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Empirical potential for methyl-radical association with diamond surfaces

Pascal de Sainte Claire and William L. Hase
Department of Chemistry, Wayne State University, Detroit, Michigan 48202

~Received 16 September 1996!

An analytical potential-energy function for•CH3 association with carbon-atom radical sites on diamond
surfaces is derived from experimental energies, structures, and vibrational frequencies, high-levelab initio
calculations, and properties of potential-energy functions for H•1•CH3, •CH31•CH3, and H•1•C~CH3)3

association. This•CH31diamond potential-energy function is a molecular anharmonic potential written with
switching ~MAPS! functions and is identified by MAPS/MeDIAM. It is a sum of lattice (Vlattice), nonbonded
(Vnonbonded), and radial site (VCH3,site) potential terms. There are many general properties of potential-energy
functions for alkyl radical association reactions which are transferable and can be used to help construct
VCH3,site. Additional properties ofVCH3,site are determined byab initio calculations using the restricted and
unrestricted quadratic configuration-interaction method, with single, double, and perturbative triple excitations
and the 6-31G** basis set. The MAPS/MeDIAM potential function is used to study•CH3 association with a
carbon-atom radical site on the diamond$111% terrace. The energy for•CH3 adsorption with this site is
calculated to be 17 kcal/mol lower than theab initio CH3-C~CH3)3 bond dissociation energy. A canonical
variational transition-state theory calculation, based on the MAPS/MeDIAM potential, gives a value of 0.06
1013 cm3 mol21 s21 for the •CH31diamond$111% terrace site association rate constant at 1500 K. A linear
free-energy relationship is shown for the kinetics of•H and•CH3 association with a diamond$111% terrace site.
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I. INTRODUCTION

The extreme structural, electrical, and optical proper
of diamond are responsible for its uniqueness and its h
technological importance; e.g., its use in optical window
capacitors, abrasives, and heat exchangers. Recent
have seen the emergence of chemical vapor depos
~CVD! ~Refs. 1–9!, methods for producing diamond films o
specific type and thickness. In low-pressure CVD method
mixture of a small percentage of a hydrocarbon such as4
and molecular hydrogen is often vaporized over a hot fi
ment and then condensed on a colder substrate. Gl
chemical mechanisms, based on kinetic observations, h
been proposed10–12 for the diamond growth, and detaile
analyses of elementary reactions9,13–19involved in the depo-
sition process have recently been reported. Important r
tions in the mechanisms are

H•1H-Cd→H21•Cd ~1!

H3C•1H-Cd→CH41•Cd ~2!

H•1•Cd→H-Cd ~3!

H3C•1•Cd→CH3-Cd ~4!

where •Cd represents a carbon radical site on a diamo
surface. Steps~1! and ~2! produce radical sites, step~3! is
responsible for site decay, and step~4! is widely accepted as
a key elementary step in diamond growth.

Both experimental20,21and theoretical22–25kinetic data for
reactions~1! and~3! have recently been reported. Adsorptio
of a radical species such as•CH3 to diamond radical sites ha
been modeled by postulating a chemical similarity26 between
560163-1829/97/56~20!/13543~13!/$10.00
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gas-phase and gas-surface reactions,27,28 where the diamond
surface is considered to be a large alkane. It is argued
elementary reactions on diamond surfaces are localize
carbon sites,26 as is the case for gas-phase hydrocarbon
actions. Though the kinetics of CVD diamond growth ha
been modeled with gas-phase hydrocarbon elemen
reactions,29,30the overall validity of this approach has not y
been established. However, a recent theoreti
computational study22,23suggests that the postulate of chem
cal similarity is valid for reaction~3!. Probing the postulate
of chemical similarity involves understanding reactio
mechanisms at the microscopic level.

The lack of experimental data is a critical problem
modeling CVD diamond growth, especially when consid
ing methyl adsorption, reaction~4!. This is thought to be a
key step in the growth process, adding a quaternary cente
the surface. Methyl-radical-based mechanisms are numer
The Tsuda-Nakajima-Oikawa31 mechanism involves adsorp
tion of three neighboring•CH3 species on a$111% diamond
surface, whereas•CH3 addition to reconstructed$100%
dihydride,32 reconstructed$100% monohydride,19 or $110%
surface sites33 are important steps in other mechanisms
voked for diamond growth. Similarly, a combined methy
acetylene mechanism25,27 involves methyl radical addition to
a $111% diamond surface radical site.

In the work reported here, the postulate of chemical sim
larity is found to be valid for alkyl radical association rea
tions, and is used to develop an analytic function to repres
the potential-energy surface~PES! for reaction~4!. The form
of the analytic function is similar to that used previously
represent the PES for H-atom association with radical s
on diamond surfaces,22 and is written as

V5Vlattice1VCH3,site1Vnonbonded. ~5!
13 543 © 1997 The American Physical Society
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13 544 56PASCAL DE SAINTE CLAIRE AND WILLLIAM L. HASE
This is a molecular anharmonic potential written wi
switching MAPS~Ref. 34! functions and is called a MAPS
MeDIAM potential.

Vlattice in Eq. ~5! is a valence force field potential that ha
been fit to the diamond phonon spectrum.35 It was used in
modeling the PES for H-atom association with radical si
on diamond surfaces.22,23 Vnonbonded represents the non
bonded interactions between the methyl radical being
sorbed and the lattice atoms.VCH3,site represents the interac
tion between a methyl radical and a localized carbon-a
radical site on the diamond surface. As for the
atom diamond surface potential,22 the carbon-atom radica
site is modeled by a constrainedt-butyl radical whose three
carbon atoms, attached to the radical carbon, are kept
fixed geometry corresponding to equilibrium positions
bulk diamond. Parameters forVCH3,site are deduced from
similarities between potential surface parameters for a
radical association andab initio calculations for the associa
tion of •CH3 with the constrainedt-butyl radical. Theab
initio calculations are performed with a Gaussian series
programs,36 using both the restricted and unrestricted qu
dratic configuration interaction method with single, doub
and perturbative triple excitations; i.e., QCISD~T!.37 The
6-31G** extended basis set of the split-valence type w
used.

A radical-radical recombination process, such as•CH3 as-
sociation with a radical site on a diamond surface,
barrierless,38 and a variational version of transition-sta
theory39 must be used to calculate the association rate c
stant. In canonical variational transition-state theo
~CVTST!, the transition state~TS! is located at the free
energy maximum along the reaction path. For H•1•CH 3
and H•1diamond$111% association,22,40 CVTST calculations
based on the reaction path Hamiltonian41–43 give rate con-
stants in excellent agreement with those determined f
classical trajectory calculations. Long-range interactio
were found to be responsible for the large intermolecu
distances at the variational transition states. In the work p
sented here, the PES derived for reaction~4! is used with the
CVTST/reaction path Hamiltonian calculational approach
determine a rate constant for•CH3 association with a carbon
atom radical site on the diamond$111% surface.

II. PREVIOUS WORK

Understanding the elementary process of methyl rad
association with a diamond surface radical site requ
knowledge of the reaction’s multidimensional PES. In der
ing such a PES, information is needed about radical
angular deformations, as well as equilibrium bond leng
and angles, and force constants for the numerous degre
freedom involved. Several methods have been used to de
PES’s for reactions involving diamond surfaces.22,23,44–63

The large number of atoms involved is a serious limitat
when simulating bulk diamond and, thus, approximations
the method and/or limitations in the number of atoms trea
are common.

Ab initio22,44–50 and local-density-approximation-based51

calculations have been performed on small hydrocar
clusters to model reactions on diamond surfaces. Abstrac
and bond dissociation energies,44,45,47–51 relaxation of the
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surface radical site,50,51 and transition state geometries ha
been determined from these calculations. For H-atom a
ciation with a surface radical site, a complete PES~Ref. 22!
was derived. These calculations generally require exten
computer time, and the number of basis functions becom
critical issue as the size of the hydrocarbon cluster mo
increases.

Semiempirical quantum chemical calculations32,52,53

which include electron correlation have also been used
model diamond surface reactions. Though a good overall
scription of the PES is often obtained, this method is not
accurate as theab initio and density-functional-type meth
ods. However, it is less computationally expensive, and
be used to study large model systems. Semiempirical ca
lations have been particularly useful for comparing relat
energies of reaction intermediates involved in diamo
growth mechanisms.33,52 Reaction path following calcula
tions using semiempirical PES’s has not been reported
diamond surface reactions.

Empirical potentials54,55 with parameters fit to known ex
perimental data, such as bond energies, abstraction ener
heats of formation, and lattice constants, have been der
over the past decade. The many-body Brenner56 potential for
hydrocarbons has been extensively used in modeling
mond surfaces. Though inclusion of conjugation effects a
its applicability to any diamond surface reaction involvin
carbon and hydrogen atoms makes it very appealing, lo
range interactions involved in bond-breaking or-forming p
cesses are not well described.57 This is essentially a conse
quence of the need for cutoff parameters, which restrict
interactions between atoms within a short atomic radi
Similar to this approach, class-I and -II force fields58 for
hydrocarbons have been used in the simulations of m
hydrocarbons@e.g., theAMBER,59 CHARMM,60 CVFF,61 MM3,54

andCFF93~Ref. 62! force fields#, but again long-range cova
lent interactions are not described accurately. This is a c
sequence of restricting the data included in fitting the fo
fields to only equilibrium structure properties. A recent a
proach that involves fitting an alkane PES to a somew
wider range ofab initio data has been developed and
known as a quantum mechanical-force field~QMFF!.63 But
one faces the same problem, especially for radical-rad
recombination reactions, for which very long-range intera
tions are of critical importance.

The results of high-levelab initio calculations have been
used to develop accurate potential energy surfaces for
three alkyl radical association reactions22,45,47

H•1•CH3→CH 4, ~6!

•CH31•CH3→CH3-CH3, ~7!

H•1•

tBu→H-tBu. ~8!

The calculations were based on the configuration-interac
~CI! method,64 which treats instantaneous correlatio
between motion of the electrons, and used the 6-31G**
basis set. A limited number of calculations for reaction~8!
were also performed with the much larger 6-3
11G~3d f ,3pd) basis set.22 The CI calculations included
single and double excitations for reaction~6!,45 single,
double, and quadruple excitations for reaction~7!,47 and
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FIG. 1. Internal coordinates o
the model clusters used to de
scribe reactions~6!, ~7!, and~8!.
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single, double, triple, and quadruple excitations for react
~8!.22 The positions of the nonradical carbon atoms in
t-butyl radical of reaction~8! were held fixed to model the
geometry of bulk diamond, and the results of theab initio
calculations were used to derive an analytic PES for H-a
association with carbon-atom radical sites on diamo
surfaces.22

A comparison of theab initio potential-energy surface
for reactions~6!–~8! allows one to investigate the postula
of chemical similarity. For reactions~6! and~7!, the adsorb-
ing species change from•H to •CH3 and the substrate
changes from•CH3 to •

tBu for reactions~6! and~8!. If there
are fundamental similarities between the potential-ene
surfaces for these reactions, with transferrable paramete
may be possible to use this information to derive a PES

CH3•1•

tBu→CH3-
tBu. ~9!

If the geometry of thet-butyl radical in Eq.~9! is con-
strained, as described above, to represent bulk diamond
resulting PES is that forVCH3,sitein Eq. ~5!. In the following,
it is shown that it is possible to use properties of the poten
energy surfaces for reactions~6! and ~7! to modify the PES
for reaction~8! and determine detailed properties of the P
for reaction~9!.

III. PARAMETERS FOR VCH3,site FROM PES PROPERTIES
FOR REACTIONS „6…–„8…

A. Model for VCH 3,site

The models and coordinates used to describe
potential-energy functions for reaction~6! and ~7! and
VCH3,site for reactions~4! and ~9! are shown in Fig. 1. The

radical site is denoted•Cs and dashes represent the formi
bond. The methyl radical carbon atom is represented
•Cm . The nomenclature for the models is consistent w
previous studies.22,45,47 The model species used to mod
VCH3,site is a constrainedt-butyl radical (t-C4H9) where the
n
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carbon atoms C1, C2, and C3 are held fixed@Fig. 1~c!#. This
species has been successfully used in a previous stud
H-atom addition to diamond surfaces.22

When alkyl radicals associate there are relaxations ab
the carbon-atom radicals as a result of the transition fr
sp2 andsp3 electron configuration. A similar type of relax
ation occurs for the constrainedt-butyl radical~or a radical
site on a diamond surface!, with the radical carbon-atom•Cs

moving toward the entity being adsorbed. For the potent
energy functions used to represent reactions~6!–~8!, this re-
laxation is written as a function ofr ~see Fig. 1! and the
same is done here forVCH3,site. Thus, the three Cm—Cs-C

anglesf i ~bending motion of the methyl radical with respe
to the t-butyl radical C3v symmetry axis!, the three
C-Cs•-C anglesu i , the three H-Cm—Cs anglesf i8 ~rocking
motion of the methyl radical about the Cm—Cs axis!, and the
three H-Cm-H anglesu i8 have ‘‘equilibrium’’ values, noted
fo(r ), uo(r ), fo8(r ), anduo8(r ), respectively, which depend
on r . Similarly, the g i ~six •Cs-C-H angles!, x i ~three
•Cs-C-H angles!, andRi ~three•Cs-C bond distances! have
respective ‘‘equilibrium’’ valuesgo(r ), xo(r ), and Ro(r ).
The out-of-plane motion of the methyl radical is defined
the angleD and is also a function ofr . Its definition is taken
to be identical to that in Ref. 44, Eq.~15!. As shown below,
expressions for theVCH3,site ‘‘equilibrium’’ coordinates ver-

susr may be deduced from analogous expressions for re
tions ~6!–~8!.

SeveralVCH3,site bending force constants are attenuated

the Cm—Cs distance between the surface radical site and
methyl carbon atom increases; i.e.,f f(r ), f f8(r ), f u8(r ), and
f D(r ), the Cm—Cs-C, H-Cm—Cs , H-Cm-H bending, and
CmH3 out-of-plane bending force constants, respective
These force constants are attenuated between their va
when the methyl radical is attached to the site, in its equi
rium geometry, and their values at a large Cm—Cs separa-
tion. The f f(r ) and f f8(r ) force constants become zero
large Cm—Cs separations, andf D(r ) is zero when the
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methyl radical is attached to the surface site. The remain
limiting values for the force constants are nonzero.

B. Radial potential

The radial part of the potential-energy surfaces for re
tions ~6!–~8! are examined first, i.e., the dependence of
PES on the CmuCs ~or HmuCs) distancer ~see Fig. 1!. A
widely used analytical form of such a radial interaction is t
Morse function

V~r !5De@12exp~2bDr !2, ~10!

whereDe is the classical bond dissociation energy andDr
5r 2r 0. Plots of 2 ln@12(V/De)

1/2# versusDr are given in
Fig. 2 for reactions~6!, ~7!, and ~8!. The V(r ) are theab
initio radial potentials from Refs. 22, 45, and 47.De and r o
are 109.46 kcal/mol and 1.090 Å for reaction~6!,45 93.97
kcal/mol, and 1.552 Å for reaction~7!,47 and 104.94 kcal/
mol and 1.095 Å for reaction~8!.22 The curves for reaction
~6! and ~7! are identical, which means the form ofb is the
same for each. The curve for reaction~8! is slightly different,
which may be caused by constraining thet-butyl radical.

The independence of theV(r )/De potential with respect
to the size of the hydrocarbon radical~here H• and •CH3!
associating with•CH3 is an important result and suggests t
same may be true for association with the constrainedt-butyl
radical. Thus, the reduced potentialsV(r )/De for reactions
~8! and~9! are assumed to be the same, withb given by the
quartic polynomial determined previously for reaction~8!,22

i.e.,

b5be1c2Dr 1c3Dr 21c4Dr 31c5Dr 4, ~11!

where be51.852 Å21, c2521.350 593 72 Å22, c3
52.282 349 51 Å23, c4521.000 421 23 Å24, and c5
50.137 143 873 Å25. De and r o for reaction ~9!, with a
constrainedt-butyl radical to representVCH3,site are given be-
low in Sec. IV.

C. Relaxation of important angles

As discussed above, when the methyl radical associ
with a radical site on the diamond surface, several an

FIG. 2. Plots of2 ln@12(V/De)
1/2# vs Dr , the elongation of the

H-C or C-C bond, for the different association reactions stud
here.
g

-
e
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le

relaxations occur, namely,f(r ), u(r ), g(r ), x(r ), f8(r ),
and u8(r ), as well as the bond relaxationsR(r ) @see Fig.
1~c!#. Equilibrium values for these coordinates versusr can
be expressed by

Xo~r !5X`1~Xeq2X`!SDX~r !, ~12!

where Xo(r ) is the equilibrium value of the coordinateX
versusr , X` is the equilibrium value ofX as r approaches
infinity, Xeq is the equilibrium value ofX when the methyl
radical has associated and is in its potential-energy m
mum, andSDX(r ) is a switching function that connectsX`

and Xeq and represents the attenuations of the relaxatio
Sinceuo(r ), go(r ), xo(r ), uo8(r ), andRo(r ) may be directly
related tofo(r ) andfo8(r ), only these two latter angles nee
be examined. From geometrical considerations the follow
relationships can be derived;

uo~r !5A cos$12 3
2 sin2@p2fo~r !#%, ~13!

go~r !5A cos$ 1
2 sin@fo~r !2t#sin t

1cos@fo~r !2t#cost%, ~14!

xo~r !5f0~r !, ~15!

Ro~r !5Ro~r o!
sin@fo~r o!#

sin@fo~r !#
, ~16!

uo8~r !5A cos$12 3
2 sin2@p2fo8~r !#%, ~17!

wheret is the tetragonal angle 109°288. To speed up trajec-
tory calculations using these functions, they may be fit
simpler functional forms.44

1. f relaxation

The functionfo(r ) describes the relaxation of the radi
site. The functionQ(Dr )5@fo(r )2f`#/@feq2f`# allows
site relaxations to be compared for different association
actions.Q(Dr ) is plotted versusDr 5r 2r o in Fig. 3 for
reactions~6!, ~7!, and~8!. The points in Fig. 3 for H•1•CH3,
i.e., reaction~6!, are from the MRD CI/6-31G** calculations
of Hirst45 and the multirelevence determinant~MRD! CI/6-

d FIG. 3. Plots of the reduced angle functionQ(Dr ) as a function
of Dr for the different association reactions.Dr is defined in Fig. 2.
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31111G(d f ,p) calculations of Brown and Truhlar.65 Both
use 11 reference configurations. These two sets of calc
tions begin to diverge atDr 51 Å and differences becom
important forDr larger than 1.5 Å. A careful look at Table
1 and 2 of the work by Hirst45 shows some inconsistencie
In Table 1, Hirst reported values forfo(r ) and energies for
the optimized geometries. In Table 2 energies calculated
the optimized structures of Brown and Truhlar65 were re-
ported. The energies in Table 2 are lower than those in Ta
1, suggesting that the structures obtained by Brown and T
hlar are the true optimized geometries.

The points in Fig. 3 for methyl radical association, i.
reaction~7!, are from the MRD CI/6-31G** ~two reference
configurations! calculations of Robertsonet al.47 and
additional calculations performed here at t
UQCISD~T!/6-31G** level of theory.66,67 These two sets o
calculations are in good agreement and agree with the H•1
•CH3 Q(Dr ) curve obtained from Brown and Truhlar’s re
sults. Thus, the functionQ(Dr ) is the same for H• and•CH3
association with•CH3. As a result of this finding,Q(Dr )
was also assumed to be the same for H• and •CH3 associa-
tion with the constrainedtBu radical. ThusSDf(r ) in Eq.
~12! is assumed equivalent toQ(Dr ) for reaction~8!, which
was fit previously22 to give

fo~r !2f`

feq2f`
5SDf~r !, ~18!

SDf~r !5A exp~2BDr 2!1~12A!exp~2CDr 2!, ~19!

where A50.355 275 203, B583.216 231 9 Å22, C
52.022 269 04 Å22. Values offeq andf` for reaction~9!,
i.e., VCH3,site are presented in Sec. IV.

2. f8 and u8 relaxation

The above analysis shows that relaxation of the•CH3 ge-
ometry is the same for•CH3 addition to H• and•CH3. Thus
the same geometry relaxation is assumed for•CH3 addition
to the tBu radical. As shown in Fig. 1, the two•CH3 angle
coordinates which relax arefo8(r ) and uo8(r ). Their relax-
ations are taken to be the same as those for the associati
two methyl radicals,47 which are given by

fo8~r !2f 8̀

feq8 2f 8̀
5SDf8~r !, ~20!

SDf8~r !512tanh$lDf8Dr @exp~gDf8Dr 3!11#%, ~21!

uo8~r !2u 8̀

ueq8 2u 8̀
5SDu8~r !, ~22!

SDu8~r !512tanh$lDu8Dr @exp~gDu8Dr 3!11#%, ~23!

where lDf850.27 Å21, gDf850.078 Å23, lDu850.45
Å21, andgDu850.089 Å23. feq8 , f 8̀ , ueq8 , andu 8̀ are pre-
sented in Sec. IV.

D. Attenuation of f and f8 force constants

Two f-type bending forces are attenuated as the C—
bond between•CH3 and•

tBu in reaction~9! is stretched; i.e.,
la-

or

le
u-

,

of

C

the H-Cm—Csf8 and Cm—Cs-Cf bending forces~see Fig.
1!. There is considerable interest in such bending force c
stant attenuations.46,68 From ab initio calculations, similar
force-constant attenuations were found for the H—C-H be
in methane and the H—C-C bends in ethylene and pro
lene, upon elongation of the H—C bond.46 However, for the
isobutane H—C-C bend, with the constrainedt-butyl radical,
theab initio force constant attenuation is different. Theseab
initio force constant attenuations for methane and isobuta
which pertain to reaction~6! and~8!, respectively, are given
in Fig. 4 in the formSf(Dr )5 f f(r )/ f f

o , where f f
o is the

force constant at the equilibrium geometry andDr 5r 2r o is
the displacement of the stretched bond from its equilibri
value. TheseSf(Dr ) for reactions~6! and ~8! are plots of
Eqs. ~1! and ~21! in Refs. 46 and 22, respectively. The a
tenuation of the H—C-Hf f for reaction~6! is seen to be
somewhat more pronounced than that of the H—C-Cf f for
reaction~8!. In contrast, the methane H—C-H attenuation
very similar to the H—C-Cf f attenuations for ethylene an
propylene.46 For each of these force-constant attenuatio
the complete geometry of the system was optimized, with
any constraints, as the H—C bond was stretched. Howe
for H•1•

tBu, reaction~8!, part of the tBu geometry is con-
strained and held at positions different that those for
completely optimized geometry. This constraint may contr
ute anharmonic forces to thef-bending potential, which af-
fect the attenuation of thef f force constant.

The above analysis suggests that the H-Cm—Cs f8 and
Cm—Cs-C f bends for •CH31•

tBu, reaction ~9!, should
have different force-constant attenuations. Thef8 bend does
not contain a constrained atom, while the position of t
lattice C atom is constrained for thef bend. Because of the
similar H—C-H and H—C-C force-constant attenuations
methane, ethylene, and propylene, the attenuations of
H-Cm—Cs f8 force constant for reaction~9! and the H-C—
C f force constant for ethane were assumed to be the sa
This latter force-constant attenuation was determined
UQCISD~T!/6-31G** ab initio calculations. The C2H6 ge-
ometry was first optimized at fixed C—C distancesr to give
fo(r ). Then only the H-C—Cf angles for one of the methy
groups were displaced by changing one of these angles b
@see Fig. 1~b!#. The resulting bending energyEf(r ), which is

FIG. 4. Plots ofSf(Dr ) for different association reactions.Dr is
defined in Fig. 2.
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the difference between the energy for the optimized geo
etry and that with thef angles displaced, was then fit to

Ef~r !5
f f~r !

2 (
i 51

3

@f i2fo~r !#2 ~24!

to give f f(r ). The optimized geometries, potential energi
and f f , versusr , are listed in Table I. Since fittingf f(r )
involves computing the difference between two UQCISD~T!
energies, the small spin contamination69 is assumed to can
cel. Because of the larger number of electrons and, th
more significant spin contamination, calculations of this ty
were not performed to determine bend attenuations for
tBu—CH3 system. For large C—C separations, the spin c
tamination was large and the calculated attenuated force
stants could not be considered as reliable.

The attenuation of the ethane H-C—Cf force constant,
i.e., Sf(Dr )5 f f(r )/ f f

o , was fit to represent the attenuatio
of the H-Cm—Csf8 force constant for reaction~9!. The re-
sulting fit for Sf8(r ) is

Sf8~r !5a1 exp~2b1Dr 2!

1~12a1!exp~2b2Dr 5! for r>r o ~25!

Sf8~r !51 for r<r o ,

with a150.554 627 039 53,b154.479 320 631 4 Å22, and
b250.284 328 737 2 Å25.70 Figure 4 shows that Eq.~25!
provides an excellent fit to theab initio ff(r )/ f f

o values for
ethane.

As shown in Fig. 4, the attenuations of the ethane
C—C and methane H-C—Hf force constants are similar
and also like those for the ethylene and propylene C-C—Hf
force constants.46 Each of these four attenuations were det
mined by optimizing the system’s geometry as the C—H
C—C bond was stretched. The similarity between thesef f
attenuations supports the concept of transferable poten
energy functions and parameters for related chemical
tems.

TABLE I. Methyl radical recombination UQCISD~T!/6-31G**
f-bending energies and force constantsf f(r ).

r a Eradical
b fo f f

c

1.5286 296.0838 111.15 0.8455
2.0 263.1921 105.97 0.5413
2.25 241.3122 103.59 0.4130
2.5 222.6346 101.45 0.2977
2.75 29.6863 98.55 0.1646
3.0 23.8145 94.80 0.626331021

3.25 21.7793 91.81 0.220431021

3.5 20.9900 90.44 0.908631022

3.75 20.5922 89.94 0.417931022

4.0 20.3469 89.64 0.305631022

7.0 6.431023 90.00

aCm—Cs intermolecular distance@see Fig. 1~b!# in Å.
bRadial energy in kcal/mol.
cForce constant associated with thef motion in mdyn Å/rad2; see
Eq. ~24!.
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Two different approaches were used to model the atte
ation for the CH3-

tBu Cm—Cs-C f force constant. For the
first, the attenuation of this force constant was assumed t
the same as for the H-Cm—Cs f8 force constant; i.e., Eq
~25!. This model does not include any possible effects t
constraining the lattice C atoms may have on the attenua
of the Cm—Cs-C f force constant.

For the second approach, it was assumed that the rat
the attenuations for the Cm—Cs-C f and H-Cm—Cs f8
force constants for CH3—

tBu is the same as the ratio of th
attenuations of the H-tBu H—C-C and methane H—C-Hf
force constants. Both the Cm—Cs-C and H-tBu H—C-Cf
force constants involve a constrainedtBu radical. The result-
ing attenuation for the Cm—Cs-C f f is also given by Eq.
~25!, but with the parametersa150.390 620 534 28,b1
54.528 131 028 3 Å22, andb250.262 492 796 38 Å25. A
possible shortcoming of this model is that effects of the
ometry constraints may be less important for CH3-

tBu than
for H- tBu. This is because the CH3-

tBu tetrahedral minimum
energy geometry is the same as that for the diamond lat
while H-tBu must be constrained at this geometry for
potential minimum.

The attenuations for these two models of t
Cm—Cs-C f force constant are compared in Fig. 5. It
expected that the actual attenuation is intermediate betw
these two curves. The effect of these different attenuatio
on the CH31diamond$111% association rate, is discussed b
low. Values forf f

o and f f8
o are given in Sec. IV.

IV. AB INITIO CALCULATIONS FOR THE CH 3- tBu
ASYMPTOTIC LIMIT

The analyses presented above show that properties o
potential-energy surfaces for reactions~6!–~8! may be used
to describe the attenuations of forces and structures of
potential energy surface for reaction~9! between its two
asymptotic limits, i.e.,•CH3 and •

tBu at infinite separation
and CH3-

tBu in its minimum-energy geometry. In this se
tion, ab initio calculations are used to derive geometrie
energies, and force constants for the CH3-

tBu asymptotic

FIG. 5. Plots ofSf(Dr ) for the H-C—C bend in ethane~—!,
and the scaledSf(Dr ) that mimics CH3 association with a con-
strainedtBu radical~–––! ~see text!. Dr is defined in Fig. 2.



o

y
g

on

e
rib

r

e
er

th

er

q

ts

he
ta

-
.9

c

te
6

S

at
e

rgy

ond

-

cy

tur-
ffin
n-
an

r-

°.

l-
-

3

as
t

56 13 549EMPIRICAL POTENTIAL FOR METHYL-RADICAL . . .
limit. The properties of•CH3 and•

tBu at infinite separation
have been determined in previousab initio
calculations.22,44,45

A. Geometry and energy of CH3-
tBu

The geometry and energy of the CH3-
tBu neopentanelike

model@see Fig. 1~c!#, with the C1, C2, and C3 carbon atoms
held fixed with bond lengths and angles corresponding t
diamond lattice, were calculated at the QCISD~T!/6-31G**
level of theory. The Cm-H distances of the methyl moiet
were fixed at the experimental neopentane C-H bond len
of 1.1 Å.71 The measure of the degree of pyramidalizati
about the•

tBu radical carbon is the distanceRp between Cs
@Fig. 1~c!# and a plane formed by carbon atomsC1, C2, and
C3. The change inRp is referred to as the relaxation of th
radical site.22,50,51 Three parameters are needed to desc
the equilibriumC3v geometry of the CH3-

tBu potential mini-
mum; i.e., the Cs-Cm distancer , the site relaxation paramete
Rp , and the three H-Cm-Cs angles given byf8.

The CH3-
tBu equilibrium geometry, at the HF/6-31G**

level of theory, was determined by analytic gradients. En
gies for this geometry and displacements away from it w
then calculated at the QCISD~T!/6-31G** level of theory.
These energies were then fit parabolically to obtain
QCISD~T!/6-31G** equilibrium geometryr o51.533 Å, Rp

o

50.511 Å, fo85110.976°, andDe596.26 kcal/mol. This
calculated geometry is in good agreement with the exp
mental neopentane geometry ofr o51.537 Å,fo85112°, and
is, thus, assumed to be an accurate description of the e
librium geometry for the CH3-

tBu model. FromRp
o50.511

Å, feq for Eq. ~12! is found to be 109.336°, which reflec
the near tetrahedral character ofCs , andReq for Eq. ~12! is
found to be 1.543 Å. The geometry aboutCs is not perfectly
tetrahedral because the H atoms attached to theC1, C2, and
C3 atoms are fixed in an eclipsed geometry@see Fig. 1~c!#.
Values of f`5104.644° andR`51.505 Å are taken from
the previousab initio calculations for H•1 tBu.22

Besides giving an accurate CH3-
tBu geometry, the

QCISD~T! calculations also give a good estimate of t
CH3-

tBu bond energy. From the most recent experimen
data,72 the classical C-C bond dissociation energyDe for
neopentane is calculated to be 93.0 kcal/mol,72–74 only 3
kcal/mol lower than the QCISD~T!/6-31G** bond energy for
the CH3-

tBu model. Because the geometry oftBu is con-
strained,De for CH3-

tBu will be larger than that for neopen
tane. This increase inDe has been calculated as 0
kcal/mol,50 andDe for Eq. ~10! was set to 93.9 kcal/mol.

B. Bending force constants

To complete the derivation of the potential energy fun
tion for reaction~9!, f f

o , f f8
o , and f u8

o force constants are
needed for the CH3-

tBu equilibrium geometry@see Fig.
1~c!#. The f u force constant is a true constant, not attenua
and is set to the diamond bulk C-C-C force constant of 0.8
mdyn Å/rad2.22,25

1. f bending force constant

The equilibrium Cm—Cs-C bending force constantf f
o

was determined by the same procedure as described in
a

th

e

r-
e

e

i-

ui-

l

-

d,
8

ec.

III for deriving f f(r ). The CH3 geometry andf8 were held
fixed, and the Cm—Cs-C angles bent by varying one of them
by 5°. The energy was then calculated for this geometry
the QCISD~T!/6-31G** level of theory. The increase in th
energy from the equilibrium geometry is due tof bending
motion and was fit to Eq.~24!, with f f(r ) and fo(r ) re-
placed byf f

o andfeq, to give f f
o 51.15 mdyn Å/rad2. Reop-

timizing the CH3 geometry andf8 angles, after bending the
f angles, had an insignificant effect on the calculated ene
and f f

o .
This fitted f f

o lies between 0.72 mdyn Å/rad2 for H-Cs-C
bending on a hydrogen-atom-terminated perfect diam
$111% surface,22 and 1.26 mdyn Å/rad2 for C-C—C bending
in benzene.68 Moreover, this fittedf f

o is in near exact agree
ment with 1.084 mdyn Å/rad2 derived for a paraffin force
field,75 which included neopentane in the fit. Discrepan
with theMM3 ~Ref. 54! value of 0.67 mdyn Å/rad2 may lie in
the fact that cycloalkanes, polycyclic structures, and unsa
ated species were included in the fit, whereas the para
force field was fit to 270 fundamental experimental freque
cies of saturated linear and branched hydrocarbons with
average error of 0.25%.

2. f8 bending force constant

The H-Cm—Cs f f8
o bending force constant was dete

mined in a manner similar to that described above forf f
o .

The f angles were set tofeq, the CH3 geometry held fixed,
and thef8 angles displaced by varying one of them by 5
The increase in energy with thisf8 bending was calculated
at the QCISD~T!/6-31G** level of theory and fit to an ex-
pression like Eq.~24!. The fitted f f8

o of 0.59 mdyn Å/rad2

agrees with theMM3 ~Ref. 54! and paraffin force field75 H-
C-C force constants of 0.59 and 0.65 mdyn Å/rad2, respec-
tively.

3. u8 bending force constants

The H-Cm-H bending force constantf u8
o was calculated

by displacing one of the H atoms, while holding thef8
angles and C-H bond lengths fixed, so that two of theu8
angles are changed by;5°. The increase in energy was ca
culated at the QCISD~T!/6-31G** level and fit to the expres
sion like Eq.~24!. The resultingf

u8
50.644 mdyn Å/rad2 is

in good agreement with theMM3 ~Ref. 54! and paraffin force
field75 H-C-H force constants of 0.55 and 0.54
mdyn Å/rad2.

V. GENERAL ANALYTIC POTENTIAL FUNCTION
FOR METHYL ADDITION TO DIAMOND SURFACES

A general analytic potential-energy function for•CH3 as-
sociation with carbon-atom radical sites can be written
given in Eq.~5!. Vlattice is a valence force field potential tha
has been fit to the diamond phonon spectrum, andVnonbonded
is described below.VCH3,site @see Fig. 1~c!# is written as the

following function of the Cm—Cs separationr ; i.e.,

VCH3,site5Vradial~r !1Vf~r !1Vf8~r !1Vu~r !1Vg~r !

1Vx~r !1VR~r !1VCH3
~r !, ~26!
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where

VCH3
~r !5Vu8~r !1VD~r !1VCH. ~27!

The functional form and parameters for the terms in E
~26! and ~27! were given above in Secs. II and IV, and a
summarized here.

The radial potential,Vradial(r ), is given by Eq.~10! with
De593.9 kcal/mol,r o51.533 Å, andb the quartic polyno-
mial in Eq. ~11!. The angular potentialsVf(r ), Vf8(r ),
Vu(r ), Vg(r ), andVx(r ) for the site are written as

VX~r !5
f X~r !

2 (
i 51

3

@Xi2Xo~r !#, ~28!

where f
X
(r ) and Xo(r ) are the force constant and equilib

rium geometry attenuated as a function ofr . The f andf8
angles are attenuated by Eq.~12!, with the asymptotic limit-
ing valuesf`5104.644°,feq5109.336°,f 8̀ 590.000°, and
feq8 5110.976°. TheSDf and SDf8 switching functions are
given by Eqs.~19! and~21!, respectively. The attenuation o
f f8(r ) is given by Eq.~25! with f f8

o
50.59 mdyn Å/rad2.

Two different models are used for thef f(r ) attenuation. For
one, the attenuation is assumed to be the same as forf f8(r ).
For the other, the effect of the constrainedtBu geometry is
considered, and the parameters in Eq.~25! are set to
a150.390 620 534 28, b154.528 131 028 3 Å22, and
b250.262 492 796 38 Å25. For the carbon-radical site on
diamond surface, theu, g, and x are C-C-C angles, whos
equilibrium values are related tofo(r ) according to Eqs.
~13!–~15!. The f u , f g, and f x force constants are not atten
ated, and are assigned the diamond C-C-C bending f
constant of 0.868 mdyn Å/rad2.22,25 The Cs-C1, -C2, and -C3
stretching potentials at the site are expressed by

VR~r !5DR(
i 51

3

$12exp„2bR@Ri2Ro~r !#…%2, ~29!

with DR579.46 kcal/mol andbR51.858 Å21.22

The methyl potential, Eq.~27!, consists of H-C-Hu8
bending terms, the out-of-plane bendD term, and C-H
stretching terms. Theu8 potential is given by Eq.~28!, with
uo8(r ) attenuated by Eq.~12! with u 8̀ 5120.0°, and
ueq8 5107.925°. TheSDu8 switching function is given by Eq
~23!. The asymptotic values for thef u8 force constant are
f u8

o
50.644 mdyn Å/rad2 and f u8

`
50.440 mdyn Å/rad2. The

latter is the H-C-H bending force constant for the meth
radical. Parameters forVD(r ), the methyl out-of-plane bend
ing potential, as well as the definition ofD, are described in
Ref. 44:

VD~r !5 f D~r !(
i 51

3

D i
2. ~30!

The asymptotic values forf D are 0.0436 mdyn Å/rad2 with
CH3 at infinite separation, and 0 with CH3 attached to the
surface. The attenuation off u8(r ) and f D(r ) between their
asymptotic limits, was assumed to vary withDr 5r 2r o in
.

ce

l

the same way as for H1CH3 association.44 VCH is repre-
sented by the Morse function

VCH5De
CH$12exp~2be

CH@RCH2Ro
CH# !%2, ~31!

with Ro
CH51.1 Å, be

CH51.879 Å21, and De
CH5110.6 kcal/

mol taken from Ref. 44.
Vnonbondedin Eq. ~5! describes the nonbonded interactio

between the methyl radical atoms and the hydrogen at
terminating the diamond surface and the carbon atoms in
top layer of the surface~i.e., the surface carbon atoms!. The
nonbonded C—C and H—C potentials are represented by
EXP-6 function of Williams and Starr,76

V5
A

r 6 1B exp~2Cr ! ~32!

with AC—C52576.96 Å26, BC—C5877 74.86 kcal/mol, and
CC—C53.60 Å21, and AH—C52136.9503 Å26, BH—C
515651.29 kcal/mol, andCH—C53.67 Å21. The H—H
nonbonded potential is identical to that of Eqs.~5!–~8! in
Ref. 22.

The above analytic potential, identified as MAP
MeDIAM, was used to determine the optimized geome
and adsorption energy for•CH3 associating with a diamond
$111% surface that has a carbon-atom radical site•Cs . The
~12110!-ring model, shown in Fig. 6, was used to represe
•Cs and the diamond lattice. Tests showed that the optimi
geometry and adsorption energy are converged with this
model and do not change if larger models are used.
Cm-Cs bond lengthr for the optimized geometry is 1.571 Å
and the H-Cm-Cs f8 angle is 112.848°. The classical a
sorption energy is 77.0 kcal/mol. It is 16.9 kcal/mol smal
thanDe of 93.9 kcal/mol forVCH3,site because of repulsion

between H and C atoms of the CH3 moiety and H and C
atoms on the diamond surface.

The above results can be compared with those determ
from electronic structure theory calculations for•CH3 ad-
sorption with a radical site on the diamond$111% surface.
The value calculated for the classical adsorption ene
ranges from 62 to 104 kcal/mol. The atom-superposition a
electron delocalization molecular-orbital method77 gave a
value of 71 kcal/mol. Two different local-density
approximation~LDA ! calculations gave 99.2~Ref. 78! and
103.8 kcal/mol.51 A Möller-Plesset second-order perturb
tion theory~MP2!/6-31G** /6-31G calculation49 gave values
of 99.9 and 82.5 kcal/mol, without and with corrections f

FIG. 6. The~12110!-ring model used to represent the diamo
$111% terrace site. The radical site is represented as a shaded a
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basis-set superposition effects~BSSE’s!. A value of 61.8
kcal/mol was obtained from a density-functional theo
~DFT! calculation.79 The adsorption energy from the MP
calculation with corrections for BSSE is in best agreem
with the value of 77.0 kcal/mol calculated here. A differen
of 10 kcal/mol between the adsorption energy of a met
group on •

tBu and that of a methyl radical on th
$111% surface was determined from HF/3-21G/STO-3
calculations,49 which is somewhat smaller than the 16.9 kc
mol found here.

The Cm-Cs bond lengthr is found to be 1.545, 1.563
and 1.74 Å from LDA,51 MP2,49 and DFT~Ref. 79! calcula-
tions, respectively, in comparison with the analytic poten
value of 1.571 Å. The optimizedf8 value from the MP2
calculation is 112.8°, while that determined from the analy
potential is 112.848°.

VI. KINETICS OF METHYL ADDITION
TO A DIAMOND ˆ111‰ TERRACE

The analytic potential-energy function derived he
MPAS/MeDIAM, may be used in classical trajectory an
variational translational-state theory calculations of rate c
stants for methyl radical association with carbon-atom ra
cal sites on diamond surfaces. Below, this potential is use
calculate the rate constant for•CH3 association with the dia
mond$111% surface. In future work,80 the potential will be
used to compare methyl association rate constants for di
ent diamond radical sites.

A. Theoretical method and rate constant

Variational translation-state theory~VTST! has proven
useful for calculating rate constants for radical-radical
combination reactions.22,39,81 Because these processes a
barrierless, a variational method is used to determine the
structure. In canonical VTST~CVTST!, the system’s free
energy is computed along the reaction path. To find the
action path on an analytic potential energy function fo
barrierless association reaction like CH31diamond$111%, the
reaction path trajectory in mass-weighted Cartes
coordinates41–43is initialized with a large separation betwee
the reactants with the remaining coordinates optimized. If
initial separation is sufficiently large, the resulting reacti
path is independent of the starting separation.82,83 The TS is
then located at the free-energy maximum, which minimiz
the rate constant.39,84,85In CVTST calculations based on th
reaction path Hamiltonian,41–43normal-mode vibrational fre-
quencies are calculated along the reaction path, and sta
cal thermodynamics is used to determine the free ene
maximum.39

The CVTST calculations reported here for CH31diamond
$111% association use the reaction path Hamiltonian and w
performed with the MAPS/MeDIAM analytic potentia
added toVENUS96.86 The CVTST rate constant is given by

kCVTST5
kBT

h

Q‡

QsQMe
exp~2Eo

‡/kBT!, ~33!

whereQ‡, Qs , and QMe are the partition functions for the
TS, surface, and methyl radical, respectively.Eo

‡ is the
potential-energy difference between the TS and reactants
t

l

/

l

c
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e
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vibrational modes are treated as separable harmonic osc
tors in the calculations, except the low-frequency CH3 inter-
nal rotation at the TS and other points along the react
path. Its partition function was calculated using the hinde
internal rotor model described by Truhlar,87 with an internal
rotation symmetry number of 3. Because of the low fr
quency for the TS CH3 internal rotation, it is near the free
rotor limit. External rotational degrees of freedom do n
contribute toQ‡ andQs . In previous work, the CVTST cal-
culational approach used here has given accurate rate
stants for H1CH3 and H1diamond $111% association as
compared to classical trajectory calculations.22,40

CVTST rate constants for CH31diamond $111% were
computed between 300 and 2000 K, a temperature ra
representative of the experiments.20,21,88–90The calculations
were performed with the~12110!-ring model in Fig. 6 for
the carbon-atom radical site and the diamond lattice. T
models were used forSf(r ), given by Eq.~25!, which is the
switching function for the attenuation of th
Cm—Cs-C f f(r ) force constant. For one model the param
eters forSf(r ) are the same as those forSf8(r ), the switch-
ing function for the H-Cm—Cs bending force constant. Fo
the second, the parameters are adjusted~see Sec. III D! to
take into account the effect of CH3 associating with a surface
radical site, whose motion is somewhat constrained by
rigid structure of the diamond lattice. Plots of these tw
models forSf(r ) are shown in Fig. 5.

The calculated rate constants and some properties of
variational transition states are listed in Table II. The ra
constant is seen to decrease by approximately a factor o
as the temperature is increased. There is an 11% differe
between the rate constants calculated for the twoSf(r ) mod-
els. As has been found for the other associations,22,40,82,91the
transition state tightens, i.e.,r ‡ decreases, as the temperatu
is increased. During the association of a methyl radical w
a diamond surface, five vibrational modes called transitio
modes92 are created@see Fig. 1~c! for reference#. They are
two C-C-C f-type bending motions of the methyl radica
two H-C-C f8-type rocking motions of the methyl radica
and a methyl radical torsion. In addition, the frequency
the CH3 umbrella motion, which becomes a H-C-H deform
tion when CH3 has associated, increases significantly. F
CH3 association with a symmetric site on the diamond$111%
surface, both thef andf8-type motions are doubly degen
erate. The frequencies for the transitional modes and the3
umbrella mode at the variational transition states are liste
Table II.

B. Discussion

There have been no experimental measurements of
rate constant for•CH3 association with the diamond$111%
surface or any diamond surface site. Thus direct compar
with experimental kinetic data is not possible. Moreover, e
perimental gas-phase rate constants involving methyl rad
association are very scarce. Hwang, Wagner, and Wo93

report a temperature-dependent methyl radical recombina
rate constant of 1.1531015/T0.6 cm3 mol21 s21 between
1200 and 1600 K, which equals 1.631013 cm3 mol21 s21 at
1200 K. Zaslonko and Smirnov94 found the expression 2.50
31014/T0.38 cm3 mol21 s21 for temperatures in the range o
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TABLE II. CVTST rate constants and transition-state proprties for CH31diamond$111% association.

T ~K!

Model 1 ~unconstrained!a Model 2 ~constrained!b

r ‡c n‡d Eo
‡e DG‡f kCVTST

g r ‡ n‡ Eo
‡ DG‡ kCVTST

300 3.34 39, 60~2! 24.1 3.93 0.89 3.34 39, 60~2! 24.1 3.93 0.88
206~2!, 511 206~2!, 511

1000 3.03 54, 101~2! 27.1 20.1 0.083 3.02 55, 106~2! 27.3 20.3 20.3
318~2!, 710 323~2!, 714

1500 2.91 62, 121~2! 29.2 32.3 0.063 2.91 63, 123~2! 29.3 32.6 0.057
371~2!, 778 373~2!, 781

2000 2.83 68, 141~2! 211.2 44.5 0.057 2.82 69, 147~2! 211.3 45.0 0.051
411~2!, 830 413~2!, 835

aResults obtained with Eq.~25! and thef attenuation identical to that for association of two ethane molecules~see text!.
BResults obtained with Eq.~25! and the previousf attenuation scaled to model the geometry constraint~see text!.
cCm—Cs bond length at the transition state in Å.
dTorsion, Cm—Cs-C bend~2!, H-Cm—Cs bend~2!, and CmH3 umbrella transitional modes in cm21. Degeneracies are indicated in pare
theses.

eDifference in classical potential energy between the transition state and reactants in kcal/mol.
fFree energy of activation in kcal/mol. Standard state is 1 mol/liter. The external symmetry number ratio between the reactants and
state is 6, and is included inDG‡.

gCVTST rate constant in units of 1010 L mol21 s21.
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300–1750 K, which gives 1.731013 cm3 mol21 s21 at 1200
K. The temperature-dependent gas-phase rate constan
recombination of tertiary butyl radicals is reported95 as
3.1331016/T1.73 cm3 mol21 s21 for temperatures of 300–
1000 K, which gives a 1000-K rate constant of 0.
31013 cm3 mol21 s21. It is interesting to note that both th
CH3 and tBu recombination rate constants decrease w
temperature as does the one calculated here
CH31diamond$111% association.

If chemical similarity is assumed, the rate constant
•CH3 and •

tBu @as well as•CH31diamond$111%# recombi-
nation is expected to lie between those for methyl and
tiary butyl radical self-association. The values calcula
here for the•CH31diamond$111% association rate constan
~Table II! are consistent with this statement. In a kine
study of diamond growth, Goodwin96 used a rate constant o
0.3331013 cm3 mol21 s21 for methyl recombination with
diamond surface radical sites at 1200 K. This value is ba
on a molecular-dynamics simulation of H-atom collisio
with the diamond $111% surface, using the Brenne
potential,97 and the Harris98 mechanism for diamond growth
A recent study57 showed limitations of the Brenner potenti
in modeling diamond growth, since the TS for bond break
and/or bond forming occurs at longer ranges than the po
tial cutoff used by Brenner. For methyl radical associat
with the diamond$111% surface, Frenklach used for all su
face sites a rate constant of 1.031013 cm3 mol21 s21,99 a
value typical for barrierless gas-phase recombinations100

This rate constant is appreciably larger than that calcula
here for•CH31diamond$111% association.

The free energies of activationDG‡ for H• and •CH3
association with the diamond$111% surface are nearly linea
with temperature~see Fig. 7!. This effect has been studie
for

h
or

r

r-
d

d

g
n-
n

d

previously and an analytic function forDG‡(T) has been
derived for gas-surface reactions.101

VII. CONCLUSIONS

In this work, transferable potential-energy surface prop
ties for alkyl radical associations, experimental data, a
high-levelab initio calculations are used to develop an an
lytic potential energy function for•CH3 association with
carbon-atom radical sites on diamond surfaces. Future
provements of the potential will include refining the atten
ation of bending forces as•CH3 associates. However, th
current form of the potential is sufficiently accurate to gi

FIG. 7. Plots ofDG‡ vs temperature for association of hydroge
and methyl radicals to a diamond$111% terrace radical site. The
DG‡ values for methyl associaiton are for the unconstrained mo
~see Table II!.
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meaningful rate constants for•CH3 association with different
diamond surfaces radical sites. This is significant since
constants for•CH3 association with radical sites on diamon
surfaces are needed in mechanisms for diamond film gro
by chemical vapor deposition. These rate constants have
been determined experimentally and are expected to be
ticularly difficult to measure. Thus theoretical and/or comp
tational studies are particularly important for determini
CH31diamond association rate constants, as well as o
rate constants involving diamond surfaces.

The potential developed here is used in a CVTST cal
lation, based on the reaction path Hamiltonian, to determ
the •CH31diamond$111% rate constant. At 1500 K, the ca
culated rate constant is approximately 0.0631010 L mol21
p

te

m
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s21. In future work, the potential will be used in bot
CVTST and trajectory calculations of CH3 association with
C-atom radical sites on the$111%, $110%, and$100% diamond
surfaces and at defect sites~e.g., steps, kinks, islands, an
protrusions! on these surfaces.102
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