DMMP (Sigma-Aldrich, 97%) was degassed and
purified by three freeze—pump—thaw cycles before being
dosed into the vacuum chamber through a UHV compatible
leak valve. The dose of DMMP was monitored by a pressure
gauge and a residual gas analyzer (RGA) (Hiden HAL/3F PIC
quadrupole mass spectrometer (QMS)). The dose amount was
1 X 1078 Torr for 100 s, ie., 1 Langmuir (L, 10°¢ Torr:s),
which was sufficient to form a frozen multilayer matrix of
DMMP on HOPG at —170 °C. After dosing, size-selected
clusters were deposited into the premade frozen DMMP
matrix.

After cluster deposition, the sample was ramped from —170
to +25 °C by resistive heating to remove the physi-adsorbed
DMMP. Once warmed up to 25 °C, DMMP had likely been
irreversibly adsorbed by the clusters, while most unreacted
DMMP had already been physi-desorbed. TPD was then
carried out to characterize the thermal decomposition
properties of DMMP on the size-selected clusters. The gaseous
decomposition products were detected and identified via a
residual gas analyzer (RGA), which was positioned normal to
the plane of the substrate at a distance of about 5 mm.
Moreover, the entrance of the RGA is covered by a glass
shroud with a 6 mm diameter hole cut at the center. These two
configurations can both help to minimize the contributions
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Figure 1. Cu 2p3,, XPS on bare clusters and DMMP-adsorbed clusters. (a) Cu 2p;/, XPS on bare (CuO)s, (blue), (CuO,_,), (red), and Cu,y,
(black). (b) Cu 2p;,, XPS on DMMP absorbed (CuO)g, (blue), (CuO,_,), (red), and Cuyoy (black).

from background gases and to maximize the sensitivity toward
the species desorbing directly from the substrate. Regarding
the customized TPD sample holder, two small pieces of
tantalum foil are wrapped on two copper power feedthroughs
to allow for resistive heating, where the HOPG substrate is
held. A k-type thermocouple joint is spring-loaded to the back
of the HOPG for temperature measurement and to ensure a
linear heating ramp.

X-ray Photoelectron Spectroscopy (XPS). The method
by which DMMP binds and decomposes on copper and
copper oxide clusters was characterized via XPS with
nonmonochromatic Mg Ka rays (1253.6 eV), and a hemi-
spherical analyzer (PerkinElmer PHI 5100 10—360). For XPS
measurements at varied temperatures, the sample was heated
to certain critical temperatures and then cooled back down to
room temperature, at which point XPS spectra were acquired.
All Llse XPS spectra were calibrated by graphite C 1s at 284.5
eV.

The cluster source, beamline, cluster deposition, and surface
instrumentation are all within one vacuum system separated by
gate valves. The sample can be transferred between two vertical
manipulators by a horizontal magnetic transfer arm. More
details about this apparatus are described elsewhere.*

B RESULTS

Room Temperature XPS Characterization. XPS meas-
urements were carried out at room temperature on bare
clusters as well as DMMP-adsorbed clusters to elucidate how
DMMP reacts differently between copper and copper oxide
clusters. Figure la shows Cu 2p;/, XPS spectra for the bare
clusters. Specifically, the spectrum for (CuO)g, has a broad
main peak at around 934.2 eV and a strong satellite feature in
the range of 940—950 eV, which confirms that the majority of
the Cu atoms should be in the Cu®** oxidation state. Whether
or not a small amount of Cu® or Cu'" also exists is not clear
based on the Cu 2p;,, XPS spectrum alone. By contrast, the
spectrum for Cu, has a much narrower peak with a lower
binding energy at around 933.7 €V, indicating a Cu’ or Cu'*
oxidation state. Moreover, the spectrum in the middle, which
has no obvious satellite peak, confirms no evident existence of
a Cu®" oxidation state above the detection limit. Additionally,
the black vertical line in Figure la, which marks the
approximate peak positions for Cuyy, indicates that the
clusters corresponding to the middle spectrum may have an
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intermediate oxidation state between those that have been
observed for (CuOg,) and Cuyq, respectively. This argument is
made not solely based on the Cu 2p spectrum but also with
consideration of the clusters synthesis procedures as well as the
P 2p spectra, which are discussed later on. Since there is no
further evidence on whether or not the clusters exhibit purely
Cu!" or a mixture of different oxidation states, it is therefore
denoted as (CuO;_,), in this work.

How DMMP reacts differently among these three clusters
with varied copper oxidation states is shown by comparing part
b to part a of Figure 1 for each cluster. First, the spectrum for
DMMP-adsorbed (CuO)g, in Figure 1b shows a slightly
narrower main peak and a weaker satellite feature compared to
the one in Figure la, implying partial reduction of Cu®** to
Cu'". The possibility of Cu*" reduction cannot be excluded
here as it was done by Trotochaud et al.*> due to low signal-to-
noise ratio and lack of other characterization methods. Second,
for DMMP-adsorbed (CuO,_,),, there is no obvious binding
energy shift for Cu 2p;, relative to the bare cluster. Third, for
DMMP-adsorbed Cu,q,, the Cu 2p;3,, peak shifts to a slightly
higher binding energy, suggesting an oxidative effect of DMMP
on the copper metal clusters as compared to the copper oxide
clusters. Furthermore, the two vertical lines, which mark the
approximate peak positions for Cu,y in parts a and b of Figure
1, show that the binding energy trends are different before and
after DMMP adsorption. It is clearly shown that the Cu 2p;),
binding energies from Cu,o to (CuO)g, bare clusters exhibit
an increasing trend (Figure 1a). However, this increasing trend
is apparently weakened for DMMP-adsorbed clusters, possibly
due to oxidative effects that DMMP may have on metallic
copper clusters, as well as reductive effects that DMMP may
have on cupric oxide clusters. In brief, as a result of DMMP
adsorption, the binding energies of Cu 2p;,, from these three
clusters become much closer to each other. However, based on
Cu 2p;/, XPS spectra alone, no further conclusions can be
drawn.

Other than Cu 2p;, XPS, P 2p XPS measurements of
DMMP absorbed clusters can give further evidence as to how
DMMP reacts differently between Cuo and (CuO)g,, with
(Cu0O,_,), representing an intermediately oxidized state. As is
shown in Figure 2a—c, the three P 2p spectra contain two main
groups of phosphorus species marked by two vertical lines. The
one with higher binding energy, centered at around 133.5 eV,
is assigned to adsorbed phosphonate species. The other one,
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Figure 2. P 2p XPS on DMMP-adsorbed clusters: (a) Cu,q, (b)
(Cu0,_,),, and (c) (CuO)gy. The two vertical lines mark the two
main groups of phosphorus-containing species, which are phospho-
nate species and atomic phosphorus. The corresponding diagrams are
shown on the left for each cluster.

with a binding energy below 130 eV, is assigned to adsorbed
atomic phosphorus. As is shown in Figure 2a, the phosphorus
species on Cuyy, are almost exclusively atomic phosphorus
with only a very small amount of phosphonate species. In this
sense, most of the DMMP molecules adsorbed on Cu,y, have
decomposed completely. By contrast, there is no obvious signal
for any atomic phosphorus on (CuO)g, (Figure 2c). Instead,
DMMP mainly undergoes cleavage of one P—OCH,; bond and
forms adsorbed methoxy and methyl methylphosphonate
(MMP), which is a partial decomposition process. For
(CuO,_,),, which has an intermediate copper oxidation
state, an intermediate state is also observed in P 2p XPS
measurements. As is shown in Figure 2b, (CuO,_,), has a fair
amount of both adsorbed phosphonate species and atomic
phosphorus, with the phosphonate species as the dominant
adsorbate. In brief, room temperature XPS measurements have
shown that Cu,y, can lead to the complete breakdown of
DMMP into atomic phosphorus while (CuO)g, can only cause
partial dissociation of DMMP into adsorbed phosphonate
species.

XPS Characterization after Heating to Certain
Temperatures. It is known that DMMP can undergo further
decomposition at elevated temperature. Therefore, XPS
spectra, which were collected after heating the sample to
certain temperatures and then cooling back down to room
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temperature, are shown here to compare the thermal
decomposition processes of DMMP on Cu,q, and (CuO)g.

For the Cu 2p;,, spectra, after heating to 200 °C or beyond,
there is no obvious change in either peak position or peak
shape (Figure 3a). For (CuO)sg, the major change only occurs
when annealed to 200 °C (Figure 3b). The facts that the
satellite features disappear and that the main peak becomes
narrower and shifts to a lower binding energy indicate the
reduction of the majority of Cu®* to Cu'*. Similarly, there is no
obvious change after annealing to 300 and 400 °C.

For the P 2p spectra, the major difference between Cu,g,
and (CuO)g, remains in the low binding energy region from
128 to 131 eV. As is shown in Figure 3¢, the vertical line marks
the low binding energy area, which is mainly atomic
phosphorus on Cuyy for all four annealing temperatures. By
contrast, there is no obvious atomic phosphorus peak for
(CuO)gy (Figure 3d). As for the high binding energy region
from 131 to 135 €V, the P 2p peaks for both Cu;y, and
(CuO)gy share a similar trend with incremented temperatures,
despite a great difference in peak intensity. As is shown in
Figure 3, parts ¢ and d, the two diagonal lines mark the two
similar rising binding energy trends with incremented temper-
atures. Because of the abundance of phosphonate species on
(CuO)ygy, it is clearly shown that the major binding energy shift
happens upon heating to 200 °C. After heating to 300 °C,
there is no obvious change in the peak position. Even so, given
that the peak position shifted to the highest binding energy for
400 °C, the overall trend in binding energy shift is still an
increase with incremented temperatures. Similarly, the weak
phosphonate peaks for Cujy also shift to higher binding
energies after annealing (Figure 3c).

In short, XPS measurements after heating to certain
temperatures have shown that atomic phosphorus formed
due to complete decomposition of DMMP is only observed for
Cuyg and that phosphonate species formed due to partial
dissociation of DMMP are observed to a large extent on
(CuO)gy and only to a minor extent on Cu;y at room
temperature, with further decomposition observed at elevated
temperatures.

Temperature-Programmed Desorption (TPD). The
gaseous products formed during the thermal decomposition
processes of DMMP on Cu,o and (CuO)y, clusters were
studied via TPD. Several DMMP fragments and likely reaction
products were monitored. The three major products are
plotted in Figure 4 after being corrected for fragmentation.
More details on the correction process are described in the
Supporting Information.

As is shown in parts a and b of Figure 4, methanol,
formaldehyde and methane are the three major gaseous
products for both Cu;oy and (CuO)gy. There are apparently
two desorption regions: the low temperature region from 120
to 220 °C and the high temperature region from 220 to 320
°C. For Cuyy, the methanol spectrum has a rising shoulder
feature culminating in a peak, which coincides with form-
aldehyde in the low temperature region. In the high
temperature region, methane evolves at a slightly lower
temperature than that of the second peak of formaldehyde.
For (CuO)yg, the peaks of all three products occur in the high
temperature region, with methanol and formaldehyde having
rising shoulder features in the low temperature region. By
comparison, both Cuyyy and (CuO)g, have a methane peak and
a formaldehyde peak in the high temperature region, while the
major differences lie in the low temperature region, where
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Figure 3. XPS of Cu 2p;, and P 2p for DMMP-adsorbed Cu,o and (CuO)g, clusters at 25 °C and after heating to 200, 300, and 400 °C: (a) Cu
2ps/, XPS for DMMP-adsorbed Cuyq; (b) Cu 2p;/, XPS for DMMP-adsorbed (CuO)gy; (c) P 2p XPS for DMMP-adsorbed Cu,y; (d) P 2p XPS
for DMMP-adsorbed (CuO)g,. For all four graphs, spectra are presented from bottom to top in order of increasing temperature, which are color
coded as 25 (black), 200 (red), 300 (blue), and 400 °C (green). Vertical and diagonal lines in all the graphs, which mark the approximate peak
positions, show the binding energy shifting trends with incremented temperatures.
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significant peak for both formaldehyde and
(CuO)g, only has broad shoulder features for
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B DISCUSSION

The results presented here demonstrate the unique reactivity
of Cuyoy with DMMP at room temperature when compared to
that of (CuO)g, Specifically, the fact that DMMP mainly
decomposes into atomic phosphorus on Cuyy at room
temperature is quite exceptional. At elevated temperatures,
XPS and TPD offer greater details on the thermal
decomposition process of DMMP on Cujoy and (CuO)g.
Here, we will start our discussion with the assignment of
features in the XPS spectra and its limitations in identifying
surface species in this study. Next, a set of methanol-probed
TPD experiments will be presented to provide further insights
regarding the origin of the gaseous products. Finally, a
proposed reaction scheme considering both the XPS and
TPD results will be discussed.

Assignment of Features in XPS Spectra. A formal peak
fitting process has not been applied to the P 2p spectra due to
low signal-to-noise ratio. Since size-selected cluster deposition
experiments generally have prepared samples with low cluster
coverage, and phosphorus has a low relative sensitivity factor, it
is expected that the signal intensity for P 2p XPS should be
very low. Therefore, no specific binding energy for phosphorus
species has been reported here to avoid overinterpretation of
the data. Instead, rational speculations have been drawn for the
low (128—130 eV), middle (130—133 eV), and high (133—
135 eV) binding energy range. It is generally accepted that
phosphorus species with fewer oxygen-containing coordinated
groups tend to have lower P 2p binding energies.*’
Accordingly, those phosphorus species, which have no
coordinated oxygen, usually have the lowest binding energies.
For example, a binding energy of 128.5 eV was reported for
atomic phosphorus on copper clusters supported on
TiO,(110).*® Similarly, the low binding energy peak is
assigned as mostly atomic phosphorus on Cu,y,. Moreover,
Lai et al. demonstrated a stepwise dealkylation of PR, (R is
methyl or ethyl) on Cu(110), showing that PR;, PR,, and PR
have P 2p binding energies of 131.6, 130.8, and 129.6 eV,
respectively.”” Considering that DMMP only has one methyl
group to begin with, even though there is no discernible peak
feature in the middle binding energy area, it is speculated that
there may be some surface —PCHj;. Furthermore, a surface-
bound phosphinate group [O=PH(OCH,;)O—Cu] with a
binding energy of 132.5 eV was identified for DMMP
decomposition on polycrystalline cuprous oxide surfaces at
room temperature.”” Even though there is no discernible
feature in the middle binding energy area, it is speculated that
there may be an analogous phosphinate group. These
arguments are discussed further in the following sections.

DMMP physisorbed on different metal oxides was reported
to be in the range of 134.0—135.0 eV, while chemisorbed
DMMP was reported to have a slightly lower binding energy.*
In this work, the binding energy of P 2p for molecular DMMP
was also measured in the form of a frozen DMMP matrix on
HOPG without any clusters. As is shown in Figure S1, intact
DMMP has a binding energy of 134.2 eV, while the peak
positions in the high binding energy range shown in parts c
and d of Figure 3 are clearly below 134 eV. Methyl
methylphosphonate (MMP), which is a dissociative adsorption
product of DMMP, was identified on metal oxides with
binding energies lying in the range of 132.8—133.8 eV.*'~**
Moreover, extensive IR studies have provided direct evidence
for the formation of MMP and surface-adsorbed methoxy

groups at or below room temperature on other metal oxide
surfaces.”®> Therefore, the peak feature in the high binding
energy area at room temperature is assigned to mostly MMP.

Upon heating to 200 °C, there is no obvious change in low
and middle binding energy range. In the high binding energy
range, the peak position shifts to an even higher binding
energy. It is speculated that the decomposition of both
phosphinate and MMP may contribute to the formation of
PO, through P—O bond and P—C bond scission, which has
been proposed in a study of DMMP decomposition on a Cu,O
surface.”> Moreover, potential surface-bound —PCH; is
speculated to decompose into atomic phosphorus via P—C
bond cleavage upon heating to 200 °C. However, this
phenomenon was not observed at all in the work on Cu,O.
In fact, atomic phosphorus disappeared completely on Cu,O
after heating to 160 °C.** In this sense, the abundance and
accumulation of atomic phosphorus in this work are attributed
to the unique reactivities of metallic copper in Cu,g.

Once annealed to 300 °C, the two peaks lying within the low
and high binding energy range seem to be more ambiguously
separated from each other, indicating other types of
phosphorus-containing species may have formed in the middle
binding energy range. It is speculated that oxidative
decomposition of —PCH; and oxidation of atomic phosphorus
can both give rise to the increased signal intensity detected in
the middle binding energy range. This may seem contradictory,
because —PCHj is believed to partially decompose into atomic
phosphorus after heating to 200 °C, which is a reductive
process. A reasonable explanation is that the residual water and
oxygen in the chamber can cause oxidation during the heating
and cooling processes for XPS experiments, which usually last
several hours. The higher the ultimate temperature attained,
the longer the experiment has lasted, thus leading to the higher
degree of oxidation. This can also explain why the atomic
phosphorus peak is further weakened, and the PO, peak
becomes even stronger at 400 °C. It is also reasonable to
speculate that the surface phosphorus species lying in the
middle binding energy range at 300 °C may undergo further
oxidation into PO, during the heating process from 300 to 400
°C. After annealing to 400 °C, only PO, and atomic
phosphorus are present due to their relatively higher
thermodynamic stability.

Unlike Cu,y, there is no obvious peak in the low binding
energy range for (CuO)so. At room temperature, the main
peak in the high binding energy range is assigned to MMP,
which has also been identified on polycrystalline CuO
surfaces.”” The very weak peak feature in the low binding
energy range can be explained by the existence of a small
amount of atomic phosphorus or the satellite features for Cu
3s. Recalling the fact that both Cu,y, clusters and polycrystal-
line Cu,O can give rise to complete decomposition of DMMP
into atomic phosphorus at room temperature, the presence of a
trace amount of atomic phosphorus here indicates that some
residual Cu’ or Cu'* may have played a role within the size-
selected (CuO)y, clusters. It should be noted that the main
peak of a typical Cu 3s spectrum lies in the range of 123.0—
124.0 eV and that Cu 3s spectra in Cu®** compounds have
satellite features that lie in the range of 3 to 10 eV higher in
binding energy relative to the main peak. In this sense, the
satellite features of Cu 3s in the (CuQ)gy Cu 3s spectrum can
overlap with the P 2p peak region, especially the low binding
energy range for atomic phosphorus. Due to the limitation of
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Scheme 1. Proposed Reaction Scheme of DMMP Decomposition on Cu, o and (CuO)g,
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low signal-to-noise ratio, neither of these two explanations can
be ruled out.

After heating to 200 °C, it is clearly shown that the low
binding energy feature has vanished and the MMP peak has
shifted slightly to higher binding energy. It should be
mentioned that Cu®* in bare (CuO)g, clusters can be reduced
completely to Cu'" upon annealing to 200 °C under UHV
(Figure 3b). Moreover, multiple studies have shown that lattice
oxygen in CuO can participate in dissociative adsorption and
oxidative decomposition processes at room temperature and
elevated temperatures for many organic molecules such as
DMMP,** methanol,"**’ and alkanethiols.**”*° Therefore, the
disappearance of low binding energy feature can be ascribed to
the oxidative effects on potential atomic phosphorus from the
activated lattice oxygen within (CuO)g, as well as the loss of
satellite feature of Cu 3s due to reduction of Cu** into Cu'*
upon heating to 200 °C.

As for the peak in the high binding energy range, which is
persistent from 200 to 300 °C with only a minor shift in
binding energy, it is speculated to arise from phosphorus oxide
species with one methoxy or methyl group. The fact that the
peak at 200 °C seems broader than the one at room
temperature indicates the coexistence of multiple similar
surface-bound species at 200 °C. Since these surface species
are likely to have binding energies very close to each other, it is
impossible to differentiate them from each other via peak
fitting process. It has been reported that accumulation of a
phosphate layer with a stoichiometry similar to P,Og occurs
after the removal of all carbonaceous species via annealing of
polycrystalline Cu,0.** Considering the TPD results, which
have shown that all carbonaceous products evolve in the
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temperature range of 120 to 320 °C, the peak for 400 °C,
which is located at around 134 eV, is assigned as PO,.

Insight into the Reaction Mechanism from TPD
Experiments. Stepwise elimination of methoxy and methyl
groups has been reported to be a common feature in the
DMMP decomposition pathway.” It is usually the case that
these groups leave the surface in the gas phase as, for example,
methanol, formaldehyde, methane, and/or dimethyl
ether. 231385152 1n this work, methanol, formaldehyde, and
methane are all identified as gaseous products upon heating for
both Cu;p and (CuO)g. The frozen matrix of DMMP
sublimes from HOPG at —110 °C, and the monolayer desorbs
at around —50 °C (Figure S2). Background TPD experiments
and the Cu/P ratio calculated from XPS spectra both indicate
that there is no obvious phosphorus-containing species
desorbed from the clusters. More details are addressed in the
Supporting Information.

In the low temperature region for Cu,, the coincidence of
methanol and formaldehyde at around 180 °C is attributed to
the disproportionation reaction of surface methoxy (Figure
4a). The low temperature shoulder feature for methanol
suggests that the methoxy groups tend to desorb as methanol
by reacting with surface hydroxyls before the disproportiona-
tion reaction becomes a competitive pathway. Unlike Cuygy,
(CuO)gy has no obvious peak in the low temperature region.
Instead, both methanol and formaldehyde have broad rising
features, which are likely due to the convolution of multiple
desorption peaks. It is known that lattice oxygen in CuO can
be activated to oxidize surface adsorbates such as methanol
into formaldehyde.”” In this study, it is shown that the Cu®*
moieties within (CuO)s, are reduced to Cu'* upon heating to
200 °C. During this process, the lattice oxygen can also be
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involved in the oxidation of adsorbed methoxy groups.
Considering the multiple reaction pathways as well as the
drastic changes in structure and composition of the (CuO)s,
clusters, it is reasonable to expect some broad rising features
for methanol and formaldehyde in the TPD spectrum
for(CuO ).

In the high temperature region, both Cu,g and (CuO)g
have discernible peaks for methane and formaldehyde. It is
speculated that methane and formaldehyde evolve from further
decomposition of MMP instead of adsorbed surface methoxy.
In order to obtain more evidence to support this claim, a set of
methanol TPD experiments were performed. Methanol, which
is known to undergo dissociative adsorption on a variety of
metal oxides to form surface methoxy intermediates, has been
successfully employed as a “smart” surface probe to quantify
surface active sites.”” In this study, methanol is used as a probe
by forming surface methoxy, which should also exist when
DMMP decomposes into MMP. As is shown in Figure S4,
there is no obvious peak for methane, which indicates that
surface methoxy cannot evolve into methane under the
experimental conditions in this study. Moreover, methanol
has a strong desorption peak at around 50 °C for both Cu,g
and (CuO)y,, suggesting an undissociated adsorption form for
most of the detected methanol. It should be noted that the
methanol peak for Cu,y is much broader with a long tail
extending above 100 °C. This can be reasonably explained by a
reversibly dissociative adsorption form, through which the
methanol should desorb at a relatively higher temperature
compared to the undissociated adsorption form. This
reversibly dissociative adsorption form may also exist on
(CuO)g; however, the oxidation of surface methoxy can be a
competing reaction pathway. As a result, formaldehyde evolves
at around 80 °C, and the signal from methanol decreases
drastically after peaking at S0 °C. The lattice oxygen within
(CuO)g, is believed to participate in the formation of
formaldehyde, while the lack of lattice oxygen makes Cuy
almost inert toward methanol. These results 5generally agree
with the single crystal studies in the literature.”* >’

Proposed Reaction Scheme Based on XPS and TPD
Results. Combined XPS and TPD is a powerful approach to
study the decomposition processes of organic molecules on
size-selected clusters of interest. TPD can offer evidence on the
evolution of gaseous products during the temperature ramping,
while XPS acquired after heating the sample to several critical
temperatures can elucidate residual species on the surface. Our
group has successfully applied this method to shed light on the
decomposition mechanism of several organic molecules,
including DMMP, on size-selected metal and metal oxide
clusters.”"** Similarly, the decomposition process of DMMP
on Cujy and (CuO)g, clusters has been analyzed and
compared via combined XPS and TPD in this study. As is
shown in Scheme 1, a plausible DMMP decomposition scheme
is presented with all the surface species and gaseous products
described in the previous sections. Several important
interpretations which can be mutually rationalized by both
the XPS and TPD results are discussed as well.

First, insights obtained from the XPS results can explain why
methanol has a different leading edge but a comparable signal
intensity between Cu,oy and (CuO)g, in the low temperature
region of the TPD spectra. Specifically, the room temperature
XPS shows that the major phosphorus-containing species on
Cuyq is atomic phosphorus, from which no gaseous product
can evolve during a TPD ramp. The weak XPS peak for MMP

indicates a small amount of surface methoxy groups on Cu
at room temperature. By contrast, (CuO)g, has surface-bound
MMP almost exclusively, indicating a fair amount of surface
methoxy groups at room temperature. Therefore, the differ-
ence in the initial amounts of surface methoxy groups between
Cuygo and (CuO)g, explains why (CuO)g, has a stronger rising
shoulder feature for methanol in the low temperature region
compared to that of Cu,y, as is shown in Figure 4. Moreover,
considering that the decomposition of both phosphinate and
MMP may contribute to the formation of PO, after heating to
200 °C, it is reasonable to speculate that the decomposition of
these two surface species may contribute to the methanol and
formaldehyde formation in the low temperature region for
Cuygp. This also helps to explain why the signal intensity of
methanol and formaldehyde for Cu;y, in the low temperature
region is comparable to that of (CuO)s,, despite the fact that
Cuyg should have much less surface methoxy groups to begin
with at room temperature.

Moreover, the differences in C 1s XPS between Cu,q, and
(CuO)gy agree with the fact that the overall TPD signal
intensity for (CuO)g, is stronger than Cu,g. As is shown in
Figure S3, for (CuO)g, the obvious shoulder feature in the
range of 286—287 eV is a strong indication for methoxy
groups. The shoulder feature decreases with incremented
temperatures, suggesting that those methoxy groups may
evolve into gaseous products and leave the surface. By contrast,
neither the shoulder feature nor its decreasing process is
obviously discernible for Cu,. It has been reported that the C
1s for the methoxy group within MMP is largely indistinguish-
able from that of methoxy groups absorbed on CuO;*
however, the methoxy group on clean Cu(110) may have a
slightly lower C 1s binding energy.’® Therefore, the C 1s XPS
spectra not only provide additional evidence for the abundance
of methoxy groups on (CuO)yg,, but also agrees with the fact
that (CuO)s, has stronger RGA signals for methoxy-originated
gaseous products, such as methanol and formaldehyde.

Furthermore, broad peaks are expected in both XPS and
TPD spectra based on fundamental considerations. Theoretical
studies have shown that dynamic fluxionality can cause
supported clusters to populate many distinct structural and
stoichiometric states under reaction conditions.”® Hence, the
reaction interface should be viewed as an evolving statistical
ensemble of many structures.’” This theory has been
exemplified by size-selected cluster catalysis experiments, in
which the size-dependent properties are explained by different
compositions of thermal ensembles.””®" In this study, it is
believed that the support (HOPG) and the absorbate
(DMMP) can affect the structure of the clusters, causing the
ensembles to change for all reaction intermediates. The
structural dynamics can become even more complex during
the heating process, when reaction intermediates can follow
different reaction pathways and the lattice oxygen within
(CuO)gy is activated. Since both XPS and TPD can only
provide the ensemble-average information, it is reasonable to
expect that the XPS peaks are broader at elevated temperatures
and that the TPD peaks are more broadened for (CuO)y, in
the low temperature region.

Although all of the above discussion shows that our overall
reaction scheme is reasonable considering the mutual agree-
ment between the XPS and TPD results, it should be realized
that the XPS results cannot be directly mapped to the TPD
results. The reason is that TPD is the result of continuous
measurements during a programmed linear temperature ramp,
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while XPS is taken at room temperature, which is a relatively
thermodynamically stable state reached after prolonged heating
of the sample at certain critical temperatures. The P 2p XPS
does show well-separated peaks for certain surface species,
especially for atomic phosphorus on Cu,o. However, the
presence of broad peaks and low signal-to-noise ratio in the
heating data makes it very hard to conclusively assign peaks.
Moreover, the unresolved peaks in the TPD data also make it
difficult to relate every surface species to their corresponding
gaseous products. Additional characterizations, such as FT-IR,
isotopic labeling, and computational work would further
validate more details in the proposed reaction scheme;
however, these efforts are outside the scope of the study
presented here.

B CONCLUSIONS

In this work, we use combined XPS and TPD to investigate the
room temperature decomposition and thermal decomposition
of DMMP on size selected Cu;op and (CuO)g, clusters
supported on HOPG. Cuyy, has shown remarkable reactivities
toward DMMP, which is drastically different from (CuQO)g,. At
room temperature, the XPS results show that most of the
adsorbed DMMP molecules decompose completely into
atomic phosphorus on Cu,y, while phosphine, phosphinate,
and phosphonate groups may exist in only small amounts. By
contrast, DMMP mainly dissociates into surface-bound MMP
and methoxy species through P—OCH; bond scission on
(CuO)g at room temperature, which is commonly seen on
many other metal oxides. TPD results show evidence of two
distinct desorption regions and that methanol, formaldehyde,
and methane are the three main volatile products for both
Cu;gp and (CuO)g,. The differences between the TPD results
can be correlated to the XPS results to some degree. A set of
methanol-probed TPD experiments, which show the desorp-
tion of formaldehyde from (CuQ)g, but not from Cu,o and no
methane production for either cluster, suggest that lattice
oxygen within (CuO)y, is involved in thermal decomposition
of DMMP and that methane originates from the methyl group
within DMMP instead of the surface methoxy species.

This work highlights a unique method to synthesize small
clusters and analyze their reactivities toward DMMP. The
mass-selected soft-landing deposition method makes it efficient
to prepare small copper and cupric oxide clusters of desired
size on a prepared surface. Combined XPS and TPD offers a
powerful approach to analyze the decomposition process of
DMMP. The results not only add to the library of metal and
metal oxide clusters studied for degradation of CWA simulants
but also showcase how changing the metal oxidation states can
affect the reactivity toward DMMP substantially. It should be
emphasized that the remarkable reactivities of Cu;y, toward
DMMP at room temperature should motivate more work on
metallic copper materials. Besides oxidative decomposition of
CWAs, for which many metal oxide materials have been
explored, reductive decomposition, which is exemplified by
Cuy in this work, may be another promising path.
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