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Chapter 6 

Silicon (111) Surface Reconstructions 
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Abstract 

We use the biased Hessian method in conjunction with ab initio generalized 

valence bond (GVB) calculations on Si clusters to derive the MSXX force field (FF) 

for silicon (111) surfaces. This FF is tested by calculating the atomic geometries and 

relative energies of the (2n+l) x (2n+l) DAS models of the Si (111) reconstruction. 

We find that the (5 x 5) and (7 x 7) surfaces are most stable. 
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1.0 Introduction 

Since Schlier and Farnsworth1 first observed the 7th order spots in the LEED 

pattern in 1959, numerous models of the Si (111)-7 x 7 surface reconstruction 

have been proposed based on the results of various experiments and theoretical 

calculations. 2- 5 Strong evidence from STM experiments have led to wide acceptance 

of the Dimer Adatom Surface (DAS) model Takayangi7•8 which involves dimers, 

adsorbed atoms, and a stacking fault. However the large number of atoms in the 

surface unit cell has impeded detailed ab initio theoretical study. Indeed with ap­

proximately 100 atoms in just the first two layers of the 7 x 7 unit cells, it has 

been difficult to unambiguously determine the structure from LEED and RHEED 

experiments. Angle resolved X-ray photoemission spectroscopy (ARXPS), X-ray 

diffraction, ion scattering, transmission electron diffraction, and scanning tunneling 

microscopy each give clues to the atomic structure. However, no one technique has 

conclusively determined the atomic arrangement of the Si (111)-7x7 surface. 

McRae9 suggested a model containing a stacking fault in one of the two 

sub-cells which was supported by Bennet's10 medium energy ion scattering results. 

Himpsel3 and McRae9 each described how 12 atom rings around corner holes, two 

8 atom rings around shallow holes on the sub-cell borders, and dimers along the 

sub-cell borders resulted from removing the broken bonds across the stacking fault 

boundary. These features are all observed by STM. 5 Harrison2 first proposed an 

adatom model. However, it was STM that first gave strong evidence that each unit 

cell contained 12 adatoms and led Bennig11 to propose such a model. Takayangi7•8 

combined the stacking fault-dimer idea with the adatom model to arrive at the 

DAS model. The calculated intensities of over one hundred atomic arrangements 

were compared to the TED pattern to refine the atom positions until the projected 

surface geometry was well described. 

Figure 1 shows the projected geometry of the DAS model, where the detailed 

atom positions are from the MSXX force field described below. The unit cell consists 

of two triangular sub-cells. The surface double layer of one sub-cell has the wurtzite 

stacking and the other sub-cell the sphalerite stacking. The broken bonds needed to 

create the stacking fault are removed by dimers that form at the sub-cell boundaries. 

The cell corner contains a large hole with a twelve atom ring and one atom in the 
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center with a dangling bond. Holes with eight atom rings separate dimers except 

at the cell corners. Twelve adatoms occupy the T 4 sites, removing a net of 24 

dangling bonds. Three rest atoms in each sub-cell remain each with a dangling 

bond. Twelve dangling bonds from the adatoms, six from the rest atoms and one in 

the cell corner account for the 19 dangling bonds per unit cell in the Si ( 111 )-7 x 7 

DAS model. This structure eliminates 30 dangling bonds of the 49 dangling bonds 

for the unreconstructed Si ( 111) surface, accounting for most of the stability of this 

reconstruction. The essential features of the DAS model are observed by STM. The 

small and large holes are easily seen as depressions in the STM micrographs. The 

twelve adatom dangling bonds produce tunneling current at a different tunneling 

voltage than the dangling bonds of the six rest atoms which are seen as twelve 

bright spots at one voltage and six at another voltage, respectively. 5 

There remain, however, many questions. The 7 x 7 structure does not result 

uniquely from the DAS reconstruction scheme. Thus one can form a family of 

(2n + 1) x (2n + 1) DAS surfaces: 3 x 3, 5 x 5, 7 x 7, 9 x 9, etc. Of these, the 7 x 7 

reconstruction is observed for the most part, although small amounts of the 5 x 5 

surface reconstruction has been found to co-exist with the 7 x 7 surface in some 

temperature ranges. To fully understand Si surface reconstruction, we need a more 

quantitative description of the relative stabilities of such structures. 

Due to the small surface normal momentum required to make the diffraction 

experiment surface sensitive, TED like LEED provides little information about the 

vertical positions of the atoms. However, unlike LEED, dynamical effects are much 

less important for TED giving it an advantage for determining structure. Clearly 

the surface normal positions must be determined in order to obtain quantitative 

understanding of Si reconstruction. Other experimental techniques or theoretical 

calculations more sensitive to the surface normal positions can be used to refine the 

vertical atomic positions of the DAS model. 

Several investigators have proposed refined atomic positions for the DAS 

model. 12- 17 A key configuration is the adatom in the T 4 site. This leads to a trig­

onal bipyramid with a sub-surface atom directly below the adatom. The distance 

between these two atoms, R13(T4 ), is referred to as the 1-3 or nonbond distance. 

Proposed values of R 13 (T4 ) have ranged from 2.45 to 3.lA, indicating the uncer-
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tainty remaining in the structure characterization. From ab initio calculations on 

clusters, we obtain R13(T4 ) = 2.52 to 2.56A (depending on the site) which we be­

lieve is accurate to 0.05A. The Si-Si bond length of the dimer has also been subject 

to considerable uncertainty. We find values of 2.46 to 2.50A depending upon the 

site. This is stretched by 0.11 to 0.15A from the bulk value. 

The large unit cell has made impractical the use of ab initio methods to 

study the surface. However, ab initio calculations can be performed on clusters of 

moderate size that model specific configurations of the surface. Messmer18 used the 

GVB ab initio method to calculate the geometries of various clusters to estimate 

the atomic geometry of the Si (111)-7 x 7 surface. Using GVB calculations with 

the interstitial electron model, 19 he also developed a silicon FF which was applied 

to study the Si (111)-7 x 7 surface.20 Other methods include the density functional 

theory 21•22 (LDA) and semi-empirical methods such as modified intermediate ne­

glect of differential overlap (MINDO )23 and tight binding energy minimization.13•24 

Khor et al. calculated the energies of several of the DAS (2n + 1) x (2n + 1) 

reconstructions using LDA and found the experimentally observed 7 x 7 surface to 

be slightly higher in energy than the 5 x 5 surface.14 The 5 x 5 surface was observed 

experimentally (in small areas) after low temperature anneals of the cleaved Si (111)-

2 x 1 surface.25 The predicted energy difference 0.008 eV /lxl cell. is probably 

less than the uncertainty in the method, so that these calculation do not show 

conclusively which surface is lowest. Chadi13 used a semi-empirical tight binding 

based energy minimization method to calculate the structure and found the DAS 

7 x 7 model to be energetically more stable than 5 x 5 by 0.008 eV /lxl cell and 

more stable than the Si (111) c-2 x 8 dimer chain model by 0.223 eV /lxl cell. 

We have used the Biased Hessian force field method26•27 to combine the 

second derivatives (Hessian) from ab initio calculations with the experimental ge­

ometry and spectroscopic data to generate an accurate force field (MSXX). This 

force field is then used to calculate the atomic structures and energies of the 3 x 3, 

5 x 5, 7 x 7 and 9 x 9 Si (111) DAS models, the Si (111) c-2 x 8 structure, two 

Si (111)-2 x 2 structures, two Si (111)-v'J x J3 surfaces and the perfect Si (111) 

surface. 
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2.0 Method 

2.1 The MSXX Force Field 

The force field of a molecule or surface can be described by the following 

expression: 

which includes bond stretch (Eb), angle bend (Ea), dihedral angle torsion (Et), 

umbrella inversion(E'¢ ), cross (Ex), van der Waals (EvdW ), and electrostatic (EQ) 

terms. 

2.1.1 Bonds 

Bond stretching is described by the Morse potential, 

E]J = Db [ e-ab(R-Rb) - 1 r' (2) 

where R is the length of bond IJ, Rb and Db are the position and depth of the well, 

and kb = 2Dba:i is the force constant. 

2.1.2 Angles 

Angle bending is described by the harmonic cosine expression, 

(3) 

where 0 is the angle between bonds IJ and JK, 0a is the equilibrium angle, and 

k0 = C sin2 0a is the diagonal force constant. 

2.1.3 Torsions 

The dependence of the energy on the dihedral angle between bonds IJ, JK, 

and KL is described by the three fold potential, 

where cp is the torsional angle, and Vi is the barrier. 

2.1.4 Inversions 

(4) 

Given an atom I bonded to exactly three other atoms J, K, and L, we can 

include an inversion to describe the energy associated with the umbrella motion. 

We use the harmonic expression 

(5) 
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where 1/; is the angle between the IL bond and the IJK plane. Here the barrier to 

planarization is 

2.1.5 Cross Terms 

Bond-angle and bond-bond cross terms are given by the following expression, 

Eax = D1(cos0 - cos0a)(R1 - Rbl) + D2(cos0- cos0a)(R2 - Rb2) 

+ Krr(R1 - Rb1)(R2 - Rb2) 
(6) 

associated with each angle term (6), where R1 and R2 are the lengths of the IJ 

and JK bonds, kre = -D sin 0a is the angle-stretch force constant, and krr is the 

stretch-stretch force constant. 

One-center angle-angle cross terms are of the form, 

E1aa = G(cos0IJK - cos0aJJK)(cos0IJL - cos0aJJL), (7) 

where k100 = G sin 0 aI J K sin 0 al J L is the force constant for two angle terms (IJK 

and IJL) sharing a common central bond (IJ) and a common central atom ( J). 

Two-center angle-angle terms are described by, 

E2aa = f(c/>)F(cos0IJK - cos0aIJK)(cos0JKL - cos0aJKL) (8) 

where k200 = f(c/>)Fsin0aIJK sin0aJKL is the force constant for angle terms (IJK 

and JKL) in which the central atoms (J and K) are bonded to each other. This 

interaction is important when IJ and KL are trans (dihedral angle, ¢ = 180°), but 

not when they are gauche ( ¢ = 60°, 300°). Consequently we define this coupling 

term as 
1 2 f ( ¢) = - - - cos ¢. 
3 3 

These cross terms are considered collectively as 

(9) 

(10) 
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2.1.6 Charges 

The electrostatic nonbond interaction ( EQ) is described using the Coulomb 
. 

expression 

(11) 

where Q1 is the charge (electron units) on center I, E = 1, and 1/Eo = 332.0637 

converts units to give E in kcal/mol when R1 J is the distance in A. 
The charges used for each molecule were calculated from the Hartree-Fock 

wave function by using the Mulliken populations. 

2.1.7 van der Waals 

The van der Waals part of the nonbond interaction (3) for atoms I and J is 

described using the exponential-6 potential 

(12) 

2.2 The Biased Hessian Method 

The energy expression of a molecule can be expanded as: 

where the force on the ith component is: 

8E 
Fi= - 8Ri' (14) 

and 
82E 

Hij = 8Ri8Ri (15) 

is the Hessian. To calculate the vibrational frequencies we mass weight Hij to form 

Hij = Hij (MiMj )- 1/ 2 and diagonalize 

HU= U.t\, (16) 
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where 

Ai = ( CvibVi)
2 

gives the vibrational frequencies (with energies in kcal/mol, distances in A, and 

masses in AMU, Cvib = 108.5918 gives Vi in cm-1 and the columns of U give the 

vibrational eigenfunctions. To extract a force field we could require that the force 

field reproduce this Hessian and the experimental geometry. However, the Hartree­

Fock wave function predicts frequencies that are 10% to 20% too large and thus 

force constants derived from the theoretical Hessian would be too large. The biased 

Hessian26 ,33 alternative combines the normal mode description (U matrix) from 

Hartree-Fock with the experimental frequencies to form a biased Hessian. That is, 
. 

using 

(17) 

we construct 
'HBH = uHFAexpfjHF (18a) 

(where- rv indicates transpose), which leads to 

(18b) 

We then fit the FF parameters to 'HBH_ The (3N - 6)(3N - 5)/2 independent 

elements of JiBH provide constraints on the force field parameters. Requiring the 

force field to also reproduce the experimental geometry leads to 3N - 6 additional 

constraints on 

(

8EFF\ -

oR· ) - O. 
i EQ 

(19) 

The MSXX force field is obtained by simultaneously minimizing the error in fitting 

(20) and (21). 

2.3 Electronic Structure Calculations 

Hartree-Fock calculations were performed using GAUSSIAN 8628 to deter­

mine the theoretical second derivatives. We used the experimental structure where 

available. For others we used the HF optimized geometry. We used the 6-311G** 

basis ( valence triple zeta on both Si and H with d polarization functions on Si and 

p polarization functions on H). 
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2.4 Scaling Theoretical Force Fields 

The MSXX force field for the Si ( 111 )-7 x 7 surface is obtained from com­

bining the force fields of Si4H9 (Figure 2), Si5H7 (Figure 3), and bulk silicon. First 

the Biased Hessian method was used to calculate the force fields for SiH3 , SiH4 and 

Si2H5. 

Because no experimental frequencies or geometries were available for Si4 H 9 , 

we used the following approach. We calculated theoretical force fields for SiH3 , 

SiH4 , and Si2H6 in the same manner as the BH force fields except that we fit 

to the Hartree-Fock frequencies. Comparing the force constants for the theoretical 

force fields and the experimentally biased force fields for each of the three molecules 

led to scaling rules for each type of term in the force field. This works well for bonds, 

angles, and cross terms but not for inversion and torsion. We then calculated the 

Hessian for Si4 H9 at the Hartree-Fock optimized geometry and fit the force field to 

the Hartree-Fock frequencies and geometry. The various terms in this force field 

were then scaled using the scaling rules obtained from SiH3 , SiH4 , and Si2 H 6 • (It 

is sufficient to use only the scaling rules for disilane.) The energy versus distance 

curves for Si4 H 9 from the Hartree-Fock wave function from the MSXX FF are 

compared in Figure 4. 

In order to calculate the force field for the Si5 H7 , we must add additional 

force constants to the Si4 H 9 force field. These terms are calculated from bulk Si 

calculations. 

Zur et al. 29 reported a five parameter force field for bulk silicon obtained from 

fitting the vibrational modes of Si5H 12 calculated using the GVB-configuration in­

teraction (GVB-CI) wave function. We use this FF as a starting point and optimize 

the parameters to fit the phonons and the elastic constants. Using this FF (Table 

1) we reproduce the phonon dispersion frequencies and elastic constants found by 

Zur et al. However, the MSXX FF also includes van der Waals interactions (which 

tend to stiffen the lattice), and hence we reoptimized the bulk force field (to cal­

culate accurate elastic constants, and phonons). vVe started with the Zur force 

field optimized with van der Waals interactions and added two center angle angle 

and torsion terms. The parameters were optimized to fit the elastic constants and 

phonons (Table 2). 
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In agreement with McMurry30 we find that the two center angle angle force 

constant (with couplings only between planar angles)ref is necessary to describe the 

very flat transverse acoustic mode along the delta direction, Figure 5. The resulting 

bulk silicon force field is similar to that of Turbino. 31 We use the same terms except 

the addition of the van der Waals interaction. 

The torsion term (7) has little effect on the phonons and elastic constants. 

Instead we calculate V3 from the difference in energy between the wurtzite and 

sphalerite forms of silicon obtained from first principles local density calculations 

by Cohen et al. 32 The energy difference between these two forms is due to one of 

every four torsions being in the eclipsed rather than the staggered position. There 

are two torsions per atom and one quarter of these are responsible for the energy 

difference between the two phases. Thus the torsional barrier is one half of the 

energy difference per atom, or V3 = 0. 738 kcal/mol. The van der Waals interactions 

also affect the energy difference between the two forms of silicon. Thus we find 

that V3 = 0.51 kcal/mol reproduces the difference 0.016 ev per atom as obtained by 

Cohen from DFT calculations. 31 Because the Si (111)-7 x 7 reconstructed surface 

contains a stacking fault, V3 plays a role in determining the energetics of the surface 

reconstruction. 

On adding the bulk force constants to those of Si4 H 9 to complete the force 

field for Si5 H 7 , we then calculate the energy of the Si5 H 7 cluster as a function of 

the cap silicon position along the C3 axis. The MSXX FF accurately reproduces 

this curve, including the equilibrium 1-3 distance (Figure 6). This requires an 

equilibrium angle for the Si3 - Si2 - Si3 (see Figure 3) angle terms of 115° (HF 

calculations on Si4 H9 lead to 122°). The HF equilibrium 1-3 distance of 2.906A 

was fit to within 0.02A. 

With the MSXX force field for Si5H7 , we optimized the geometries of the 

(3 x 3), (5 x 5), (7 x 7), and (9 x 9) DAS Si (111) reconstructed surfaces, the 

centered (2 x 8), and three (2 x 3) surfaces, and the relaxed perfectly terminated Si 

( 111) surface. 

2.5 Optimization 

All calculations were carried out using POLYGRAF,33 an interactive molecu­

lar simulations package for molecular mechanics and molecular dynamics of crystals. 
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The atomic coordinates were optimized ( using conjugate gradient techniques) until 

the RMS force became less than 0.01 (kcal/mol) / Ao At the optimized structure, 

all stress components are less than 0.005 GPa. We modelled the surface using 6 

layers of silicon ( three double layers). The bottom four layers having undergone 

no reconstruction. The sixth layer of silicon atoms has its bonding saturated with 

hydrogen atoms. The surface unit cell is constrained to an integral multiple of the 

lateral size of the bulk unit cell. 

3.0 Results 

3.1 SiH4 

Table 3 compares the MSXX frequencies with experiment. Table 4 shows 

the MSXX force field, the theoretical force field, and the scales. The MSXX FF 

leads to forces less than 0.005 kcal/molA at the experimental geometry. 

3.2 Si2H6 

rable 5 lists the MSXX force constants and Table 6 compares the frequencies 

from the MSXX and theoretical force fields for Si2 H6 • 

3.3 SiH3 

The MSXX force field for silyl radical in Table 7 leads to the frequencies and 

geometry in Table 8. Table 7 also gives the scaling factor for this force field ( the 

ratio of the force constants fitting the experimental frequencies to the force constants 

fitted the HF frequencies). The stretch stretch cross terms do not scale the same 

as found for silane and disilane. The inversion force constant scales differently than 

the other valence terms. 

3.4 Si4H9 and SisH1 

Table 9 shows the force constants for Si4H9 from fitting to the HF frequencies. 

To obtain the MSXX we used the scaled force constants from Si2 H 6 plus (i) the 

inversion term was fitted to the HF energy curve for inversion and (ii) we adjusted 

the equilibrium Si3Si2Si3 angle to fit the geometry. The IVISXX force field at the 

experimental geometry leads to an rms force of less than 0.08 kcal/molA. 

For Si5 H 7 we used the MSXX force field for Si4 H9 plus additional terms 

from the bulk force field (Table 10). We find that we can obtain the HF optimized 
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geometry for this cluster and the HF energy curve for the Si2 position along the C3 

axis by adjusting the equilibrium Si3 - Si2 - Si3 bond angle. 

3.5 DAS Structures 

3.5.1 The R 13 (T 4) Distance 

The adatom geometry for the Si ( 111 )-7 x 7 reconstructed surface is of most 

interest. In the DAS model the 12 adatoms sit directly above second layer atoms 

in T 4 sites. The repulsive interaction between the adatom and the third layer atom 

tends to push the adatom outwards. On the other hand, the four coordinated 

silicon of the second and third layer atoms prefer tetrahedral bond angles and 

the triply coordinated adatom prefers angles near 113°. This tends to limit the 

R 13(T4 ) distance. Ichmiya17 found a back bond distance of 2.56A using RHEED. 

Tong et al. 15 used dynamical LEED and reported a back bond distance that ranged 

from 2.49A to 2.56A ( depending on whether the adatom was on the faulted half, 

unfaulted half, near a corner or near the center). Tromp and van Loenen12 found 

that the back bond distance must be approximately 2.6A using medium energy ion 

scattering. Robinson16 used XRD experiments to estimate a back bond distance 

of 2.64A. Qian and Chadi13 used a tight binding energy minimization calculation 

to determine the atomic structure. They reported a back bond distance of 3.lA. 

Messmer18,20 reported a 1-3 distance of 2.52A based on GVB calculations and 2.45A 

from calculations on the surface using a silicon potential based on the interstitial 

electron model. We find R 13 (T4 ) = 2.52A to 2.56A, depending on the location of 

the adatom within the unit cell. 

3.5.2 The R34(T4) Distance 

Tong finds R34 (T 4), the bond length between the sub-surface eclipsed atom in 

the T 4 site and the atom directly below it, to be 2.13A or 2.18A (with uncertainties 

of O.lA), depending on whether the bond is in the faulted or the unfaulted side of 

the unit cell respectively. We find R34(T4 ) = 2.25A. 

3.5.3 The Dimer Distance 

In addition to the adatom structures the dimer distances are also important. 

Tong15 finds a dimer distance of 2.45A using dynamical LEED. Khor and Das 

Sarma14 using an empirical potential and Robinson16 using X-ray diffraction find 



245 

the dimer distance to be 2.49A. We find a dimer distance of 2.46A if the dimer is 

not adjacent to a cell corner, and 2.50A if it is next to a cell corner. The equilibrium 

bond distance in silicon is 2.35A, showing that the dimer is in tension. 

3.5.4 Relative Energy of (2n + 1) x (2n + 1) DAS Structures 

Optimizing the structures of each of the (3x3), (5x5), (7x7), and (9x9) 

DAS models of the Si (111) reconstruction, we find that the (5x5) structure has 

the lowest energy, with (7x 7) slightly higher in energy. We find that the strain 

energies decreases as the size of the DAS unit cell increases (Table 10). Although 

the 5 x 5 unit cell has a higher tensile stress than the 7 x 7 reconstruction, the lower 

density of 0.0244 dangling bonds/ A 2 compared to 0.0263 dangling bonds/ A 2 for the 

7 x 7 reconstruction accounts for part of the stability of the 5 x 5 cell over the 7 x 7 

cell. The surface energy 0.8995 kcal/molA2 due to the dangling bonds for the 5x5 

unit cell is 0.0694 kcal/molA 2 less than the surface energy of 0.9689 kcal/molA 2 due 

to dangling bonds for the 7x 7 surface. Here we assign an energy per dangling bond 

equal t_o half the energy required to break a bond in bulk silicon (73. 7 /2 kcal/mo!). 

On the other hand, assigning an energy per dangling bond equal to half the average 

energy required to break all the bonds in the silicon lattice (54.3/2 kcal/mol) gives a 

surface energy difference due to the dangling bonds of 0.0511 kcal/molA2 • The 5x5 

reconstruction is still slightly lower than the 7x7 by 0.0055 kcal/molA2 • We assign 

an energy of 73.7/2 kcal/mol per dangling bond. Although the 3x3 DAS structure 

has the lowest dangling bond density ( 0.0226 / A 2 ) of the DAS structures, it leads to 

stresses too large for stability. Several investigators have reported finding the 5 x 5 

DAS structure to be slightly more stable than the 7x7 DAS structure. Table 10 

shows the relative energies of the (2n + 1) x (2n + 1) structures from our results, 

and those of Khor et al. and Vanderbilt. It is unclear which structure is the lowest 

energy structure since both are experimentally observed on the same samples and 

the calculated energy difference · is so small that the difference may be within the 

error of the calculation. 

4.0 Discussion 

Because the MSXX force field differentiates between three coordinated and 

four coordinated silicon atoms, it can model both the geometric and elastic proper-
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ties of the bulk as well as the energetics of surface atoms with large angle strains. 

This makes MSXX appropriate for the modeling of the silicon (111) surface be­

cause local adatom strains and the strain of the surface unit cell on the bulk both 

contribute to the energetic stability. Earlier force fields34- 36 are successful in par­

ticular areas, for example in the reconstruction of the (100) surface, modeling the 

bulk elastic properties, and melting. However, they are inappropriate for the re­

construction of the (111) surfacee The empirical potential used by Khor and Das 

Sarma14 successfully describes the DAS structures. The MSXX potential has the 

advantage that it is partitioned into physically significant valence energy terms. 

Additionally, being derived from theoretical and experimental studies of small clus­

ters, we can get a quantitative test of the concepts. Although the energy difference 

between the 5 x 5 and 7 x 7 DAS surfaces is too close to resolve with our current level 

of theory, the stability with respect to other (2n + 1) x (2n + 1) structures and the 

unreconstructed surface is successfully demonstrated. 

The geometric description given by the MSXX FF is in excellent agreement 

with the available experimental data on the 7x 7 surface. This is evident in the 

agreement between this study and experiment for R 13 (T4 ), the dimer length, and 

the overall strain in the system. 

5.0 Conclusion 

Using the Biased Hessian method, we developed the MSXX FF for silicon 

and use it to analyze the energetics and structures for the DAS (2n + 1) x (2n + 1) 

reconstructions of the Si (111) surface. For n = 1 to 4, we find that the tensile 

stress increases as the unit cell size decreases. We find the 3x3 and 9x9 structures 

to be stable relative to the relaxed perfect (111) surface but much less stable than 

7x7 surface. We find the 5x5 and 7x7 surfaces to be nearly equal in energy (in 

agreement with some agreement with some previous findings) with the 5 x 5 surface 

slightly more stable. 

For the 7x7 surface we find dimer distances of 2.50A and 2.46A for dimers 

adjacent to cell corners and dimers between small eight atom ringed holes respec­

tively, in agreement with X-ray diffraction studies. We find R 13 (T4 ) = 2.52A (for 

the distance between the adatom and the eclipsed atom in the T 4 ) for the faulted 

subcell center, 2.54A for the site unfaulted subcell center, 2.53A in the faulted sub-
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cell corner, and 2.56A in the unfaulted subcell corner. These distances compare 

well with RHEED and LEED data. 

This MSXX FF is appropriate for calculating structures containing a stacking 

fault since it describes the energy difference between the sphalerite and wurtzite 

forms of silicon. 

The elastic constants, and phonon dispersion curves are accurately calculated 

by the MSXX FF including the TA mode :flattening. Of most importance is the 

ability of this potential to describe the energetics, geometry and vibrations of surface 

silicon atoms in both T4 and H 3 sites. 
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Table 1. Force constants for bulk silicon. 

MSXX 

van der Waals Dv 0.310 

Rv 4.270 

Bond Stretch [eq (5)] Rb 2.381 

kb 193.0936 

Db (73. 70) 

Angle Bend [eq (6)] ke 31.2682 

0a 105.0467 

Angle Cross Terms [ eq ( 8)] ksiae -14.8184 

krr 3.6001 

Torsion [ eq ( 7)] V3 0.5100 

2-C A-A [eqs (9) and (11)] Fsia :Si3Si3 :Si3 -25.7242 
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Table 2a. Elastic constants (in GPa) and the bulk modulus (B) of silicon from the 

MSXX FF compared with experiment. 

Parameter MSXX 

170.7 

64.2 

78.6 

99.1 

Experiment 

167.5 

65.0 

80.1 

99.2 

Table 2b. Phonon frequencies (in THz) of silicon from the MSXX FF and experiment. 

Phonon MSXX Experiment 

LA-LO(X1) 12.38 12.44 

TA(X3) 4.51 4.51 

TO(X4) 13.92 13.90 

TO-LO(r2s) 15.56 15.53 
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Table 3. Vibrational frequencies of SiH4 • 

Modes Expt. MSXX HF Scale 

SiH3 d-deform. 914 914 1017.1 0.899 

SiH3 d-deform. 975 975 1053.4 0.926 

SiH s-str. 2187 2187 2370.0 0.923 

SiH d-str. 2191 2191 2360.6 0.928 

l~vlrms 0 140.3 
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Table 4. SiH4 FF. 

MSXX HF Scale 

Bond Stretch [eq (5)] 

Si-H Rb 1.479 1.478 1.000 

kb 400.0273 459.1177 0.871 

Db (92.60) (92.60) 1.000 

Angle Bend [eq (6)] 

H-Si-H ke 67.5345 79.8951 0.845 

0a 110.9769 112.2213 0.989 

Angle Cross Terms [ eq ( 9)] 

H-Si-H kHe -10.2182 -11.1244 0.919 

krr 4.021 6.030 0.667 

One-Center Angle-Angle Cross Terms [eqs (9) and (10)] 

GsiH:HH 5.3177 7.3658 0.722 
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MSXX HF Scale 

Bond Stretch [eq (5)] 

Si-H Rb 1.4782 1.4781 1.000 

kb 393.9586 455.8698 0.864 

Db (92.60) (92.60) 1.000 

Si-Si Rb 2.3366 2.3517 0.994 

kb 286.9195 342.3163 0.838 

Db (73.70) (73. 70) 1.000 

Angle Bend [eq (6)] 

H-Si-H k0 57.3767 69.2450 0.829 

0a 111.9874 112.6561 0.994 

Si-Si-H k0 43.3213 53.2658 0.813 

0a 114.6627 116.1750 0.987 

Torsion [ eq ( 7)] 

H-Si-Si-H V3 0.848 1.3542 0.626 

Angle Cross Terms [ eq ( 9)] 

H-Si-H kH0 -3.5257 -3.6203 0.974 

krr 3.2252 4.8795 0.661 

Si-Si-H ksi0 19.8201 26.7122 0.742 

kH0 -3.7978 -4.6882 0.810 

ksiH 1.3292 1.5511 0.857 

One-Center Angle-Angle Cross Terms [eqs (9) and (10)] 

GsiH:HH -0.6003 -0.6424 0.934 

GsiSi:HH -0.1914 -0.2321 0.825 

GsiH:SiH 0.3563 0.4043 0.881 

Two-Center Angle-Angle Cross Terms [eqs (9) and (11)] 

FH:SiSi:H -16.4782 -19.9482 0.826 
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Table 6$ Vibrational frequencies of Si2H5. 

Modes Expt. 

Torsion 125 

SiH3-rock 379 

Si-Si stretch 432 

SiH3-rock 628 

SiH3 s-deform. 844 

SiH3 cl-deform. 941 

SiH3 s-deform. 920 

SiH3 d-deformG 940 

SiH3 d-str. 2155.00 

SiH3 s-str. 2154.30 

SiH3 d-str. 2178.60 

SiH3 s-str. 2163.00 

l~vlavg 

MSXX HF Scale 

127 134.3 0.931 

378 416.6 0.910 

431 464.0 0.936 

625 697.1 0.897 

854 947.9 0.890 

946 1031.5 0.881 

925 1043.1 0.891 

931 1027.5 0.914 

2166 2337.1 0.880 

2158 2352. 7 0.915 

2166 2337.3 0.922 

2161 2346.7 0.928 

6.66 
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Table 7. SiH3 FF. 

MSXX HF Scale 

Bond Stretch [eq (5)] 

Si-H Rb 1.4830 1.4830 1.000 

kb 323.6191 443.7879 0.729 

Db (92.60) (92.60) 1.000 

Angle Bend [eq (6)] 

H-Si-H k0 50.9033 52.9548 0.961 

0a 110.5997 110.5997 1.000 

Angle Cross Terms [ eq ( 9)] 

H-Si-H kH0 -13.1042 -15.2668 0.858 

krr -0.1102 4.0105 -0.027 

One-Center Angle-Angle Cross Terms [eqs (9) and (10)] 

GsiH:HH -9.7116 -12.6668 0.767 

Inversion [ eq ( 8)] 

Fsi:HHH 65.9534 61.5300 1.072 
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Table 8. Vibrational frequencies frequencies of SiH3 • 

Modes Expt. MSXX HF Scale 

SiH3 deform. 926 926 871.2 1.063 

SiH3 deform. 996 996 1016.5 0.9800 

SiH str. 1955 1955 2342.4 0.836 

SiH str. 1999 1999 2361.0 0.847 

l~vlrms 0 266.6 
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MSXX HF 

Bond Stretch [eq (5)] 

Si2-Si3 Rb 2.395 2.395 

kb 215.845 257.5712 

Db (73. 70) (73. 70) 

Si3-Hi Rb 1.483 1.483 

kb 382.387 442.578 

Db (92.60) (92.60) 

Si3-Ho Rb 1.485 1.484 

kb 381.585 441.650 

Db (92.60) (92.60) 

Angle Bend [eq (6)] 

Hi-Si3-Ho k0 58.256 70.273 

0a 110.953 110.953 

Ho-Si3-Ho k0 54.843 66.156 

0a 111.562 111.562 

Si2-Si3-Hi k0 55.267 67.979 

0a 116.838 116.838 

Si2-Si3-Ho k0 49. 711 61.146 

0a 112.207 112.207 

Si3-Si2-Si3 k0 50.8023 62.488 

0a 122.671 124.2864 

Torsion [eq (7)] 

Si3-Si2-Si3-Hi V3 · 1.020 1.630 

Si3-Si2-Si3-Ho V3 2.126 3.396 

Inversion [ eq ( 8)] 

Si2 :Si3-Si3-Si3 -K 'l/J 1.500 0.9700 

1l/J e 81.0000 38.5060 
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Table 9b. Si4 H9 FF continued. 

MSXX HF 

Angle Cross Terms [ eq ( 9)] 

Hi-Si3-Ho kH0 0 -2.602 -2.672 

kHi0 -2.787 -2.862 

kHiHo 3.457 5.230 

Ho-Si3-Ho kH0 0 -1.899 -1.950 

krr 3.339 5.052 

Si2-Si3-Ho ksi20 10. 730 14.461 

kH0 0 -1.914 -2.363 

ksi2Ho 1.958 2.285 

Si2-Si3-Hi ksi20 0.821 1.106 

kHi0 -3.662 -4.522 

ksi3Hi 5.120 5.974 

Si3-Si2-Si3 ksi30 5.637 7.598 

krr 0.908 1.060 

One-Center Angle-Angle Cross Terms [eqs (9) and (10)] 

G Si2Si3 :Si3Si3 0. 7610 0.992 

GsiaSi2:HiHo 6.388 7.251 

Gsi3Si2:H0Ho 2.645 3.002 

Gsi3Hi:HoHo -0.756 ~0.810 

GsiaHo:HiHo -0.783 -0.838 

GsiaHo:Si2Hi -2.476 -3.001 

Gsi3Ho:Si2Ho -2.031 -2.461 

Gsi3Hi:Si2Ho -2.771 -3.001 
Two-Center Angle-Angle Cross Terms [eqs (9) and (11)] 

Fsi 3 :Si2 Si 3 :Hi -30.891 -37.398 
-16.495 -19.970 
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Table 10. Relative energies (kcal/mol) of the (2n+l)x(2n+l) DAS structures and the 

relaxed (111) surface from this work, Khor and Das Sarma,14 Vanderbilt24 

and Chadi. 13 

Structure This work Khor Chadi 

DAS3x3 -0.310 -0.326 

DAS5x5 -0.341 -0.344 -0.395 

DAS 7x7 -0.333 -0.335 -0.403 

DAS 9x9 -0.328 -0.325 



261 

Table 11. Additional Surface Force Constants. 

Angle Bend [eq (6)] 

Si2-Si3-Si3 

Si2-Si3-Si2 

ke 

ke 

11.0000 

11.0000 

0a 109.4712 

Angle Cross Terms [ eq ( 8)] 

Si2-Si3-Si3 ksiae -17.0000 

Si2-Si3-Si2 ksia0 -17.0000 

krr 0.0000 

Torsion [eq (7)] 

Si3-Si2-Si3-Si3 V3 0.5100 

Si2-Si3-Si3-Si3 V3 0.5100 

Two-Center Angle-Angle Cross Terms (eqs (9) and (11)] 

Fsis:Si2Si3:Si3 -24.3179 

-24.3179 
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Figure Captions 

Figure lo Top view of the optimized 7 x 7 DAS model. Blue shaded atoms 

denote silicon atoms in the corner of the unit cell with a dangling 

bond. Yellow shaded atoms are surface silicons in H3 sites and with a 

dangling bond. Silicon adatoms in T 4 sites have a dangling bond and 

are shaded red. All other atoms are Si, shaded orange and have four 

bonds. 

Figure 2. The Si4 H 9 cluster. 

Figure 3. The Si5 H1 cluster. 

Figure 4o The ab initio and force field energies plotted versus the central Si 

atom position for Si4H9. 

Figure 5. Phonon dispersion curve for SL 

Figure 6. The ab initio and force field energies plotted versus the cap Si atom 

position for Si5H7. 
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Blue - Corner Si (dangling bond) 

Figure 1. DAS 7x7 Si (111) Surface 
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Figure 2 
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Figure 3 
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Figure 4 Si4h9 Energy vs. R 
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Figure 5. Phonon Dispersion Curve for Si 
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Chapter 7 

The Generalized London Force Field for Hydrocarbon Reactions 
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Abstract 

In this chapter we use the Generalized London Force Field (GLFF) method 

to derive the potential energy surface (PES) for the exchange reaction: CH 4 + H --+ 

CH3 + H 2 • The GLFF includes the effect of the Pauli Exclusion Principle on the 

PES of chemical reactions. We find excellent agreement with the PES from ab initio 

quantum chemical reactions (GVB*SD CI)o 
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1.0 Introduction 

In chapters 2 and 3 we described the calculation of transition barriers for 

reactions of diamond surfaces (for CVD growth and nanotechnology). The calcula­

tion of the potential energy surface for these reactions to determine the transition 

state geometry and the activation barrier required a large quantity of CPU time on 

a Cray supercomputer. This chapter describes a method for calculating the same 

PES, but at a very small fraction of the computer cost. 

Chemical reactions such as 

(1) 

generally lead to a reaction barrier [~9.6 kcal/mol for (1)] much less than the bond 

energy [10% for (1)]. There are clearly subtle interplays of bonding and antibonding 

factors where the bond is never really broken, but rather as one bond is dissociating 

the other is forming. Thus the transition state is a resonance between the reactant 

and product states. The transition state barrier is a direct consequence of the Pauli 

principle which allows only two electrons per orbital. As the third electron ( of the H) 

approaches the D2 , it must remain orthogonal to the bond pair on the D2 ( to satisfy 

Pauli), leading to antibonding character and hence a barrier. Such reaction barriers 

are adequately described with the modern methods of quantum chemistry, however 

they generally require intensive calculations, especially if quantitative accuracy is 

required. Furthermore, the generation of a PES is even more intensive since to 

generate the surface the wave function must be calculated at a grid of geometries 

along the reaction path. 

In contrast, the FF for a Molecular Dynamics (MD) study would use a 

bonding interaction (say a Morse function) between each particle. This incorrectly 

predicts that the H3 molecule is stable, with a triangular geometry and a bond 

energy of ~100 kcal/mol rather than a barrier of 10 kcal/mol and a linear transi­

tion state. This property prevents the simulation of reaction dynamics since the 

description of the reaction surface is poorly described. For a proper description of 

the reaction surface, must include the effects of the Pauli principle, which are rarely 

incorporated into MM potentials. 

Of course quantum chemistry calculations automatically include the Pauli 

Principle. However 
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z. the quantum chemistry ( QC) requires a great deal of work for each geometry 

and we would like a way to fit the QC with a general potential function 

ii. the size of the QC calculation grows rapidly with the the size of the system, 

making it impractical for many cases of interest and we would like to have a 

way of predicting the interaction energies in the absence of QC. 

We have developed a general procedure, 1- 3 the Generalized London Force Field 

(GLFF), for accomplishing both objectives. This methodology allows a general 

procedure for all reactions and permits development of routines for using this pro­

cedure with commercial molecular simulation codes such as POLYGRAF.4 

The GLFF methodology is straightforward for any simple (three-electron) 

radical reaction, e.g. 

·A+ X - B--+ A - X + ·B. 

including surface reactions such as 

•A+ H - S1 

(2) 

(3) 

The same formalism can also be used for simple four electron reactions, such 

as metathesis 

A-B A B 
⇒ I I (4) 

C-D C D 

and insertion 
A-B A B 

⇒ I I 
C=D C-D (5) 

( e.g. Ziegler-N atta polymerization). 

2.0 The Generalized London Force Field 

2.1 Spin Coupling and the London Potential 

Consider the bonding in the reactant (Figure la), transition state (Figure 

lb), and product (Figure le) as given in Figure 1. 
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The consequences of the Pauli principle can be directly expressed in terms 

of the spin couplings shown schematically in the middle row of Figure 1 and more 

explicitly in the bottom row. 

For the reactant configuration of (1) the Valence Bond (VB) wave function is 

A{cpzc/Jcc/Jr[a(a/3- /30:)]} where the electrons on the D2 always have opposite spins, 

leading to the singlet or bonding state of D2. (Here cpz, c/Jc, c/>r refer to atomic orbitals 

on the left, center, and right atoms.) However the spin on the H is sometimes 

the same and sometimes different than the spin on the D atoms. This leads to 

an H - D interaction that contains both antibonding ( or triplet) interactions and 

bonding ( or singlet) interactions. Analysis of the VB wave function shows that 

the HD interaction is 75% triplet and 25% singlet. The result of these triplet or 

anti bonding terms is that the energy increases as H approaches D 2 • 

For the transition state the VB wave function is 

(6) 

which describes the resonance of H -D D· with H • D-D. Analysis of the wave 

function shows that the outer orbitals are always triplet coupled whereas the middle 

atom has interactions with the outer two atoms that are 75% singlet and 25% triplet. 

Thus during the reaction the interactions between the H and central D 

changes from 25% singlet (reactant), to 75% singlet (transition state), to 100% 

singlet (product) and the other interactions change correspondingly. Thus to include 

the effect of the Pauli principle, the simplest description is 

where 

E(R1, R2, R3) = L Eij(Rij) 
i>j 

(7) 

(8) 

Here f s and JT are the fractions of singlet and triplet character and Es and ET 

describe the bonding and antibonding two-body interactions. Defining the classical 

and exchange energies as 

(9) 
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and the spin coupling fractions as 

(10) 

the energy (7) can be rewritten as 

E = L [Ei](Rj) + COS/ijEij]. (11) 
i>j 

The three spin coupling angles in (11), rij, are related to each other (by ± 2
;) so 

that there is only one degree of freedom. Requiring that , be optimum, 8E / 8, = 0, 

leads to 

(12) 

Since (12) depends only on the exchange energies, Ex(Rij), which depend only on 

the distances, the optimum spin coupling is uniquely determined by the geometry. 

Thus the full effect of the Pauli principle is included by using (12) with (11), leading 

to 

1 

EL= Ef +E~z+E~z_ [(Ef)2 + (E2)2 + (E3)2 
- Ef E2 - E2 E2 - E2 E3 - Ef E3] 2 • 

(13) 

This expression was originally derived by London. 5- 7 Table 1 shows the special 

cases of the energy for various ,1's. 

2.2 Generalization of the London Force Field 

Using the exact two body functions for the triplet and singlet states of H 2 in 

the London expression (1), leads to a potential surface that is qualitatively correct. 

Thus for H 3 it leads to a barrier of 12.4 kcal/mol rather than 9.6 kcal/mol8 and 

a saddle point geometry of 1. 7922 bohr rather than 1. 7757 bohr. In addition the 

barrier is too narrow having too low an energy for particles along the reaction 

path far from the transition state. Donnelly et a1. 1,2 showed that the problem at 
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the saddle point involves three body corrections when all three orbitals have high 

overlap. 

By substituting the two-body VB energy expressions with S~b # 0 into the 

three-body VB energy expressions, also with S;,b -=I=- 0, and retaining terms in overlap 

squared only, the first order overlap correction to (13) was found to be1' 2 

The problem with (11) is that it considers overlaps Sij as addition to the exchange 

energies. This is not acceptable since we will generally not have overlaps. However 

Sfj is proportional to E0 so that S'fj in (11) can be replaced with 

S~- == 8° E~-
iJ 1,J ' (15) 

where 8° is a scaling constant. Using just this one parameter, the overestimate of 

the energy barrier is removed. The resulting three-body correction depends only on 

Ex. 

For larger distances the energy for (12) is too attractive because interference 

between the London dispersion (vdw attraction) terms of different pairs of atoms is 

ignored. The dynamic correlation effects ( responsible for this attraction) between 

atoms 1 and 2 interfere with the 1-3 and 2-3 dispersions, leading to less attraction. 

This dispersion correction has the form 

Lldisp = -{i L Ej ( sfk + sJk) (16) 
i>j 

where Ef is the (negative) dispersion energy of pair i, and 8d is a constant. A good 

estimate of the dispersion energy is found from the difference between the exact 

energy ( experiment or configuration interaction) and the VB or GVB energy. 

The Generalized London Force Field (GLFF) has the form 

EGLFF(R1, R2, R3) = L [E51(Rij) + COS"fijEij(Rij)] + Ll3 + Lldisp 
i>j 

[ Egt ( Rij) + COS"f ij Eij] - L ( sf k + SJz) [ ~ Eij + {jd Ej] 
k#i,j 

(17a) 

(17b) 
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E31
(Rij) + Eij COS"fij - ~ L (SJk + SJ1) - 8dEt L (S[k+ SJ1) 

k#i,j k#i,j 

(17c) 

where 8° is given by (16). 

3.0 Ab Initio Calculations 

To derive ab initio potentials (PES) that include the essential effects impor­

tant in describing saddle points of chemical reactions, one must employ QC methods 

that accurately describe bold dissociation. Chemically accurate descriptions of the 

PES generally require a large computational cost. Our goal is to predict accurate re­

action surfaces using a simple method practical for molecular dynamics simulations. 

We will illustrate the procedure for the reaction 

(21) 

Elsewhere11 we required extensive GVB-CI calculations on (2). These studies 

involved Generalized Valence Bond (GVB) calculations followed by configuration 

interaction through single and double excitations from all GVB configurations. This 

is denoted as GVB*SD CL 

These studies used an extended basis set [Dunning and Huzinaga9 ,10 double­

zeta contraction of the 9s5p carbon basis with one additional set of d polarization 

functions (rJd =0.75). We also add diffuses and p functions (rJ 8 = 0.0474 and (rJP 

= 0.0365). The hydrogens were described using the triple-zeta contraction of the 

6s set with one additional set of p polarization functions (rJP = 0.60)]. The final 

potential surface is shown in Figures 2. 

This method has been applied to the 

(22) 

and 

(23) 

reactions using H · ·H, H · · · CH3, and CH3 · · · CH3 two-body interactions from 

QC. The potential surface for (20) is shown in Figure 3. The barrier from GLFF 
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is 10.6 kcal/mol, in excellent agreement with the 10.9 kcal/mol from extensive QC 

calculations on the reaction (17). 

4.0 Discussion 

The approach outlined above can be used for any three electron ( or four 

electron) exchange reaction, 

A- B + ·C ~·A+ B - C. 

The first step is to obtain the singlet and triplet states for A-B and for B-CG For 

best results we should do QC calculations at various distances for A-B and B-C 

separately. With no additional data on the A-B-C system, the London Equation 

would predict the full potential surface in Figure 2. This leads to a barrier rv25% 

too high and transition state bond distances about 3% too long. If there were no 

additional information, this could be used to simulate the reactions. Better yet 

we might do a quantum mechanical calculation at a single point near the predicted 

saddle point and another single point half way to dissociation. This would determine 

8° and od, allowing an accurate description of most geometries. Thus the G LFF 

allows a little bit of QC information to predict a great deal about the potential 

surface. 

Alternatively with no QC data on the reacting units, we could use data, say, 

on the barrier height from experiment to estimate the overlap correction constant 

(8°). In addition, if there were no QC data on the A-B bond and antibond, one 

could get a qualitative estimate by using a Morse curve for the singlet or bond state 

(which requires only Re, ke, and De) and we could use an antimorse curve for the 

triplet or anti bond state ( no additional data). 

5.0 Application to Hydrocarbon Reactions 

We have shown that the Generalized London Potential is effective in mod­

eling H2 + H and CH3 + H by comparing the GLFF results to accurate ab initio 

calculations. Because quantum chemistry calculations of potentials of systems with 

more than several electrons are so impractical most systems have little available 

data. We developed the GLP with the intention that it could accurately predict the 
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entire potential energy surface using only two-body potentials plus a limited amount 

of three-body information. Our results indicate that the GLP is indeed well suited 

for such predictions. An accurate PES can be derived in a matter of hours or min­

utes, on a small computer where quantum chemical calculations have taken tens of 

hours of super computer CPU for PES derivation on similar systems. 11 ,12 Actually, 

the GLP may work best to compliment ab initio calculations in reducing the amount 

of work required to find the saddle point. An expected sequence would be: 

1. Calculation of two-body curves. 

2. Use of London Potential to predict saddle point. 

3. Use of GLP using parameters estimated from similar systems to improve 

estimate of saddle point. 

4. Ab initio calculation of several energies near saddle point. 

5. Incorporation of new information into GLP to improve estimates of entire 

potential energy surface and saddle point. 

6. Possible refinement of GLP parameters using a small number of additional 

·ab initio points. 

7. Use of GLP for simulations. 

Our overall objective is to perform accurate reaction dynamics with molec­

ular modeling where reaction rates would be accurately modelled and mechanisms 

could be studied, and extracted from the dynamics trajectories. We are especially 

interested in applications to surface reconstructions, growth of thin films, polymer 

and crystalline systems. Important carbon-based examples exist for all of these 

cases. We first examine the case of hydrogen exchange among hydrocarbons~ We 

first considered the abstraction of one hydrogen from methane by an atomic hydro­

gen: 

Actually, this reaction as written is uphill in energy by several kcal/mol, however 

this is not true for most hydrogen abstractions from hydrocarbons by a lone hy­

drogen atom. Thus, we write this equation in this direction, however it is more 

appropriate to write it in the opposite direction for this system only. With the 

C H 4 bond angles fixed, we first calculate a first approximation of hydrogen ab­

straction from a diamond surface. Of course, an improved model would consider 
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abstraction from isobutane or larger clusters. Allowing the CH4 bond angles to 

relax gives this reaction an extra degree of freedom not present in H3 • This better 

describes smaller systems and polymers where relaxation is not constrained by the 

surrounding structure as in a surface reaction. For both the fixed and variable an­

gle cases the two-body interaction potentials are required. We present them next 

before their use in the GLP. 

5.1 Application to the CH4 + H-+ CH3 + H2 Reaction 

The GLFF is expressed in terms of two body potentials. Thus for 

(18) 

we need to consider the 

(19) 

and 

H+H (20) 

potentials. We carried out calculations on (18) and (19) at the same level of basis 

set9 ,10 and electron correlation as previously used for ab initio studies of (17). The 

details of the calculations are in section 3.0. The potential curves are shown in 

Figures 2 and 3. In (18) we considered three values 0HcH = 90°, 105°, 120°. For 

consistency we used a harmonic fit to predict the choice of 0HcN for each particular 

RcH• 

The constants 8° and [Jd were chosen by fitting to the saddle point and 50 % 

dissociated energies for the reaction. 

5.2 Comparison to ab initio calculations 

The GVB-CI calculations optimized the structure near the saddle point for 

reaction (17). As a first step we used the transition state geometries from these 

calculations to calculate the London and GLFF energies. The results are in Table 

2. Here we see the LFF leads to an energy barrier too high by 2.1 kcal/mol or 15%. 

Using 8d = 0.003 from the H3 studies leads to EAcT = 12.63kcal/mol. Adjusting 

to match the ab initio surface leads to EAcT = 12.9kcal/mol. In the remainder of 

this chapter we use 8d = 0.003 from H3 • 
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To obtain a full potential surface, we first considered the same angle 0HcH = 
104° for all RcH and RHH· This leads to the London and GLFF PES in Figures 2 

and 3. We then used the spin coupling at each geometry to determine the optimum 

0HcH by minimizing the energy (8) with respect to the angle. 

We recalculated the London and GLFF potential surfaces shown in Figures 

2 and 3. Very little change occurs in the spin coupling so that additional iterations 

were not needed. 

We conclude that GLFF gives an excellent description of the QC potential 

surface. 

5.3 H2 and CH4 Potentials 

When all of our information is based on ab initio calculations, it is best to use 

a consistent level of calculation for all potential surfaces. The C H 4 + H calculations 

of Mus grave et al. on the saddle point of CH 4 + H 2 are not to high accuracy, however 

a similar level calculation is feasible on larger systems. Calculations at a similar 

level of accuracy were done for H2 and CH4
1 and are reported in Tables 3 and 4 

for H2 ·and CH4, respectively. 

We include the tetrahedral geometries for the fixed-angle, surface-like atom 

case. For a lone CH4 , the angle between the H whose bond is being stretched and 

the other hydrogens relaxes from tetrahedral to planar during the course of the 

reaction with H. For lone CH3 , about 7 kcal/mol is required to go from planar to 

tetrahedral. Calculations of the snap bond energies at various angles are possible 

which can then be used to do the general relaxed angle case. To simplify matters 

here, we report the energies at 104° which is about the optimized saddle point 

geometry. 3, 11 

5.4 Fixed Angle CH4 + H 

We consider the first approximation of using CH4 with the bond angle fixed 

at tetrahedral and calculate the resulting potential energy surface. We start from 

spline fits to the H 2 and CH4 energies of the previous subsection. The London 

Potential for this system is shown in Figure 2. 

The C H 3 + H2 limit is taken as the zero of energy. While the bond energies 

of CH4 and H2 are only several kcal/mol apart, the additional energy to bend 

CH3 to tetrahedral makes the energy difference in the channels about 9 kcal/mol. 
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As expected, the saddle point is closer to the higher energy H 2 channel. The 

corresponding spin coupling is shown in Figure 1. This shows that the "transition 

state" as defined by the spin coupling (, = 0) is even further into the H 2 valley 

than the saddle point. The smooth variation of , along the reaction path is again 

seen as for H3 in Figure 4 and for CH4 + Hin Figure 5. 

The potential energy surface is improved by assuming that the parameters 

of the H 3 GLP are about on the order of those for CH4 + H. Given the similar 

bond energies, this should be a reasonable approximation. The corrections from 

second order overlap and dispersion for H3 lead to the new surface of Figure 3. 

Thus, we have estimated the entire potential energy surface for CH 4 + H using only 

two-body curves and our knowledge of the London Equation error for H3. With 

more experience in the variation of the GLP parameters across various systems, 

we can hopefully establish a methodology of creating such surfaces to a reasonable 

accuracy with little more than two-body input. 

5.5 Relaxed Angle CH4 + H 

In order to compare the CH4 + H results of Reference 2 with the GLP 

results, we need to allow the C H 4 bond angle to relax as the reaction proceeds. 

The singlet and triplet energies at several angles for each CH 3 - H distance could 

be calculated in order to obtain the angular dependence. If the angle relaxed to 

its singlet minimum, it would be planar at far distances, near tetrahedral at the 

bond distance, and slightly beyond tetrahedral at shorter distances. At the saddle 

point distance of about 2.6 bohr, the energy of the singlet is a minimum for an 

angle between 106 and 107°. This is in contrast to the optimized angle of 103 .. 8° of 

Reference 11. The discrepancy arose because the energy minimum with respect to 

angle for the triplet is much nearer planar. From the spin coupling ti, we know the 

mix of singlet and triplet character for a given pair of atoms i: 

E,; == jf E! + f~E~ 
II 'l, 'l, 'l, 'l, • 

This is the function to be minimized with respect to bond angle at each geometric 

configuration. 

Even without knowledge of the CH4 triplet and singlet energies at various 

angles and distances, we can still estimate the energy at the saddle point. Using 
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the 104° energies of CH4 from Subsection A, the saddle point for the relaxed angle 

C H 4 + H reaction can be found. This was done for the London Potential and the 

GLP with second order corrections based on the H3 parameters. Table 5 shows 

that predicted GLP energy is within 0.3 kcal/mol of the ab initio value. 

Separate H 2 and CH4 corrections would improve the saddle point position. 

The information that went into this prediction includes only two-body H2 and CH4 

potentials, an estimate of two GLP parameters from H3 , and an estimate of the 

CH4 bond angle at the saddle point. This last piece of information is also derivable 

independently by knowing the angular dependence of the separate singlet and triplet 

curves at the saddle point distance. In addition to this saddle point information, 

we now have an estimate of the potential energy surface over the entire range of 

geometries. This can be used to add reactive dynamics to molecular modeling 

simulations. 

6.0 Conclusions 

We use the Generalized London Force Field ( GLFF) method to derive the 

potential energy surface (PES) for the exchange reaction: CH4 + H -t CH3 + H 2 • 

We find that we are able to accurately determine the PES when including dispersion 

and three body interaction corrections. The GLFF includes the effect of the Pauli 

Exclusion Principle on the PES of chemical reactions and greatly speeds up the cal­

culation of accurate PES over quantum chemical methods. Our results show excel­

lent agreement with the PES from ab initio quantum chemical reactions (GVB*SD 

CI) where primarily only two-body interactions were included. To describe other 

PES for other reactions a set of accurate two-body potentials are requiredc With 

these potentials it is hoped that a large number of reactions could be described 

accurately and with vastly reduced computational effort. 
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Table 1. Special Cases of Energy for Various 1's. 

0 
7r 

3 
21r 
3 

7r 

7r 

3 
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Table 2. Geometries and transition barriers for CH4 + H · ---+ • CH3 + H 2 

(energies in kcal/rnol). 

Reaction 

TS 

Product 

109.47 

104.0 

90.0 

RcH 

1.09 

1.459 

CX) 

CX) 

0.868 

0.7 

GVB-CI London GLFF 

12.91 15.00 12.64 
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Table 3. Two-Body Potentials for H 2 • Distances are in A (note that so far we 
have dealt mainly in bohr), and energies are in Hartrees. 

R Es ET 

0.4 -0.96387083 

0.5 -1.09183076 -0.57411048 

0.6 -1.14695975 -0.68374487 

0.7 -1.16604573 -0. 75632627 

0.74 -1.16781588 

0.8 -1.16641530 -0.80860353 

0.9 -1.15698075 -0.848497 45 

1.0 -1.14262579 -0.87990173 

1.2 -1.10924298 -0.92499045 

1.4 -1.07765713 

1.5 -1.06391438 -0.96391211 

1.6 -1.05181371 

1.8 -1.03262628 -0.98315379 

2.0 -1.01952662 -0.99000541 

2.5 -1. 00460386 -0.99738858 

3.0 -1. 00090262 -0.99930581 

5.0 -0.99988367 -0.99988112 

50.0 -0.99988096 -0.99988096 
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Table 4. Two-Body Potentials for CH4 • Distances are in A, and energies are in 
Hartrees. 

Tetrahedral 104° 

R Es ET Es ET 

0.80 -40.25584 723 -39.87551304 -40.2504 7509 -39.86470574 

0.90 -40.32346617 -39. 94289320 -40.31871254 -39.92518046 

1.00 -40.35288348 -39.95152791 -40.34895780 -39. 96925500 

1.05 -40.35863390 -39.96678868 -40.35518093 -39. 98352944 

1.09 -40.36023885 -39.97693589 -40.35718587 -39. 99279529 

1.15 -40.35887945 -39.99059157 -40.35645516 -40.00497786 

1.20 -40.35516185 -40.00201942 -40.35328124 -40.01514904 

1.25. -40.3497 4849 -40.01428129 -40.34842353 -40.02631230 

1.30 -40.34311129 -40.02727004 -40.34234854 -40.03843393 

1.40 -40.32756398 -40. 05334920 -40.32792504 -40.06325829 

1.50 -40.31062243 -40.07708134 -40.31207546 -40.08607365 

2.00 -40.23606332 -40.14743236 -40.24161279 -40.15436516 

2.50 -40.19695719 -40.16986183 -40.20385300 -40.17646641 

3.00 -40.18315200 -40.17612653 -40.19006031 -40.1827 4 728 

4.00 -40.17853794 -40.17815402 -40.18525719 -40 .18483343 

6.00 -40.17824863 -40.17824772 -40 .18493831 -40.18493718 

50.00 -40.17824051 -40.17824051 -40.18493026 -40.18493025 
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Table 5. Saddle Points for CH4 + H. Distances are in atomic units, and saddle 
point energies are from H 2 channel in kcal/mol. 

London 

GLP 

Reference 39 

R1sp 

2.6095 

2.6448 

2.63 

1. 7435 

1.6998 

1.74 

14.9974 

12.6379 

12.91 
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Figure Captions 

Figure 1. The product, transition and reactant states of a H exchange reaction. 

Figure 2. CH4 + H London Potential Contour Plot. The contour values shown 

are the powers of two times ±3 kcal/mol and zero. Axes are distances in atomic 

units. H2 channel is to the upper left and CH4 channel is to the bottom right. 

Figure 3. CH4 + H GLP Contour Plot. The contour values shown are the powers 

of two times ±3 kcal/mol and zero. Axes are distances in atomic units. H 2 channel 

is to the upper left and C H 4 channel is to the bottom right. 

Figure 4. Contour Plot of, for H 2 + H. Contours are spaced every 10 degrees 

with negative contours endashed. 

Figure 5. Contour Plot of, for CH4 + H. Contours are spaced every 10 degrees 

with negative contours endashed. 
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Figure 1. Truhlar and Horowitz (LSTH) Contour Diagram. Reported saddle point 
properties are actually those of CI calculations of Liu et al. 
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Figure 2 C H4 + H London Potential Contour Plot. The contour values ·shown 
are the powers of two times ±3 kcal/mole and zero. Axes are distances in atomic 
units. H2 channel is to the upper left and C H4 channel is to the bottom right. 
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Figure 4 Contour Plot of --y for CH4 + H. Contours are spaced every 10 degrees 
with negative contours endashed. 
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Figure 5. Contour Plot of, for Linear H3 • Contours are spaced every 10 degrees 
with negative contours endashed. 




