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Ab initio calculations, using density functional theory with the B3LYP functional, have been applied to the
adsorption of the chemical warfare agent simulant dimethyl methylphosphonate (DMMP) and the corresponding
real agent Sarin onγ-Al 2O3. The goals are to determine the accuracy with which the adsorbed molecules (for
which experimental data are available) can be modeled and to conduct a “side-by-side” comparison of the
bonding of these species toγ-Al 2O3. Free-standing Al8O12 and Al20O30 clusters give reasonable descriptions
of the adsorbate structure and properties, and the results are not strongly dependent on cluster size or basis-
set quality. For either molecule, the energetically favorable mode of adsorption is Al-OdP dative-bond
formation, in agreement with experiment. Results for the physisorption of H2O are compared to those reported
for a two-dimensionally periodic slab in order to test the reliability of the free-standing cluster model. The
adsorption energy of DMMP on the Al20O30 cluster (-57.5 kcal/mol at the 6-311G(df) level) is greater than
that of Sarin (-49.2 kcal/mol). The infrared-active normal-mode frequencies for free DMMP and Sarin have
been used to verify the reported mode assignments for these species. For the adsorbed molecules, theν(Pd
O) stretch shows a red-shift (relative to the gas phase) of∼60 cm-1 (observed) vs about 84 cm-1 (calculated).
The calculated shifts for other modes are much smaller and generally agree with experiment.

1. Introduction

The interaction of chemical warfare agents (CWAs) with
materials is an issue of immediate practical concern. Real CWAs
are far too dangerous for experimental study at any but a small
number of specially equipped facilities, which limits the rate at
which such compounds can be investigated and characterized.
Hence, most exploratory work on CWA detection and reme-
diation is done using simulants, i.e., species which are safe
enough for routine handling and which (it is hoped) behave in
a manner closely similar to real CWAs. It is problematic to
compare directly the simulant and the corresponding CWA,
again because of the difficulties inherent in working with the
latter. Thus, it is often not possible to evaluate the degree to
which the simulant mimics the real CWA in a particular type
of measurement. Ab initio quantum-chemical (QC) theory can,
in principle, relieve much of the burden of working with real
CWAs through the application of modeling, and several
pioneering QC studies of the adsorption and reactivity of CWAs
have been reported.1-9

The focus of the present work is on the adsorption of a CWA
and a simulant on an oxide. We wish to test the reliability of
QC methods in this context by comparing calculated results with
experimental data and to compare the adsorption behavior of
the simulant with that of the real agent. Such a “side-by-side”
comparison has not, to our knowledge, been reported in previous
theoretical work. The simulant chosen is dimethyl methylphos-
phonate (DMMP), and the corresponding real agent is the
G-series nerve agent Sarin (GB). The relevant molecular
structures are shown in Figure 1. The adsorption of DMMP on
several materials has been studied experimentally, andγ-Al2O3

has been chosen as a representative oxide substrate.γ-Al2O3 is

of interest in its own right either as a solid adsorbent10 for air
purification or as a catalyst support11 in the chemical destruction
of CWAs. Also, several common materials involve alumina or
aluminosilicates. Experimental data (see below) are available
for DMMP and Sarin both free and adsorbed onγ-Al2O3, which
makes the present choice of reagents and substrate particularly
useful.

2. Results and Discussion

2.1. The Free Molecules.Unless otherwise noted, all
calculations were done using theGaussian 03suite of pro-
grams12 with basis sets built into the package. Both restricted
Hartree-Fock (RHF) and density functional theory (DFT) were
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Figure 1. Molecular structures of (a) DMMP and (b) Sarin. Red, green,
and blue spheres indicate O, P, and F respectively.
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used where appropriate. Further details will be provided as
needed in the following discussion.

Since much of the present work focuses on the infrared (IR)
vibrational spectra of adsorbed DMMP and Sarin, the first task
is to show that the properties of the free molecules can be
correctly described. One concern lies in determining the
influence of the method of calculation and the choice of basis
sets on the accuracy of the final results. To this end, two
different methods for dealing with electron correlation are
considered, namely, second-order Møller-Plesset (MP2) cor-
rection to the RHF wavefunction and DFT with the hybrid
B3LYP functional. Basis sets of different quality are also
evaluated. The experimentally observable properties of interest
are the geometry (i.e., bond lengths and angles) or the rotational
constants (which are closely related to the geometry) and the
vibrational spectra. It is noted that the P atom is an optically
active center in Sarin but not in DMMP. Only one enantiomer
(that shown in Figure 1b) is considered here. Optical isomer-
ization is not expected to affect adsorption on an oxide surface
but could, conceivably, be of significance in bioactivity.

Previous theoretical studies of DMMP have focused on the
conformation in the gas13 or liquid14 phase or in aqueous
solution15 and on the IR spectrum of the H-bonded complex16

with H2O. Rotational constants derived from microwave spec-
tra13 are the only available data related to molecular geometry.
The results for the rotational constants in Table 1 indicate an
average error of about 3% for DFT/B3LYP vs<2% for RHF/
MP2. However, there appears to be little dependence on the
quality of the basis set. In all cases, the molecule was placed in
the lowest-energy conformation (Figure 1a), as identified in ref
13, prior to final geometry optimization.

Previous theoretical studies of Sarin have focused on the
conformation in the gas phase.17,18 The adsorption of Sarin on
MgO3 and on clay4,9 and its interaction with various re-
agents1,2,5,6 have also been investigated using QC methods.
Rotational constants are available18 for Sarin, and these are
shown in Table 2 together with results of the present work
obtained using DFT with the B3LYP functional and either
6-31G* or 6-311G(df) basis sets. The molecule was initially
placed into one of the two nearly degenerate lowest-energy
configurations17,18 prior to optimization. Again, the computed
results show very little basis set dependence, although ref 18

indicates that RHF/MP2 gives somewhat better agreement with
experiment than does DFT/B3LYP, as was also seen for DMMP
(cf. Table 1). In the absolute lowest-energy configuration,17,18

which lies∼0.1 kcal/mol below that in Figure 1b, the isopropyl
group is rotated∼90° clockwise about the C-O bond relative
to the geometry shown in Figure 1b. However, upon adsorption
(see below), this would bring one of the isopropyl-CH3 groups
somewhat close to the surface, thus raising the possibility of
steric hindrance. Hence, the Sarin configuration shown in Figure
1b was adopted as the starting structure.

The scaling of normal-mode frequencies in ab initio calcula-
tions has been discussed extensively. In the present work,
B3LYP/6-31G* values were scaled by a factor of 0.9613 (ref
19) and B3LYP/6-311++G** values by a factor of 0.9679 (ref
20). The MP2/6-31G* and 6-311++G** values were scaled by
factors of 0.9427 and 0.9496 respectively (ref 21). The
uncertainty in these factors22 is in the range of(0.020 to
(0.025.

The IR spectra of liquid23-25 and gas-phase24-26 DMMP have
been reported, and Table 3 compares the observed and calculated
frequencies for the mid-IR-active fundamentals. Several foot-
notes are given in Table 3 and in other tables in order to clarify
the correlation between observed and calculated frequencies.
This correlation is, in many cases, not obvious without a careful
inspection of the results. Comparison is made with gas-phase
rather than liquid data since some modes are significantly
affected by intermolecular interaction which is not included in
the calculation. The average error in the B3LYP/6-31G* results,
excluding theν(O-CH3) modes (see below), is about 1.9% in
magnitude and does not change significantly for other methods
and basis sets. For example, the MP2/6-311++G** average error
is about 2.3%. Attention is focused on the IR rather than on
the Raman spectrum since the available vibrational data for
adsorbed DMMP are in the form of IR spectra. Meaningful
comparison cannot be made between observed and calculated
ν(O-CH3) modes because of Fermi resonance27 with the δ-
(O-CH3) overtones. This is not included in the calculations,
which do not explicitly consider anharmonicity or the excitation
of more than one vibrational quantum. A similar consideration
does not apply to theν(P-CH3) modes which are well-separated
in energy from theδ(P-CH3) overtones.

Figure 2 shows calculated (B3LYP/6-31G*) and observed28

IR absorbance spectra for gas-phase DMMP, mainly for the
purpose of comparing the relative intensities. The spectrum was
simulated by placing a Gaussian line shape function at each
normal-mode energy, with the peak area set equal to the
calculated oscillator strength. An arbitrarily chosen full-width
at half-maximum of 20 cm-1 was assigned to each peak to
represent the combined effects of instrumental and rotational
broadenings. The spectrum was then obtained by summing all
of the individual peaks thus defined. The agreement is seen to
be fairly good except for theν(O-CH3) modes, which are
affected by Fermi resonance as noted above. However, the
“skeletal” modes (e.g., the PdO, P-O and C-O stretches),
which are most useful in adsorbate structural assignments, are
well represented in the calculated spectrum.

Table 4 compares the observed29 and calculated fundamental
frequencies for Sarin. In this case, only data for the liquid are
available, and it is assumed that some modes are affected by
intermolecular interaction as was seen for DMMP (Table 3).
Hence, direct comparison with the calculated (gas-phase)
frequencies is not possible, and error values are not given. The
comments made above regarding the Fermi resonance between
the ν(CH3) fundamentals and theδ(CH3) overtones also apply

TABLE 1: Observed and Calculated Rotational Constants
(MHz) for DMMP

methoda A B C Σ|error|b
experiment (ref 13) 2828.753 1972.359 1614.268 0
B3LYP/6-31G* 2679.49 1947.53 1579.51 0.087
B3LYP/6-311++G** 2689.79 1933.40 1566.00 0.099
MP2/6-31G* 2714.42 1957.63 1600.25 0.057
MP2/6-311++G** c 2744.09 1959.76 1600.47 0.045

a The geometry was optimized for each method before computing
the rotational constants. The calculated results are for the most stable
conformer which is the same for all four methods and which concurs
with that given in ref 13.b The error is defined as|calc.- obs.|/obs.
summed over all three rotational constants.c These values are lower
by 8-12 MHz than the MP2/6-311++G** results given in ref 13.

TABLE 2: Observed and Calculated Rotational Constants
(MHz) for Sarin a

method A B C Σ|error|
experiment (ref 18) 2874.0710 1168.5776 1056.3363 0
B3LYP/6-31G* 2770.95 1136.10 1032.19 0.087
B3LYP/6-311G(df) 2797.31 1138.93 1034.71 0.073

a See footnotes a and b in Table 1.
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here. Nevertheless, the agreement with experiment appears to
be fairly good except forν(CH) which shows a difference of
92 cm-1 between the observed (liquid) and calculated (vapor)
values. This cannot be ascribed to Fermi resonance since the
δ(C-H) overtone is well separated from theν(C-H) funda-
mental. As a check, a B3LYP/6-31G* calculation was done for
free 2-propanol, andν(C-H) ) 2944 cm-1 was found after
the scaling described above. The agreement with experiment
(gas-phaseν(C-H) ) 2875 cm-1, ref 30) is again significantly
worse than for other modes. Since the discrepancy inν(C-H)
is not unique to Sarin and is not reflected in other normal modes,
it will be neglected in subsequent discussions.

The gas-phase value ofν(PdO) is of special interest since it
is the mode most affected by adsorption (see below). For the
Sarin analog (iPrO)(iPr)P(dO)(F), where iPr≡ isopropyl, the
gas-phaseν(PdO) is found31 at about 1308 cm-1 vs 1277 cm-1

for liquid Sarin. Similarly, if the shift of 34 cm-1 in ν(PdO)
between liquid and gas-phase DMMP is applied to liquid Sarin,
an estimate ofν(PdO) ) 1311 cm-1 is obtained for gas-phase

Sarin. Henceν(PdO) for gas-phase Sarin is estimated to fall
in the range of 1308-1311 cm-1.

2.2. Theγ-Al2O3 Model. Since the construction of the surface
model is an important issue, it will be examined in some detail.
The bulk and surface structures ofγ-Al2O3 have been analyzed
in detail in the theoretical work of Pinto et al.32,33 The bulk
lattice model proposed in this work is a so-called “defective
spinel” structure formed by first combining three primitive unit
cells of the cubic spinel (MgAl2O4) lattice to give a stoichi-
ometry of Mg6Al12O24 in which Mg occupies tetrahedral (Td)
sites and Al fills octahedral (Oh) sites. All Mg is then replaced
with Al, and two Al’s are removed to give 8(Al2O3). There are
17 possible inequivalent pairs of Td and/or Oh sites that can be
emptied to form the two vacancies, each corresponding to a
different lattice structure. Total-energy calculations32 have
identified the lowest-energy structure,34 shown in Figure 3,
which is one of those involving two Oh vacancies. The vacancy
positions are important in determining the energies of the
different surface planes since the lowest-energy surfaces are
usually those that cut through a high number of vacancies. The
structure is monoclinic (space group C2/m), and the primitive

TABLE 3: Observed and Calculated Mid-IR-Active
Fundamental Frequencies (cm-1) for DMMP

modea obs. (liq.)b obs. (gas)c calc. (gas)d |error|e
νa(P-CH3)f 2992 3014 3042 0.0093
νa(O-CH3)g 2957 2962 3028 0.0223
νs(P-CH3) 2926 2921 2958 0.0127
νs(O-CH3)h 2852 2859 2940 0.0283
δa(O-CH3)i 1465 1471 1475 0.0027
δs(O-CH3)j 1450 1438-1431
δa(P-CH3)j 1419 1423 1438-1431
δs(P-CH3) 1317 1315 1320 0.0038
ν(PdO) 1242 1276 1225 0.0400

F||(O-CH3)k 1186 1188 1163 0.0210
ν(C-O)l 1058 1075 1053 0.0205
ν(C-O)l 1034 1050 1030 0.0190

F||(P-CH3)m 896 919 911 0.0087
ν(P-O)l,n 822 818 777 0.0501
ν(P-O)l 789 753
ν(P-C) 714 667
ω(PO2) 500 466

a Mode assignments are from ref 23 for liquid DMMP, except where
noted. Only mid-IR-active (500-4000 cm-1) modes are included.ν )
stretching;δ,ω ) deformations;F ) rocking; s ) symmetric;a )
asymmetric.b Frequencies from ref 23. These are consistent with liquid-
phase values given in ref 24.c Frequencies from ref 24, except where
noted. These are consistent with gas-phase values given in ref 26.
d B3LYP/6-31G* results after scaling by a factor of 0.9613 (see text).
e Errors are defined as|calc.- obs.|/obs. where “obs.” are gas-phase
values. For completeness, error values are also given for theν(O-
CH3) modes, but these are affected by Fermi resonance with theδ(O-
CH3) overtones (see text) which is not included in the calculation. The
average error, excluding theν(O-CH3) modes, is 0.019 (i.e., 1.9%) in
magnitude.f The calculated value is the average of in-plane and out-
of-plane modes separated by about 8 cm-1. g The calculated value is
an average of in-phase and out-of-phase linear combinations of in-
plane and out-of-plane modes spread over a range of 33 cm-1. h The
calculated value is an average of in-phase and out-of-phase linear
combinations separated by about 8 cm-1. i Reference 24 assigns this
mode toδa(P-CH3), but the calculation supports the assignment given
in ref 23. The calculated value is an average of mode energies spread
over about 12 cm-1. j The calculation indicates thatδa(P-CH3) is
strongly mixed with the in-phase and out-of-phase linear combinations
of δs(O-CH3), all of which fall within the range given. Reference 23
assigns the 1419 cm-1 liquid mode toδs′(P-CH3). This assignment
has been changed in the Table.k The correspondingF⊥ mode, calculated
to lie at 1142 cm-1 in the gas phase, has a calculated intensity equal to
∼5% of that of theF|| mode.l The higher- (lower-) energy mode is the
in-phase (out-of-phase) linear combination.m The correspondingF⊥
mode, calculated to lie at 895 cm-1 in the gas phase, has a calculated
intensity equal to∼27% of that of theF|| mode.n The observed gas-
phase value is from ref 25.

Figure 2. Calculated (a) and observed (b) gas-phase IR absorbance
data for DMMP. The calculation is at the B3LYP/6-31G* level, and
the normal-mode frequencies have been scaled as described in the text.
The experimental spectrum was obtained at 8 cm-1 resolution at a
DMMP pressure of 0.58 Torr in a 30-cm gas cell with KBr windows
(ref 28).
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unit cell constants are32 a ) b ) 5.663 Å,c ) 13.712 Å,R )
â ) 90.6°, γ ) 60.401°. The corresponding conventional unit
cell parameters area ) 9.789 Å,b ) 13.712 Å,c ) 5.697 Å,
R ) â ) 90°, γ ) 90.69°.

Other theoretical investigations35-42 of γ-Al2O3 have been
reported which differ in the description of the bulk lattice. A
particular point of disagreement, discussed at length in recent
publications, concerns whetherγ-Al2O3 is better described by
a spinel model,42 as noted above, or by a nonspinel structure40

(see also ref 43). We have used the results of Pinto et al.32,33

since, other than the work of Digne et al.,38 this is the only ab
initio study of which we are aware that deals specifically with
the structures of different surfaces. The bulk model37 from which
the surface models of Digne et al.38 are derived has recently
been questioned,42 although it is not possible at present to obtain
a clear resolution of the controversy regarding the bulk
structure.43

Calculations32 of the surface energy for different surface
planes44 after relaxation (σR) have found the lowest in energy
to be the (111)a (σR ) 0.95 J m-2), shown in Figure 4, which
is terminated in Td cation sites. This surface is formed by
“cleaving” on the layer of vacancies shown at the middle of
the unit cell in Figure 3, and relaxation involves relatively small
displacements confined mainly to the outermost Al and O planes
and mainly in the surface-normal direction. The relaxed (001)
plane is a close second in stability, withσR ) 1.05 J m-2, and
is terminated in Oh and Td sites in a 3:1 concentration ratio.
The ideally terminated (001) surface is unstable and undergoes
large and complex atomic displacements in the course of

relaxation. The (110) surface, which is usually considered45 to
be the chemically active surface inγ-Al2O3 powders, has a
relatively high surface energy (σR ) 1.53 J m-2) and also
exhibits large and complex displacements during relaxation.

The discussion thus far has concerned only the fully dehy-
droxylated surface. However,-OH groups can be important
in the surface chemistry of oxides, and the question arises of
how to model the hydroxylatedγ-Al2O3 surface.46 For the (111)-
a this has been addressed33 by examining the dissociative
adsorption of H2O which yields surface Al-OH and-OH

TABLE 4: Observed and Calculated Mid-IR-Active
Fundamental Frequencies (cm-1) for Sarin

modea obs. (liq.) calc. (gas)b

νa(CH3)c 2985 3016 (iPr)
νs(CH3)c 2932 2940 (iPr)
ν(CH) 2878 2970

δa(CH3, iPr) 1468 1479
δa(CH3, iPr) 1461 1466
δa(PCH3) 1419 1434
δs(CH3, iPr) 1390 1393
δs(CH3, iPr) 1380 1381
δ(CH) 1351 1342

δs(PCH3) 1320 1329
ν(PdO)d 1277 1255
F(CH3, iPr)e 1180 1168
F(CH3, iPr)e 1145 1126
F(CH3, iPr)e 1106 1101
ν(C-O)f 1014 971
F(PCH3) 921 925
F(PCH3) 905 904
νs(C-C-C) 884 861
ν(P-F) 835 815
ν(P-C) 778 740
ν(P-O)g 721 695

a Mode assignments and experimental frequencies are from ref 29
for liquid Sarin. See Table 3, note (a), for definitions of notations. “iPr”
refers to isopropyl.b B3LYP/6-31G*, calculatedgas-phasefrequencies
scaled by a factor of 0.9613.c The νa and νs modes are those of the
isopropyl group. The intensities of the corresponding P-CH3 modes
are calculated to be much weaker. The calculated in-plane and out-of-
planeνa(CH3) modes are nearly degenerate, and small splittings (a few
wavenumbers) between in-phase and out-of-phase linear combinations
are ignored.d In gas-phase (iPrO)(iPr)P(dO)(F) this mode occurs at
∼1308 cm-1 (ref 31). e The multiple values given are for various in-
phase and out-of-phase linear combinations ofF|| andF⊥ modes.f Based
on the calculated atomic displacements, this mode is better described
as an “out-of-phase P-O-C stretch”.g Based on the calculated atomic
displacements, this mode is better described as an “in-phase P-O-C
stretch”.

Figure 3. Calculated (ref 32) lowest-energy form of the bulkγ-Al 2O3

conventional unit cell. Al(Td), Al(Oh), and O atoms are shown in blue,
green, and red, respectively. The small black spheres not bonded to
anything indicate the vacancies used to form the defective spinel
structure (see text). The arrows indicate where “cleaving” occurs to
form the (111)a and (111)b planes as discussed in ref 32.

Figure 4. Schematic diagram of the unrelaxed (ideally terminated)
(111)a surface described in ref 32. The surface normal lies in the
plane of the page. As noted in the text, the (111) label applies to the
cubic spinel lattice. In terms of the conventional unit cell ofγ-Al 2O3

(Figure 3), the surface plane is the (010). The small black spheres in
the lower-most Al(Oh) layer represent vacancies. For clarity, only
half of one unit cell in the (111) direction is shown. The numbers to
the right label the crystal planes, with 1 being the surface. For clarity,
small inequivalences among atoms in some planes, as to the exact
position along the surface normal, are neglected in numbering the
planes.

3722 J. Phys. Chem. C, Vol. 111, No. 9, 2007 Bermudez



groups. Although adsorption on the hydroxylated surface will
not be considered in the present study, the model can readily
be expanded to include such effects.

In the following investigation, the (111)a surface (Figure 4)
will be used to model adsorption onγ-Al2O3. The (111)a is the
simplest and most stable of theγ-Al2O3 surfaces (in the model
of Pinto et al.32,33), and the terminating, singly unsaturated
Al(Td) sites are strong Lewis acids. Such Lewis acid sites are
an essential feature in the chemisorption processes to be studied
here. The model cluster was formed by first “cleaving” to expose
the (111)a surface (Figure 3). Atomic displacements from the
bulk positions during relaxation are known32 to be small in all
directions beyond the second Al plane (layer number 3 in Figure
4). Two different model clusters, Al8O12 and Al20O30 (Figure
5), were cut from the slab and used to represent the chemically
active region. Both are stoichiometric and charge-neutral.47,48

The Al8O12 cluster is essentially the same as that used
previously49 to study adsorption of H2O on theR-Al2O3 (0001)
surface and is only somewhat larger than the minimum (Al4O6)
needed to model a chemically active surface Al(Td) site. The
larger model, on the other hand, was designed so that none of
the O ions adjacent to the central Al(Td) surface site are
themselves at the edge of the cluster. Thus, the Al20O30 cluster
may be viewed as an Al8O12 cluster “embedded” in a very small
host lattice having theγ-Al2O3 structure.

The dimensions of the surface plane of the larger cluster are
more nearly comparable to those of the adsorbate species of
interest, whereas such molecules extend beyond the edges of
the Al8O12 cluster. The importance of edge effects in small-
cluster models has been noted previously50 in connection with
the adsorption of H2O onR-Al2O3 (0001). The Al8O12 cluster,
either alone or when incorporated into the Al20O30 cluster, is
treated using 6-31G* or larger basis sets (see below). The
additional atoms making up the Al20O30 cluster are treated using
3-21G basis sets. This mixed-basis-set approach has been used

successfully in other surface calculations involving oxide
clusters, e.g., forR-Al 2O3 (0001) (ref 49) and CeO2 (110)
(ref 51).

Geometry optimization was confined to the adsorbate, the
active Al site (marked by the asterisk in Figure 5) and the three
O nearest-neighbors of this site. The rest of the cluster remained
fixed in positions corresponding to the ideally terminated bulk
lattice. This is a widely used approach to geometry optimization
in clusters since relaxation of larger segments often results either
in failure to converge or in structures that are severely distorted
relative to periodic-slab surface models. In spite of the ap-
proximate nature of this treatment, the results for the bare (i.e.,
adsorbate-free) surface agree fairly well with those of periodic
slab calculations.32 The surface Al(Td) atom undergoes an
inward displacement of 0.22 Å along the surface normal and a
slight displacement (∼0.02 Å) in the surface plane. The
corresponding periodic-slab results are about 0.33 Å inward and
0.028 Å laterally. For the nearest-neighbor O atoms the present
result is an outward displacement of 0.02 Å and a lateral motion
of about 0.02 Å. The corresponding periodic-slab results are
0.08 Å outward and 0.01 Å laterally.

The electrostatic potential (EP) in the vicinity of the adsorp-
tion site, due to ions in the semi-infinite crystal lattice (i.e., the
Madelung potential), is a subject of concern in cluster treatments
of ionic materials, particularly for small clusters or in the
adsorption of polar molecules.52 Various methods for dealing
with the EP range from complete neglect (i.e., a free-standing
cluster) to sophisticated approaches53-57 in which the model
cluster is embedded in an array of point charges carefully
designed to produce the correct EP near the adsorption site
(termed “charge embedding”). In most cases, the cluster is
surrounded by an intermediate region described in terms of a
shell model,53 bare pseudopotentials, or model ion potentials58

rather than point charges. The EP is neglected in the present
work; however, tests will be performed which suggest that the
free-standing Al20O30 cluster gives reliable results in the present
application.

2.3. DMMP Adsorbed onγ-Al2O3. The chemical interaction
of DMMP with γ-Al2O3 powder has been studied by Mitchell
et al.59 Studies have also been reported for adsorption on an
unspecified form of Al2O3 powder,60 on oxide layers on
polycrystalline Al films,61 and on an oxide layer on an Al(111)
surface.62 At room temperature, a nondissociative, dative-
bonding interaction occurs between the Al Lewis acid site and
the O atom of the molecular PdO group (Figure 6a). Surface

Figure 5. (a) Small Al8O12 and (a) large Al20O30 cluster models. The
coloring of Al(Td), Al(Oh), and O atoms is the same as in Figures 3
and 4. In (a), the positions of the additional atoms used to form
the large system are shown by the tube intersections. In either
case the asterisk marks the Al(Td) surface site at which adsorption
occurs.

Figure 6. Schematic diagrams showing the structures (not optimized)
for DMMP adsorbed via (a) the PdO group and (b) the CH3-O-P
group. For simplicity, only the Al8O12 cluster is shown. In this case,
both Al(Td) and Al(Oh) sites (cf. Figure 5a) are shown in blue.
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-OH groups, if present, may also be involved through
hydrogen-bonding to the molecular-OCH3 group(s). Raising
the temperature leads to a nucleophilic attack by the O atom of
the -OH site on the P atom, causing the release of CH3OH
and the formation of a bidentate structure with an Al-O-P
bond in addition to the Al-OdP dative bond. In room-
temperature IR data, only theν(PdO) mode, at 1216 cm-1,
exhibits a substantial shift from the gas-phase DMMP value
(1276 cm-1). Other modes appear at energies close to those
found in gas-phase DMMP.

The γ-Al 2O3 model described above was tested using the
adsorption energy (∆Eads) of DMMP in the Al-OdP dative-
bond configuration as a point of reference. Here

where the first term in∆Eadsis the energy of the adsorbate and
the cluster and the next two terms are the energies of the bare
cluster and the free DMMP molecule, respectively. All energies
were obtained after geometry optimization under the conditions
described above. In this and in the following section,∆Eads is
not corrected for zero-point vibrational energy (ZPE); however,
a counterpoise correction for basis set superposition error
(∆EBSSE) is applied. A negative∆Eads

C corresponds to an
exothermic process.

First, ∆Eads
C was obtained for the Al8O12 and Al20O30

clusters to check the effect of the size of the model. The results
(for 6-31G* basis sets) shown in Table 5 indicate a somewhat
weaker interaction for the smaller cluster which is reflected in
both the smaller∆Eads and the longerr(Al-OP). Hence,
subsequent work will make use of the larger cluster. Next, the
basis-set dependence of∆Eadswas tested for the Al20O30 cluster
by comparing results obtained with 6-31G* vs 6-31+G* for
DMMP and for the Al8O12 sub-cluster. In both cases, as noted
above, 3-21G basis sets were used for the atoms added to Al8O12

to make the Al20O30 cluster. The results (Table 5) show a small
increase in the adsorption energy and a slightly shorterr(Al-
OP) for 6-31+G*, indicating a stronger interaction. The basis-

set quality was further increased using 6-311G(df) for DMMP
and for the Al(-O-)3 center where adsorption occurs (cf. Figure
5). As before, the rest of the Al8O12 cluster was treated with
6-31G* basis sets, and the additional atoms making up the
Al20O30 cluster were treated with 3-21G basis sets. The results
show a further small increase in∆Eads and shortening of
r(Al-OP).

All models and basis sets in Table 5 show a substantial BSSE.
This is especially true for the Al20O30 cluster, where∆EBSSEis
in the range of 15.4-17.3 kcal/mol and does not decrease when
larger basis sets are used for DMMP and for the reactive region.
Part of this effect is associated with the use of 3-21G basis sets
for the peripheral atoms, as described above. A calculation with
6-31G* basis sets for DMMP and for the entire Al20O30 cluster
gave∆EBSSE ) 10.6 kcal/mol, close to the value of 9.0 kcal/
mol found for the Al8O12 cluster (Table 5). This large value of
∆EBSSE, in proportion to∆Eads, could cast doubt on the geometry
optimization,63 which does not include BSSE in evaluating the
total energy. However, Table 5 shows that there is little
difference between the Al8O12 and Al20O30 clusters, regarding
the geometry of the chemisorption bond, when both are treated
at the 6-31G* level even though∆EBSSE) 9.0 kcal/mol for the
former and 15.4 kcal/mol for the latter. In this comparison, the
Al8O12 sub-cluster of the Al20O30 is treated with 6-31G* basis
sets and the rest with 3-21G.

The third test examined an alternative adsorption geometry.
The calculations thus far all began with the DMMP positioned
directly above the central Al site with the PdO bond orientation
and Al-OdP distance approximately correct for dative bond
formation (Figure 6a). Another a priori reasonable geometry
places the O atom of one of the P-O-CH3 groups directly
above the Al site (Figure 6b). Adsorption via Al-O dative bond
formation to a CH3O- group is inconsistent with the IR data
cited above, but it is nevertheless necessary to test the predicted
∆Eadsfor this structure. This was done using the smaller (Al8O12)
cluster with 6-31G* basis sets, and∆Eads ) -39.6 kcal/mol
was obtained, withr(Al-O) ) 1.91 Å, vs-56.1 kcal/mol for
Al-OdP using the same model (cf. Table 5). Thus, the
calculations agree with experiment that Al-OdP is the
energetically favored adsorption geometry. A bidentate structure,
with one Al forming an Al-OdP bond and another forming
an Al-O bond to a methoxy group, was not included in
the present model, which involves only one Al surface site.
Given the Al-Al nearest-neighbor distance on the model
surface (5.663 Å, Figure 4) and the various bond lengths shown
in Table 5, such a structure would not be possible without a
severe bond-angle distortion of the approximately tetrahedral
P bonding.

Another test consisted of computing the molecular (i.e.,
nondissociative) adsorption of H2O on the model cluster for
comparison with the periodic-slab result33 of ∆Eads ) -1.22
eV (-28.1 kcal/mol) for the (111)a surface ofγ-Al2O3. This
tests the quality of the free-standing cluster result for the difficult
case of a relatively weak interaction with a polar molecule. The
structure was optimized, as described above, at the B3LYP level
with 6-31+G* basis sets for H2O and for the Al8O12 sub-cluster
and 3-21G basis sets for the rest of the Al20O30 cluster. The
resulting Al-OH2 distance was 1.928 Å. A single-point
calculation was then done with 6-31+G* basis sets for all atoms,
and ∆Eads ) -35.1 kcal/mol was obtained after applying the
BSSE correction of+6.0 kcal/mol. The difference of 7.0 kcal/
mol from the periodic-slab result, while not trivial, is comparable
to the scatter among various embedded-cluster and periodic-
slab results64 for the molecular adsorption of H2O on R-Al2O3

TABLE 5: Basis-Set and Cluster Size Dependence of Results
for Adsorption of DMMP on γ-Al 2O3

cluster/
basis set ∆Eads

a r(Al-OP) r(AlOdP) ∠(Al-O-P)

Al8O12/
6-31G*b

-56.1 (-47.1) 1.827 1.523 147.4

Al20O30/
6-31G*c

-66.5 (-51.1) 1.802d 1.529e 150.1

Al20O30/
6-31+G*c

-70.8e (-53.5) 1.795 1.527 151.6

Al20O30/
6-311G(df)f

-74.2 (-57.5) 1.788 1.519 151.1

a∆Eads is in kcal/mol, bond lengths are in Ångstroms and the bond
angle is in degrees. Values in parentheses are BSSE-corrected (∆Eads

C )
results.∆Eadshas not been corrected for ZPE.b 6-31G* basis sets were
used for DMMP and for the entire Al8O12 cluster.c The basis set
indicated was used for the Al8O12 sub-cluster and for the DMMP. The
additional atoms forming the Al20O30 cluster were treated with 3-21G
basis sets.d The calculated (6-31G*) Al-O distance from the adsorption
site to the nearest-neighbor lattice O atoms is 1.770 Å.e The calculated
(6-31G*) P-OCH3 and PdO distances in free DMMP are 1.622 and
1.486 Å, respectively.f The molecule and the central Al(-O-)3 surface
site, at which adsorption occurs, are treated using 6-311G(df) basis
sets. The remainder of the Al8O12 cluster is treated with 6-31G* basis
sets, and additional atoms of the Al20O30 cluster are treated with 3-21G
basis sets.

∆Eads) E(DMMP + Al2O3) - E(DMMP) - E(Al 2O3)

∆Eads
C ) ∆Eads+ ∆EBSSE
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(0001), which has been the subject of several theoretical studies.
Embedded-cluster (periodic-slab) results for this system fall in
the range of-23.4 to -35.7 (-23.3 to -33.7) kcal/mol
depending on method and basis sets and on the details of the
model.

A final test concerns the possible role of “surface states” in
the free-cluster results. Note the configuration of the first-
underlayer Al atoms in Figures 5a,b, which correspond to “Layer
#3” in Figure 4. In bulkγ-Al2O3 these are Oh sites. In the Al8O12

cluster, these are missing two of the six O nearest-neighbors.
In Al20O30 these same sites are now fully coordinated, but the
additional first-underlayer Al atoms at the periphery are each
missing three O nearest-neighbors. To determine whether this
might affect the difference between the Al8O12 and Al20O30

results in Table 5, a calculation was done in which one H atom
was added to each of these six 3-fold-coordinated Al sites and
allowed to relax during geometry optimization. The object was
not to remove completely the “surface states” but to reduce the
difference in this regard between the two clusters. For DMMP
adsorption,∆Eads) -68.6 kcal/mol was obtained, using 6-31G*
basis sets, vs-66.5 kcal/mol (Table 5) without H. After BSSE
correction, ∆Eads

C ) -53.9 kcal/mol was obtained with H-
termination vs-51.1 kcal/mol without. This difference of 5.5%
is not considered to be significant in analyzing the adsorbate
structure and is neglected. Casarin et al.65 have discussed the
use of “pseudo-H atoms”, with fractional numbers of electrons,
to saturate peripheral sites inR-Al2O3 model clusters, but this
technique was not available in the present work.

Table 6 gives the computed vibrational modes of DMMP
adsorbed onγ-Al2O3 together with the experimental results59

at room temperature. Comparisons are made between the
observed and calculated frequencies for adsorbed DMMP and
between the shifts relative to the gas phase, i.e., [(obs. adsorbed)
minus (obs. gas)] vs [(calc. adsorbed) minus (calc. gas)]. The
computation used 6-31G* basis sets and the Al20O30 cluster in
the manner described above. Obtaining normal-mode energies
for larger basis sets was computationally intensive, and in any
case, the free-molecule frequencies discussed above show very
little change when the basis set is enlarged beyond 6-31G*.
The atomic displacements associated with each adsorbate normal
mode were examined and found to contain virtually no
contribution from atoms in the Al20O30 cluster itself. Hence,
the frequencies are considered reliable, within the basic limita-
tions of the theory, even though only a partial geometry
optimization of the cluster was performed (see above).

The average error of 2.1% in the calculated frequencies is
essentially the same as that seen in Table 3 (1.9%) for free
DMMP. The computed∆ν(PdO), relative to the computed gas-
phase frequency, is-84 cm-1 which is in reasonable agreement
with the experimental value of-60 cm-1. Also in agreement
with experiment is the fact than none of the other modes show
nearly as large a shift from the corresponding gas-phase value.
The second-largest such affect appears inν(C-O), where the
calculation gives∆ν ) -32 (-27) cm-1 for the in-phase (out-
of-phase) linear combination. The experimental work reports
only oneν(C-O) for adsorbed DMMP, at 1058 cm-1, but if
that is ascribed to the in-phase mode (at 1075 cm-1 in the gas
phase, Table 3) then the observed∆ν(C-O) is -17 cm-1. The
only large discrepancy is inνa(P-CH3), for which the observed
and calculated shifts are in opposite directions. However, the
agreement in the shift of the correspondingνs(P-CH3) mode
is essentially exact.

2.4. Sarin Adsorbed onγ-Al2O3. The adsorption of Sarin
on γ-Al2O3 has been studied experimentally using IR spectros-

copy,29 and31P,13C, and27Al nuclear magnetic resonance data66

have been reported for Sarin on Al2O3 nanoparticles. Initial
adsorption occurs29 via a strong Al-OdP interaction which,
on an hydroxylated surface, is followed by H2O elimination,
transfer of F to an adjacent Al site, and formation of a bidentate
phosphonyl structure. The kinetic aspects of the reaction of Sarin
with γ-Al2O3 have also been studied.67

Three modes of adsorbate bonding have been considered in
the present work; namely, Al-OdP, Al-F-P, and Al-O(iPr)
where the last of these refers to bondingVia the O of the
isopropyl group. The results are shown in Table 7. As in the
case of DMMP, and in agreement with experimental data29 for
Sarin, Al-OdP bond formation is energetically favored. The
BSSE corrections for all three structures were obtained in order
to verify that this conclusion remains unchanged. For the most
stable structure, Al-OdP, Table 7 also gives results for the
higher-quality 6-311G(df) basis sets which can be compared
with those for DMMP in Table 5.

With 6-311G(df) basis sets,∆Eads
C for Sarin (-49.2 kcal/

mol) is smaller than that of DMMP (-57.5 kcal/mol), a
difference of 8.3 kcal/mol. It is noteworthy that virtually the
same difference in∆Eads

C , 8.8 kcal/mol, is seen for 6-31G*
basis sets, again using the Al20O30 cluster (cf. Tables 5 and 7).
Before BSSE correction, the difference in∆Eadsbetween DMMP

TABLE 6: Observed and Calculated Mid-IR-Active
Fundamental Frequencies (cm-1) for DMMP Adsorbed on
γ-Al 2O3

modea observeda calculatedb |error|c
νa(P-CH3) 2996 (-18) 3053 (+11) 0.0190
νa(O-CH3)d 2956 (-6) 3085 (i.p.)
νs(P-CH3) 2929 (+8) 2966 (+8) 0.0126
νs(O-CH3) 2853 (-6) 2989
δa(O-CH3)e 1465 (-6) 1470 (0) 0.0034
δs(O-CH3) 1450 1440 0.0069
δa(P-CH3)f 1423 (0) 1428 0.0035
δs(P-CH3) 1314 (-1) 1331 (+11) 0.0129
ν(PdO) 1216 (-60) 1141 (-84) 0.0617
F(O-CH3)g 1190 (+2) 1163 (0) 0.0227
ν(O-C)h 1058 (-17) 1021 (-32) 0.0350
F(P-CH3)i 904 (+15) 934 (+23) 0.0332

a Mode assignments and observed frequencies (recorded at 30°C)
are from ref 59. See Table 3, footnote a, for definitions of notations.
Shifts relative to the observed gas-phase values (cf. Table 3) are given
in parentheses.b This work, using the Al20O30 cluster with 6-31G* basis
sets for DMMP and for the Al8O12 sub-cluster and 3-21G basis sets
for the rest of the cluster. The frequencies have been scaled by a factor
of 0.9613 (ref 19). Shifts relative to the calculated gas-phase values
(cf. Table 3) are given in parentheses. Shifts forν(O-CH3) are not
given because Fermi resonance with theδ(O-CH3) is not included in
the calculation (see text).c Errors in the absolute frequencies are defined
as|calc.- obs.|/obs. The average error for the ten modes considered is
0.021 (i.e., 2.1%) in magnitude.d The in-plane (i.p.) mode is calculated
to be more intense than the out-of-plane (o.p.) mode. Hence, the
observed mode is assigned to the i.p. Small splittings (a few wave-
numbers) between in-phase and out-of-phase linear combinations of
ν(O-CH3) and other modes are ignored.e The calculated value is an
average of closely spaced (over a range of 13 cm-1) in-phase and out-
of-phase linear combinations of i.p. and o.p. modes.f Reference 59
assigns this mode toδa(P-CH3) which is believed to be correct. See
Table 3, footnote i.g Only oneF(O-CH3) is reported in the experi-
mental data. The calculated value given is for theF|| mode. The
calculated energy of theF⊥ mode is 1128 cm-1. See Table 3, footnote
k. h Only oneν(C-O) mode is reported in the experimental data. The
calculated value given is for the in-phase linear combination. The
calculated energy of the out-of-phase combination is 1003 cm-1. i Only
oneF(CH3) is reported in the experimental data. The calculated value
given is for theF|| mode. The calculated energy of theF⊥ mode is 922
cm-1. See Table 3, footnote m.
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and Sarin is 9.9 (9.1) kcal/mol for the smaller (larger) basis
sets. The similarity of these results indicates that the comparison
between DMMP and Sarin is essentially unaffected by system-
atic errors, if any, in the model and by the large BSSE
corrections.

The reason for the smaller∆Eads for Sarin is not readily
apparent. Table 8 summarizes the atomic charges computed for
free DMMP and Sarin at the B3LYP/6-311G(df) level using
the atomic polar tensor (APT) method.68 A smaller charge on
the O atom of the PdO group, due to the electronegative F
atom, could explain the smaller∆Eads for Sarin, but Table 8
shows little difference from DMMP in this regard. The steric
effect of the isopropyl group in Sarin is not believed to be a
factor since the optimized structure (not shown) places this group
well away from the surface. Also, adsorbed Sarin remained in
the low-energy conformation shown in Figure 1b without being
forced into another, less stable configuration17,18(which would
have made∆Eads less negative).

Table 9 gives the computed vibrational frequencies for Sarin
adsorbed in the Al-OdP configuration. As in the case of
DMMP, the normal-mode calculation was performed for
adsorption on the Al20O30 cluster using 6-31G* basis sets for
Sarin and for the Al8O12 sub-cluster. The agreement between
observed and calculated frequencies is surprisingly good. The
average error of 1.2% is less than the error of 2.1% (Table 6)
for adsorbed DMMP. As in the case of DMMP the largest error
(about 6%) is inν(PdO). For Sarin, the comparison between
observed and calculated adsorption-induced mode shifts is
hampered by the lack of gas-phase data. The estimate (see
above) of 1311 cm-1 for the gas-phaseν(PdO) frequency yields
∆ν(PdO) ) -66 cm-1. This is to be compared with the
calculated shift (calc. adsorbed minus calc. gas) of-86 cm-1.

The calculated adsorption-induced shifts for other modes are
much less than∆ν(PdO), in general agreement with the Sarin
data. Comparing the calculated values in Tables 4 and 9, one
finds that such shifts are typically<15 cm-1 in magnitude. One
exception is theν(C-O) mode, for which the calculated shift
(adsorbed minus gas) is+36 cm-1, whereas the observed shift
(adsorbed minus liquid) is only+6 cm-1. However, the observed

and calculatedν(C-O) values for adsorbed Sarin in Table 9
show fairly good agreement (a 13 cm-1 difference), whereas
the observed (liquid) and calculated (vapor) values for free Sarin
in Table 4 do not (a 43 cm-1 difference). This leads one to
suspect thatν(C-O) in the vapor may be significantly lower
than in the liquid. A much larger discrepancy occurs forν(C-
H) where the observed and calculated values for adsorbed Sarin
(Table 9) differ by 198 cm-1. The comments made above
regardingν(C-H) in free Sarin also apply here.

3. Summary

Ab initio quantum-chemical calculations have been performed
to study the interaction of DMMP and Sarin withγ-Al2O3.
Emphasis has been placed on a detailed comparison between
calculated and observed (mainly IR spectroscopic) results for
the adsorbed species. The results are as follows.

(1) Free-standing Al8O12 and Al20O30 clusters give reasonable
descriptions of the adsorbate structure and properties. In both
cases, Al-OdP dative-bond formation is the energetically
favorable adsorption geometry, and the IR spectra are in general
agreement with experiment. Equally important is the fact that
competing geometries, which are contra-indicated by experi-
ment, are found to be energetically unfavorable.

(2) The results are not strongly dependent on the quality of
the basis sets. For DMMP adsorption on the Al20O30 cluster,∆
Eads

C at the B3LYP/6-31G* level is about 12% smaller than at
the B3LYP/6-311G(df) level. The length and angle of the
chemisorption bond show little variation between the two

TABLE 7: Results for the Adsorption of Sarin on γ-Al 2O3
a

structure ∆Eads

ads.
bondb

ads.
anglec r(P-F) r(PdO) r(P-O)

free sarind 1.600 1.478 1.604
Al-OdPd -56.6 (-42.3) 1.822 141.3 1.573 1.517 1.557
Al-F-Pd -36.1 (-25.1) 1.839 135.0 1.801 1.472 1.568
Al-O(iPr)d -41.1 (-24.5) 1.912 124.7 1.581 1.477 1.707
Al-OdPe -65.1 (-49.2) 1.805 149.0 1.563 1.503 1.545

a All results are computed using the B3LYP functional and the
Al20O30 cluster. Bond lengths are in Ångstroms, and bond angles are
in degrees.∆Eads is in kcal/mol.b This is the Al-X distance (XdO or
F). c This is the Al-X-P bond angle (XdO or F). d 6-31G* basis sets
were used for Sarin and for the Al8O12 sub-cluster. Additional atoms
forming the Al20O30 cluster were treated with 3-21G basis sets. The∆
Eads

C values are given in parentheses. No ZPE corrections have been
applied.e The basis sets used were 6-311G(df) for Sarin and for the
Al(-O-)3 adsorption site, 6-31G* for the rest of the Al8O12 cluster
and 3-21G for the additional atoms forming the Al20O30 cluster.

TABLE 8: APT Atomic Charges in Free DMMP and Sarin a

molecule P*dO PdO* RO*b P-F*

DMMP +2.17 -0.87 -1.03
Sarin +2.19 -0.84 -1.12 -0.68

a All values are obtained at the B3LYP/6-311G(df) level. The asterisk
marks the atom being described.b RtCH3 for DMMP and (CH3)2CH
for Sarin.

TABLE 9: Observed and Calculated Mid-IR-Active
Fundamental Frequencies (cm-1) for Sarin Adsorbed on
γ-Al 2O3

modea observeda calculatedb |error|c
νa(CH3)d 2980 3015 (iPr, o.p.) 0.0117
νs(CH3) 2930 2941 (iPr) 0.0038
ν(CH)e 2870 3068

δa(CH3, iPr) 1465 1471 0.0041
δa(CH3, iPr) 1455 1463 0.0055
δa(PCH3) 1415 1428 0.0092
δs(CH3, iPr) 1380 1386 0.0043
δs(CH3, iPr) 1379
δ(CH) 1350 1349 0.0007

δs(PCH3)f 1320 1335 0.0114
δs(PCH3)f 1315
ν(PdO)g 1245 1169 0.0610
F(CH3, iPr) 1170 1176 0.0051
F(CH3, iPr) 1135 1139 0.0035
F(CH3, iPr) 1110 1089 0.0189
ν(C-O) 1020 1007 0.0127

a Mode assignments and observed frequencies are from ref 29. “iPr”
refers to isopropyl. See Table 3, note (a), for definitions of notations.
b This work, using the Al20O30 cluster with 6-31G* basis sets for Sarin
and for the Al8O12 sub-cluster and 3-21G basis sets for the rest of the
cluster. The “raw” frequencies have been scaled by a factor of 0.9613
(ref 19). c Errors are defined as in Table 6, footnote c. The average
error is 0.012 (1.2%).d The isopropylνa(CH3) in-plane (i.p.) modes,
calculated to occur at 3035 cm-1, are computed to be weak relative to
the out-of-plane (o.p.) modes. Hence the observed feature is assigned
as o.p. Small splittings (a few wavenumbers) between the calculated
in-phase and out-of-phase linear combinations of theν(CH3) modes
are ignored. For the P-CH3 group,νa (3042 cm-1) andνs (2964 cm-1)
are computed to be much weaker than for the isopropyl group and are
not assigned to any observed feature.e See text for a discussion of
ν(CH). f Peaks observed at 1320 and at 1315 cm-1 were both assigned
to δs(PCH3); however, only one such mode is found among the
calculated normal modes.g For an estimated gas-phase frequency of
∼1311 cm-1 (see text), an experimental∆ν(PdO) ) -66 cm-1 is
obtained for the adsorbed molecule. The corresponding calculated value
(i.e., calc. adsorbed minus calc. gas-phase) is-86 cm-1.
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extremes. Likewise, the dependence on cluster size is not strong.
With 6-31G* basis sets,∆Eads

C for DMMP adsorption is about
8% smaller for the Al8O12 than for the Al20O30 cluster.

(3) “Side-by-side” comparison of the ab initio results for
DMMP and Sarin indicates that DMMP is a reasonably good
simulant. In either case, the energetically favorable geometry
for adsorption onγ-Al2O3 is the same. The adsorption energies
are comparable (∆Eads

C ) -57.5 kcal/mol for DMMP and
-49.2 kcal/mol for Sarin, both for Al20O30 at the B3LYP/6-
311G(df) level). However, for reasons which are unclear at
present,∆Eads

C is about 8.3 kcal/mol greater for DMMP than
for Sarin.

(4) The calculated normal-mode frequencies for DMMP and
Sarin, both free and adsorbed onγ-Al2O3, have been used to
verify the reported mode assignments23,24,29,59for the mid-IR
spectra of these systems. Since the calculation provides a
physical picture of the atomic displacements in each mode, the
interpretations are unambiguous in most cases.
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