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Empirical potential for methyl-radical association with diamond surfaces
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An analytical potential-energy function folCH; association with carbon-atom radical sites on diamond
surfaces is derived from experimental energies, structures, and vibrational frequencies, higllenitb
calculations, and properties of potential-energy functions fe#- HCH;, - CHz+-CHg, and H +-C(CHy)3
association. ThisCHz+diamond potential-energy function is a molecular anharmonic potential written with
switching (MAPS) functions and is identified by MAPS/MeDIAM. It is a sum of lattic®,{;ce), nonbonded
(Vnonbonded, &nd radial site VCHS‘S&E) 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
Ven,sie Additional properties oV, sie are determined byb initio calculations using the restricted and
unrestricted quadratic configuration-interaction method, with single, double, and perturbative triple excitations
and the 6-31&* basis set. The MAPS/MeDIAM potential function is used to stu@yd; association with a
carbon-atom radical site on the diamofitl1} terrace. The energy forCH; adsorption with this site is
calculated to be 17 kcal/mol lower than thae initio CH;-C(CHs)3; bond dissociation energy. A canonical
variational transition-state theory calculation, based on the MAPS/MeDIAM potential, gives a value of 0.06
10" cm®mol ! s for the -CH;+diamond{111 terrace site association rate constant at 1500 K. A linear
free-energy relationship is shown for the kinetics dfand - CH; association with a diamon{d 11} terrace site.
[S0163-18297)07132-4

I. INTRODUCTION gas-phase and gas-surface reactfdrf8where the diamond
surface is considered to be a large alkane. It is argued that
The extreme structural, electrical, and optical propertieslementary reactions on diamond surfaces are localized at
of diamond are responsible for its uniqueness and its higisarbon siteg® as is the case for gas-phase hydrocarbon re-
technological importance; e.g., its use in optical windows,actions. Though the kinetics of CVD diamond growth have
capacitors, abrasives, and heat exchangers. Recent yed@en modeled with gas-phase hydrocarbon elementary
have seen the emergence of chemical vapor depositioreactions:*°the overall validity of this approach has not yet
(CVD) (Refs. 1-9, methods for producing diamond films of been established. However, a recent theoretical/
specific type and thickness. In low-pressure CVD methods, aomputational stud¥**suggests that the postulate of chemi-
mixture of a small percentage of a hydrocarbon such ag CHcal similarity is valid for reactior(3). Probing the postulate
and molecular hydrogen is often vaporized over a hot fila-of chemical similarity involves understanding reaction
ment and then condensed on a colder substrate. Globaiechanisms at the microscopic level.
chemical mechanisms, based on kinetic observations, have The lack of experimental data is a critical problem in
been proposéd 2 for the diamond growth, and detailed modeling CVD diamond growth, especially when consider-
analyses of elementary reactiénd %involved in the depo- ing methyl adsorption, reactio@). This is thought to be a
sition process have recently been reported. Important readey step in the growth process, adding a quaternary center to

tions in the mechanisms are the surface. Methyl-radical-based mechanisms are numerous.
The Tsuda-Nakajima-Oikawamechanism involves adsorp-
H-+H-Cy—Hy+-Cy (1)  tion of three neighboringCH; species on 4111 diamond
surface, whereas CH; addition to reconstructed100
H4C- +H-Cy— CH,+-Cy (2)  dihydride®? reconstructed{100, monohydridet® or {110
surface site¥ are important steps in other mechanisms in-
H-+-Cy—H-Cq ©) voked for diamond growth. Similarly, a combined methyl-
acetylene mechanish?’involves methyl radical addition to
HsC- +-Cy— CH5-Cy (4  a{111 diamond surface radical site.

In the work reported here, the postulate of chemical simi-
where -C4 represents a carbon radical site on a diamondarity is found to be valid for alkyl radical association reac-
surface. Step$l) and (2) produce radical sites, stefd) is  tions, and is used to develop an analytic function to represent
responsible for site decay, and st@pis widely accepted as the potential-energy surfa¢PES for reaction(4). The form
a key elementary step in diamond growth. of the analytic function is similar to that used previously to

Both experimentaf*?*and theoreticd&?~?°kinetic data for ~ represent the PES for H-atom association with radical sites
reactiong1) and(3) have recently been reported. Adsorption on diamond surface,and is written as
of a radical species such aSH; to diamond radical sites has
been modeled by postulating a chemical simil&fityetween V=Viaticet Vchysite™ Vinonbonded ®)
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This is a molecular anharmonic potential written with surface radical site?>! and transition state geometries have
switching MAPS(Ref. 39 functions and is called a MAPS/ been determined from these calculations. For H-atom asso-
MeDIAM potential. ciation with a surface radical site, a complete RR®f. 22
V@atice IN EQ. (5) is a valence force field potential that has was derived. These calculations generally require extensive
been fit to the diamond phonon spectréit was used in  computer time, and the number of basis functions becomes a
modeling the PES for H-atom association with radical sitescritical issue as the size of the hydrocarbon cluster model
on diamond surface€:? V, ,ponded FEPresents the non- increases.
bonded interactions between the methyl radical being ad- Semiempirical quantum chemical calculatitirE->3
sorbed and the lattice atom¥ey, sire represents the interac- which include electron correlation have also been used to
tion between a methyl radical and a localized carbon-atoninodel diamond surface reactions. Though a good overall de-
radical site on the diamond surface. As for the H-Scription of the PES is often obtained, this method is not as
atom diamond surface potentfdlthe carbon-atom radical accurate as thab initio and density-functional-type meth-
site is modeled by a constrainedutyl radical whose three ©0ds. However, it is less computationally expensive, and can
carbon atoms, attached to the radical carbon, are kept atR€ used to study large model systems. Semiempirical calcu-
fixed geometry corresponding to equilibrium positions oflations have been particularly useful for comparing relative
bulk diamond. Parameters fofcy, qie are deduced from energies of reaction intermediates involved in diamond

o . rowth mechanism&°? Reaction path following calcula-
similarities between potential surface parameters for alkyf . ; . !

: - s : . ions using semiempirical PES’s has not been reported for
radical association anab initio calculations for the associa-

tion of -CH; with the constrained-butyl radical. Theab diamond surface reactions.

- . , : , Empirical potential¥*>>with parameters fit to known ex-
initio calculations are performed with a Gaussian series of _ . ; . .
6 : . perimental data, such as bond energies, abstraction energies,
programs,” using both the restricted and unrestricted qua- . . :
4 . ? . L heats of formation, and lattice constants, have been derived
dratic configuration interaction method with single, double,over the past decade. The manv-body Breffeotential for
and perturbative triple excitations; i.e., QCIGD:>’ The P : y-body

6-31G™* extended basis set of the split-valence type Washydrgcart}ons hash beehn.exlter_]swel%/ usgd n moc:fehng d'%’
used. mon slyr %g:lgs. Thoug d.|nc u3|don ofconjugathn ef ectls'an
A radical-radical recombination process, such@kl; as- Its applicability to any diamond surface reaction involving

S . , . . . carbon and hydrogen atoms makes it very appealing, long-
sociation with a radical site on a diamond surface, ISrange interactions involved in bond-breaking or-forming pro-

barrierless® and a variational version of transition-state ' - .
9 o cesses are not well describ¥dThis is essentially a conse-
theory®® must be used to calculate the association rate con-

. o o~ quence of the need for cutoff parameters, which restrict the
stant. In canonical variational transition-state theory. . o . .
o . interactions between atoms within a short atomic radius.
(CVTST), the transition statdTS) is located at the free- L. . ; :
. ; Similar to this approach, class-I and -l force fietfdgor
energy maximum along the reaction path. For+HCH ;5

: - . hydrocarbons have been used in the simulations of many
and H +diamond111 associatiorf>*° CVTST calculations 59 60 61 54
based on the reaction path Hamiltorfiai® give rate con- hydrocarbonge.g., theAMBER,”” CHARMM, *' CVEF,” MM3,

andcFro3(Ref. 62 force fieldd, but again long-range cova-

stants in exqellent agreement with those deter_mmed .fror?ent interactions are not described accurately. This is a con-
classical trajectory calculations. Long-range interactions

were found to be responsible for the larae intermoleculactduence of restricting the data included in fitting the force
distances at the variatirc)mal transition stateg In the work pref-ields to only equilibrium structure properties. A recent ap-
sented here, the PES derived for reactiéris used with the proach that involves fitting an alkane PES to a somewhat

. S . wider range ofab initio data has been developed and is
CVTST/reaction path Hamiltonian calculational approach t . i€QMFP) 53
determine a rate constant fdLH; association with a carbon- %nown as a quantum mechanical-force fi FP).” But

; : . one faces the same problem, especially for radical-radical
atom radical site on the diamofid 1 surface. recombination reactions, for which very long-range interac-

tions are of critical importance.
Il. PREVIOUS WORK The results of high-levedb initio calculations have been
alrlsed to develop accurate potential energy surfaces for the

Understanding the elementary process of methyl radic ghree alkyl radical association reactighé*’

association with a diamond surface radical site require

knowledge of the reaction’s multidimensional PES. In deriv- L.

ing such a PES, information is needed about radical and H-+-CHg=CH., ©
angular deformations, as well as equilibrium bond lengths -CHg+ -CHz—CHg-CHg, )
and angles, and force constants for the numerous degrees of

freedom involved. Several methods have been used to derive H.+.'Bu—H-'Bu. ®)

PES's for reactions involving diamond surfacég344-63

The large number of atoms involved is a serious limitationThe calculations were based on the configuration-interaction
when simulating bulk diamond and, thus, approximations in(Cl) method$* which treats instantaneous correlations
the method and/or limitations in the number of atoms treatedbetween motion of the electrons, and used the 6*31G
are common. basis set. A limited number of calculations for reacti@

Ab initio**44=*0 and local-density-approximation-baséd were also performed with the much larger 6-311
calculations have been performed on small hydrocarbornr +G(3df,3pd) basis sef? The Cl calculations included
clusters to model reactions on diamond surfaces. Abstractiosingle and double excitations for reactid),* single,
and bond dissociation energis'>47’~5!relaxation of the double, and quadruple excitations for reactith,*’ and
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scribe reactiong6), (7), and(8).
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single, double, triple, and quadruple excitations for reactiorcarbon atoms G, C,, and G are held fixedFig. 1(c)]. This
(8).2 The positions of the nonradical carbon atoms in thespecies has been successfully used in a previous study of
t-butyl radical of reaction(8) were held fixed to model the H-atom addition to diamond surfac®s.
geometry of bulk diamond, and the results of tte initio When alkyl radicals associate there are relaxations about
calculations were used to derive an analytic PES for H-atomne carbon-atom radicals as a result of the transition from
aSSfOC'agg’” with carbon-atom radical sites on d|amon(§p2 andsp® electron configuration. A similar type of relax-
surtaces.” - . ation occurs for the constraineebutyl radical(or a radical

A comparison of theab initio potential-energy surfaces site on a diamond surfagewith the radical carbon-atortC

for reactions(6)—(8) allows one to investigate the postulate ) . . .
of chemical similarity. For reaction®) and(7), the adsorb- moving towa_rd the entity being adsorbed_. For the potennal-
energy functions used to represent reacti@s(8), this re-

ing species change fromH to -CH; and the substrate 97 . ) .
g sp 9 3 laxation is written as a function of (see Fig. 1 and the

changes fromCHj to - 'Bu for reactiong6) and(8). If there X
are fundamental similarities between the potential-energy@me is done here fofcy, sre. Thus, the three —Cs-C

surfaces for these reactions, with transferrable parameters,anglese; (bending motion of the methyl radical with respect
may be possible to use this information to derive a PES foto the t-butyl radical C;, symmetry axig the three
t . C-C;--C anglest;, the three H-G—C; angles¢; (rocking
CHs- +-"Bu—CHz-'Bu. (9 motion of the methyl radical about the,&-C, axis), and the
If the geometry of thet-butyl radical in Eq.(9) is con- three H-G,-H anglesd, have “equilibrium” values, noted

strained, as described above, to represent bulk diamond, ts(r), 8o(r), ¢o(r), andé,(r), respectively, which depend
resulting PES is that fo¥cy_ gidn Eq. (5). In the following, 0N T Similarly, the 7 (six -C-C-H angles, y; (three
it is shown that it is possible to use properties of the potential ©s"CH a”?'e$,?‘”q Ri ”(three-CS-C bond distanceshave
energy surfaces for reaction®) and (7) to modify the PES ~ espective “equilibrium™ valuesyo(r), xo(r), and Ry(r).

for reaction(8) and determine detailed properties of the PESTN€ out-of-plane motion of the methyl radical is defined by
for reaction(9). the angleA and is also a function af. Its definition is taken

to be identical to that in Ref. 44, E¢L5). As shown below,

lIl. PARAMETERS FOR Vy_go FROM PES PROPERTIES expressions for th@'cn43,site equilibrium coordmfates ver-
FOR REACTIONS (6)—(8) susr may be deduced from analogous expressions for reac-

tions (6)—(8).

SeveraV ¢y, site Pending force constants are attenuated as
the G,—C; distance between the surface radical site and the

The models and _coordinates U.SGd to describe thﬁ]ethy| carbon atom increases; i_‘b¢(r), f¢,(r), f(’,(r), and
potential-energy functions for reactio(6) and (7) and  f,(r), the G,—CsC, H-C,—Cs, H-C,-H bending, and
Veh,site fOr reactions(4) and (9) are shown in Fig. 1. The ¢ _H, out-of-plane bending force constants, respectively.
radical site is denotedC, and dashes represent the forming These force constants are attenuated between their values
bond. The methyl radical carbon atom is represented byhen the methyl radical is attached to the site, in its equilib-
-Cr,. The nomenclature for the models is consistent withrium geometry, and their values at a largg-€C, separa-
previous studie&*>*’ The model species used to model tion. Thef ,(r) andf, (r) force constants become zero at
Veh,site IS @ constrained-butyl radical ¢-C4Ho) where the large G,—Cs separations, and,(r) is zero when the

A. Model for Vey
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FIG. 2. Plots of—In[1—(V/D)'?] vs Ar, the elongation of the
H-C or C-C bond, for the different association reactions studied FIG. 3. Plots of the reduced angle functiQfAr) as a function
here. of Ar for the different association reactionst is defined in Fig. 2.

methyl radical is attached to the surface site. The remainingelaxations occur, namelyp(r), 6(r), y(r), x(r), ¢'(r),

limiting values for the force constants are nonzero. and 6’ (r), as well as the bond relaxatiof¥r) [see Fig.
1(c)]. Equilibrium values for these coordinates versusan

B. Radial potential be expressed by
The radial part of the potential-energy surfaces for reac- Xo(1)=XooF (Xeq— Xo)Sax(1), (12

tions (6)—(8) are examined first, i.e., the dependence of the ) o ,
PES on the G—C; (or H,—C,) distancer (see Fig. 1 A where X,(r) is the equilibrium value of the coordinaté

widely used analytical form of such a radial interaction is theVersusr, X is the equilibrium value oK asr approaches

Morse function infinity, Xqq is the equilibrium value oX when the methyl
radical has associated and is in its potential-energy mini-
V(r)=Dg 1—exp — BAr)?, (10 mum, andS,x(r) is a switching function that connecs,

and X4 and represents the attenuations of the relaxations.
Sinceby(r), ¥o(r), xo(r), 65(r), andR,(r) may be directly
related tog,(r) and¢/(r), only these two latter angles need
be examined. From geometrical considerations the following
relationships can be derived;

where D, is the classical bond dissociation energy axd
=r—rg. Plots of —In[1—(V/Dg)*?] versusAr are given in
Fig. 2 for reactiong6), (7), and (8). The V(r) are theab
initio radial potentials from Refs. 22, 45, and 47, andr,,
are 109.46 kcal/mol znd 1.090 A foyeacti(ﬂ),“ 93.97
kcal/mol, and 1.552 A for reactiof7),”" and 104.94 kcal/ — _3 g _

mol and 1.095 A for reaction8).?? The curves for reaction olr) =A cof1=3 sirm—do()1}, 3
(6) and (7) are identical, which means the form gfis the

1 :

same for each. The curve for reacti@) is slightly different, Yo(r)=A cogz sinl (1) = 7sin 7

which may be caused by constraining thkutyl radical. +cog ¢o(r)— 7]cos 7}, (14)
The independence of thé(r)/D, potential with respect

to the size of the hydrocarbon radicdlere H and -CHy) Xo(T)=o(r), (15)

associating with CHz is an important result and suggests the

same may be true for association with the constratriedty! sin ¢o(r,)]

radical. Thus, the reduced potentialér)/D, for reactions Ro(f)=Ro(fo)m, (16)

(8) and(9) are assumed to be the same, wilgiven by tgze ©

ﬂgﬁ\rtlc polynomial determined previously for reacti@, 0,(r)=A cog1—2 sirf[7— ()]}, (17)

wherer is the tetragonal angle 109°28o speed up trajec-
B=Bet CoAT +CaAr?+c Ar3+csAr?, (1)  tory calculations using these functions, they may be fit to

; ; 4
where B,=1.852 Al c,=-1.35059372 A2, ¢, Smplerfunctional formé?
=2.28234951 A3 c¢,=-1.00042123 A% and cg
=0.137 143 873 A®. D, andr, for reaction(9), with a _ _ _ _

low in Sec. IV. site. The functionQ(Ar) =[¢o(r) — ¢=1/[ peq— ¢-] allows
site relaxations to be compared for different association re-

actions.Q(Ar) is plotted versusAr=r—r, in Fig. 3 for
reactiong6), (7), and(8). The points in Fig. 3 for H+ - CHs,

As discussed above, when the methyl radical associatds., reaction(6), are from the MRD CI/6-31&" calculations
with a radical site on the diamond surface, several anglef Hirst* and the multirelevence determinaiMRD) CI/6-

1. ¢ relaxation

C. Relaxation of important angles
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311++G(df,p) calculations of Brown and Truhl&P. Both
use 11 reference configurations. These two sets of calcule
tions begin to diverge ahr=1 A and differences become
important forAr larger than 1.5 A. A careful look at Tables
1 and 2 of the work by Hirét shows some inconsistencies.
In Table 1, Hirst reported values f@,(r) and energies for
the optimized geometries. In Table 2 energies calculated fo
the optimized structures of Brown and Trufffawere re-
ported. The energies in Table 2 are lower than those in Tabl
1, suggesting that the structures obtained by Brown and Tru
hlar are the true optimized geometries.

The points in Fig. 3 for methyl radical association, i.e.,
reaction(7), are from the MRD CI/6-31& (two reference
configurationg calculations of Robertsonet al*” and
additional  calculations  performed here at
UQCISD(T)/6-31G™* level of theory?®®’ These two sets of
calculations are in good agreement and agree with the H
-CH3 Q(Ar) curve obtained from Brown and Truhlar’s re-
sults. Thus, the functio®(Ar) is the same for Hand -CHs
association with-CH,. As a result of this findingQ(Ar)
was also assumed to be the same feradd - CH; associa-
tion with the constrainedBu radical. ThusS, 4(r) in Eq.
(12) is assumed equivalent (Ar) for reaction(8), which
was fit previousl§? to give

Do(r) — dee
¢eq_¢oo
Sag(r)=A exp(—BAr?)+(1—-A)exp —CAr?), (19

where A=0.355275203, B=83.2162319 A2 C
=2.022 269 04 A2 Values of e and .. for reaction(9),
i-e-aVCHs,site are presented in Sec. IV.

=Sag(r), (18)

2. ¢' and @' relaxation

The above analysis shows that relaxation of 1615 ge-
ometry is the same forCH; addition to H and-CHs. Thus
the same geometry relaxation is assumed- @i, addition
to the 'Bu radical. As shown in Fig. 1, the twaCH; angle
coordinates which relax aré,(r) and 6.(r). Their relax-
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H+Me, Ref. 45
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FIG. 4. Plots ofS,(Ar) for different association reaction&r is
defined in Fig. 2.

the H-G,—C,¢’' and G,—C,-C¢ bending forcegsee Fig.

1). There is considerable interest in such bending force con-
stant attenuatiorf:®® From ab initio calculations, similar
force-constant attenuations were found for the H—C-H bend
in methane and the H—C-C bends in ethylene and propy-
lene, upon elongation of the H—C bofftiHowever, for the
isobutane H—C-C bend, with the constrairteloutyl radical,
theab initio force constant attenuation is different. Thede
initio force constant attenuations for methane and isobutane,
which pertain to reactiof6) and(8), respectively, are given

in Fig. 4 in the formSy(Ar)=f,(r)/f}, wherefj is the
force constant at the equilibrium geometry akid=r —r is

the displacement of the stretched bond from its equilibrium
value. TheseS,(Ar) for reactions(6) and (8) are plots of
Egs.(1) and(21) in Refs. 46 and 22, respectively. The at-
tenuation of the H—C-H , for reaction(6) is seen to be
somewhat more pronounced than that of the H—€;Gor
reaction(8). In contrast, the methane H—C-H attenuation is
very similar to the H—C-Cf , attenuations for ethylene and
propylene® For each of these force-constant attenuations,
the complete geometry of the system was optimized, without

ations are taken to be the same as those for the associationafy constraints, as the H—C bond was stretched. However,

two methyl radicalé, which are given by

bo(r)— ¢o,
¢éq_ b.
Sagr(r)=1—tank\, 4 Ar[expya s Ard)+1]}, (21)

=Sy (1), (20

O05(r)— 0.,
W_SAH/(”’ (22)
Sagr(r)=1—tani\ g Ar[expyag Ar®)+1]}, (23

where A4 =027 A1, y,,=0.078 A3 \,,=0.45
A% andy,,=0.089 A3, ¢y, ¢l by, andé, are pre-
sented in Sec. IV.

D. Attenuation of ¢ and ¢’ force constants

for H-+-'Bu, reaction(8), part of the'Bu geometry is con-
strained and held at positions different that those for the
completely optimized geometry. This constraint may contrib-
ute anharmonic forces to thg-bending potential, which af-
fect the attenuation of the, force constant.

The above analysis suggests that the {-EC; ¢’ and
Cmn—Cs-C ¢ bends for -CH,+ -'Bu, reaction(9), should
have different force-constant attenuations. Hiebend does
not contain a constrained atom, while the position of the
lattice C atom is constrained for thgbend. Because of the
similar H—C-H and H—C-C force-constant attenuations for
methane, ethylene, and propylene, the attenuations of the
H-C,—C, ¢’ force constant for reactiof®) and the H-C—

C ¢ force constant for ethane were assumed to be the same.
This latter force-constant attenuation was determined by
UQCISD(T)/6-31G™ ab initio calculations. The gHg ge-
ometry was first optimized at fixed C—C distancet® give
¢o(r). Then only the H-C—Gp angles for one of the methyl

Two ¢-type bending forces are attenuated as the C—@roups were displaced by changing one of these angles by 5°

bond betweenCH, and - 'Bu in reaction(9) is stretched; i.e.,

[see Fig. )]. The resulting bending enerdg,(r), which is
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TABLE I. Methyl radical recombination UQCIS[D)/6-31G™

¢-bending energies and force constahjér). 1.0 <3 Unconstrained
~~~~~~ Constrained
ré Eradicalb d’o fd)c 0.8 b

1.5286 —96.0838 111.15 0.8455

2.0 —63.1921 105.97 0.5413 = 0.6 1

2.25 ~41.3122 103.59 0.4130 S

25 —22.6346 101.45 0.2977 D 54 ]

2.75 —9.6863 98.55 0.1646 ]

3.0 —3.8145 94.80 0.626810°*

3.25 ~1.7793 91.81 0.220410°1 0.2 7

3.5 —0.9900 90.44 0.908610 2 ]

3.75 —0.5922 89.94 0.417910° 2 0.0 —— e

4.0 —0.3469 89.64 0.305610 2 0 0.5 LI 2 2.5

7.0 6.4<10°3 90.00 Ar(A)
aC.,— C, intermolecular distancksee Fig. )] in A. FIG. 5. Plots ofS,(Ar) for the H-C—C bend in ethang—),
bRadial energy in kcal/mol. and the scaled®,(Ar) that mimics CH association with a con-

“Force constant associated with tiéemotion in mdyn A/rad; see  strained'Bu radical(——-) (see text Ar is defined in Fig. 2.
Eq. (24).

Two different approaches were used to model the attenu-
the difference between the energy for the optimized geomation for the CH-'Bu C,,—C,-C ¢ force constant. For the
etry and that with thep angles displaced, was then fit to first, the attenuation of this force constant was assumed to be

the same as for the H;z—Cs ¢’ force constant; i.e., Eq.
o) 3 ) (25). This model does not include any possible effects that
Eg(r)= Tzl [ i ¢o(r)] (24 constraining the lattice C atoms may have on the attenuation
of the G,—C,-C ¢ force constant.
to give f 4(r). The optimized geometries, potential energies, For the second approach, it was assumed that the ratio of
andf,, versusr, are listed in Table I. Since fitting,(r) the attenuations for the —C,-C ¢ and H-G,—C; ¢’
involves computing the difference between two UQC(SD  force constants for Ci+'Bu is the same as the ratio of the
energies, the small spin contaminafidis assumed to can- attenuations of the MBu H—C-C and methane H—C-i
cel. Because of the larger number of electrons and, thusprce constants. Both the & C,-C and H!Bu H—C-C ¢
more significant spin contamination, calculations of this typeforce constants involve a constrain&l radical. The result-
were not performed to determine bend attenuations for théng attenuation for the G—C,-C f, is also given by Eq.
'Bu—CH; system. For large C—C separations, the spin con{25), but with the parameters,=0.390 620 534 28,b;
tamination was large and the calculated attenuated force cor=4.528 131 028 3 A2 andb,=0.262 492 796 38 A°. A
stants could not be considered as reliable. possible shortcoming of this model is that effects of the ge-
The attenuation of the ethane H-C-¢Gorce constant, ometry constraints may be less important for £Bu than
ie., S(r,,(Ar)zf(/)(r)/fo , was fit to represent the attenuation for H-'Bu. This is because the GHBuU tetrahedral minimum
of the H-G,—C.¢’ force constant for reactio(®). The re- energy geometry is the same as that for the diamond lattice,

sulting fit for Sy ;) is while H-'Bu must be constrained at this geometry for its
potential minimum.
Syi(r)=ay exp(—b;Ar?) The attenuations for these two models of the

C,—C,-C ¢ force constant are compared in Fig. 5. It is
expected that the actual attenuation is intermediate between
these two curves. The effect of these different attenuations,
Sg(r)=1 for r=r,, on the CH+diamond111} association rate, is discussed be-

o) . .
with a,=0.554 627 039 53, =4.479 320 631 4 A2 and low. Values forf; andf,, are given in Sec. IV.
b,=0.284 328 737 2 A" Figure 4 shows that Eq25)

. . - o
provides an excellent fit to thab initio f,(r)/f, values for IV. AB INITIO CALCULATIONS FOR THE CH 4-'Bu

ethane. o _ ASYMPTOTIC LIMIT
As shown in Fig. 4, the attenuations of the ethane H-

C—C and methane H-C—kp force constants are similar, The analyses presented above show that properties of the
and also like those for the ethylene and propylene C-Cé-H potential-energy surfaces for reactiof@®—(8) may be used
force constant&® Each of these four attenuations were deter-to describe the attenuations of forces and structures of the
mined by optimizing the system’s geometry as the C—H ormotential energy surface for reactidd) between its two
C—C bond was stretched. The similarity between thigse ~asymptotic limits, i.e.,CHz and -'Bu at infinite separation
attenuations supports the concept of transferable potentiand CH-'Bu in its minimum-energy geometry. In this sec-
energy functions and parameters for related chemical sygion, ab initio calculations are used to derive geometries,
tems. energies, and force constants for the £Bu asymptotic

+(1—ay)exp(—b,Ar®) for r=r, (25
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limit. The properties of CH; and - 'Bu at infinite separation Il for deriving f4(r). The CH; geometry andp’ were held
have been determined in previousab initio  fixed, and the G—C,-C angles bent by varying one of them

calculationg?24445 by 5°. The energy was then calculated for this geometry at
the QCISOT)/6-31G™ level of theory. The increase in the
A. Geometry and energy of CH-'Bu energy from the equilibrium geometry is due ¢obending

The geometry and energy of the GHBU neopentanelike MOtoN a”‘;' was fit to EC_'(24)(; with f,(r) and ¢(r) re-
model[see Fig. {c)], with the G, C,, and G carbon atoms Placed byf; and e, to givef,=1.15 mdyn Arad. Reop-
held fixed with bond lengths and angles corresponding to 4Mizing the CH geometry and)’ angles, after bending the
diamond lattice, were calculated at the QCISP6-31G* ¢ angles, had an insignificant effect on the calculated energy
level of theory. The @-H distances of the methyl moiety andfj.
were fixed at the experimental neopentane C-H bond length This fitted {5, lies between 0.72 mdyn A/rédor H-C,-C
of 1.1 A™ The measure of the degree of pyramidalizationbending on a hydrogen-atom-terminated perfect diamond
about the-'Bu radical carbon is the distané®, between G {111 surface’” and 1.26 mdyn A/raifor C-C—C bending
[Fig. 1(c)] and a plane formed by carbon atof@g, C,, and  in benzené&® Moreover, this fitted‘f; is in near exact agree-
Cs. The change iR, is referred to as the relaxation of the ment with 1.084 mdyn Arad derived for a paraffin force
radical site?>°*5! Three parameters are needed to describdield,” which included neopentane in the fit. Discrepancy
the equilibriumCs, geometry of the CktBu potential mini-  with the Mm3 (Ref. 54 value of 0.67 mdyn A/radmay lie in
mum; i.e., the G C,, distancer, the site relaxation parameter the fact that cycloalkanes, polycyclic structures, and unsatur-
Ry, and the three H-G C, angles given byy'. ated species were included in the fit, whereas the paraffin

The CH-'Bu equilibrium geometry, at the HF/6-316  force field was fit to 270 fundamental experimental frequen-
level of theory, was determined by analytic gradients. Enercies of saturated linear and branched hydrocarbons with an
gies for this geometry and displacements away from it wer@verage error of 0.25%.
then calculated at the QCISD)/6-31G™ level of theory.

These energies were then fit parabolically to obtain the 2. ¢' bending force constant
QCISD(T)/6-31G™ equilibrium geometryr,=1.533 A, R} The H-G,—C, f7, bending force constant was deter-
=0.511 A, ;=110.976°, andD.=96.26 kcal/mol. This ineq in a manner similar to that described aboveffpr
calculated geometry is in good agreement/wnh the experithe ¢ angles were set tgq, the CH, geometry held fixed,
mental neopentane geometryrgt=1.537 A, =112°, and  and theg’ angles displaced by varying one of them by 5°.
is, thus, assumed to be an accurate description of the equfhe increase in energy with this’ bending was calculated
librium geometry for the Cht'Bu model. FromRE=0.511 4t the QCISIT)/6-31G™ level of theory and fit to an ex-
A, ¢eq for Eq. (12) is found to be 109.336°, which reflects pression like Eq(24). The fittedf‘;, of 0.59 mdyn A/rad
the near tetrahedral character@f, andReq for Eq. (12)is 551065 with theavs (Ref. 54 and paraffin force fieif H-

found to be 1.543 A. The geometry abdly is not perfectly C-C force constants of 0.59 and 0.65 mdyn Afackspec-
tetrahedral because the H atoms attached taCtheC,, and

tively.
C5 atoms are fixed in an eclipsed geomdsge Fig. 1c)]. y
Values of ¢..=104.644° andR.,,.=1.505 A are taken from 3. 9’ bending force constants
the previousab initio calculations for H+'Bu.* . .
Besides giving an accurate GiBu geometry, the The H-G,-H bending force constarit,, was calculated

QCISD(T) calculations also give a good estimate of theby displacing one of the H atoms, while holding tig
CHs-'Bu bond energy. From the most recent experimentafngles and C-H bond lengths fixed, so that two of te
data’? the classical C-C bond dissociation energy for ~ angles are changed by5°. The increase in energy was cal-
neopentane is calculated to be 93.0 kcal/ffol only 3  culated at the QCIS()/6-31G™ level and fit to the expres-
kcal/mol lower than the QCIS[@)/6-31G™ bond energy for  sion like Eq.(24). The resultingf  =0.644 mdyn Alradis
the CH-'Bu model. Because the geometry @u is con-  in good agreement with thems (Ref. 54 and paraffin force
strained D, for CH,-'Bu will be larger than that for neopen- field™® H-C-H force constants of 055 and 0.543
tane. This increase irD, has been calculated as 0.9 mdyn A/rad.

kcal/mol®® andD,, for Eq. (10) was set to 93.9 kcal/mol.

V. GENERAL ANALYTIC POTENTIAL FUNCTION
B. Bending force constants FOR METHYL ADDITION TO DIAMOND SURFACES

To complete the derivation of the potential energy func-  a general analytic potential-energy function faEH; as-

tion for reaction(9), 3, f3, ,_gngf;, force constants are sociation with carbon-atom radical sites can be written as
needed for the CH'Bu equilibrium geometry[see Fig. given in EqQ.(5). Viace is @ valence force field potential that
1(c)]: Thef, force ponstant is a true constant, not attenuatedaas been fit to the diamond phonon spectrum, ERgonged
and is set to 2tzhzek_)dlamond bulk C-C-C force constant of 0.86%s described belowV ¢y, sire [S€€ Fig. Ic)] is written as the
mdyn A/radt.** following function of the G,— C, separatiorr i.e.,

1.  bending force constant Ve, site= Vradial )+ V(1) + V0 (1) + V(1) +V,(1)
The equilibrium G—Cs-C bending force constarit?,)

was determined by the same procedure as described in Sec. +Vx(r)+VR(r)+VCH3(r)’ (26)
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where

Ven (N =V (r)+Va(r)+Vey. (27)

The functional form and parameters for the terms in Egs. \l.\ n’

l". )4l

(26) and (27) were given above in Secs. Il and IV, and are l Q\E’gl@:«g_lﬂﬁ

summarized here. e@.‘.‘p Py P P
\igi - R

o N
|

>
- L

The radial potentialV,.4ia(T). is given by Eq.(10) with
D.=93.9 kcal/mol,r,=1.533 A, andB the quartic polyno-
mial in Eq. (11). The angular potential®/,(r), V4 (r),
Vy(r), V,(r), andV,(r) for the site are written as FIG. 6. The(12+10)-ring model used to represent the diamond

{111} terrace site. The radical site is represented as a shaded atom.

9,

Fx(N <
2 izl [Xi=Xo(r)], (28) the same way as for HCH; associatiod? V¢, is repre-
sented by the Morse function

Vx(r)=

wherefx(r) and X,(r) are the force constant and equilib-

rium geometry attenuated as a functionrofThe ¢ and ¢’

angles are attenuated by EG2), with the asymptotic limit-
ing valuese..=104.644°,¢=109.336°,¢.,=90.000°, and
¢éq=110.976°. TheS,, and Sy 4+ switching functions are

given b.y Eqs.(19) and(21), resp eCti(Y ely. The attenuation of between the methyl radical atoms and the hydrogen atoms
fy(r) is given by Eq.(25 with f;,=0.59 mdyn.A/raa. terminating the diamond surface and the carbon atoms in the

one, the attenuation is assumed to be the same ds,fr).  nonbonded C—C and H—C potentials are represented by the
For the other, the effect of the constrain8li geometry is  gxp.g function of Williams and Starf®

considered, and the parameters in HB5) are set to

a;=0.390 620534 28, b,=4.5281310283 A? and A

b,=0.262 492 796 38 A°. For the carbon-radical site on a V=—+B exp—Cr) (32
diamond surface, thé, vy, and y are C-C-C angles, whose '

equilibrium values are related t@,(r) according to Egs. ; __ —6 —

(13)—(15). Thef,, f,, andf, force constants are not attenu- \glth A:CE%O ,3?‘716-9:nd’& A’BC_:C _?173222536 Iﬁivmg l and
ated, and are assigned the diamond C-C-C bending forcgclg%Sl'zg kcai/mol angC_HC =3 67' Al Th,e HH__ﬁ

2,25 -
constant of 0'868. mdyn A/ré& The G-Cy, -G, and -G nonbonded potential is identical to that of E¢S5)—(8) in
stretching potentials at the site are expressed by Ref. 22.

Ven=DSH1—exp — BSHRCH-RSHIZ, (31

with RS"=1.1 A, gS"=1.879 A, andD$H=110.6 kcall
mol taken from Ref. 44.
VonbondedN EQ. (5) describes the nonbonded interactions

3 The above analytic potential, identified as MAPS/
MeDIAM, was used to determine the optimized geometry
VR(r)= DR; {1-exp(—BrIR—Ro(NDY?, (29 g adsorption energy folCH5 associating with a diamond
{111} surface that has a carbon-atom radical sitg. The
with Dr=79.46 kcal/mol anjBg=1.858 A 122 (12+10)-ring model, shown in Fig. 6, was used to represent
The methyl potential, Eq(27), consists of H-C-H¢’ - Cs and the diamond lattice. Tests showed that the optimized
bending terms, the out-of-plane bend term, and C-H geometry and adsorption energy are converged with this size
stretching terms. Thé’ potential is given by Eq(28), with ~ model and do not change if larger models are used. The
6/(r) attenuated by Eq.(12) with 6,=120.0°, and CmCsbond lengthr for the qptlmlzed geometry is 1..571 A
6.,=107.925°. TheS, , switching function is given by Eq. and the H-G-C; ¢’ angle is 112.848°. The classical ad-
(23). The asymptotic values for the, force constant are sorption energy is 77.0 kcal/mol. It is 16.9 kcal/mol smaller
f3,=0.644 mdyn A/rad and f;,:0.440 mdyn A/rad The thanD, of 93.9 kcal/mol forVCHS,site because of repulsions
latter is the H-C-H bending force constant for the methylPetween H and C atoms of the ghhoiety and H and C

radical. Parameters fof,(r), the methyl out-of-plane bend- &toms on the diamond surface. _ _
ing potential, as well as the definition af are described in The above results can be compared with those determined

Ref. 44 from electronic structure theory calculations fa€H; ad-
sorption with a radical site on the diamoktil1} surface.
3 The value calculated for the classical adsorption energy
_ 2 ranges from 62 to 104 kcal/mol. The atom-superposition and
Va(r) fA(r)igl A (30 electron delocalization molecular-orbital methbdjave a
value of 71 kcal/mol. Two different local-density-
The asymptotic values fof, are 0.0436 mdyn A/rgdwith  approximation(LDA) calculations gave 99.fRef. 78 and
CH, at infinite separation, and 0 with GHattached to the 103.8 kcal/moP! A Méller-Plesset second-order perturba-
surface. The attenuation df, (r) and f,(r) between their tion theory(MP2)/6-31G™ /6-31G calculatioff gave values
asymptotic limits, was assumed to vary wi\r=r—r, in of 99.9 and 82.5 kcal/mol, without and with corrections for
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basis-set superposition effectBSSE’S. A value of 61.8 vibrational modes are treated as separable harmonic oscilla-
kcal/mol was obtained from a density-functional theorytors in the calculations, except the low-frequency Qiter-
(DFT) calculation’”® The adsorption energy from the MP2 nal rotation at the TS and other points along the reaction
calculation with corrections for BSSE is in best agreemenpath. Its partition function was calculated using the hindered
with the value of 77.0 kcal/mol calculated here. A differenceinternal rotor model described by Truhfrwith an internal
of 10 kcal/mol between the adsorption energy of a methykotation symmetry number of 3. Because of the low fre-
group on -'Bu and that of a methyl radical on the quency for the TS Chlinternal rotation, it is near the free
{111} surface was determined from HF/3-21G/STO-3Grotor limit. External rotational degrees of freedom do not
calculationg? which is somewhat smaller than the 16.9 kcal/ contribute toQ* andQs. In previous work, the CVTST cal-
mol found here. culational approach used here has given accurate rate con-
The G,-Cs bond lengthr is found to be 1.545, 1.563, stants for H-CH; and Hi+diamond {111} association as
and 1.74 A from LDA* MP2/° and DFT(Ref. 79 calcula- ~ compared to classical trajectory calculatiohs?
tions, respectively, in comparison with the analytic potential CVTST rate constants for CGHdiamond {111 were
value of 1.571 A. The optimized' value from the MP2 computed between 300 and 2000 K, a temperature range

: : 1,88-90 :
calculation is 112.8°, while that determined from the analytic'éPresentative of the expenmeﬁ?s_?. The calculations
potential is 112.848°. were performed with thé12+10)-ring model in Fig. 6 for

the carbon-atom radical site and the diamond lattice. Two
models were used fd8,(r), given by Eq.(25), which is the
switching  function for the attenuation of the
Cn—Cs-C f,4(r) force constant. For one model the param-
The analytic potential-energy function derived here,eters forS,(r) are the same as those 8, (r), the switch-
MPAS/MeDIAM, may be used in classical trajectory and ing function for the H-G—C; bending force constant. For
variational translational-state theory calculations of rate conthe second, the parameters are adjustsd Sec. 1l D to
stants for methyl radical association with carbon-atom raditake into account the effect of Glssociating with a surface
cal sites on diamond surfaces. Below, this potential is used teadical site, whose motion is somewhat constrained by the
calculate the rate constant fa€H; association with the dia- rigid structure of the diamond lattice. Plots of these two
mond111} surface. In future work® the potential will be  models forS,(r) are shown in Fig. 5.
used to compare methyl association rate constants for differ- The calculated rate constants and some properties of the

VI. KINETICS OF METHYL ADDITION
TO A DIAMOND {111} TERRACE

ent diamond radical sites. variational transition states are listed in Table Il. The rate
constant is seen to decrease by approximately a factor of 17
A. Theoretical method and rate constant as the temperature is increased. There is an 11% difference

. . between the rate constants calculated for the$y@) mod-
Variational translation-state theorfTST) has proven o\ o"a'oc hean found for the other associatféri&®?%the

gsfnfg:ngoﬁalfeu;igg%%%lngféigtes Iﬁ;;:d'%tgds'ggl ;étransition state tightens, i.e.f decreases, as the temperature
) P is increased. During the association of a methyl radical with

barrierless, a vana‘u.onal method is used to determ!ne the Tgdiamond surface, five vibrational modes called transitional
structure. In canonical VTSTCVTST), the system'’s free mode& are createdsee Fig. 1c) for referencé They are

energy 1s computed along the reaction path. To f'F‘d the o c-c-c ¢-type bending motions of the methyl radical,
action path on an analytic potential energy function for a

: . S : two H-C-C ¢'-type rocking motions of the methyl radical,
barrlgrless assomatlpn reacthn like §:+H|amond{11]}, the ._and a methyl radical torsion. In addition, the frequency for
reaction path trajectory in mass-weighted Cartesia

coordinate$ ~*3is initialized with a large separation betweenq.he Ch umbrella motion, which becomes a H-C-H deforma-
. . . - tion when CH has associated, increases significantly. For
the reactants with the remaining coordinates optimized. If theC . ; L .
initial separation is sufficiently large, the resulting reaction Hs association with a symmedtric S.'te on the diam¢hdi1}
' surface, both the and ¢’-type motions are doubly degen-

ath is independent of the starting separaffofi.The TS is , -
Fhen Iocatedp at the free-energy n?axirgum, which minimize£rate- The frequencies for the transitional modes and thg CH

the rate constar®®485|n CVTST calculations based on the umbrella mode at the variational transition states are listed in
reaction path Hamiltoniaft=*3normal-mode vibrational fre- Table II.
guencies are calculated along the reaction path, and statisti-
cal t_hermggdynamics is used to determine the free energy B. Discussion
maximums

The CVTST calculations reported here for EHliamond
{111 association use the reaction path Hamiltonian and wer
performed with the MAPS/MeDIAM analytic potential
added tovENus96%® The CVTST rate constant is given by

There have been no experimental measurements of the
fate constant for CH; association with the diamonfl11}
surface or any diamond surface site. Thus direct comparison
with experimental kinetic data is not possible. Moreover, ex-
perimental gas-phase rate constants involving methyl radical

keT QF : association are very scarce. Hwang, Wagner, and Wolff
Kevrst=—p~ 0.0m exp(—Eg/kgT), (33 report a temperature-dependent methyl radical recombination
sMe rate constant of 1.2810'T%6 cm®mol™ts ! between
where Q*, Q, andQy, are the partition functions for the 1200 and 1600 K, which equals X@0* cm®mol*s * at
TS, surface, and methyl radical, respectivel:‘;/to is the 1200 K. Zaslonko and Smirnd¥found the expression 2.50
potential-energy difference between the TS and reactants. Ak 104 T%38 cm?® mol~1 s~ for temperatures in the range of
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TABLE Il. CVTST rate constants and transition-state proprties fog-€tHamond{111} association.

Model 1 (unconstrained Model 2 (constrainei?

T (K) r¥e p¥d Ele AGH kevrst? r¥ v E! AG* Kevrst

300 3.34 39, 6(2) -4.1 3.93 0.89 3.34 39, 6D -4.1 3.93 0.88
206(2), 511 2062), 511

1000 3.03 54, 10®) -7.1 20.1 0.083 3.02 55, 108 -7.3 20.3 20.3
3182), 710 3232), 714

1500 2.91 62, 122) —-9.2 32.3 0.063 2.91 63, 123 -9.3 32.6 0.057
371(2), 778 3732), 781

2000 2.83 68, 14®) —-11.2 44.5 0.057 2.82 69, 14% —-11.3 45.0 0.051
411(2), 830 4132), 835

®Results obtained with Eq25) and the¢ attenuation identical to that for association of two ethane molecatss text

BResults obtained with Eq25) and the previousp attenuation scaled to model the geometry consti@iee text

°C,,—C; bond length at the transition state in A.

Torsion, G,—C.-C bend(2), H-C,,—C, bend(2), and G,H; umbrella transitional modes in cth Degeneracies are indicated in paren-
theses.

“Difference 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 transition
state is 6, and is included iNG*.

9CVTST rate constant in units of 30 L mol~ts ™,

300-1750 K, which gives 1710 cm® mol™*s ! at 1200 previously and an analytic function fde*(T) has been
K. The temperature-dependent gas-phase rate constant fégrived for gas-surface reactiotfs.
recombination of tertiary butyl radicals is reportedas
3.13< 1091173 cm®mol ts™! for temperatures of 300—
1000 K, which gives a 1000-K rate constant of 0.02
X 10" cm®mol~ts™1. It is interesting to note that both the  In this work, transferable potential-energy surface proper-
CH,; and 'Bu recombination rate constants decrease wittties for alkyl radical associations, experimental data, and
temperature as does the one calculated here fanigh-levelab initio calculations are used to develop an ana-
CHs+diamond{111} association. lytic potential energy function forCH; association with

If chemical similarity is assumed, the rate constant forcarbon-atom radical sites on diamond surfaces. Future im-
-CHz and - 'Bu [as well as-CH;+diamond{111}] recombi-  provements of the potential will include refining the attenu-
nation is expected to lie between those for methyl and teration of bending forces asCH; associates. However, the
tiary butyl radical self-association. The values calculatecturrent form of the potential is sufficiently accurate to give
here for the-CH;+diamond{111} association rate constants
(Table 1) are consistent with this statement. In a kinetic

VII. CONCLUSIONS

study of diamond growth, Goodwifiused a rate constant of 60

0.33x10" cm®mol ts ! for methyl recombination with go] 7 Termee HH

diamond surface radical sites at 1200 K. This value is basec = CH, + Terrace {111}

on a molecular-dynamics simulation of H-atom collisions & 40

with the diamond {111} surface, using the Brenner £

potential}’ and the Harri¥ mechanism for diamond growth. £ 301

A recent study’ showed limitations of the Brenner potential .

in modeling diamond growth, since the TS for bond breaking g 207

and/or bond forming occurs at longer ranges than the poten: ]

tial cutoff used by Brenner. For methyl radical association 10_:

with the diamond{111} surface, Frenklach used for all sur- 01— o
face sites a rate constant of XQ0'* cm®mol ts 1% a 0 500 1000 1500 2000 2500
value typical for barrierless gas-phase recombinati®hs. T (K)

This rate constant is appreciably larger than that calculatea

here for-CHz+diamond{111} association. FIG. 7. Plots ofA G* vs temperature for association of hydrogen

The free energies of activatioAG* for H- and -CH;  and methyl radicals to a diamord11} terrace radical site. The
association with the diamond 11} surface are nearly linear AG?* values for methyl associaiton are for the unconstrained model
with temperaturgsee Fig. 7. This effect has been studied (see Table .
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meaningful rate constants fo€H; association with different s In future work, the potential will be used in both
diamond surfaces radical sites. This is significant since rat€VTST and trajectory calculations of GHissociation with
constants for CH; association with radical sites on diamond C-atom radical sites on thd 11}, {110, and{100 diamond
surfaces are needed in mechanisms for diamond film growtburfaces and at defect sités.g., steps, kinks, islands, and
by chemical vapor deposition. These rate constants have N@Fotrusiong on these surface&?

been determined experimentally and are expected to be par-

ticularly difficult to measure. Thus theoretical and/or compu-

tatlonall studies are pa_rtlcularly important for determining ACKNOWLEDGMENTS
CHs+diamond association rate constants, as well as other
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