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ABSTRACT: The fundamental interactions of dimethyl
methylphosphonate (DMMP) and dimethyl chlorophosphate
(DMCP) on amorphous silica nanoparticles have been
investigated with transmission infrared spectroscopy and
temperature-programmed desorption (TPD). DMMP and
DMCP both adsorb molecularly to silica through the
formation of hydrogen bonds between isolated silanols and
the phosphoryl oxygen of the adsorbate. The magnitude of the
shift of the v(OH) mode upon simulant adsorption is
correlated to the adsorption strength. The activation energies
for desorption for a single DMMP or DMCP molecule from
amorphous silica varied with coverage. In the limit of zero
coverage, after the effects of defects were excluded, the
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activation energies were 54.5 + 0.3 and 48.4 + 1.0 kJ/mol for DMMP and DMCP, respectively.

1. INTRODUCTION

Developing a complete understanding of the uptake, bonding,
and chemistry of chemical warfare agents (CWAs) on surfaces
is critical to the rational design of next-generation sorbents,
sensors, and decontamination strategies. To this end, many
researchers have performed studies into the surface chemistry
of CWA simulants, which are designed to mimic many chemical
aspects of agents while lacking their extreme toxicity.'
However, there are surprisingly few studies that have focused
on how structural and chemical differences among simulants
affect the resulting chemistry on surfaces, which makes
extending simulant results to the actual agents challenging.
Therefore, we have begun to explore how small changes in the
CWA simulant composition affect interfacial binding on the
high-surface-area sorbent, silica.

The uptake and binding of organophosphates (the general
class of CWA simulants under investigation here) on surfaces
that contain Brensted- type 51tes are often dominated by strong
hydrogen bond formation.*~ ® In particular, hydrogen bonding
of simulants on silica has been previously studied, both
experimentally and theoretically.””> Some of the initial studies
on this system, performed by Henderson et al,, demonstrated
that the molecular adsorption of dimethyl methylphosphonate
(DMMP) on silica likely proceeds through the formation of
hydrogen-bond interactions that may be as high as 71 kJ/mol.”
Kanan and Tripp extended this work by investigating the
adsorption of a series of simulants using IR spectroscopy. Their
results suggested that the relative interaction strength of a
simulant depends on the number of hydrogen bonds it can
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form with the silica surface.” Furthermore, they suggested that
the strongest simulant—surface interactions occur through
hydrogen bonds between the methoxy oxygen atoms of
DMMP and surface silanol groups. However, Bermudez
employed quantum chemical calculations to show that, for
both DMMP and Sarin, adsorption to partially hydroxylated
silica more likely occurs through hydrogen bonds between the
phosphoryl oxygen and two silanol groups.* In exploring
possible causes for the inconsistent interpretations of the
bonding characteristics for DMMP on silica, Quenneville et al.
used molecular dynamics simulations to investigate the
interaction of DMMP with amorphous silica as a function of
surface hydration.” They observed that the surface hydroxyl
concentration significantly affected the types of bonds formed
between DMMP and the surface. Specifically, they found that,
at high hydration levels, hydrogen bonding between the
DMMP phosphoryl oxygen and silanols was the dominant
interaction pathway but that that the DMMP methoxy groups
may play a larger role for surfaces with lower hydroxyl densities.

The work described below was designed to provide a
quantitative experimental determination of the desorption
energies for two simulants, DMMP and dimethyl chlorophos-
phate (DMCP), on amorphous particulate silica. By tracking
the molecule—surface interactions for these two compounds,
which differ by a single methyl—chlorine substituent (see
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Figure 1), we aim to provide insight into the fundamental
details of interfacial hydrogen bonding. In addition to serving as
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Figure 1. Infrared spectra of adsorbed DMMP (top) and DMCP
(bottom) on silica.

a needed benchmark for the theoretical studies described
above, these results can be used to help predict how halogen
substituents within organophosphonates (a key characteristic of
the CWAs, Sarin, and Soman7) affect the strength of hydrogen
bond formation on silica. We have pursued these objectives by
performing a series of temperature-programmed desorption
(TPD) measurements to determine the activation energy for
the desorption of the simulants. In addition, surface-sensitive
infrared spectroscopy was utilized to provide insight into how
the vibrational modes of the surface and the simulants are
affected by adsorption. Through these observations, we have
begun to learn about the key functional groups involved in the
uptake of the molecules on a silica surface.

2. EXPERIMENTAL SECTION

Experiments were performed in an ultra-high vacuum (UHV) chamber
with a base pressure of 10~° Torr. The silica sample was prepared by
hydraulically pressing approximately S mg of Aerosil nanoparticles
(200 m?/g, 20 nm particle diameter) into a 50-um-thick tungsten
mesh grid (Tech-Etch). The sample was resistively heated and cooled,
and the surface temperature was monitored with a type-K
thermocouple spot-welded to the top of the mesh grid. Immediately
prior to experiments, the silica was annealed at 700 K for S min to
produce a partially dehydroxylated surface. The OH coverage for our
sample is estimated to be 2 OH/nm? which is typical for fumed silica
under these sample-preparation conditions.*”

DMMP and DMCP were purchased from Sigma and purified via
three freeze—pump—thaw cycles prior to use. Simulants were
introduced into the UHV system with a directional capillary array
doser positioned 2 mm from the silica surface, which was cooled to
225 K. Simulant adsorption on the silica sample was monitored with
transmission Fourier transform infrared spectroscopy (FTIR). IR
spectra were recorded with a Nicolet Nexus 670 FTIR spectrometer
coupled to the UHV instrument. Each spectrum shown below is the
compilation of 128 scans collected at 4 cm™" resolution with the clean
silica sample as the background spectrum. Following simulant
exposure, the sample was annealed to 300 and 275 K for the
DMMP- and DMCP-saturated samples, respectively. This annealing
step was used to provide sufficient mobility for the simulants to diffuse
uniformly throughout the particulate sample and as a highly
reproducible means to control the surface coverage. In addition, this
annealing step eliminates multilayers, enabling the studies to focus on
hydrogen bonding between the adsorbates and the surface. For TPD
experiments, the surface was heated at a rate of 0.2 K/s and the
desorbed species were detected with a doubly differentially pumped
Extrel mass spectrometer, which was tuned to the peak of the largest
mass fragments for each simulant.

3. RESULTS AND DISCUSSION

Previous experimental and theoretical studies have shown that
the uptake of DMMP, as well as some chlorinated organo-
phosphates, on the surface of silica occurs through hydrogen
bonding to free silanol groups.” > The key infrared spectral
signature for hydrogen-bonding interactions between adsor-
bates and silica is the emergence of a broad SiO—H stretching
mode that is red shifted from its original position for the clean
surface. Figure 1 shows infrared spectra of partially dehydroxy-
lated SiO, particles after the adsorption of either DMMP (top
spectrum in blue) or DMCP (bottom spectrum in red). In
these spectra, the original bare silica was used as the
background such that positive peaks represent new vibrational
modes on the surface, and the negative band is due to changes
in the frequency of the free SIO—H stretching mode originally
present on the surface. The integrated intensity of the broad
SiO—H stretching mode caused by hydrogen-bonding inter-
actions is significantly greater than that of the original free
SiO—H stretch because of the enhanced oscillator strength
expected for most hydrogen-bonding systems.'® During sample
exposure, peak positions were observed to be independent of
coverage, providing evidence for a single adsorption geometry.

The spectra for both compounds are very similar, reflecting
the similar molecular structure for the two adsorbates.
Specifically, Table 1 shows that the low-energy bending and
deformation modes for the main functional groups are within
~10 ecm ™! of each other for the two adsorbates. In addition, the
higher-energy, C—H symmetric, and asymmetric modes are
nearly identical for the two species. In contrast to these
similarities, the hydrogen-bonded SiO—H modes differ by
~180 cm™" and show a significant difference in the width of the
peak. In both cases, the broad SiO—H mode is indicative of
hydrogen bonding between the adsorbate and the surface, but
the nature of the hydrogen bond appears to be different for
DMMP versus DMCP.

In what is now a classic study, Badger and Bauer were the
first to show that the stretching frequency for hydrogen-bonded
O—H groups in binary solutions is nearly linearly pro?ortional
to the strength of the solvent—solute interactions.’ Similar
relationships have been predicted for organophosphonate
adsorption on surfaces of silica and hydroxyl-terminated
organic surfaces.® From these studies, one would predict, on
the basis of the IR spectra from Figure 1, that DMMP adsorbs
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Table 1. Assignments of the IR Peaks for DMMP and DMCP
in the Gas-phase and Adsorbed on Silica

DMMP DMCP
mode gas® ads gas® ads
Si(O—H)fee “ 3748 a 3748
Si(O—H)yonded a 3147 a 3324
v,(CH,P) 3013 3014 a a
v,(CH,0) 2962 2965 2966 2968
v,(CH,P) 2933 2934 a a
v,(CH,0) 2859 2856 2864 2862
5,(CH,0) 14687 1466 1461 1461
5,(CH,0) 1457 1452 1454 1454
5,(CH;P) 14247 1421 “ “
8,(CH,P) 13139 1316 a a
v(P=0) 1275 b 1309 1270
p(CH,0) 1188 b 1190 b
v,(C-0) 1074 b b
v,(C-0) 1050 b 1052 b
p(CH;P) 918 925 4 e

“Modes are not present in the molecule. ®Modes are not observable in
our sample. “See ref 3. “For exceptions, see ref 12. “Inferred from ref 3.

more strongly to silica. We have tested this hypothesis through
the quantitative determination of the desorption energy for
these two molecules.

3.1. Temperature-Programmed Desorption of DMMP.
The experimental TPD spectra for various coverages of DMMP
on silica are shown by the symbols in Figure 2A. In these
spectra, the coverage is defined by the fraction of free SiOH
groups that form a hydrogen-bonding complex with the
adsorbate, as determined by the change in the infrared
absorbance for the free SiOH mode during uptake on the
surface. According to this description, a saturated surface
(defined here as @ = 1 ML) corresponds to the removal of every
free surface OH group. For each TPD spectrum, the molecules
were dosed from an effusive source onto the surface held at T
= 225 K. Following dosing, the surface sample was heated to
300 K to remove weakly adsorbed molecules and to ensure a
uniform distribution of adsorbates throughout the sample.

The TPD spectra at several different relative coverages show
that, as the coverage decreases, the desorption peaks shift to
higher temperatures and the high-temperature edges of the
spectra tend to coincide with one another. These characteristics

suggest that there are a distribution of sites with differing
binding energies and that, at the temperatures used in this
work, the adsorbate is mobile enough to diffuse to the highest-
energy site prior to desorption. In addition, the mass
spectrometric cracking pattern for DMMP molecules as they
desorb from the surface is identical to that of the parent
molecules, which indicates that molecular dissociation is very
limited on the surface. This conclusion is supported by the IR
data of Figure 1, which shows spectroscopic evidence for
molecular adsorption.

An often-employed approach to studying the kinetics of
desorption for adsorbates from a surface is inversion analysis of
the Polanyi—Wigner equation,"

-9, 1) = v(e, ) O gy

dt (1)
where v is the preexponential factor, 6 is the coverage, T is the
surface temperature, kg is the Boltzmann constant, n is the
order for desorption, and E4 is the activation energy for
desorption."*™'® Zubkov et al. recently demonstrated that this
method could be effectively applied to describe the desorption
of small molecules from highly porous amorphous ice surfaces
in UHV-type measurements, provided that diffusion was
sufficiently rapid to ensure a uniform distribution of adsorbates
throughout the sample.'® In their work, the close alignment of
the high-temperature edges of TPD spectra at varying
coverages, as observed here, showed that the diffusion rate
was sufficient to ensure uniform coverage and that the rate-
limiting step for desorption was the rupture of the adsorbate—
surface bond.

The inversion analysis is accomplished by solving the above
equation for the desorption energy (for first-order desorption, n

= 1).
) @)

Ey(®) = kT, ln(—
For the analysis, eq 2 provides the desorption energy, E;, as a
function of coverage by beginning with an assumed value for
the preexponential factor, v, for the highest relative coverage
TPD spectrum in Figure 2A. The estimated E4(6) distribution
is then numerically integrated to generate a series of simulated
desorption spectra at the lower coverages used in the
experiments. The preexponential is then treated as a variational
parameter with the objective of minimizing the sum-of-the-

dO/dt
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Figure 2. (A) TPD of DMMP for a temperature ramp rate of 0.2 K/s. Initial DMMP coverages are 1.0, 0.74, 0.59, 0.47, and 0.28 ML. (B) TPD of
DMCEP for a temperature ramp rate of 0.2 K/s. Initial DMCP coverages are 0.60 and 0.40 ML. Circles are experimental data, and lines are simulated

data obtained from inversion analysis.
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squares of the residuals between the simulated TPD spectra and
the experimental data.

The solid lines in Figure 2A are the simulated TPD spectra
for DMMP desorption from the SiO, sample. The simulated
spectra agree very well with the experimental data. The
excellent fit of the data to the Polanyi—Wigner equation for
first-order desorption suggests that this model is valid for
describing the desorption kinetics, which can be used to reveal
the desorption energy, E4(6), and the preexponential factor, v.
However, it is well-documented that diffusion and readsorption
effects can significantly affect TPD results.'”~>* For TPD from
a bed of particles, the observed activation energy can
correspond to that for desorption (when readsorption effects
are negligible) or can correspond to the heat of adsorption
(when readsorption effects dominate). For the case in which
adsorption is not an activated process, as is expected to be the
case here, these values will be numerically equivalent. Hence, it
is believed that reasonably accurate measurements of the
binding strength may be obtained from TPD measurements
even when readsorption effects occur.'’~*' However, the effect
of readsorption means that the value of the pre-exponential
factor, v, determined from the TPD experiment is far smaller
than would otherwise be expected and it no longer has a simple
physical interpretation.'”>' The prefactor that provides the
best fit to the TPD data shown in Figure 2 is 4.0 X 105%% 571,
This prefactor is significantly smaller than the frequency of a
molecular vibration and probably reflects the fact that the
molecules desorb and readsorb before reaching the outermost
layer of particles and entering the vacuum.'®?® Therefore,
rather than discuss the entropic contributions to the desorption
kinetics (information contained within the prefactor) the
subsequent discussion focuses on the activation energy, or
enthalpic, contribution to desorption.

The E4(0) curve for DMMP, calculated according to eq 2,
that provides the most accurate simulation of the TPD spectra
is shown in blue in Figure 3. The broad distribution of
desorption energies for the different coverages shown in this
curve demonstrates that there are a variety of adsorption sites
or molecular geometries. The desorption energies span

65
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Figure 3. Desorption energy as a function of DMMP (A, blue) and
DMCP (B, red) coverage. Curves obtained by inversion of the
Polanyi—Wigner equation using a prefactor of 4 X 10° s™'. Black
dotted lines show linear extrapolation to zero coverage. The error bars
for replicate runs are within the size of the symbols.

approximately 10 kJ/mol. When the surface hydroxyl groups
are nearly saturated with adsorbed DMMP, a fraction of the
molecules occupy weak-binding sites, which exhibit the lowest
desorption energy of 47 kJ/mol. For very low coverage of
DMMP on silica, where the molecules stick preferentially to the
highest-energy sites, the desorption energy appears to be as
high as 57 kJ/mol. To estimate the desorption energy for a
single adsorbate in the absence of high-energy defects, we have
extrapolated the linear region of the desorption energy curve to
zero coverage (Figure 3). The extrapolation provides a
desorption energy in the zero-coverage limit of 54.5 + 0.3
kJ/mol.

Although spanning a broad range of desorption energies, the
values determined in this study are significantly lower than
those reported in the recent computational studies of
Bermudez.* In that work, Bermudez reported the most stable
bonding geometry for DMMP on a hydroxylated SiO, cluster
to be that for which the P=O group forms two hydrogen
bonds with adjacent Si—OH groups. This minimum-energy
configuration was reported to be bound to the surface by an
energy of 88 kJ/mol, which is over 30 kJ/mol higher than the
desorption energy for an isolated DMMP molecule as
determined from Figure 3. This difference is particularly
large, considering that the calculated values do not include
energy flow into the molecular degrees of freedom, which
should lead to experimentally measured desorption energies
that are actually higher than the theoretically derived
adsorption energy.”> However, the surface coverage of hydroxyl
groups on the silica sample used in our studies is much lower
than that employed in the simulations of Bermudez, which may
significantly affect the desorption energy. The density of
hydroxyl groups for our silica sample was only ~2 OH/nm?
whereas the calculations employed a density that would be as
high as 4 OH/ nm? for an extended surface.

The lower surface density of hydrogen-bonding sites likely
plays a major role in the average binding energy because there
are few surface sites where multiple hydrogen-bonding
interactions can occur with the adsorbate. This point was
well highlighted in the work of Quenneville and co-workers,
which demonstrated that the overall hydrogen-bonding
structure of DMMP on amorphous silica depends heavily on
the hydroxyl coverage.” Their work showed that, at high OH
coverage (4 OH/nm?*), DMMP likely bonds to the surface OH
groups through the phosphoryl oxygen (P=0---HO-Si)
whereas the structure at lower coverage, 2 OH/nm? appears
to be a combination of phosphoryl-type bonding and hydrogen
bonding through the methoxy groups on DMMP. The
calculations by Bermudez indicate that the hydrogen-bonding
energy for DMMP through the methoxy groups may be 30 kJ/
mol lower than bonding through the phosphoryl.

On the basis of these theoretical results, one might speculate
that the 54.5 kJ/mol hydrogen-bonding energy between
DMMP and silica for the low-surface-density SiO, used here
is due to interactions between the surface SiOH groups and
both the methoxy and phosphoryl parts of the adsorbate.
However, significant hydrogen bonding through the methoxy
groups should affect the vibrational frequency of key methoxy
modes, which does not appear to occur. The IR data indicates
that the methoxy-related stretches in the gas phase and on the
surface are nearly identical. Therefore, it is unlikely that
significant hydrogen bonding occurs between the methoxy
groups and the surface.

dx.doi.org/10.1021/1a301938f | Langmuir 2012, 28, 10962—10967
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The above evidence leads to the hypothesis that adsorption is
controlled primarily by hydrogen bonding through a single P=
O---HO-Si attraction. Unfortunately, the phosphoryl stretch is
not visible in the IR spectrum for adsorbed DMMP because of
the strong spectral overlap of this mode and the Si—O-Si
skeletal vibrations, which block the infrared light over the
region from 1300 to 1000 cm™'. Fortunately, the situation is
different for the DMCP simulant, which provides support for
the assertion that the primary driving force for adsorption is
strong hydrogen-bonding interactions between the phosphoryl
group of the adsorbates and silica.

3.2. Temperature-Programmed Desorption of DMCP.
Although often used as a simulant for the chemical warfare
agent Sarin, DMMP differs from Sarin in a chemically
significant way in that it does not contain a phosphorus—
halogen bond, which may influence the types and strength of
hydrogen-bonding interactions at surfaces. Therefore, we have
investigated the desorption of DMCP from silica for
comparison to DMMP. The TPD spectra at two coverages
for DMCP, on the same silica particles used for DMMP, are
shown in Figure 2B. As with DMMP, the excellent fit of the
Polanyi—Wigner model to our data (simulation shown by the
solid line in Figure 2B) provides confidence that this approach
accurately describes the desorption energy. The coverage-
dependent desorption energy, derived from the inversion
analysis, is provided by the red points in Figure 3.

As revealed in Figures 2 and 3, DMCP is held to the surface
much more weakly than DMMP. Clearly, the substitution of a
chlorine group in place of a methyl group has a significant effect
on the strength of the hydrogen-bonding interactions. The
desorption energy for a single DMCP adsorbed to silica is 48.4
+ 1 kJ/mol, approximately 6 kJ/mol lower than that for
DMMP. The lower desorption energy is consistent with the
qualitative conclusion drawn from analysis of the IR data, which
shows a major difference in the extent of the red shift for the
hydrogen-bonded SiO—H mode for the two simulants.

The explanation of the different desorption energies for
DMMP and DMCP is contained within how the substituent
chlorine atom affects the charge distribution within the
molecule. The larger electronegativity of the chlorine atom,
compared to that of the methyl group, pulls electron density
away from the phosphoryl group. Therefore, the partial
negative charge on the phosphoryl oxygen atom is likely
lower for DMCP than it is for DMMP. The lower negative
charge on the phosphoryl oxygen atom for DMCP, relative to
that for DMMP, leads to smaller electrostatic interactions with
the surface silanol groups.

The hydrogen-bonding interactions through the DMCP
phosphoryl group are evidenced by the shift in the P=0 mode
for this adsorbate relative to that of the gas-phase molecule.
The P=0 mode for isolated DMCP in the gas phase occurs at
1309 cm™ (Figure 1 and Table 1). Upon adsorption to silica,
this mode shifts by approximately 40 cm™ whereas all of the
other modes for DMCP remain very similar to those of the gas-
phase molecule.

Overall, we find that the substitution of a chlorine for a
methyl group affects the adsorption strength through hydrogen-
bonding-type interactions to surface silanol groups. Further-
more, these studies show that the different bonding energies are
clearly reflected in the infrared spectra. The frequency of the
hydrogen-bonded SiO—H groups is very sensitive to the
strength of the interactions with the phosphoryl oxygen atoms.
That is, the SiO—H stretching frequency is 180 cm™" lower for

DMMP adsorption than for DMCP and the desorption energy
is approximately 6 kJ/mol higher for DMMP than for DMCP.

Although the focus of the current work has been on studying
the desorption energies and hydrogen-bonding interactions of
molecules on particulate silica, further insight into the types of
hydrogen bonding that occur may come from TPD experi-
ments performed with single-crystal silica. This approach would
limit the utility of infrared spectroscopy but could enable more
accurate modeling of this complex system and, as such, the
approach presents an opportunity for future work in this area.

Additional future research, recently initiated in our group,
will attempt to extend the understanding of how halogen
substituents affect relative hydrogen-bonding interactions with
surfaces. This work will seek to test a surface analogue to the
Badger—Bauer relationship, which states that the OH stretching
frequency for solvent—solute interactions scales linearly with
the hydrogen-bonding strength. However, the high anharmo-
nicity of the SiO—H stretch may be affected significantly by
hydrogen-bonding interactions, which could render the
frequency of this stretch only indirectly proportional to bond
strength. If the Badger—Bauer relationship does hold for surface
adsorbates within hydrogen-bonding systems, then relatively
simple infrared measurements over the OH stretching region
may provide relative adsorption strengths for molecules on
these surfaces without the need for a full temperature-
programmed-desorption study.
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