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Empirical density functional and the adsorption of organic molecules on SiL00)
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Ab initio computational chemistry is finding increased use in the field of surface science, particularly in the
study of adsorption. For semiconductor surfaces, such studies typically employ cluster models of the substrate.
However, computational expense limits the cluster size and hence the type of adsorbate and range of adsorbate-
substrate interactions that it is feasible to investigate. It is therefore desirable to obtain a calculation scheme
which yields high accuracy for a minimum computational investment. Here the drawbacks of several ap-
proaches to this ideal are discussed, as are some general issues concerning the use of cluster models. In order
to reduce computational expense to a level whereby the adsorption of large molémugsample, fullerengs
may be studied, an empirical density functional, EDF1, has been applied in conjunction with the LANL2DZ
pseudopotential basis set. The results of this calculation scheme are compared to those obtained using other
functionals in conjunction with both all electron and the LANL2DZ pseudopotential basis sets. These results
indicate that EDF1 can serve as a cost effective alternative to B3LYP.
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[. INTRODUCTION In this way, the isolated clusters may be treated as charge
neutral with singlet multiplicity in DFT calculations. Impor-
Density-functional theory (DFT)' is now a well- tantly, the cluster incorporates several layers of silicon, per-

established technique in computational chemistry, and isnitting the study of both the adsorption of a species onto the
used by researchers working in many areas of physicsurface, and any resulting subsurface relaxations.
chemistry, and biochemistry. One area in which DFT has When studying adsorption at (3D0) with DFT in con-
been exploited is in the study of adsorption processesgunction with cluster models, it is common to use clusters
in particular, as interest in single-molecule deviceswhich contain one or two surface dimers. The use of clusters
has growr?.* DFT has been used to great effect to study thelarger than this is rare, since the computational expense of a
adsorption of organic molecules at surfaces. Given the recelFT calculation increases rapidly, typically BS, whereN
developments in the manipulation of larger molecules, mosis the number of basis functions. In order to consider larger
notably fullerenes and nanotubes; there is particular in-  adsorbates, or to investigate the long-ranged effects of ad-
terest in the theoretical study of their adsorption. Howeversorption, it is necessary to model a greater expanse of the
as larger molecules are considered the number of calculgubstrate surface. Larger clusters have been used in this type
tions required for a complete investigation grows rapidly,of study, but some compromise between the level of theory
due to the increase in number of possible binding configuraand computational expense has been required. One such
tions. Furthermore, it is necessary to consider a larger area @mpromise is the use semiempiricamethods, such as the
the substrate, which leads to a rapid increase in computaaustin method 1(AM1)** or the Parametrized method 3
tional expense. For these reasons, if we wish to study thepm3).1° These semiempirical methods are much less com-
adsorption of large molecules, it is necessary to ensure thatgutationally demanding than either Hartree FdékF) or
computational scheme is used which yields high accuracy fopFT calculations, but this is achieved by neglecting many of
an acceptably low computational investment. the two-electron repulsion integrals, and approximating those
Adsorption may be modeled through the use of eitheithat remain by a parametric form specific to the method in
plane-wave calculations, which employ a supercell model ofjuestion. Parametrization of the model is completed through
an area of surface, or calculations based on Gaussian basife fitting of various terms to experimental data. Historically,
sets, which use cluster models of the substrate. It is the agomputational chemistry has been widely used in the study
curacy of results as a function of computational expense if organic systems, and so this parameter fitting is generally
the latter case that is considered here, since this method h@agighted so that the resulting semi-empirical algorithm
been used with some success to investigate the adsorption gields excellent agreement with experimental data for or-
small organic molecules—ethene, ethyne, cyclohexane anganic species. As a consequence, such methods frequently

benzene, to name a few—at thei0) surface."** give poor results for inorganic systems, and may therefore
not be useful for the study of adsorption at semiconductor
Il. CLUSTER MODELS surfaces.

An alternative approach to the reduction of computational

Figure 1 shows a typical cluster model of thg 190 expense involves reducing the number of electrons in a sys-
surface. In this model, unfilled valencies on the peripheratem that must be treated using explicit quantum mechanics,
“bulk” atoms are capped with hydrogen, while those at theand thus reducing the number of costly two-electron inte-
(100 surface are left unsaturated so that they may dimerizegrals that it is necessary to evaluate. It is possible to realize
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the effective potential due to these electrons. Clearly, the
accuracy of results from a QM/MM method will be highly
dependent on the quantum-mechanical scheme used. Further-
more, the development of a cost-effective quantum mechani-
cal calculation scheme will benefit QM/MM methods, pro-
viding the potential to consider larger systems.

Pseudopotentials mimic the effects of core electrons on
those in valence levels, which are considered explicitly using
Gaussian functions, as in a standard basis set. However, the
development of ECP basis sets has been driven by the need
to reduce computational expense, and so the number of basis
functions used to represent the remaining electrons is
typically quite modest. Coupled with the fact that the
majority of popular density functionals, for example
B3LYP8-20generally give better results when used in con-
junction with large basis sets, the performance of these func-
tionals in conjunction with an ECP basis set can be poor, as
will be illustrated.

Ill. EDF1

The starting point in the development of a density func-
tional for computational chemistry is often the selection of a
few exchange and correlation functionals which are based on
models of particular physical situations. ‘Hybrid’ functionals,
such as B3LYP, also include some contribution from the ex-
act Fock exchange term from HF theory. The mixing coeffi-
cients of these components are then adjusted such that the
results from the functional agree exactly with experiment for
a particular system, or in some cases with the results from
more complex theory applied to a small system.

In this spirit, the empirical density functional EDF1
was constructéd by linearly combining a large number of
widely used density functionals and the Fock orbital func-
tional. Its mixing coefficients were varied to fit results from
the functional to the GZRef. 22 set of experimental data
for small molecules, using the relatively small 6-3G* ba-
sis set. In the fitting process, many mixing coefficients fell to
zero, indicating that contributions from certain functionals
are not beneficial within the limit of this basis set. Signifi-
cantly, the exact Fock contribution is not required. Compu-
tationally, the Fock component is obtained through the ana-
lytical evaluation of electron-electron integrals. Exchange
and correlation functionals, however, are evaluated using

FIG. 1. A cluster model of the §i00) surface viewed from quadrature at points ona moIeCL_JIa_r grid. The abs_ence of the
above(a), the front(b), the side(c), and in perspectivéd). exact Fock exchange in EDF1 eliminates the requirement for
analytical evaluation of integrals: only the evaluation of in-

this through the use of a combination of quantum and clastégrals through numerical quadrature is required, and so it

sical mechanics in so-called Quantum mechanical/moleculdP@Y be expected that the computational expense of EDF1
mechanical (QM/MM) methods, as recently applied to calcu_latlons will be lower than thqse carn_ed out using hybrld
Si(100) in pioneering studies by Gordon and co-work&rg functlonals._Furthermore, EDF1 is opt|m|z_ed for use with a
In this method, the substrate model incorporates a large nunfMaller basis set, and may hence be particularly suitable for
ber of atoms, but most of these are treated using inexpensi#s€ N conjunction with ECP basis sets.

molecular mechanics methods; only those which are in-

volved in binding to the adsorbate, and somenearest- IV. COMPUTATIONAL APPROACH

neighbor atoms, are given a full quantum-mechanical treat-
ment. One may also employ pseudopotential—or effective
core potentia[ECP—Dbasis sets to replace the core electrons Cluster models of the semiconductor surface are popular
of various atomic species with a function which representsn computational chemical investigations. Applied to the

(d)

A. Cluster models
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) N\ appropriate as those from another and hence, in making this
NSNS \ compromise, the self-consistency of this approach is lost,
' whilst the overall computational expense remains high. Fi-
v { nally, and importantly, for a fixed calculation scheme, the
! ) > relative positions of atoms in the lowest layer of a cropped
V™~ ' N cluster can vary slightly, as more dimers or dimer rows are
) - A yap' p. // Sx added. The extended-cropped cluster approach is therefore
r s Y i not desirable, either in terms of maintaining self-consistency
/ - A A in calculations or in reducing computational expense.
/ g I\ The approach used throughout this work is based on the
' observation that the lowest layer of atoms in the cluster
model should be representative of bulklike silicon. For this
FIG. 2. Cluster curvature. reason, the position of atoms in this layer are obtained from
considerations of the experimentally obtained lattice constant

Si(100 surface, however, cluster models have drawback®f bulk silicon, and its crystallographic structure. Unfilled
which are clearly apparent when larger areas of the surfacg?€ncies, with the exception of those on dimerising silicon
are modelled, incorporating multiple dimer rows. Although CeNters, are capped with hydrogen atoms placed so that the

less apparent in single-row clusters, the deficiencies of thEl-Si bond lengths match the empirical H-Si bond length
cluster model may certainly affect results. The presence opPServed in Sil and tetrahedral bond angles are preserved.

dimer bonds on the upper surface of the cluster creates strafa00Sing the relative positions of silicon centres in this way
there and, in our preliminary investigations concerning mulJs not theoretically self-consistent, but it removes the need

tirow models, this was found to produce curvature of thefor the costly optimization of an extended cluster and ensures

cluster, as illustrated in Fig. 2, the radius of curvature dethat the structure of the “bulklike” layer does not vary with

creasing as more dimer rows are considered. Clearly, thi1® number of dimers considered in the model. Tmigpiri-
curved cluster is a poor model of the flat B0 surface, and @ cluster approach is much more desirable as it incurs no
some measure is required to minimize this curvature. Thigdditional computational expense, and maintains a degree of
may be achieved by fixing the positions of some of the clus€onsistency amongst cluster models of varying size. It sh_o_uld
ter's atoms. The question, then, is which atoms should b8€ noted that QM/MM techniques also offer the possibility

constrained and how their relative positions should be dete’ Préserving a level of self-consistency without geometric

mined. We have considered several approaches to this prog@nstraints, and we intend to apply this approach in a future
lem. investigation.

The most self-consistent approach is, unfortunately, the
most computationally expensive. A multirow cluster is ex-
tended to the maximum number of silicon layers possible, A large number of DFT calculation schemes have been
such that the last layer consists of a single silicon center, theonsidered, but we have concentrated on those achieved
two unfilled valencies of which are capped with hydrogen,from combinations of the B3LYP or EDF1 functional with
yielding anextendedcluster. This extended cluster is then the all electron 6-31G* or LANL2DZ(Refs. 23 and 24
used to represent the substrate in all subsequent calculationgseudopotential basis sets. For a particular calculation
Of course, the number of additional silicon layers that musscheme and adsorbate in a specific binding configuration,
be considered rises very rapidly with the number of dimersinding geometry and energy were determined in the follow-
and dimer rows in the cluster. For any cluster larger than twang way. The empirical cluster was optimized at the high
rows containing two dimers each, the large computationalevel of theory, and the adsorbate manually constructed or
expense renders this approach infeasible. placed in a position and orientation approximating the bind-

As an alternative, self consistency may be compromiseihg geometry of interest. A partial optimization of the bound
to produce an approach which involves only one highly ex-system was then carried out at a low level of theory, AM1:
pensive step. The geometry of the extended cluster may hal atoms within the system, with the exception of those con-
optimized at the same level of theory that will be used tostituting the adsorbate and the surface dimers it is bound to,
calculate adsorption geometries, followed by the removal ofre fixed in place permitting only the adsorbate and atoms at
excess silicon. The atoms of the lowest remaining layer aréne binding site to relax to a closer approximation to the
fixed in position and unfilled valencies are capped, giving éound state. With only the lowest silicon atoms and lowest
croppedcluster model. The cropped cluster is used for alltwo layers of hydrogen atoms fixed in empirical positions
subsequent calculations, both with and without adsorbatesnce again, the system is optimized at the high level of
Once again, however, this technique is not practical for clustheory, yielding the binding geometry and its absolute en-
ters with more than two rows of two dimers. ergy. This energy is used in conjunction with those from

It is possible to conceive of a further compromise, ingeometry optimizations of isolated cluster and adsorbate us-
which the extended cluster is optimized at a lower level ofing the same calculation scheme to obtain the binding en-
theory, but different levels of theory yield slightly different ergy. All semiempirical calculations were performed using
atomic coordinates in the lowest layer of the cropped clusteWavefunction’sSpartan '02 for Linux® HF and DFT work
The results from one method are not readily justified as morevas carried out usin@-Chem 2.G°

B. Calculation scheme
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V. CLUSTER GEOMETRY should be noted that an additional stable state exists for

Experimentally, the Si-Si dimer bond is found to have aethyne on the two-dimer cluster, in which the adsorbate
length of 2.24- 0.68 A 27 All of our geometry optimizations binds across two dimers. This state was not considered in

using combinations of the LSDA, B3LYP, and EDF1 densitythis work, since the principal aim was to test the performance
functionals with the 3-21G, 6-31G, 6-31G*, and LANL2Dz of EDF1 compared to B3LYP, and also that of the empirical
basis sets found the dimer length in the single-dimer clusteglusters compared to other cluster models, studied exten-
to be 2.23 A with a standard deviation of 0.02 A betweensively elsewhere. In all calculations for ethene and ethyne,
calculation schemes and bond angles on the lowest Si specitere are no dangling bonds in the bound state; as such, all
remaining close to a tetrahedral geometry. HF theory, whegystems were treated as neutral singlets.

used with the same basis sets, generally permits a greater The single-dimer cluster is not subject to any geometric
relaxation of bonds about the lowest Si atom, and returngonstraints. As such, its use ensures that calculations carried
shorter Si-Si dimer bond lengths; across basis sets, Hpyt elsewhere can be precisely reproduced and serves as an
theory gives an average dimer length of 2.19 A with a stangxcellent system with which to compare different computa-
dard deviation of 0.02 A. tional schemes. Table | shows the binding energies of ethene

Experimentalh data from scanning tunnelling micro- ang ethyne to the single-dimer cluster obtained using HF and
Scopy (SHEQ"% photoemission spectroscofiy?® and x-ray 5 number of DFT methods in conjunction with a variety of
diffraction™ reveal that at room temperature th¢180 sur- . ojactron Gaussian basis sets and the LANL2DZ pseudo-
face dimers are not symmetric: they exhibit an antlcorrelate(go,[enti al basis

buckling. However, dimer buckling is not fully understood It is important to note that the binding energies given in

theoretically, and predictions of the ground-state surface tO"I'able | have not been zero-point corrected: contributions to

pography have been mixéd=>* several groups have ob- &% . . .
tained results that indicate a buckled geometry, while otherfinding energy due to differences in the ground state vibra-

have found a symmetric dimer configuration to be energetifional energies of the isolated and bound systems have not
cally favorable. There is also clear evidence that S|igh[been accountgd for. Crude investigations with AM1 indicate
changes in the physical constraints imposed on a cluster caibat & correction of approximately 0.01 eV may be ex-
culation can affect which configuration is favor&dn this ~ pected for each C-Si bond formed in the adsorption process,
investigation, all cluster models considered—standam  corresponding to the damping of the C-C stretch modes in
constraineyl extended, cropped, and empirical—give resultsthe linear organic molecule. A more detailed study of zero-
which favor the symmetric dimer configuration as the groundpoint corrections will be the subject of a subsequent investi-
state at all levels of theory, despite much effort expended igation. The values obtained from B3LYP/6-31G* match
attempts to reproduce dimer buckling through subtle variathose obtained by Koneg and Doren'?
tions in geometric constraints. Experimentally, temperature programmed desorption
Given the controversy surrounding the buckled or un-(TPD) techniques have shown the binding energies of
buckled nature of the ground state, it is important to considegthend® and ethyn@ to the S{100) surface to be 1.65 and
the effect of dimer buckling at nonzero temperatu@s- 2 eV, respectively. For both ethene and ethyne, EDF1 agrees
glecting contr|put|_ons from.nonzero temperature w_branonalbetter with these experimental results than HF or either of
stateg on the binding energies and geometries obtained hergne other two density functionals when used with the same
First, although the physical origins of dimer buckling are ayaqjs set. In the case of ethene, EDF1 agrees closely with
subject of great debate, it is generally believed that the enef, o iment when used with any of these small basis sets,
getic difference between buckled and symmetric dimer stategith the exception of the smallest, 3-21G. The same may not

is small (0.1 eV) compared to adsorbate binding energies be said when considering ethyne, as all calculation schemes

36,37 H H
gV). Thls error is of the same orc_ier or smaller. than tha ield binding energies which are significantly larger than that
inherent in the use of a density functional and an incomplet

basi Should h ical b .~ gbtained experimentally. However, it is important to realize
ha3|s set. Shou g_kr)elzater: t ehoretlca acpure;:y € ]rceg_uwe at the accuracy of TPD techniques when used to determine
owever, it Is possible that the energetic efiects of dimely;,qing energies varies with adsorbate, as discussed by
buckling may be included as a perturbation. Second, room

. o MKonemy and Doren? Applied to ethene, TPD measure-
temperature .STM images indicate t.hat, upon the a_dsorptlopnents may be expected to serve as an accurate probe of
of a wide variety of molecular species, the dimers involved

binding energy, since the majority of adsorbed molecules are

in adsorption drop out of the buckled state. From these COMjesorbed. Ethyne, on the other hand, demonstrates a prefer-
siderations we are confident that, despite the widespread ug

. ) . nce for thermal decomposition at thé¢18i0) surface: only a
certainty concerning the 800 ground state geometry, the small proportion of adsorbed molecules are desorbed, and

absence of dimer buckling observed here in the bare silicop . TPp may indicate a desorption energy which is sig-

cluster models is relatively insignificant when consideringniﬁcantly lower than that required to break Si-C bonds. This
either binding geometries or binding energies, but may b%ertainly appears to be the case.

important when considering adsorption pathways and the | ,\ing compared various calculation schemes using the

electronic structure of transition states. simplest possible cluster model, it is necessary to test the
effectiveness of the empirical cluster model coupled with the
LANL2DZ pseudopotential basis set applied to larger sys-
Figure 3 shows some possible binding geometries fotems. Results from HF theory and the local spin density ap-
ethene and ethyne on single- and two-dimer clusters. Iproximation(LSDA) functional are clearly inferior to those

VI. BINDING GEOMETRIES AND ENERGIES
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@ ' )

FIG. 3. Binding geometries for
ethene [(a), (¢) and (d)] and
ethyne[(b), (e), and(f)] on single-
and two-dimer clusters.

(e)
(b)

U]

from either B3LYP or EDF1 even for the single-dimer clus-  TABLE I. Binding energieg(in eV) of ethene and ethyne to a
ter. Similarly, the 3-21G basis set appears to perform poorlysingle-dimer cluster model, obtained using various functional/basis
The LSDA functional, HF theory and 3-21G basis set wereSet combinations.

therefore not used when considering larger systems. Further= : —
more, despite its apparently inferior performance here, the Ethene; experimental binding energy1.65 eV (Ref. 38.

6-31G* basis set was chosen over 6-31G since it is a stan- HF LSDA B3LYP EDF1
dard in computational chemistry and was used in the testing-21G 241 3.02 2.25 2.05
of various clusters. As such, four schemes of principal inter6-31G 1.98 2.58 1.82 161
est remain, comprised of the B3LYP and EDF1 functionals6-31G* 2.22 2.72 1.99 1.75
coupled with the all electron 6-31G* and pseudopotential ANL2DZ 211 2.66 1.97 1.74
LANL2DZ basis sets. Table Il shows values of the binding Ethyne; experimental binding energy 2 eV (Ref. 39.
energy of ethene to the two-dimer empirical cluster, obtained HF LSDA B3LYP EDF1
using these schemes. 3-21G 2.89 3.56 2.83 2.69
Since many more silicon centres are present in the twoe-31G 2.63 3.24 2.53 2.38
dimer cluster model, calculations with the all electron basis-31G* 3.04 3.54 2.86 2.68
set are much more expensive than for the single-dimer clug-anL2Dz 2.75 3.32 2.67 2.49

ter. For this reason, binding energies have been obtained with
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TABLE II. Binding energy of ethene to a two-dimer empirical of 1.65 eV than B3LYP. Importantly, there is only a small
cluster, singlg0.5 ML) and double(1 ML), obtained using B3LYP  change in EDF1’s adsorption energies when pseudopotentials
and EDF1 with both all electron and pseudopotential basis sets. gre introduced. The same may not be said for B3LYP: as the
number of basis functions is decreased, the performance of
this functional is reduced, most likely because it is optimized
for use with larger basis sets. For ethyne on the two-dimer
empirical cluster, EDF1/LANL2DZ vyields binding energies
single 1.86 1.85 2.13 237 of 2.80 and 2.79 eV for single and double adsorption. Again,
double 1.78 1.75 2.07 2.30 after consideration of the accuracy of thermal desorption
measurements concerning ethyne on thél®) surface,
these energies compare well with the experimental result of 2
all possible functional/basis set combinations only foreV. Binding energies for ethene obtained using EDF1/
ethene. In each case, it can be seen that there is a reductionliANL2DZ of 1.85 eV (0.5 ML) and 1.75(1 ML) compare
binding energy as the cluster coverage is increased from Osiore favorably with experiment than those obtained from
ML to 1 ML (corresponding to single and double adsorption,periodic slab calculations carried out by Chbal*® These
respectively; indeed, this is to be expected as the energetislab calculations predict a buckled dimer geometry in the
favorability of an adsorption event is certain to decrease aground state, and yield binding energies of 1.89 and 1.93 eV
the number of available binding sites is decreased, in théor 0.5 and 1-ML coverages of ethene, and 2.74 and 2.72 eV
absence of any attractive adsorbate-adsorbate interactionsfor the same coverages of ethyne. It is clear, then, that em-

Once again, in all cases, EDF1 predicts adsorption enepirical cluster models used in conjunction with EDF1/
gies which are closer to the experimentally determined valueANL2DZ achieve a comparable agreement with experi-

Binding energy / eV
EDF1 B3LYP
6-31G* LANL2DZ 6-31G* LANL2DZ

(@) 1.04 ev (c)1.44 eV

FIG. 4. Adsorption geometries of benzene on
the S{100 surface, with binding energies from
EDF1/LANL2DZ.

(b) 0.52 eV

(€)unstable
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TABLE lIl. Binding energies for stable states of benzene onconsidering larger adsorbates; benzene serves as a good test,
Si(100/eV. since its adsorption on @00 has been studied extensively
using both theoretical and experimental techniques. Figure 4
EDFILANL2DZ  B3LYP/6-31G* (Ref. 42 shows five possible adsorption geometries for benzene on

Edge 0.52 n/a Si(100. Using the nomenclature introduced by Wolkow
1-4 1.04 1.04 et al,** these are terme¢) 1-4, or Diels-Alder configura-
Tight bridge 1.44 1.12 tion, (b) edge bound(c) the tight bridge(d) the twisted

bridge, and(e) the symmetric bridge. The first four of these
bound states were treated as neutral singlets. The symmetric
mental results, despite the absence of dimer buckling in theridge, however, has dangling bonds on the two C centers
predicted ground stafe.Calculations concerning ethene ad- not involved in Si-C bond formation. For this reason, the
sorbed on a cluster containing two rows of two dimers indi-symmetric bridge bound state was treated as a neutral triplet.
cate a binding energy of 1.88 eV for 1 ML coverage. EDF1/LANL2DZ indicates that of these five possible geom-
The final test of the model concerns its performance whermtries, only three are stable. The binding energies for these

(a) 0.91 eV (d) 1.35eV

FIG. 5. Adsorption geometries of naphthalene
on the S{100 surface, with binding energies
from EDF1/LANL2DZ.

(b) 0.56 eV (e) 1.44 eV

(c) 0.82eV (f) 1.44 eV
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TABLE IV. Vibration frequencies of the Si-H symmetric and antisymmetric stretch modes at the H-passivat@l Sirface.

Frequency/cm?
Mode EDF1/LANL2DZ B3LYP/LANL2DZ Experimenta(Ref. 44
Symmetric 2174 2202 2097
Antisymmetric 2166 2201 2088

stable configurations are given in Table Ill, and compared taies for these vibrational modes, obtained using both B3LYP
results obtained elsewhere using B3LYP/6-31G*. and EDF1, in conjunction with the LANL2DZ pseudopoten-

Experimental TPD work indicates two stable states at tial basis set. Both the absolute values and the separation of
1.21 and 1.39 eV. From the EDF1/LANL2DZ values, it is the harmonic frequencies from EDF1/LANL2DZ match ex-
possible to assign the tight bridging and 1-4 configurations tg@erimental results more closely than those from obtained
the 1.39 and 1.21 eV states, respectively. EDF1/LANL2DZfrom B3LYP/LANL2DZ.
predicts a small binding energy for the edge-bound state,
which may be a metastable state occurring during desorption
of tight bridged species.

Finally, we consider the prediction of binding energies The principal purpose of this investigation was the deter-
and geometries for naphthalene at th€l80) surface, using mination of a method by which the computational expense of
EDF1/LANL2DZ. Here, only binding geometries on top of a DFT calculations could be reduced, without significant deg-
dimer row are considered, of which there are 15; the study ofadation in the results obtained. Pseudopotentials have long
bound states between dimer rows would require the use of lseen used to achieve such a reduction, but when used with
four-dimer cluster, and will be the subject of subsequenthe popular B3LYP functionals the accuracy of results is
work. Of the 15 possible bound states, only six were found ta¢zompromised. Table V shows the relative processing times
be stable. These are presented in Fig. 5 along with theifequired for the evaluation of the self consistent fi€3€CH
binding energies, and we term them tt@ 1-4, or Diels- and its gradients using combinations of B3LYP and EDF1
Alder, (b) medium-parallel,(c) tight-orthogonal,(d) tight-  with 6-31G* and LANL2DZ for a number of systems. In
parallel, (e) symmetric-orthogonal, and) symmetric paral- terms of these computational times, at worst the performance
lel configurations. Various spin states were considered, busf EDF1 is comparable to that of B3LYP for SCF evaluation.
all of the stable configurations shown here have singlet mulat best, there is a reduction in expense when using EDF1
tiplicity and no excess charge. Analysis of C-C bond lengthsompared to B3LYP, while results from the study of energet-
reveals that rehybridization has taken place resulting in ngcs indicate no significant loss in accuracy. Gradient evaula-
unfilled valencies on any carbon centers. There are no exion times clearly show the benefit in terms of expense of the
perimental data available with which to compare these enembsence of Fock exchange in EDF1—the removal of the
gies; however, the binding energy per Si-C bond formed isieed to evaluate two-electron integrals is surely responsible
comparable to that obtained for the adsorption of etheneéior EDF1's cost effectiveness in this type of calculation
acetylene and benzene, indicating that these results are nghen compared to B3LYP. It is also clear, in terms of both
unreasonable. energetics and the SCF and gradient evaluation times, that
EDF1 is more tolerant of the use of pseudopotentials, which
can be seen to yield a much greater cost benefit when larger
systems are considered.

The symmetric and antisymmetric H-Si stretch frequen- With a significant reduction in computational expense,
cies at the hydrogen-terminated(B)0) surface have been without sacrificing the accuracy of binding energies and vi-
determined experimentally with a high degree ofbrational structure data, EDF1 when coupled with pseudopo-
confidencé? Table IV shows calculated harmonic frequen- tential basis sets is an attractive approach to the investigation

VIIl. CONCLUSIONS

VII. VIBRATIONAL SPECTRA

TABLE V. Relative computation times per optimization cycle for self-consistent fi&ldP and field gradient evaluations for various
calculation schemes.

Self-consistent field Field gradients

B3LYP/ EDF1/ B3LYP/ EDF1/ B3LYP/ EDF1/ B3LYP/ EDF1/

6-31G* 6-31G* LANL2DZ LANL2DZ 6-31G* 6-31G* LANL2DZ  LANL2DZ
One-dimer cluster 3.48 3.70 1.00 1.29 5.23 2.79 1.13 1.00
One-dimer cluster- C,H, 3.07 2.84 1.01 1.00 5.09 2.51 1.15 1.00
One-dimer cluster- C,H, 2.86 2.18 1.00 1.02 5.05 2.46 1.15 1.00
One-dimer cluster 2H 7.88 5.49 1.20 1.00 11.75 3.86 1.52 1.00
Two-dimer cluster 11.45 2.79 1.20 1.00 2351 2.13 1.62 1.00
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of the adsorption of larger molecules in organic-silicon sys-here perhaps indicates that EDF1/LANL2DZ is a highly suit-

tems. Certainly, for the study of fullerenes, if long-range ef-able calculation scheme for the quantum-mechanical portion
fects may be neglected, it may only be necessary to considef QM/MM calculations.

a two dimer by two row cluster model, which is certainly

feasible with this calculation scheme. Additionally, since

EDF1 has been shown elsewhere to perform well for short-
range properties in a large variety of small systems, and here Many thanks to Peter Beton for his invaluable input dur-

to provide excellent results in larger organic-silicon systemsing a number of discussions. We are grateful to the Engineer-
this functional could be applied to great effect to similarly ing and Physical Sciences Research Council for funding, in
expensive calculations in other fields. Where longer-rangeg@articular for a Joint Research Equipment Initiative grant for

effects may not be neglected, the performance demonstratedmputing equipment.
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