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Infrared Spectra and Binding Energies of Chemical Warfare Nerve
Agent Simulants on the Surface of Amorphous Silica
Amanda R. Wilmsmeyer,† Wesley O. Gordon,‡ Erin Durke Davis,§ Diego Troya,† Brent A. Mantooth,‡

Teri A. Lalain,‡ and John R. Morris*,†

†Department of Chemistry, Virginia Tech, Blacksburg, Virginia 24061, United States
‡Research and Technology Directorate, Edgewood Chemical Biological Center, Edgewood, Maryland 21010, United States
§Optimetrics, Inc./DCS Corp, Abingdon, Maryland 21009, United States

ABSTRACT: The fundamental interactions of a series of chemical warfare agent
(CWA) simulants on amorphous silica particulates have been investigated with
transmission infrared spectroscopy and temperature-programmed desorption
(TPD). The simulants methyl dichlorophosphate (MDCP), dimethyl cholor-
ophosphate (DMCP), trimethyl phosphate (TMP), dimethyl methylphosphonate
(DMMP), and diisopropyl methylphosphonate (DIMP) were chosen to help
develop a comprehensive understanding for how the structure and functionality of
CWA surrogate compounds affect uptake and hydrogen-bond strengths at the gas−
surface interface. Each simulant was found to adsorb molecularly to silica through
the formation of strong hydrogen bonds primarily between isolated surface silanol
groups and the oxygen atom of the PO moiety in the adsorbate. The TPD data
revealed that the activation energy for desorption of a single simulant molecule
from amorphous silica varied slightly with coverage. In the limit of zero coverage
and the absence of significant surface defects, the activation energies for desorption were found to follow the trend MDCP <
DMCP < TMP < DMMP < DIMP. This trend demonstrates the critical role of electron-withdrawing substituents in determining
the adsorption energies through hydrogen-bonding interactions. The infrared spectra for each adsorbed species, recorded during
uptake, showed a significant shift in the frequency of the ν(SiO−H) mode as the hydrogen bonds formed. A clear linear
relationship between the desorption energy and the shift of the surface ν(SiO−H) mode across this series of adsorbates
demonstrates that the Badger−Bauer relationship, established origninally for solute−solvent interactions, effectively extends to
gas−surface interactions. High-level electronic structure calculations, including extrapolation to the complete basis set limit,
reproduce the experimental energies of all simulants with high levels of accuracy and have been employed to provide insight into
the molecular-level details of adsorption geometries for the simulants and to predict the interaction energies for the CWA
isopropyl methylphosphonofluoridate (sarin).

I. INTRODUCTION

Detailed insight into the surface chemistry of chemical warfare
agents (CWAs) is critical to the rational design of advanced
filters, sorbents, and decontamination strategies for these
extremely toxic compounds. A great deal of research into the
interactions of CWA simulants, less toxic surrogates for the
actual agents, on surfaces has been performed recently;1

however, there remains a poor understanding for how the
chemical properties of the simulants and agents affect the
overall surface chemistry. In an effort to more fully elucidate
how the structure and functionality of common simulants for
the nerve agent sarin affect fundamental aspects of binding to
surfaces, we have initiated a study into the uptake and binding
of a series of organophosphorus (OP) molecules to the surface
of silica, one of the most abundant materials in environmental
and industrial settings and an excellent test system for exploring
gas−surface hydrogen-bonding interactions.
The surfaces of many metal and metal-oxide materials are

composed of a native oxide layer that rapidly forms when the
fresh material is exposed to atmospheric oxygen and water. The

oxide layer often passivates the material against further
oxidation.2 However, the layer typically contains hydroxyl
groups that serve as binding sites for polar gas-phase species. In
particular, the phosphoryl group of CWAs and their simulants
has been shown to initially bond to several types of metal
oxides through the formation of hydrogen-bonding interactions
to the surface hydroxyl groups.3−26 Drawing inspiration from
these earlier studies, we have explored the fundamental nature
of hydrogen-bonding interactions of CWA simulants on the
surface of silica. Silica surfaces are ideal substrates on which to
explore the details of gas−surface hydrogen-bonding inter-
actions because the hydroxyl coverage on the surface can be
controlled, the material is relatively inert toward reactions, and
the surface has been well characterized in previous
work.4,7,11,27−30
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The structures of several possible simulants for the nerve
agent sarin are shown in Figure 1. Similar to sarin, they all
possess a central ester moiety, but they differ from the agent in
that they do not bind well to the active site in
acetylcholinesterase,1 thereby significantly reducing their
toxicity. The most commonly used simulant, dimethyl
methylphosphonate (DMMP), is very similar in vapor pressure
to sarin; however, DMMP lacks the bulky isopropyl group of
sarin and the small fluorine substituent, which are key chemical
features that likely have a significant effect on the overall surface
chemistry. The other simulants likewise lack important features
of the agent that limit one’s ability to accurately predict the
surface chemistry of the agent without a comprehensive
understanding for how the structure and functionality affect
the outcome of the molecule−surface interactions.
Organophosphonate adsorption on silica has been studied

experimentally5,6,11,23,26,27,31 and theoretically.7,11,23,28 Some of
the first studies into the adsorption of the simulant dimethyl
methylphosphonate (DMMP) to silica, performed by Hender-
son and co-workers, concluded that very strong hydrogen-
bonding interactions govern molecular adsorption.27 Further
work by Kanan and Tripp employed infrared spectroscopy to
demonstrate that the strength of DMMP−silica interactions
depends on the number of hydrogen bonds that may be formed
with the surface.31 They indicated that DMMP adsorption
could occur via hydrogen bonding to the sp3 oxygen atoms of
the methoxy groups and the sp2 oxygen bound to the central
phosphorus atom. Beyond these experimental studies,
Bermudez used quantum chemical calculations to explore the
adsorption of DMMP and sarin on silica.7 Those studies
concluded that hydrogen bonding between the sp2-hybridized
oxygen atom and two surface hydroxyls was the dominant
interaction driving adsorption. In addition, Quenneville et al.
employed computational methods to study the influence of
surface hydration on the DMMP−silica interaction and showed
that the hydroxyl surface density strongly affected the resulting
adsorbed species.28 Most recently, Wilmsmeyer et al.
performed experiments to directly compare the desorption
energies of DMMP and the halogenated OP molecule
DMCP.26 They found that the electron-withdrawing Cl
functional group reduced the OP desorption energy relative
to the non-halogenated compound. Nadler et al. also
investigated the effect of halogenation on surface interactions
by studying the adsorption of diisopropyl fluorophosphate
(DFP) on silica. Their work indicated that the dominant
interaction pathway was through molecular adsorption.32

Perhaps most relevant to the current work, Taylor et al.23

reported a combined theoretical and experimental study in

which they investigated the adsorption of DMMP, DIMP, DFP,
and sarin to silica at high temperatures. Density functional
theory was used to compute vibrational spectra and adsorption
energies that capture experimental measurements carried out
via inverse gas chromatography at temperatures in the 413−473
K range. In that work, calculations of adsorption energies on
various potential surface sites, including isolated, vicinal, and
geminal silanols, were performed. While they found good
agreement between experimental and theoretical binding
energies for the molecules DIMP and sarin, sizable differences
between theory and experiment were revealed for other
molecules such as DMMP and DFP.
While many groups have investigated the fundamental

interactions between select organophosphorous compounds
and silica, many questions remain. The adsorption energy of
DMMP, for example, on silica has been reported as 54.5,26

56.9,7 70.7,27 83.7,7 and 109.223 kJ/mol depending on the
adsorption structure and method of analysis. In addition to this
variation of adsorption strength for one simulant, only a very
qualitative analysis of the relative adsorption strength of
different simulants has been reported. The work described
below was designed to provide quantitative experimental
determination of the desorption energies for the five simulants
shown in Figure 1 on amorphous particulate silica. By tracking
the molecule−surface interactions for these compounds, which
differ by key substituents, we aim to provide insight into the
fundamental details of interfacial hydrogen bonding. In addition
to serving as a needed benchmark for high-level theoretical
studies, these results can be used to help predict how halogen
substituents within organophosphorous compounds (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 desorption of the simulants. Surface-
sensitive infrared spectroscopy was utilized to help reveal how
the vibrational modes of the surface and the simulants are
affected by adsorption. In addition, quantum chemical (QC)
calculations were performed to provide a molecular-level
understanding of the bonding geometries and electronic
structure of the organophosphorous compounds on silica.
Furthermore, the calculations enable us to explore chemistry
beyond the simulant molecules and learn how the actual agent
sarin binds to silica. Through these observations, we have
begun to learn about the key functional groups involved in the
uptake of the molecules on a silica surface.

Figure 1. Composition of the nerve agent sarin and five common simulants.
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II. EXPERIMENTAL SECTION

Experiments were conducted in an ultrahigh vacuum (UHV)
chamber with a base pressure of 10−10 Torr. An important
benefit of performing the experiments in UHV is that
contaminants that can establish hydrogen bonds with the
simulants or surface silanol groups, especially water, have very
low concentrations. Silica samples were prepared by pressing
approximately 5 mg of silica nanoparticles (Aerosil, 200 m2/g,
12 nm average particle diameter) into a 50 μm thick tungsten
mesh grid (Tech-Etch) that could be resistively heated and
cooled. Immediately prior to each experiment, the sample was
annealed for 5 min at 700 K, as monitored by a type K
thermocouple spot-welded to the top of the mesh. Based on
similar nanoparticle types, this sample pretreatment process
produces a surface hydroxyl density of 2.0 OH/nm2.29,30 The
sample was then cooled by filling the sample reservoir with
liquid nitrogen (Airgas) until a surface temperature of 225 K
was reached.
DMMP (97%), TMP (99+%), DMCP (96%), and MDCP

(85%) were purchased from Sigma-Aldrich. DIMP (95%) was
purchased from Alfa-Aesar. All simulants were purified via three
freeze−pump−thaw cycles prior to use. These simulants were
stored in glass bulbs attached to bellows-sealed valves welded
on a stainless steel manifold. Simulant dosing was achieved
using a stainless steel directional doser with a glass capillary
array positioned 2 mm from the center of the silica sample spot.
IR Data Acquisition. Transmission IR spectroscopy was

performed with a Nicolet Nexus 670 FTIR spectrometer
coupled to the UHV chamber. Each spectrum was the average
of 128 scans collected at 4 cm−1 resolution, with a 32 mm
aperture and 1.89 cm/s scanner velocity. The spectra presented
in this work are shown as difference spectra. For character-
ization of the silica sample itself, a blank spot on the mesh was
used to provide a reference spectrum. For surface character-
ization during dosing, a spectrum of the clean silica sample was
used as the reference.
Gas-phase spectra for each of the simulants were collected

for reference using a Nicolet Nexus 470 FTIR spectrometer
with a home-built high-pressure flow cell. For these measure-
ments, nitrogen was passed through a glass bulb containing ∼5
mL of simulant, which transported the simulant vapor into the
flow cell. Each spectrum shown below represents the average of
256 scans collected at 4 cm−1 resolution with a 30 mm aperture
and 1.89 cm/s scanner velocity.
Temperature-Programmed Desorption. An axial ionizer

mass spectrometer (Extrel) was used to monitor the incident
flux of gas during surface dosing and to measure the desorption
rate for the TPD studies. Immediately following simulant
dosing, the sample was annealed to ensure a uniform adsorbate
distribution throughout the silica sample. As shown by Zubkov
et al.,35 who performed TPD of N2 on highly porous surfaces, a
uniform distribution of adsorbate is required for accurate
interpretation of the resulting spectra. They demonstrated that
a uniform distribution of adsorbates was evidenced by aligned
high-temperature edges of TPD spectra recorded at different
coverages, which indicates that the adsorbates are sufficiently
mobile to migrate to the strongest adsorption sites. The sample
annealing temperatures used in this work were 250 K for
MDCP, 275 K for DMCP, and 300 K for TMP, DMMP, and
DIMP.
To begin the TPD measurements with different initial

coverages, the sample was annealed for different durations

(between 1 s and 15 min). Immediately following annealing,
the sample temperature was reduced to 195 K. Then, TPD
measurements were conducted using a 0.2 K/s thermal ramp
regulated with a proportional-integral-derivative controller
(Honeywell) and custom power supply. This relatively slow
ramp provided sufficient time for molecules to diffuse
throughout the silica sample prior to desorbing.

Quantum Chemical Calculations. Quantum chemical
calculations were performed to provide molecular insight into
the bonding geometries and electronic structure of the
organophosphorous compounds on silica.50 Beyond the
simulant molecules, calculations have also been performed on
the agent sarin. Since the thermal treatment in the experiments
renders a silica surface dominated by isolated silanol groups
(i.e., the concentration of geminal and vicinal silanols is
minimal), all of the computational efforts were directed at
modeling isolated silanol groups with the highest accuracy
possible. An isolated silanol molecule (H3SiOH) represents the
crudest possible model of the experimental surface groups and
was employed in a subset of the calculations to ascertain
whether the changes in the adsorption energies observed in the
experiment apply to this simple model. This reduced-
dimensionality surface model enabled the estimation of the
adsorption energy using MP2 theory at the complete-basis-set
(CBS) limit, which represents the highest-accuracy calculation
on this type of system to date. To establish more quantitative
comparisons with experiments, additional calculations were
performed with a silica cluster of Si6O8H9 stoichiometry, which
is comparable to some of those used by Bermudez7 and by
Taylor et al. (Si4O4H1, with dangling bonds capped by effective-
core-potential F atoms) in their isolated-silanol calculations.23

With the H3SiOH model, optimum geometries for the
organophosphorous-silanol dimers were obtained using a
combination of geometry optimizations at an affordable level
of theory (MP2/6-31G*) with frozen scans and dual-level
calculations at higher levels (MP2/cc-pVTZ and MP2/cc-
pVQZ, respectively). From the 6-31G* calculations, frozen
scans of the intermolecular distance between the two closest
atoms of silanol and the organophosphorous species were
performed at the MP2/cc-pVTZ level with a step size of 0.1 Å.
Once the minimum was found in the MP2/cc-pVTZ
intermolecular potential energy surface, a final calculation at
the MP2/cc-pVQZ level was performed to further refine the
energy. Use of a basis set as large as cc-pVQZ carried a
significant computational overhead (for instance, the calcu-
lations involving the DIMP molecule interacting with a
H3SiOH molecule required 1353 basis functions) but has the
benefit of affording a CBS limit estimate, which is
unprecedented in prior studies of these systems. The frozen
scans at the MP2/cc-pVTZ level showed that the MP2/6-31G*
geometries were able to locate the minimum-energy Si−OH---
OP distance remarkably accurately. Geometry optimizations
for the cluster calculations were performed at the B3LYP/6-
31G* level, and dual-level calculations of the interaction energy
were performed with those geometries at the MP2/cc-pVTZ
and MP2/cc-pVQZ levels in some cases. The MP2/CBS
energies were computed from the MP2/cc-pVTZ and MP2/cc-
pVQZ energies using a two-point extrapolation formula.36 All
of the energy calculations removed the basis set superposition
error employing the counterpoise method.
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III. RESULTS
Characterization of Amorphous Silica. Immediately

prior to each experiment, the silica sample was prepared by
thermal annealing to 700 K for 5 min. Infrared spectra and X-
ray photoelectron analysis revealed that this thermal treatment
produced a surface that was nearly free from adsorbed water,
had only trace hydrocarbon contamination, and contained a
significant number of isolated SiO−H groups. The isolated
hydroxyl groups are created during heating of silica as
neighboring surface OH groups react to form water at elevated
temperatures. The silanol surface density dependence on
annealing temperature has been well characterized. For the
preparation conditions employed here, we estimate the
coverage of SiOH groups to be 2 silanols/nm2.29,30

The infrared spectrum of the silica sample following thermal
pretreatment is shown in Figure 2. The fundamental vibrational

mode of the isolated SiO−H groups appears as a narrow,
intense peak at 3748 cm−1. The small, broad shoulder on this
peak at 3670 cm−1 is due to interstitial hydroxyl groups. These
groups are also isolated hydroxyls; however, their location
within pores between the packed silica particles significantly
reduces their absorptivity and broadens their spectral response.
The low-intensity peaks at 2998, 2959, 2933, and 2857 cm−1

are indicative of C−H stretches from a trace amount of
hydrocarbon contamination within the silica sample. The three
broad peaks at 1980, 1872, and 1648 cm−1 are due to overtones
and combination modes of bulk silica. The most intense IR
absorption that spans from 1300 to 1000 cm−1 is due to the
asymmetric stretches of the bulk silica (the corresponding
symmetric stretch is centered at 826 cm−1).33,34,37−39

MDCP−Silica IR and TPD Data. We have explored the
mechanisms of CWA simulant uptake by monitoring frequency
changes in the original free SiO−H vibrational modes, during
exposure of the particles to the simulant of interest, via infrared
difference spectra. For the difference spectra, negative peaks
represent vibrational modes that were originally present on the
surface but changed in some way during adsorption, and

positive features indicate the development of new or altered
vibrational modes.
As discussed below, the spectral developments that occur

upon exposure of clean silica to MDCP reveal that adsorption
occurs almost exclusively through the formation of a
phosphoryl−silanol hydrogen bond (Figure 3). The sharp

negative feature at 3748 cm−1 appears as the originally isolated
silanol groups establish new hydrogen bonds. These
interactions shift the vibrational mode to lower frequencies
and broaden the peak significantly. The relatively sharp features
in the spectrum are due to the vibrational modes of the
adsorbate. For reference, the vibrational spectrum of gas-phase
MDCP is also provided in the figure. The assignments for each
spectral feature are provided in Table 1.
Following infrared characterization of the vibrational modes

for MDCP on silica, we employed TPD to determine the
desorption energy and gain insight into the strength of the
molecule−surface hydrogen-bonding interactions. The TPD
distributions for several initial coverages of MDCP on silica are
shown by the symbols in Figure 4A. For the TPD studies, the
coverage is defined as the fraction of isolated SiOH groups that
form a hydrogen-bonding complex with the adsorbate. This
fraction is determined by the decrease in the intensity of the
infrared absorbance for the isolated SiOH. For each TPD
distribution, the molecules were dosed onto the surface held at
Ts = 225 K. The simulant-covered surface sample was then
heated to 250 K to remove weakly bound molecules and to
create a uniform distribution of adsorbates throughout the
sample.

Figure 2. Transmission infrared spectrum of the silica sample at 225 K
following pretreatment at 700 K for 5 min (see text).

Figure 3. Infrared spectra of adsorbed MDCP on silica (lower
spectrum) and gas-phase MDCP (top spectrum). Mode assignments
are provided in Table 1.
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The TPD distributions at different coverages (determined
following annealing) reveal that, as the coverage decreases, the
maximum desorption rate shifts to higher temperatures and the
high-temperature edges of the spectra coincide. As described in
previous work, such characteristics in the TPD profiles indicate
two important aspects of the system: (i) there is a distribution
of sites with different binding energies and that (ii) the
adsorbate is mobile enough at these temperatures to diffuse to
the highest energy site prior to desorption. We also note that
the mass spectrometric cracking pattern for MDCP 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 3, which shows spectroscopic evidence for purely
molecular adsorption.
Analysis of the TPD data was accomplished through

inversion of the Polanyi−Wigner equation12

ν− Θ = Θ− Θ

t
d
d

e E k T n( )/d B s

(1)

where ν is the preexponential factor, Θ is coverage, Ts is the
surface temperature, kB is the Boltzmann constant, n is the
order for desorption, and Ed is the activation energy for
desorption.35,40,41 Wilmsmeyer et al. recently demonstrated

that this equation describes the desorption of CWA simulants
from a packed sample of silica particles similar to that employed
in the current study.26 Alignment of the high-temperature sides
of the variable-coverage TPD curves, as observed for each
simulant studied here, indicates that the diffusion rate for these
molecules, under our experimental conditions, is sufficient to
ensure uniform coverage and that the rate-limiting step for
desorption is the rupture of the adsorbate−surface bond.
The inversion analysis is accomplished by solving eq 1 for the

desorption energy (for first-order desorption, n = 1).

ν
Θ = − − Θ

Θ
⎜ ⎟⎛
⎝

⎞
⎠E k T

t
( ) ln

d /d
d B s

(2)

Equation 2 provides the desorption energy, Ed, as a function of
coverage by beginning with an assumed value for the
preexponential factor, ν, for the highest coverage data in
Figure 4A. The approximated Ed(θ) data is then numerically
integrated to generate a series of simulated desorption profiles
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-squares of the residuals
between the simulated TPD spectra and the experimental data.
The solid lines in Figure 4A are the simulated desorption

curves for MDCP from the SiO2 sample. The excellent fit of the
data to the Polanyi−Wigner equation for first-order desorption
suggests that this model accurately describes the desorption
kinetics, which can be used to reveal the activation energy for
desorption, Ed(θ), and the preexponential factor, ν. However,
diffusion and readsorption can significantly affect TPD
results.42−47 For TPD studies of molecules from a particulate
bed, 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 where adsorption is not an
activated process, as is expected here, these values will be
numerically equivalent, enabling accurate determination of the
binding strength.42−46 However, readsorption has a significant
effect on the preexponential factor, which precludes a simple
physical interpretation of this parameter.42−46 The preexpo-
nential factor that provides the best fit to the TPD data shown
in Figure 4 is 4.0 × 106±0.8 s−1, which is a small value that
reflects the fact that the molecules desorb and readsorb before
reaching the outermost layer of particles in the packed sample

Table 1. Assignments of the IR Peaks for MDCP in the Gas
Phase and Adsorbed on Silica (See Ref 4)

MDCP

mode gas ads

Si(O−H)free a 3748
Si(O−H)bonded a 3421
νa(CH3O) 2967 2970
νs(CH3O) 2866 2859
δs(CH3O) 1452 1452
ν(PO) 1316 1304
ρ(CH3O) 1184 b
νa(C−O) 1077 b
νs(C−O) 1044 b
ν(P−O−C) 812 b

aModes are not present in the molecule. bModes are not observable in
our sample due to strong overlap with bulk SiO2 modes that block
infrared transmission over this spectral range.

Figure 4. (A) Temperature-programed desorption of MDCP from amorphous silica particles. The circles are experimental data, and the lines are
simulations based on the inversion analysis (see text for details). Following sample dosing, the molecules were desorbed at a heating rate of 0.2 K/s.
The initial coverages were 0.11, 0.25, 0.34, and 0.50 ML. (B) Desorption energy vs MDCP coverage for the silica sample. The points were obtained
by inversion of the 0.5 ML curve in panel A using the experimentally determined ν = 4 × 106 s−1 (see text for details).
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and entering the vacuum.44,45 Rather than discussing the
entropic contributions to the desorption kinetics (information
contained within the preexponential factor), the primary focus
of this work is on the activation energy. The desorption energy
distribution as a function of coverage (Ed(θ)) is provided in
Figure 4B, where the extrapolation to zero coverage yields a
desorption energy of 43.0 ± 0.8 kJ/mol.
TMP−Silica IR and TPD Data. TMP appears to bind to

silica much more strongly than the MDCP molecule described
above. Figure 5 shows the IR difference spectrum of the silica

sample following exposure of silica to TMP. The gas-phase
spectrum of TMP is also provided as a reference, and the likely
mode assignments are listed in Table 2. Compared with
MDCP, the IR data reveal a much greater distortion of the
SiO−H stretch as the peak vibrational frequency of this mode
shifts by 558 cm−1. The more dramatic shift suggests that the
binding and desorption energy for TMP may be larger than for
the dihalogen molecule.
The desorption energy for TMP was measured in the same

way as described above for MDCP, and the data are provided in
Figure 6A. The excellent fit (solid line) of the simulated data to
the actual experimental data provides confidence in the use of
the inversion analysis to determine the desorption energy for
this molecule. The Ed(θ) distribution is provided in Figure 6B.
Although the overall shape of the curve is very similar to that of
MDCP, the desorption energy in the limit of zero coverage is
52.4 ± 0.6 kJ/mol, which is 22% greater than the binding
energy of MDCP. The differences between the simulants
examined in this work will be elaborated upon in the

Discussion section with the aid of results from the ab initio
calculations.

DIMP−Silica IR and TPD Data. The CWA sarin contains a
methyl group, an isopropoxy group, and a halogen group
around the central phosphoryl moiety. Therefore, DIMP was
chosen as a simulant to investigate how bulky isopropyl groups
influence uptake on the polar silica surface. Of the simulants
explored in the current study, DIMP binds most readily and
strongly to the surface of silica. Saturation of the sample by
DIMP occurred following less than 100 langmuir of exposure,
and the resulting infrared spectrum of the adsorbate exhibited a
shift in the SiO−H mode of 660 cm−1. This shift is evident in
the IR difference spectrum of Figure 7. Assignments of the
peaks in this spectrum are provided in Table 3.48

TPD measurements, shown in Figure 8A, together with the
distribution of desorption energies as a function of coverage
(Figure 8B), verify that DIMP interacts much more strongly
with the silica surface than either MDCP or TMP. Overall, we
find that the desorption energy for DIMP, in the limit of zero
coverage, is 57.9 ± 1.0 kJ/mol, nearly 15 kJ/mol higher than
MDCP. The role of the isopropoxy groups in enhancing the
molecule−surface interaction energy may be through dis-
persion forces or by affecting the electron density on the
oxygen atom involved in hydrogen bonding. These effects have
been explored in detail using electronic structure calculations,
presented within the context of the following discussion.

IV. DISCUSSION
Infrared spectroscopic and temperature-programmed desorp-
tion studies provide insight into the binding mechanism and
strength of CWA simulant interactions on particulate silica. The
native surface of amorphous silica is typically hydrophilic due to
the presence of stable hydroxyl groups. These silanol groups
serve as strong binding sites for many types of polar gases
through dipole−dipole type interactions. In this study, we focus
on the hydrogen-bonding forces between the silanol groups and
hydrogen-bond-acceptor groups on CWA simulant molecules.
Infrared spectroscopic measurements are excellent probes of
these interactions because hydrogen bonding at the gas−surface
interface is often accompanied by changes in the vibrational
frequency of molecular motions that are involved in the
hydrogen bond. In addition to IR studies, TPD measurements
and electronic structure calculations were employed to
determine the strength of the molecule−surface interactions.

Figure 5. Infrared spectra of adsorbed TMP (bottom) on silica and
gas-phase TMP (top). Mode assignments are provided in Table 2.

Table 2. Assignments of the IR Peaks for TMP in the Gas
Phase and Adsorbed on Silica (See Ref 4)

TMP

mode gas ads

Si(O−H)free a 3748
Si(O−H)bonded a 3190
νa(CH3O) 2964 2963
νs(CH3O) 2862 2862
δa(CH3O) 1465 1464
δs(CH3O) 1453 1454
ν(PO) 1291 1274
νa(C−O) 1059 b
ν(P−O−C) 855 869

aModes are not present in the molecule. bModes are not observable in
our sample due to strong overlap with bulk SiO2 modes that block
infrared transmission over this spectral range.
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Adsorption Mechanism. The infrared spectral signature
for hydrogen-bond formation between isolated surface hydroxyl
groups and adsorbates is the emergence of a broad SiO−H
stretching mode. In addition, this mode is typically red-shifted
from the frequency of the isolated OH stretch due to the
redistribution of charge from the SiO−H bond to the SiOH---
OR hydrogen bond. These changes are clearly evident in
Figures 3, 5, and 7 for the binding of the OP simulants to silica.
While the spectral changes in the surface SiO−H mode clearly
reveal that this surface hydroxyl group serves as the hydrogen-
bond donor site, there are multiple groups within the simulants
that may serve as hydrogen-bond acceptor sites. In particular,
hydrogen bonding may occur through interactions of the lone-

pair of electrons on the sp2 or the sp3 oxygen atoms present on
all simulants. In addition, MDCP contains two chlorine atoms
that may also serve as hydrogen-bond acceptor sites. Because
hydrogen-bonding interactions redistribute charge within the
functional group involved, one may expect that differences
between gas-phase spectra and the surface adsorbates may
reveal the most likely sites for hydrogen bonding to occur.
Tables 1, 2, and 3 directly compare the vibrational frequencies
of the gas-phase species to the surface-adsorbed simulants. The
vibrational frequencies of the gas-phase and surface-bound
molecules are remarkably similar. The differences are within ∼5
cm−1 of each other. The only exception is the large shift
observed for the PO mode in MDCP and TMP, suggesting
that uptake is governed by hydrogen bonding through the sp2

oxygen atom. Unfortunately, the frequency of the PO mode
for adsorbed DIMP and DMMP (see below) is obscured by the
strong absorbance of the silica and cannot be observed.

Figure 6. (A) Temperature-programed desorption of TMP from amorphous silica particles. The circles are experimental data, and the lines are
simulations based on the inversion analysis (see text for details). Following sample dosing, the molecules were desorbed at a heating rate of 0.2 K/s.
The initial coverages were 0.25 and 0.50 ML. (B) Desorption energy vs TMP coverage for the silica sample.

Figure 7. Infrared spectra of adsorbed DIMP (bottom) on silica and
gas-phase DIMP (top). Mode assignments are provided in Table 3.

Table 3. Assignments of the IR Peaks for DIMP in in the Gas
Phase and Adsorbed on Silica (See Ref 48 for Mode
Assignments)

DIMP

mode gas ads

Si(O−H)free a 3748
Si(O−H)bonded a 3089
νa(CH3P) 2985 2982
νa(CH3C) 2940 2937
νs(CH3P) 2883 2880
δa(CH3C) 1473 1470
δa(CH3C) 1457 1457
δs(CH3C) 1387 1388
δs(CH3C) 1377 1377
δs(CH3P) 1314 1316
ν(PO) 1266 b
ρ(CH3C) 1180 b
ρ(CH3C) 1143 b
ρ(CH3C) 1113 b
νa(C−O) 1017 b
νs(C−O) 995 b
ρ(CH3P) 918 921
ρ(CH3P) 900 902

aModes are not present in the molecule. bModes are not observable in
our sample due to strong overlap with bulk SiO2 modes that block
infrared transmission over this spectral range.
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However, electronic structure calculations support the assertion
that binding for all three molecules does indeed occur
preferentially through SiO−H---OP interactions. To further

explore which of the hydrogen-bond-accepting groups on the
adsorbates binds to the silanol sites on silica, electronic
structure calculations were performed.50 Figure 9 shows MP2/

Figure 8. (A) Temperature-programed desorption of DIMP from amorphous silica particles. The circles are experimental data, and the lines are
simulations based on the inversion analysis (see text for details). Following sample dosing, the molecules were desorbed at a heating rate of 0.2 K/s.
The initial coverages were 0.37 and 0.50 ML. (B) Desorption energy vs DIMP coverage for the silica sample.

Figure 9. Minimum-energy structures (MP2/6-31G*) and Mulliken charges on P and O atoms (MP2/cc-pVQZ//6-31G*) of the
organophosphorous compounds considered in this work: red = O, gold = P and Si, brown = C, white = H, green = Cl, and blue = F.

Figure 10. Minimum-energy structures of organophosphorous compounds interacting with silanol: red = O, gold = P, brown = C, white = H, green
= Cl, and blue = F.
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cc-pVQZ Mulliken charges on optimized structures of the
adsorbates. Clearly, the electronic density around the oxygen
atom with formal sp2 hybridization is larger than around the
oxygen atoms of the methoxy or isopropoxy moieties bound to
the phosphorus atom (sp3 hybridization). These results suggest
that hydrogen bonding to silanol groups via the phosphoryl
group should be stronger than via the rest of oxygen atoms in
the adsorbates. To verify this expectation, minimum-energy
structures of the interaction of all six OP species in Figure 9
with silanol were determined. The results are depicted in Figure
10. In all cases, the calculations indicate that Si−O−H---OP
binding is significantly stronger than binding to the sp3 oxygen
atoms of the alkoxy groups. For instance, at the MP2/CBS
level, the dimer involving MDCP shown in Figure 10 is about
10 kJ/mol stronger than the complex involving binding to the
oxygen atom in the methoxy moiety (28.9 vs 18.5 kJ/mol
binding energies, respectively). For the rest of the dimers, the
difference between the adsorption energy when the hydrogen
bond acceptor is the sp2 or sp3 oxygen atoms is even larger. For
instance, in TMP, the difference raises to 14.3 kJ/mol (42.6 vs
28.3 kJ/mol). Additional calculations were conducted to locate
energy minima in which the silanol group interacts directly with

the Cl atoms in MDCP and DMCP, but all geometry
optimizations led to either one of the minima involving a Si−
O−H----O interaction instead, indicating that hydrogen
bonding through the halogen atoms in the OP species is not
as stabilizing as through the oxygen atoms.50

Desorption Energy. As described in the Results section,
we have experimentally measured the activation energy for
desorption for these three molecules through variable coverage
TPD measurements followed by an inversion analysis to
determine the preexponential factor. The coverage-dependent
desorption energies for each simulant are provided in Figures
4B, 6B, and 8B.
The inversion analysis reveals a monotonic increase in Ed(θ)

as coverage decreases for all three simulants. The same trend
was recently reported for the related simulants, DMMP and
DMCP (see Figure 1),26 suggesting that the effect is general for
the desorption of OPs from particulate amorphous silica. The
increase in energy reveals that there are a variety of surface
binding sites or configurations, each leading to a slightly
different energy. Alternatively, there may be small repulsive
interactions between the adsorbates, the extent of which
depends on coverage. The distribution in desorption energy

Table 4. Calculated and Measured Interaction Energies between OP Compounds and a Silanol Gas-Phase Moleculea

molecule O atom chargeb MP2/cc-pVTZc MP2/cc-pVQZ MP2/CBS exp (Ed)

MDCP −0.636 24.92 (33.30) 27.21 (35.98) 28.88 (37.94) 43.0 ± 0.8
DMCP −0.664 33.19 (37.53) 35.91 37.89 48.4 ± 1.0
TMP −0.703 37.77 (44.21) 40.59 42.64 52.4 ± 0.6
DMMP −0.705 39.87 (45.82) 42.55 44.50 54.5 ± 0.3
DIMP −0.709 44.11 (51.86) 47.56 50.08 57.9 ± 1.0
sarin −0.681 37.22 (41.51) 38.89 43.56

aThe experiments correspond to activation energies for desorption from a silica surface measured in temperature-programmed desorption and the
calculations to the difference in electronic energy between the interaction complex and separated reagents. bMP2/cc-pVQZ. cValues between
parentheses correspond to the interaction energy between the OP compounds and a silica cluster (see text).

Figure 11.Minimum-energy structures of organophosphorous compounds interacting with an isolated silanol group on a silica cluster: red = O, gold
= P and Si, brown = C, white = H, green = Cl, and blue = F.
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spans approximately 5 kJ/mol for each simulant over the
surface coverage regime of θ = 0.05−0.5 monolayers.
Interestingly, the desorption energy for every simulant increases
abruptly by several kJ/mol near zero coverage. The reason for
this increase in energy is likely due to the fact that the
molecules residing on the surface at the highest temperatures
(where the coverage is lowest) bind to the highest energy sites.
We estimate that these high-energy binding sites account for
approximately 5% of the first monolayer on the surface. The
sites are likely high-energy defects consisting of multiple silanol
groups in close proximity. Previous work has shown that the
strongest binding sites for polar molecules on silica occur at
geminal and vicinal silanols, where multiple hydrogen-bonding
interactions occur. Adsorption energies for DMMP on silica
may be over 100 kJ/mol when the PO group can form dual
hydrogen bonds with adjacent surface OH groups.7,23

One of the primary goals of the current work is to assess the
hydrogen-bonding energy to a single isolated surface silanol
group. The desorption energy for an isolated molecule from a
single silanol can be estimated from the Ed(θ) distribution
curves by extrapolating the linear region of the desorption
energy curve (dashed line in Figures 4B, 6B, and 8B) to zero
coverage. As indicated in the figures, the extrapolated values are
43.0 ± 0.8, 52.4 ± 0.6, and 57.9 ± 1.0 kJ/mol for MDCP, TMP,
and DIMP, respectively. The calculations involving binding of
the CWA simulants to a silanol molecule through the sp2

oxygen atom reveal exactly the same trend, with MP2/CBS
values of 28.9, 42.6, and 50.1 kJ/mol for the same molecules.
While the absolute difference between the calculated and
measured energies is relatively large, an important result is that
the relative deviation between the calculations and measure-
ment is constant. This can be further corroborated in Table 4,
where the results for all five mimics are shown, and a relatively
constant difference between experiment and theory of about 10
kJ/mol can be appreciated. The presence of a constant
difference between theory and experiment in this study is in
contrast to recent work23 where the differences between theory
and experiment were more erratic. Another note of importance
is that the simulations consistently underestimate the measure-
ments. Taken together, these observations suggest that a model
as crude as a single gas-phase silanol molecule captures the
fundamental aspects of the interactions with a silica surface in
the experiment and that, as expected, the experimental surface
is dominated by isolated silanol groups.
The nature of the surface used in this study (dominated by

isolated silanol groups), together with the use of the UHV
environment, provides an excellent opportunity to benchmark
theoretical methods that transcend a single gas-phase silanol
molecule and attempt to model the silica surface more
realistically. To this end, we have constructed a silica cluster
with an isolated silanol group of dimensions comparable to
those utilized in prior studies.7 Figure 11 shows minimum-
energy structures of such cluster interacting with the OP
compounds investigated in this work, and MP2/cc-pVTZ
energies are listed in Table 4. Comparison of the interaction
energies for the mimics reveals the same trend measured in the
experiment and anticipated by the gas-phase silanol calcu-
lations. In addition, comparison of the MP2/cc-pVTZ energies
for both the gas-phase silanol molecule and the silica cluster
shows that the silica results match experiments more closely
than the simple gas-phase silanol calculations. In fact, the
underestimation of the experiment by the MP2/cc-pVTZ
cluster calculations is reduced to 7−9 kJ/mol. Moreover,

because, as seen in the gas-phase H3SiOH---OP calculations,
use of a correlation-consistent basis set provides larger binding
energies with use of increasing cardinal number, one can expect
that MP2/cc-pVQZ and MP2/CBS calculations will match
experiment even more accurately. To prove this point, we have
performed such calculations for the least computationally
expensive mimic of the series, MDCP. We note that 3 of the 5
energies required to obtain the counterpoise-corrected MP2/
cc-pVQZ energy involved as many as 1521 basis functions. The
resulting MP2/CBS energy (37.94 kJ/mol) underestimates
experiment by less than 5 kJ/mol and lends further confidence
to the computational approach utilized in this work and the
conclusions drawn from it. A caveat in the theory/experiment
comparison in Table 4 is that while the calculations correspond
to the difference in electronic energy between separated species
and the minimum-energy complex, the measurements corre-
spond to activation energies of desorption at the desorption
temperature. A truly quantitative comparison between theory
and experiment requires the inclusion of zero-point energies to
the electronic energies, the addition of vibrational, rotational,
and translational thermal corrections, transformation of the
internal energy to enthalpy, and transformation of enthalpy to
activation energy of desorption. For MDCP, all these
corrections make the calculated activation energy of desorption
∼3.4 kJ/mol larger than the binding energy in Table 4, bringing
agreement between theory and experiment even closer. Given
the observed convergence between the experimentally meas-
ured desorption energies and the calculated energies for the test
case of MDCP (when the proper transformations are included),
we expect that the theoretical and experimental energies will
agree to within the 4 kJ/mol (∼1 kcal/mol) once MP2/CBS
extrapolations become feasible for all of the simulants used in
this work.
For the five CWA simulants studied by both experimental

and theoretical methods, binding to silica appears to occur
through the sp2 oxygen atom of the OP. However, the strengths
of the adsorbate−surface bonds depend on structure. The
activation energies for desorption measured in the experiment
follow the trend MDCP < DMCP < TMP < DMMP < DIMP.
This trend is exactly reproduced by the calculations and
demonstrates the critical role of substituents in governing the
adsorption energies through hydrogen-bonding interactions.
The electronic structure calculations described above indicate
that the experimentally measured desorption energy from an
isolated silanol group is directly related to the charge on the sp2

oxygen atom of the simulant. This trend is revealed in Figure
12, which shows the atomic charge on the sp2 oxygen plotted
against the experimentally measured desorption energy for each
simulant. This near linear correlation further supports that the
dominant interaction pathway is through the PO oxygen
atom for every simulant studied. In addition, the results reveal
that the chlorine substituents do not serve as hydrogen-bond
acceptor sites nor do they interact strongly with the surface in
other ways. The net effect of the halogen atoms appears to be
that of withdrawing electron density from the sp2 oxygen,
which is the most important factor in determining the strength
of adsorption and the activation energy for desorption.

Badger−Bauer Relationship: IR Frequency and De-
sorption Energy Correlation. Badger and Bauer were among
the first to show that the stretching frequency for hydrogen-
bonded hydroxyl groups in binary solutions is directly
proportional to the strength of the solvent−solute inter-
actions.49 However, there are few examples of this relationship
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at the gas−surface interface, where solvation is absent. In an
effort to reveal the surface analogue to the Badger−Bauer
relationship, we have compiled the infrared and desorption data
for the five CWA simulants studied with the inversion analysis
described above (Figures 13A,B). From these sets of data, we
constructed a Badger−Bauer type plot for surface binding
(Figure 13C).
Clearly, the Badger−Bauer relationship holds over a range of

desorption energies and molecular structures. The shift in
SiO−H vibration energy to lower wavenumber is due to the
charge redistribution within the hydroxyl bond as the hydrogen

interacts with the adsorbate. These hydrogen-bond donor type
interactions weaken the original SiO−H bond leading to
greater anharmonicity in the stretching mode of silanol OH and
lower energy vibrational transitions. Therefore, it is not
surprising that there is a correlation between desorption energy
and frequency; however, we must point out that the
relationship is remarkably linear.

Predicting the Sarin-Silica Desorption Energy. The
strong charge−Ed correlation suggests that the binding energy
for the actual CWAs to surface silanol groups is determined
nearly exclusively by the charge on the sp2 oxygen atom of the
molecule and that this information may help predict the actual
desorption energy for the agents from amorphous silica. For
example, the isopropyl substituent on the agent sarin (see
Figure 1) will have the effect of donating charge to the sp2

oxygen, thereby increasing the adsorption energy, as observed
for DIMP relative to DMMP. However, this effect will likely be
balanced by the significant electron-withdrawing character of
the fluorine group, which should serve to lower the desorption
energy (as observed for DMCP and MDCP).
Our electronic structure calculations for sarin indicate that

the charge on the sp2 oxygen atom of this molecule (MP2/cc-
pVQZ) is −0.681. By using the plot of Figure 12 as a standard
calibration curve, we predict that the actual desorption energy
for sarin from amorphous silica composed primarily of isolated
silanol groups is ∼50 kJ/mol.

Figure 12. Calculated charge on the sp2 oxygen atom of the simulant
versus the experimentally determined desorption energy from TPD
measurements.

Figure 13. (A) Ed(θ) curves for the desorption of five CWA simulants from partially hydroxylated silica, (B) compilation of the FTIR spectra for
each simulant adsorbed to silica at a coverage of 0.5 mL, and (C) the change in peak frequency for the SiO−H surface vibration mode as a function
of desorption energy for all five simulants. Consistent with the colors used in the previous figures, the points and spectra shown in green are for the
simulant MDCP, red are for DMCP, purple are for TMP, blue are for DMMP, and orange are for DIMP.
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V. SUMMARY

The adsorption of organophosphorous compounds on an
amorphous silica surface has been investigated using IR
spectroscopy, TPD, and ab initio calculations. The results
suggest that hydrogen-bonding interactions occur between
surface silanol groups and the adsorbates, with the sp2 oxygen
atom of the adsorbates’ phosphoryl group acting as the primary
hydrogen-bond acceptor. The chemical nature of the
substituent groups on the phosphoryl group of the OP
adsorbates modulates the strength of the interaction with the
silanol groups on the surface, and this is revealed by the
magnitude of the shift of the surface SiO−H stretching
frequencies, the values of the measured desorption energy, and
the calculated binding energy. All of the results indicate that the
strength of the interaction of CWA simulants with silica follows
the MDCP < DMCP < TMP < DMMP < DIMP trend.
Remarkably, the results of the IR and TPD experiments and

QC calculations can all be explained by the universal trend in
electron-withdrawing capacity via the inductive effect of
substituent groups (−halogens > −OR > −R) around the
phosphorus atom of the OP species studied in this work, which
is further corroborated by an analysis of atomic charges. MDCP
contains two −Cl and one −OR substituent, and its binding to
silica is weaker than DMCP, which contains one −Cl and two
−OR substituents. TMP has three −OR substituents, and the
decrease in electron-withdrawing capacity with respect to
DMCP leads to a higher binding energy. DMMP replaces one
of the −OR substituents with an −R substituent, which is not
as electron withdrawing, further increasing the binding energy.
DMMP and DIMP have the same type of substituents around
the phosphorus atom, but the higher electron density of the
isopropyl moiety diminishes the electron-withdrawing ability of
the −OR groups in DIMP, yielding a larger binding energy than
DMMP.
These studies demonstrate that the hydrogen-bonding

energy for the actual agents is likely very high, as has been
suggested in recent work closely related to the studies
presented here.7,23 Together, these experimental measurements
and theoretical calculations are providing new insight into the
mechanisms and strength of hydrogen bonding between CWAs
and surfaces. These types of molecule−surface hydrogen-
bonding interactions play a major role in determining their
uptake into important sorbent materials, filters, and coatings
that contain hydrogen-bond donor groups.
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(43) Palermo, A.; Löffler, D. G. Kinetics of Water Desorption from
Pelletized 4A and 5A Zeolites. Thermochim. Acta 1990, 159, 171−176.

(44) Gorte, R. J. Design Parameters for Temperature Programmed
Desorption from Porous Catalysts. J. Catal. 1982, 75 (1), 164−174.
(45) Muhler, M.; Rosowski, F.; Ertl, G. The Dissociative Adsorption
of N2 on a Multiply Promoted Iron Catalyst Used for Ammonia-
Synthesis - A Temperature-Programmed Desorption Study. Catal. Lett.
1994, 24 (3−4), 317−331.
(46) Rieck, J. S.; Bell, A. T. Influence of Adsorption and Mass-
Transfer Effects on Temperature-Programmed Desorption from
Porous Catalysts. J. Catal. 1984, 85 (1), 143−153.
(47) Kanervo, J. M.; Keskitalo, T. J.; Shoor, R. I.; Krause, A. O. I.
Temperature-Programmed Desorption as a Tool to Extract
Quantitative Kinetic or Energetic Information for Porous Catalysts.
J. Catal. 2006, 238 (2), 382−393.
(48) Crooks, R. M.; Yang, H. C.; McEllistrem, L. J.; Thomas, R. C.;
Ricco, A. J. Interactions between Self-Assembled Monolayers and an
Organophosphonate - Detailed Study Using Surface Acoustic Wave-
Based Mass Analysis, Polarization Modulation Ftir Spectroscopy and
Ellipsometry. Faraday Discuss. 1997, 107, 285−305.
(49) Badger, R. M.; Bauer, S. H. Spectroscopic Studies of the
Hydrogen Bond. II. The Shift of the O-H Vibrational Frequency in the
Formation of the Hydrogen Bond. J. Chem. Phys. 1937, 5 (11), 839−
851.
(50) Troya, D.; Edwards, A. C.; Morris, J. R. Theoretical Study of the
Adsorption of Organophosphorous Compounds to Models of a Silica
Surface. J. Phys. Chem. C 2013, 28, 14625−14634.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp404265s | J. Phys. Chem. C 2013, 117, 15685−1569715697


