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ABSTRACT: In a previous study (J. Phys. Chem. C 2011, 115, 12403), cluster
models for the TiO2 rutile(110) surface and MP2 calculations were used to
develop an analytic potential energy function for dimethyl methylphosphonate
(DMMP) interacting with this surface. In the work presented here, this analytic
potential and MP2 cluster models are compared to DFT “slab” calculations for
DMMP interacting with the TiO2(110) surface and with DFT cluster models for
the TiO2(110) surface. The DFT slab calculations were performed with the PW91
and PBE functionals. The analytic potential gives DMMP/TiO2(110) potential
energy curves in excellent agreement with those obtained from the slab
calculations. The cluster models for the TiO2(110) surface, used for the MP2
calculations, were extended to DFT calculations with the B3LYP, PW91, and PBE
functionals. These DFT calculations do not give DMMP/TiO2(110) interaction
energies that agree with those from the DFT slab calculations. Analyses of the wave functions for these cluster models show that
they do not accurately represent the HOMO and LUMO for the surface, which should be 2p and 3d orbitals, respectively, and
the models also do not give an accurate band gap. The MP2 cluster models do not accurately represent the LUMO, and that they
give accurate DMMP/TiO2(110) interaction energies is apparently fortuitous, arising from their highly inaccurate band gaps. To
address this issue, accurate cluster models, consisting of 7, 10, and 15 Ti-atoms and that have the correct HOMO and LUMO
properties, are proposed. The Ti7-cluster model gives a DMMP + TiO2 rutile(110) potential energy curve, determined with
DFT, which is consistent with those for the MP2 cluster and DFT slab calculations and with the analytic potential energy
function. DFT-D calculations, with a dispersion correction, give DMMP + TiO2 rutile(110) binding energies ∼10−15 kcal/mol
stronger than those obtained from pure DFT. The DMMP + TiO2 rutile(110) binding energy is found to depend on the size of
the model used to represent the TiO2(110) surface. The work presented here illustrates that care must be taken in “constructing”
cluster models that accurately model surfaces.

I. INTRODUCTION
Cluster models are widely used in quantum chemistry studies
to represent surfaces and their interactions with molecules.
Stoichiometric cluster models have been used to represent
alumina surfaces and their interactions with alkane1,2 and
water3 molecules, and with the chemical warfare agents
(CWAs) Sarin and VX4,5 and the CWA surrogate dimethyl
methylphosphonate (DMMP). Interactions of trichlorophos-
phate (TCP), DMMP, and Sarin with the amorphous SiO2
surface have been investigated with cluster models.6 A number
of studies have been performed in which TiO2 cluster models
have been used to represent the TiO2 rutile(110) surface and
its interactions with molecules. These studies include Ti7O14
with H2O;7,8 Ti7O9, Ti7O18, and Ti7O30 with organic
molecules;9 and TiO5H6 with small molecules representing
functional groups in peptides.10 Different cluster sizes

containing 1, 2, 4, 6, and 17 Ti-atoms were used to study the
interactions of catechol and water with the TiO2 anatase(101)
surface.11 In the above studies, it was important to choose a
cluster that has the proper interfacial structure and atomic
charges. Carefully constructed TiO2 cluster models have also
been used to study the effects of dopants on the UV/vis
properties.12 The embedded cluster approach3,8,9,12,13 has also
been used.
In recent work, we used cluster models to study the

intermolecular interaction of DMMP with the TiO2 rutile(110)
surface.14 The calculations were performed at the MP2 level of
theory with two basis sets, 6-31++G** (6-31G** for Ti) and
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aug-cc-pVDZ (6-311+G** for Ti). The three clusters TiO5H6,
Ti3O13H14, and Ti11O40H36 were used for the calculations.
From the results of these calculations, an analytic intermo-
lecular potential between DMMP and the TiO2(110) surface
was developed, written as a sum of two-body interactions
between the atoms of DMMP and those of the TiO2 surface.
For the work presented here, two additional calculations

were performed to compare with the above MP2 cluster
calculations for the DMMP/rutile(110) surface.14 For one,
DFT “slab” calculations were performed to determine DMMP/
rutile(110) potential energy curves to compare with those
reported for the MP2 cluster calculations. For the second,
elements of the MP2 cluster calculations were repeated but
using the DFT/B3LYP model theory instead of MP2. Of
interest are the similarities and differences in the MP2 cluster,
DFT “slab”, and DFT/B3LYP cluster models of the DMMP/
rutile(110) intermolecular interaction. In addition, more
accurate cluster models9,12,13 that take into account the local
bonding environment are discussed and presented. These
models are based on a covalent embedding procedure for which
TixOy clusters are terminated with suitably chosen pseudohy-
drogen saturators identified as Z-atoms.

II. COMPUTATIONAL METHODS AND RESULTS

II.A. Slab Calculations for DMMP/TiO2(110). II.A.1. Pro-
cedure. Two different DFT periodic slab calculations were
performed for the potential energy of the DMMP/rutile(110)
system. For one DMMP, OP(CH3)(OCH3)2 was held fixed
in its optimized structure, and potential energy curves for
DMMP interacting with the surface were calculated for specific
DMMP orientations and interaction sites on the surface. There
was no geometry optimization for either DMMP or the surface.
These calculations follow those reported for the two
orientations in Figures 7−9 of ref 14, with one additional
orientation. Depictions of these three orientations are given in
Figure 1. The part of the rutile(110) surface included was
chosen to illustrate the interaction site on the surface. For the
second calculation, the potential energy release for DMMP
association with the TiO2(110) surface was determined. This

energy is the difference in the energy of the optimized
DMMP−rutile(110) system, with DMMP and rutile(110) held
rigid, and the total energy of individually optimized DMMP and
rutile(110). This is the same approach as was used in our
previous study employing the Ti-, Ti3-, and Ti11-cluster models
for rutile(110).14 If the geometry of the DMMP−cluster system
was optimized with DMMP attached, the resulting relaxation/
deformation of the cluster would depend on the cluster size. To
ensure that this did not artificially affect the DMMP interaction
energy, rigid models were employed as described above. The
same approach was used for the slab calculations so that they
could be compared to the cluster calculations.
The periodic DFT calculations were performed with the

Vienna ab initio simulation package (VASP),15−19 using the
periodic supercell model for the TiO2 slab. The slab has a
thickness of ∼9 Å, contains 3 Ti planes, and consists of 48
[TiO2] units. Its construction was based on the known bulk
structure of TiO2.

20 The parameters of the computational cell
are a = 50, b = 11.836, c = 12.994 Å, and α = β = γ = 90°. The
calculations were performed with two DFT functionals,
PW9121 and PBE.22 The plane wave cutoff was set to 400
eV, and SCF convergence was set to 0.0001 eV. All calculations
were performed using the projected augmented wave (PAW)23

approach at the Γ point. PAW atomic pseudopotentials19 were
used for both the PW91 and the PBE functionals.

II.A.2. Results and Comparison with Energies Given by the
Analytic Potential Energy Function. Potential energy curves
are given in Figure 2 for DMMP interacting with a DFT “slab”
model of the TiO2 rutile(110) surface for the three orientations
in Figure 1. The curves were calculated using the PW91 and
PBE functionals as described above. For orientation I, the
double bond O atom of DMMP approaches a 5-coordinated Ti
atom along the Ti−O axis, and, at the same time, one of the
methoxy O atoms of DMMP approaches another 5-coordinated
Ti atom. Thus, both the Ti−O(P) and the Ti−O(C)
interactions are emphasized. For orientation II, the double
bond O atom of DMMP approaches a 5-coordinated Ti atom
with collinear P−O and Ti−O axes, and only the Ti−O(P)
interaction is emphasized. For orientation III, the P atom
approaches above one of the 6-coordinated Ti atoms, with
O(P) approaching above the middle bridging O atom and a
methoxy O atom approaching above a side bridging O atom.
As shown in Figure 2, the PW91 and PBE functionals give

nearly identical potential energy curves, with orientation I
giving a deeper potential energy curve than orientation II and a
repulsive potential energy curve for orientation III. Fitting the
potential energy curves with cubic spline functions gives PW91
and PBE potential energy minimum parameters Vo, Ro of −44.0
kcal/mol, 2.20 Å and −42.1 kcal/mol, 2.22 Å, respectively, for
orientation I and Vo, Ro of −33.4 kcal/mol, 2.24 Å and −31.8
kcal/mol, 2.25 Å, respectively, for orientation II. If the
minimum energy structures for orientations I and II are
optimized, with both DMMP and the TiO2 slab held rigid, the
resulting respective PW91 and PBE Vo, Ro parameters are of
−45.9 kcal/mol, 2.20 Å and −44.1 kcal/mol, 2.20 Å for
orientation I and −34.2 kcal/mol, 2.25 Å and −33.3 kcal/mol,
2.24 Å for orientation II.
DFT slab calculations have been performed of the structure

and dynamics of liquid water on TiO2 rutile(110).24 The
binding and dissociation energies of water are found to depend
on the number of layers in the slab. DFT calculations have also
shown that the surface properties of thin TiO2 rutile(110) films
depend on the number of layers in two-dimensional slab

Figure 1. Three orientations considered for DMMP interacting with
the TiO2(110) surface. Details of the orientations are given in the text.
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models of the surface.25 Thus, it is important to determine if
the above DMMP/rutile(110) interaction energies, obtained
with the 3-layer model, change if a model with more layers is
used. A test was made for orientation II in Figure 1, using a 4-

layer model and the PW91 functional. Figure 3 shows that the
interaction potential energy curves for the 3- and 4-layer
models are nearly identical. A cubic spline fit to the 4-layer
curve gives potential energy minimum parameters Vo = −33.6

Figure 2. DFT “slab” calculations of potential energy curves for DMMP interacting with the TiO2(110) surface for the three orientations in Figure 1.
The structures of DMMP and TiO2(110) are held rigid and are not optimized. The results of the DFT slab calculations, PW91 (left column) and
PBE (right column), are given by the points. The potential energy curves from the analytic function are given by the solid curves. The Ti−O(P)
distance is the distance of the O-atom of OP from the top layer of Ti-atoms.
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kcal/mol and Ro = 2.11 Å. These parameters are nearly the
same as those above for the 3-layer model. The 3-layer model is
apparently sufficient for calculating accurate DMMP/ru-
tile(110) interaction energies.
As discussed above, the slab model for rutile(110) was held

rigid for the calculations. For the DFT calculations of water
interacting with slab models of the rutile(110) surface,25

properties of the interaction of water with the surface were
found to depend on the relaxation of the surface and whether
an “even” or “odd” number of surface layers were included in
the calculation. For the current study, with a rigid surface, such
an “even” or “odd” effect was not observed. In future work, it
would be of interest to consider additional rutile(110) slab
models and determine if such an effect is observed for the
DMMP interaction if relaxation of the slab model is allowed.
In previous work, utilizing MP2 calculations and cluster

models,14 an analytic intermolecular potential energy function
written as a sum of two-body terms was developed for DMMP
interacting with the TiO2 rutile(110) surface. The potential
energy curves given by this potential for orientations I−III are
plotted in Figure 2, where they are compared to those for the
PW91 and PBE 3-layer “slab” calculations. The analytic
potential energy function curves were calculated in the same
manner as those for the slab calculations; that is, DMMP and
the TiO2 rutile(110) surface were kept rigid and brought
together as defined for orientations I, II, and III. The overall
agreement between the DFT and analytic function potential
energy curves is quite good. For orientation III, the analytic
function has a shallow minimum of 1.4 kcal/mol, with a barrier
of 3.5 kcal/mol to access this minimum. In comparison, the
DFT curves are purely repulsive for this orientation. The
analytic potential gives Vo, Ro values of −44.2 kcal/mol, 2.30 Å
and −35.3 kcal/mol, 2.17 Å for orientations I and II,
respectively, which are in quite good reasonable agreement
with the above DFT values. The conclusion from the
comparisons in Figure 2 is that the MP2 cluster models give
a DMMP/rutile(110) interaction potential similar to that given
by the DFT “slab” calculations.
For comparison with the cluster calculations, discussed in the

next section, it is of interest to have the HOMO, LUMO, and
Fermi-level energies for the DFT slab calculations. The PW91

values for these energies are given in Table 1 for the potential
energy minima of the DMMP/rutile(110) orientations I and II

and for isolated rutile(110). As discussed below, the MP2
cluster models correctly describe the HOMO, but not the
LUMO. The agreement between the DMMP/rutile(110)
interaction energies of the MP2 cluster and DFT slab models
arises from a fortuitous large separation between the HOMO
and LUMO orbitals.

II.B. Comparison of DFT and MP2 Model Cluster
Calculations for the DMMP/TiO2 Rutile(110) Intermo-
lecular Interaction Potential. In previous work,14 MP2
theory was used to calculate interaction energies between
DMMP and the TiO5H6, Ti3O13H14, and Ti11O40H36 clusters as
successively more accurate models of the DMMP/TiO2
rutile(110) interaction. As discussed above, the analytic
intermolecular potential energy function derived from these
calculations gives DMMP/rutile(110) potential energy curves
in good agreement with those determined from DFT “slab”
calculations. Here, we compare B3LYP, PBE, and PW91 DFT
calculations with these previous MP2 calculations of DMMP
interacting with Ti-clusters. The DFT calculations were
performed with the Gaussian03 software package.26 The same
basis set, 6-31++G** (6-31 G* for Ti), was used for all of the
calculations.
DFT and MP2 energies for DMMP binding to the Ti-

clusters are compared in Table 2. The calculations are for the
specific DMMP/Ti-cluster potential energy curves described in

Figure 3. Comparison of DMMP/TiO2 rutile(110) potential energy
curves for orientation II in Figure 1, using the DFT/PW91 “slab”
model with 3-layers (red curve) and 4-layers (blue curve). The Ti−
O(P) distance is defined in the caption to Figure 2.

Table 1. HOMO, LUMO, and Fermi-Level Energies for the
PW91 Slab Calculationsa

system HOMO LUMO
Fermi-
level

HOMO−LUMO
gap

DMMP/TiO2−I −4.71 −3.79 −4.527 0.92
DMMP/TiO2−II −4.87 −3.95 −4.605 0.92
isolated TiO2 −5.26 −4.39 −5.075 0.87

aThe energies are in eV. Orientations I and II are defined in Figure 1,
and the energies are for the optimized structures of these orientations.

Table 2. Comparison of MP2 and DFT Energies for DMMP
Binding with Ti-Clustersa

binding energyb

Ti-cluster RTi−O(P)
c MP2 B3LYP PW91 PBE

TiO5H6 2.20 −19.9 −19.2
Ti3O13H14 2.10 −34.2 −30.7 −39.6 −36.0
Ti11O40H36−I 2.50 −28.6 −19.5 −20.1 −19.0
Ti11O40H36−II 2.50 −19.4 −12.8 −13.9 −13.0

aThe structures of the Ti-clusters and the orientations of DMMP for
binding to the clusters are given in ref 14. For the Ti11-cluster, there
are two orientations, I and II. The basis set used for the calculations is
6-31++G**, with 6-31G** for Ti. bThe binding energies are given in
kcal/mol. A BSSE correction was included in the binding energies as
discussed previously13 for the MP2 calculations. cRTi−O(P) is the
distance in angstroms of the O-atom of OP from the top layer of Ti-
atoms of the clusters. The same RTi−O(P) distance is used for each of
the theories to compare the calculated binding energies. These
distances are close to the distances for the minima in the potential
energy curves; see ref 14. At the MP2 potential minima for the Ti3 and
Ti11 clusters, the Vo and RTi−O(P) are: Ti3, −34.3 kcal/mol, 2.07 Å; Ti11
(orientation I), −28.9 kcal/mol, 2.41 Å; Ti11 (orientation II), −19.6
kcal/mol, 2.44 Å.
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ref 14. To compare the binding energies for the different
theories, the same Ti−O(P) distance was used for each theory.
These distances are close to those for the potential energy
minima of the curves. For the Ti3-cluster, the different DFT
functionals give different values for the binding energy. The
PBE functional gives a binding energy close to the MP2 value,
while B3LYP and PW91 give energies that are lower and
higher, respectively. Important results in Table 2 are the similar
DFT binding energies for the Ti11-cluster, which are 30−35%
smaller than the MP2 binding energy. As discussed above, the
MP2 binding energies are very similar to those found with the
DFT slab models for the TiO2 rutile(110) surface. In the
following, the origin of the different DMMP/rutile(110)
binding energies, as given by the DFT cluster and slab models,
is considered.
To explain the inconsistency between the minima of the

MP2 and DFT potential energy curves for the DMMP/Ti-
cluster models, an investigation was made to explore the orbital
character of the TiO5H6, Ti3O13H14, and Ti11O40H36 clusters.
These calculations were performed with the NWChem software
package.27 The HOMO−LUMO character of pure TiO2 is O-
2p (HOMO) and Ti-3d (LUMO). The calculated band gap of
TiO2 (rutile) is about 3.2 eV for the bulk and about 2.5−3.0 eV
for the surface.28,29 The experimental band gaps for the bulk
and surface are ∼3.0 eV.28,29 Periodic DFT calculations with
the B3LYP and PBE functionals predict about 3.2 and 2.0 eV,
respectively, for the band gap.28,29

Table 3 shows the HOMO−LUMO character and band gap
for the three clusters used to model the interaction of DMMP

interacting with the TiO2 surface. The HF HOMO orbitals for
the cluster show the proper O-2p character, but the LUMO
does not have the correct character. The reason the HF-MP2
results are consistent with the DFT slab calculations is because
the band gaps are very large, which keeps the unoccupied states
sufficiently far away. The agreement with periodic DFT slab
calculations is apparently completely fortuitous.
The B3LYP, PW91, and PBE DFT calculations for the Ti

clusters are expected to yield the same orbital character for the
HOMO and LUMO as found for the DFT slab calculations. To
investigate this, the HOMO and LUMO orbitals of the clusters
were characterized for the B3LYP calculations as shown in
Table 3. We find the proper O-2p HOMO character for the
TiO5H6 and Ti3O13H14 clusters, but the HOMO character is
completely different and incorrect for the Ti11O40H36 cluster.
For each of the three clusters, the LUMO is incorrect. The

mixed nature of the HOMO in the Ti11-cluster is the most
likely reason the DFT energies for DMMP binding with this
cluster are inconsistent. A plausible reason for the wrong
HOMO−LUMO character is the complete H passivation,
which does not take the local bonding environment and the
proper valencies of the Ti and O atoms into consideration.12

We discuss a procedure to account for this in the next section.
Proper termination of the surface, with pseudohydrogens, has
been discussed in previous work by Casarin and co-workers and
others.9,12,13,30−32

II.C. Proposed More Accurate Cluster Models. To
improve the structure of the cluster models, new cluster models
were developed as shown in Figure 4. They are Ti7O27Z36,
Ti10O36Z36H8, and Ti15O54Z51H14, and their properties were
characterized with the NWChem software package.27 Their
design is based on a covalent embedding procedure where

Table 3. HOMO−LUMO Character and Gaps for the Three
Clusters TiO5H6, Ti3O13H14, and Ti11O40H36

cluster

TiO5H6 Ti3O13H14 Ti11O40H36

B3LYP
HOMO O-2p O-2p O-2p, Ti-4s

hybrid
LUMO O-2p, Ti-3d,

H-s
O-2p, Ti-3d, Ti-3p, H-s Ti-3d, Ti-4s

gap (eV) ∼5.0 ∼2.1 ∼2.1
HF

HOMO O-2p O-2p O-2p(major), Ti-
4s

LUMO Ti-4s, O-2s,
H-s

Ti-4s, Ti-3d, H-s, O-2s, Ti-
3p

Ti-4s, Ti-3p

gap (eV) ∼12.2 ∼9.0 ∼9.1

Figure 4. Structures of the three new Ti-clusters to model DMMP
interacting with the TiO2(110) surface.
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TixOy clusters are terminated using a set of suitably chosen
pseudohydrogen saturators Z whose charges are calculated
using the formal charges of the Ti (+4) and O (−2) atoms as
well as their coordination in bulk TiO2 rutile.9,12,13 The Ti
atoms in the bulk rutile structure are coordinated by six O
atoms, while the O atoms are coordinated by three Ti atoms.
Within the formal charge picture, each Ti atom contributes 2/3
of an electron to each O atom that coordinates it. This
determines the charges for passivating the Ti and O dangling
bonds. The pseudohydrogens passivating the O dangling bond
have a charge of Z = 2/3 |e|, while the pseudohydrogens
passivating the Ti dangling bonds have a charge of Z = −2/3 |e|.
This embedding procedure maintains the charge neutrality of
the system as well as satisfying the valencies of Ti and O. The
structures for the three clusters we considered were completely
optimized. All of the interior atoms were allowed to move
freely, whereas the pseudohydrogens as well as the atoms
directly connected to them were kept fixed. Clusters
constructed using this approach have been successfully used
to study the adsorption of small molecules9,13 as well as the
excited-state properties of pure and N-doped TiO2.

12 The basis
sets used for these clusters consist of LANL2DZ33 for the Ti-
atoms, Stuttgart RCL-ECP34 for the O-atoms, and 3-21G for
the pseudohydrogens, whose charge is −1/3. The hybrid DFT
functional B3LYP was used for these calculations. Previous
work has shown35 that it gives much better band gaps than do
pure-GGA functionals such as PW91 and PBE.
As shown in Table 4, each of the clusters has a dominant O-

2p in the HOMO and a dominant Ti-3d in the LUMO. This is

consistent with the periodic slab DFT calculations. The band
gaps for the surface cluster models can vary from 2 to 4 eV
because of the nonuniqueness of the model. The gap may even
oscillate as the number of layers is increased for the cluster.
This pattern is also observed with slab calculations.25 For bulk
cluster models, with the passivation approach used here, the
gaps do not vary much because the models are fully
coordinated.12 For cluster models of the surface, the size of
the gap is affected by the number of under-coordinated atoms.
However, the character of the gap should always be HOMO-O
2p and LUMO-Ti 3d.
Rittner et al.36,37 have suggested that a cluster at least the size

of Ti9O18 is required to accurately represent the electronic
structure of the Ti adsorption site as well as that of the five
adjacent oxygen atoms. As shown in Table 4, for the detailed
Ti7O27Z36, Ti10O36Z36H8, and Ti15O54Z51H14 cluster models
proposed here, Ti7O27Z36 with seven Ti-atoms gives electronic
properties similar to those for the larger clusters. However, as
discussed in section III, a larger cluster model is needed to
accommodate all of the interactions and calculate an accurate
energy for DMMP interacting with the rutile(110) surface.
To investigate the nature of the potential energy for DMMP

interacting with these clusters, the minimum potential energy

was calculated for DMMP interacting with the Ti7O27Z36
cluster in orientation I. DFT/PW91 was used for the
calculation, with the same basis set for DMMP as described
in Table 2, 6-311++G**. The basis set for the cluster is
described above. The complete potential energy curve was not
calculated, and only the potential energy Vo and distance Ro for
the potential minimum were determined (R is the distance of
the O-atom of OP from the top Ti-layer of the cluster). The
calculations were performed as for those in Figure 2, with
DMMP and the Ti7O27Z36 cluster held rigid and fixed in
orientation I as shown in Figure 5. The values for Vo and Ro are

−24.6 kcal/mol and 2.51 Å. This binding energy is similar to,
but somewhat smaller than, the MP2 value of −28.9 kcal/mol
in footnote c of Table 2 for the Ti11-cluster in orientation I.
BSSE corrections38,39 were not included in the cluster
calculations with pseudohydrogens.
The analytic potential energy function developed for DMMP

interacting with the TiO2 rutile(110) surface14 was used to
determine the potential energy minimum for DMMP
interacting with the Ti7O27Z36 cluster in orientation I and to
compare to the above DFT/PW91 calculation. The potential
energy function’s values for Vo and Ro are −26.8 kcal/mol and
2.69 Å, in good agreement with the above DFT/PW91 results.
This comparison indicates the DMMP + TiO2 rutile(110)
surface analytic potential energy function, developed from MP2
calculations and the previous Ti-cluster models,14 provides a
good representation of the interaction between DMMP and
these new Ti-cluster models, as well as for DMMP interacting
with slab models of the TiO2 rutile(110) surface as shown
above.

II.D. DFT-D Calculations. In recent research,40 DFT has
been modified by including a dispersion contribution in the
electron density. It is of interest to determine if these DFT-D
methods significantly alter the above DFT energies for DMMP
interacting with the models for the TiO2 rutile(110) surface.
This analysis was made for the periodic slab and Ti7O27Z36
models of the rutile surface. The DFT-D calculations were
performed with DFT/PW91-D2.41 Orientation II (Figure 1)
and the 3-layer model were used for the slab calculation, and
the PW91 and PW91-D2 potential energy curves are compared
in Figure 6, where it is seen that the PW91-D2 calculation gives
a substantially deeper potential energy curve. As given above,
Vo and Ro for the PW91 calculation are −33.4 kcal/mol and
2.24 Å. In contrast, PW91-D2 gives −46.4 kcal/mol and 2.12 Å
for these values. These calculations were also performed with
the PBE functional (not shown), and the resulting Vo, Ro values
are −31.8 kcal/mol, 2.25 Å and −44.9 kcal/mol, 2.14 Å for PBE

Table 4. Character and Band Gaps for the Three New
Clusters Ti7O27Z36, Ti10O36Z36H8, and Ti15O54Z51H14

a

cluster

Ti7O27Z36 Ti10O36Z36H8 Ti15O54Z51H14

HOMO O-2p O-2p O-2p
LUMO Ti-3d Ti-3d Ti-3d
gap (eV) ∼3.2 eV ∼4.0 eV ∼2.1 eV

aThe results were obtained from B3LYP calculations.

Figure 5. Depiction of DMMP interacting with the Ti7O27Z36 cluster
in orientation I.
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and PBE-D2, respectively. The dispersion correction increases
the binding energy by ∼13 kcal/mol.
In a similar manner, the PW91-D2 potential energy

minimum was determined for DMMP interacting with the
new Ti7O27Z36 cluster to compare with the PW91 minimum.
For the PW91-D2 calculation, Vo, Ro are −39.0 kcal/mol, 2.44
Å, as compared to the PW91 values of −24.6 kcal/mol, 2.51 Å
given above. The dispersion correction increases the binding
energy by ∼14 kcal/mol, similar to the above result for the slab
calculation.

III. COMPARISON WITH PREVIOUS CALUCLATIONS
OF DMMP AND SARIN BINDING ENERGIES ON
METAL OXIDES

In previous work,5,6,42−45 energies have been calculated for
DMMP, OP(CH3)(OCH3)2, the similar molecule Sarin,
OP(F)(CH3)[(CH3)2CHO], and small molecules binding to
metal oxide surfaces. The electronic structure method used for
these calculations is DFT, without the “-D” modification of the
DFT functional, and both cluster and periodic slab models were
employed to represent the metal oxide surfaces. The results of
these calculations are summarized in Table 5. Of the surfaces
Al2O3, TiO2, and aSiO2, the calculations indicate that DMMP
and Sarin bind strongest with Al2O3 and the weakest with
aSiO2. The presence of H2O on the oxide surface significantly
decreases the DMMP and Sarin binding energies.
As shown in Table 5, the previous DFT/B3LYP/cc-pVDZ

calculations44 for DMMP/TiO2 rutile(110) used a Ti11O40H32
cluster model, which is similar to the Ti11O40H36 model
considered in Table 2 and for which MP2 gives accurate results
as described above. The binding energy of −31.2 kcal/mol for
the Ti11O40H32 cluster is similar to the MP2 value of −28.9 for
orientation I of our Ti11O40H36 cluster. For our Ti7O27Z36
cluster discussed in section II.C, the DFT/PW91 binding
energy for orientation I is −24.6 kcal/mol and somewhat lower
than the above values. The analytic potential energy function
gives −26.8 kcal for the DMMP-Ti7O27Z36 binding energy. The
DFT/PW91 periodic slab calculations discussed in section II.A
give binding energies of −44.0 and −33.4 kcal/mol for
orientations I and II, respectively, values larger than those
obtained with the Ti11-cluster models. Our analytic potential
energy function gives similar binding energies of −44.2 and
−35.3 kcal/mol for DMMP adsorption on the TiO2 rutile slab.

These results show that the DMMP binding energy increases as
−25, ∼−30, and −44 kcal/mol for the Ti7 cluster, Ti11 cluster,
and TiO2(110) slab models, respectively. Apparently, the
DMMP binding energy becomes stronger as the size of the
model used to represent the TiO2 rutile(110) surface increases.
This is supported by the calculations with the analytic potential
energy function.

IV. SUMMARY
In previous work,14 the TiO5H6, Ti3O13H14, and Ti11O40H36
clusters were used as models for the TiO2 rutile(110) surface.
MP2 calculations, utilizing these cluster models, were then
performed to develop an analytic potential energy function for
dimethyl methylphosphonate (DMMP) interacting with this
surface.14 In the work presented here, it is found that this MP2-
based analytic potential gives DMMP/rutile(110) potential
energy curves in excellent agreement with those obtained from
DFT “slab” calculations performed with the PW91 and PBE
functionals. To compare with these DFT slab calculations, DFT
calculations were also performed for DMMP interacting with
the TiO5H6, Ti3O13H14, and Ti11O40H36 clusters. The B3LYP,
PW91, and PBE functionals were used for these calculations.
These DFT calculations do not give DMMP/Ti-cluster
interaction energies that agree with those for the previous
MP2 calculations and, as a result, do not give DMMP/
rutile(110) potential energy curves that agree with those from
the DFT slab calculations. Analyses of the DFT wave functions
for the TiO5H6, Ti3O13H14, and Ti11O40H36 clusters show that
they do not accurately represent the HOMO and LUMO for
the surface, which should be O-2p and Ti-3d orbitals,
respectively. They also do not give an accurate band gap as
compared to that for the surface. The MP2 cluster models do
not accurately represent the LUMO, and that they give accurate
DMMP/TiO2 rutile(110) interaction energies is apparently
fortuitous, arising from their highly inaccurate band gaps. This
work illustrates that much care must be taken in “constructing”
cluster models that accurately model surfaces, a point that has
also been emphasized in previous work.13,30−32

Figure 6. Comparison of DMMP/TiO2 rutile(110) potential energy
curves for orientation II in Figure 1, using the 3-layer periodic slab
model with DFT/PW91 (red curve) and DFT/PW91-D2 (blue
curve). The Ti−O(P) distance is defined in the caption to Figure 2.

Table 5. Previous Calculations of Absorption Energies for
Metal Oxide Surfaces

system ΔEada method ref

TiO2−H2O −21.7b DFT/GGA/PW91e 42
TiO2−H3PO3 −29.1 periodic DFTe 43
TiO2−DMMP −31.2 DFT/B3LYP/cc-pVDZf 44
aSiO2−DMMP −20.0 DFT ONIOMf 6
Al2O3−DMMP −41.4 periodic DFTf 5
TiO2−DMMP(H2O) −6.9c DFT/B3LYP/cc-pVDZf 44
TiO2−DMMP(H2O) −10.0d DFT/B3LYP/6-31G*f 44
Al2O3−DMMP(H2O) −23.2d periodic DFTf 5
aSiO2−DMMP(H2O) −4.7d ReaxFF MDe 45
TiO2−Sarin −30.6 DFT/B3LYP/cc-pVDZf 44
aSiO2−Sarin −21.4 DFT ONIOMe 6
Al2O3−Sarin −39.8 periodic DFTf 5
TiO2−Sarin(H2O) −7.2c DFT/B3LYP/cc-pVDZf 44
TiO2−Sarin(H2O) −13.4d DFT/B3LYP/cc-pVDZf 44
Al2O3−Sarin(H2O) −21.9d periodic DFTf 5

aThe classical absorption energy in kcal/mol, without zero-point
energy corrections. bMolecular water at the full monolayer coverage.
cMolecular water. dDissociated water. eNo BSSE and zero-point
energy (ZPE) corrections. fBSSE correction, but no ZPE correction.
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Accurate cluster models consisting of 7, 10, and 15 Ti-atoms,
and that have the correct HOMO and LUMO properties, are
proposed. The potential energy curve was calculated for
DMMP interacting with this Ti7-cluster, and the binding
energy is similar to, but somewhat smaller than, the MP2 value
for the Ti11-cluster studied previously.14 The analytic potential
energy function for DMMP interacting with the TiO2
rutile(110) surface, developed from the MP2 calculations,14

gives a good representation of the DFT potential energy for
DMMP interacting with the new Ti7-cluster.
DFT-D calculations, with a dispersion correction,40 were

performed to compare to the MP2 and DFT calculations. The
DFT-D2 model theory41 gives a DMMP + TiO2 rutile(110)
binding energy ∼10−15 kcal/mol stronger than the DFT value
for both the slab and the new Ti7-cluster models for the surface.
There are inconsistencies in the relationships between the

MP2 and DFT calculations for DMMP interacting with models
of TiO2 rutile(110) surfaces. In comparing the MP2 and DFT
calculations, it is important to recognize that both are model
representations of the exact electronic structure theory. As
pointed out above, the analytic potential energy function
developed from the MP2 calculations, for DMMP interacting
with Ti-cluster models of the surface, fits the DFT calculations
for DMMP interacting with both the slab model and the new
Ti7-cluster model for the surface. Given the differences between
the cluster models for the MP2 calculations and the slab and
cluster models for the DFT calculations, this agreement does
not appear to be fortuitous. It is consistent with the
suggestion46 that the adsorption interaction between DMMP
and oxide surfaces is predominantly the formation of a dative
bond between a lone-pair of atoms on the O-atom of the PO
group and an unoccupied orbital of a Ti-atom of the surface.
Such an interaction is described by both MP2 and DFT, as well
as additional electrostatic interactions between DMMP and the
surface. The inconsistency arises with the DFT-D calculations.
DFT does not include dispersion, and “-D” is an empirical
correction to account for this interaction.40 The inclusion of
“-D” in the DFT calculations increases the DMMP adsorption
energy by 40% and 60%, respectively, for the slab and Ti7-
cluster models for the TiO2 rutile(110) surface. Because MP2
includes dispersion, this result brings into question the meaning
of the above agreement between the MP2 and DFT
calculations. It also questions the suggestion46 that the
DMMP/TiO2 interaction is dominated by a dative bond
between DMMP and the surface. However, there are
uncertainties concerning the accuracy of the empirical “-D”
correction41 used here for the DMMP TiO2 oxide surface
interaction. Recent work47 shows that often there are strong
renormalization (screening) effects in solids due to electro-
dynamic response. For organic/inorganic interfaces, this
screening can substantially reduce the “-D” C6 coefficient as
compared to gas-phase molecules. The conclusion that may be
drawn from the current study is that the MP2, DFT, and DFT-
D calculations are in qualitative agreement.
The accurate cluster models developed here, consisting of 7,

10, and 15 Ti-atoms, as well as the slab model could be used to
calculate potential energy curves for CWAs such as Sarin and
VX interacting with the TiO2 rutile(110) surface. It would be of
interest to compare their interaction energies with those for
DMMP. The rutile(110) surface and face contains four types of
atoms, that is, 5- and 6-fold coordinated Ti atoms, 3-fold
coordinated bulk O-atoms, and 2-fold coordinated bridging O-
atoms. The DMMP/rutile(110) analytic potential was

developed by fitting two-body potentials between these four
atom types for rutile and the different atoms of DMMP. An
interesting question is whether these two-body potentials and
their parameters may be used to describe the interaction of
DMMP with other TiO2 surfaces. This may be investigated by
calculating potential energy curves for DMMP interacting with
slab models of different TiO2 surfaces. The rutile(100) and
anatase(101) surfaces43,48,49 have the same four types of atoms
as does rutile(110), and the DMMP/rutile(110) analytic
potential may be applicable to these two surfaces. Because
the TiO2 anatase and brookite surfaces have different surface
features as compared to rutile, it is doubtful that the DMMP/
rutile(110) analytic potential will be transferable to the(110)
counterparts of these polymorphs. Nevertheless, it would still
be of interest to test this possibility with slab DFT calculations
for the different surfaces.
The adsorption interaction between a molecule as DMMP,

containing a PO group, and the γ-Al2O3 surface has been
described as the formation of a donor bond between the O-
atom of PO and a surface Al-atom.46 For different surface
cluster models, a linear relationship is found between the
adsorption energy and the difference in the energy of the
HOMO of the molecule and LUMO of the surface. For the
work presented here, the interaction between DMMP and TiO2

rutile(110) surface is accurately represented by a sum of two-
body interactions between the DMMP atoms and those of the
surface, for which the O-atoms of the PO and P−O groups
all have attractive interactions with the surface Ti-atoms. This
analytic potential accurately represents the interaction between
DMMP and the TiO2 slab model as well as Ti-cluster models of
different sizes. In future work, it would certainly be of interest
to consider a potential energy function for DMMP interacting
with slab and cluster models of TiO2 surfaces in which there is a
donor bond between the O-atom of PO and a surface Ti-
atom, as well as two-body interactions between the remaining
DMMP atoms and surface atoms.
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