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Global analytical potential hypersurfaces for large amplitude nuclear
motion and reactions in methane. |. Formulation of the potentials
and adjustment of parameters to  ab initio data and experimental constraints

Roberto Marquardt® and Martin Quack
Laboratorium fu Physikalische Chemie, ETH-Hoh (Zentrum), 8092 Ziich, Switzerland

(Received 10 April 1998; accepted 25 August 1998

Analytical representations of the global potential energy surfacé¥gf molecules are developed

and applied to model the potential surface of methane in the electronic ground state. The generic
analytical representation allows for a compact, robust, and flexible description of potentials for
XY, systems irrespective of the specific nature of the atomic interactions. The functions are global
in that structures near several minima of the potential hypersurface as well as saddle points and
dissociation limits are well described. Clusters of atofjscan be represented as well by this
type of function. Care is taken to implement conditions resulting from the symmetric §&papd

to construct positive definite bilinear forms of special functional forms of certain coordinates
(such as bond lengths and bond anglés order to avoid artifacts in exceptional ranges of the
potential hypersurface. These special functional forms include intrinsic, symmetry allowed
couplings between coordinates such as bending and stretching. We include linear potential terms
in bond angle coordinates, which result in effectively quadratic potential terms for highly symmetric
structures. True logical multidimensional 01-switching functidhg(r) of bond lengthsr are

used to interpolate between limiting ranges in the hypersurface. The particular Sgym)
~exp(—(rg,/r)"sw) allows us to describe the potential as a multipole expansion representation in the
limit of large r (—<2). In the application to methane, first the representations are fitted to data from
high level ab initio calculations using multireference configuration interaction techniques.
Additional conditions which help to improve the description of experimental data are considered
during the fit. Typically, these conditions involve some parameters or parameter groups and refer to
the equilibrium geometry and harmonic force field. Other constraints apply to the energies of
dissociation channels. We describe the model potentigt®0T 1to METPOT 4in the present work.

© 1998 American Institute of Physids$0021-960808)01045-9

I. INTRODUCTION statistical theoriet*?’~**Duchovic, Hase, and Schlegel have
developed a semiglobal, analytical representation of the
The formulation of reasonably accurafiebal analytical ~ CH,+H reaction channel in the electronic ground state po-
functional forms describing the potential hypersurfaces otential of methané* which has been used, in modified
polyatomic molecules has been of central importance in reversions3>*for classical or semiclassical trajectory calcula-
action kinetics and spectroscopy for some timeSuch tions. A semiempirical, analytical representation considers
functions also play a particularly important role in the ap-also the possibility of the CH-(*A;)CH,+H, channel for
proaches to deriving short time intramolecular quantum dyunimolecular decompositiott.One analytical representation
namics from high resolution spectroscopin the context of s completely based on a diatomics-in-molecul@iM)
organic chemistry, methane derivative§/XYZare obvious approach?® also for the description of bending interactions.
prototype systems for many spectroscopic and kinetic propThe important CH-stretching—bending interaction potential
erties. However, so far hardly any accurate potentials arand its relation to the recombination and dissociation kinetics
available even for the simplest molecular examples of thisf methane have been investigated in detail from the analysis
type and it is the aim of the present paper to contribute twf the overtone spectrum of the CH chromophore in GHD
filling this gap of our knowledge. the framework of variational calculations of the spectro-
The ground state potential energy surface of the parerdcopic state' Extensions of these studies to nine-
compound methane has been studied in numerous expedimensional representations of the CiHibtential surface in
mental and theoretical investigatioftse complete, large list normal coordinates have been given by Ilung and
of published work cannot be reproduced hefEhe under-  Leforestier’’—° Other analytical, anharmonic potential sur-
standing of parts of the methane potential surface has been faces based on polynomial expansions in isotopically invari-
the focus of contributions in the fields of spectrosc8p¥, ant internal coordinates have been developed
ab initio theory;>~**and chemical reaction kinetics based on previously'>***'Some of these developments have been re-
formulated recently? however, without giving adequate ref-

Apresent address: Instituto de Fisica, Universidade Federal do Rio Grandg €NCe to previous work. o ) )
do Sul, 91501-970 Porto Alegre, Brazil. We may say that the existing analytical model potentials
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for methane are not truly global representations of the
ground state potential surface. Furthermore, these models
cannot cover, with sufficient accuracy, the complete set of
experimental data available today. Normally, the models are
neither sufficientlyflexible norrobust which rendersa pos-
teriori improvements and adjustments to experimental data
difficult. We have therefore decided to develop a new ana-
lytical representation of the potential hypersurface of meth-
ane, giving special consideration to the criteria of globality,
flexibility, and robustness. We aim at the derivation of a
global analytical model potential, which may be adjusted as
a whole to data pertaining to very different parts of the po-
tential surface. For the determination of model parameters;IG. 1. Definition of internal “angular” coordinates used for thb initio
we consider, in a first, raw adjustment procedure, fitting thesalculation of CH,

model potential to a sufficiently large set of high lexadd

initio energy points on the potential surfade quality of

the ab initio calculations being at least comparable to multi-l- AB INITIO CALCULATIONS

reference configuration interactiofMRCI) methods, for Theab initio data set used to establish the general shape
large displacements from equilibrium, in order to account forgf the ground state potential surface was initially built up
changes of the character of the electronic wave function durith results from MRD-CI (multireference  double
ing a chemical reactidnin a second step, an empirical re- excitation-configuration interactioif calculations reported
finement of the model potential is achieved by submittingpreviously'>*>2?*In these calculations, the potential surface
some of the model parameters or parameter groups to addjyas calculated at roughly 600 different nuclear configura-
tional constraints given by experimental conditions. Whentjons obtained by changing the valuesrofd, ¢, und y in
these constraints can be formulated as analytical expressiopgy. 1. A compilation of the data can be found in Refs. 55
of the parameters involved, they may be used within theand 56. An additional set of 60 points has been calculated for
formalism of Lagrange multipliers during the nonlinear ad-the purpose of the present work with the aim to sparsely
justment procedure. Several examples may be quoted, frogbver the remaining manifolds. However, these points are
the literature, for the successful employment of this anchivotal of the analytical surface, where the latter yields
analogous strategies in the determination of potential energyhysically important structures such as saddle points in the
surfaces(Refs. 4, 5, 11, 21, 43-51, and further referencesnultidimensional space. A complete compilation of all

therein. points used in the present work will be published
Throughout this work, we consider the potential surfaceseparately’
belonging to the “lowest” electronic state of methane In the calculations, an atomic basis set of double zeta

(largely theA; state. For this molecule, electronically ex- quality was used: for the C atom, Dunning’'s contracted
cited states seem to be essentially confined to energies negars2p] basis(Ref. 58, Table 1A with ad-polarization func-
to and above the dissociation threshold of 112tion with exponent 0.75 and contraction coefficient (s6e
kcal mol 1262 Some excited states may nevertheless correalso Ref. 59, Table )| for each H atom a contractd®s]
late adiabatically with asymptotically lower lying states, basis with ap-polarization function was chosen. We repro-
such as for the3B,) CH,+H, reaction channel, which will duce the data used in Tabléftom Ref. 56. This results in
be also considered in the present work. With this procedurea total of 40 contracted Gaussian functions. The Cl space
we are following the idea of representing a truly adiabaticwas calculated with single and double excitati¢imst frozen
potential surface, including the possibility of intersystemcore electrons from reference configurations which were
crossing, within the framework of multivalued potential sur- generally different for different nuclear configurations. How-
faces and adiabatic corrections to the Born—Oppenheimesver, the surrEci2 over the contribution of thélocal) refer-
approximation where these surfaces interd@cnext stepin  ence configuration to the total electronic wave function was
the theory would be the simultaneous analytical treatment oflways larger than 0.90 at all geometries. Also, the threshold
several of the lower electronic states, which would, howeverenergy for energy reduction used to test tloeal) reference
demand much information that is not presently available. configuration was kept constant B, esnoi=5x 10 © Ej, on

The paper is organized as follows: In Sec. Il, a shortthe whole surface. The final value for tlad initio energy
account is given of thab initio calculations used. In Sec. lll, used for the fit of the analytical potential surface was ob-
we develop the analytical representation in a rather generitained with the formula of Langhoff and David€8ror the
form. In Sec. IV, we discuss the results of the adjustmenestimation of quadruple excitation, in WhicEI:i2 was used,
procedure. In a subsequent papewe shall discuss some however, instead of the leading reference configuration coef-
applications to properties of the model potentials for meth{icient cﬁ.
ane (METPOT 1to METPOT 4), derived in the context of this In the present calculations, the lowedt initio energy is
work, in comparison with other existing representations,—176.1183 aJ €40.39643%,) at r,=1.093A (1A
which will further emphasize the complexity of the task and =100 pm, 1 a310 ' J corresponding to 602.21 kJ/md).
the necessity of current efforts in this field. The absolute electronic energy was calculated by Grev and
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TABLE |. [4s2p]+d and[3s]+p atomic basis set used in the MRD-CI force fields!®®’ Our estimation from anharmonic zero point
. A . .

calculations of Ciy energy corrections yield®,=0.7823 aF?

In order to give a global estimation of errors in caly

Center Type Exponent Coefficient L 3 ;
initio calculations, we have compared the experimentally de-
4232.61 0.002 029 rived potential functions for the CH chromophore in CHD
634.882 0.015535 . . ) T ionZL68
146 097 0.075 411 with corresponding potentials froab initio calculations;
S 42.497 4 0.257 121 and tried to _determine, from _this comparison, a_formula for
14.189 2 0.596 555 the “uncertainty” of ourab initio data as a function of the
1.966 60 0.242517 potential energy. The result of our analysis may be given as
s 5.147 70 1.000 000
o(E)/hc= 1.0P-04819((E~Epyi)/hc cm*l)]2-74cm—1l 1)
c s 0.496 20 1.000 000
s 0.153 30 1.000 000 This formula gives a rough estimatior_1 of deviations of the
theoretical data from expected experimental results on the
12;:2 Zo 8'(1)12 ?14313 average(in special cases deviations can even be larger but
p 1142 93 0.386 206 within the same qrder of magl_wlt.u.):iand as spch will prove
0.359 45 0.640 089 to be useful in weighting thab initio data during the adjust-
ment procedure to be described below. A graphical represen-
p 0.114 60 1.000 000 : : S -
tation of this function is given in Fig. 4 below.
d 0.750 00 1.000 000
33.6400 0.025 374
s 5058 00 0.189 684 lll. RESULTS FOR THE ANALYTICAL
1.147 00 0.852 933 REPRESENTATIONS
H s 0.321 10 1.000 000 A. General structure of the functions  METPOT 1 to
METPOT 4
s 0.101 30 1.000 000 )
The potential of a covalently bound molecule of the type
p 1.00000 1.000 000 XY, with one central atorX and several valence electrons is
aFrom Ref. 56. best described as a function of the bond lengths

ri=r(XY(i)) (i=1,...n), as already noted by Bjerruffi.r;

is the distance between the nuclei of the atotmand Y (i),
Schaefer with the CCS[P) method to be—176.574 al which are considered to be two strongly interacting bodies in
(—40.501E,),%? Garmer and Anderson obtain the value a covalent_ly bound mok_acule, qnd pot_ential functions of
(—40.506-0.002) E, with the quantum Monte Carlo thug descnb_e two-body interactions. Since th_e- cqmplete po-
method®® and in Ref. 26 the value-40.516E,, is reported. tential funct!on of methane must _be symmetric with respect
Probably the best experimental estimate is 40.526 to permutations of the four identical H atoms, one term of

+0.001) ;2 (in agreement with more recent d&ba the potential function can be expected to be of the form
Also, in the present calculations, the energy rat, 4
=3.18 A and relaxed Cliframe is 0.737 aJ higher than the VS(XY):Z:L fsoxn (i), (2

energy minimum. This value can be compared with the elec-

tronic dissociation energy, and is roughly 0_-04_ aJ less thaWherefs(xy) is an appropriately chosen bond-stretching po-
the probably most accurate preseab initio value iantial function to be described below.

— 2,25 : : H

De=0.779 aJ** obtained with coupled cluster single Other two-body interactions are described by functions
double (triple) [CC_S[IT)] and correlation calculation k_)e- of the Y(i)~Y(j) interatomic distance;; . In methane, if
tween all electrongin Ref. 26 comparable results are derived g ¢jose to the equilibrium value, these interactions are likely
from single and multiple reference Cl calculatipnisi these 5 pe weak compared to the strong interactions of the central
calculations, the equilibrium CH bond length was optimizedyce field. However, functions of these coordinates are
within the CCSDT) method, and agrees well with results neeqed to describe the H—H interaction potentials at large
from the analysis of experimental rotational CO_”StéP'f’é- values of the corresponding C—H bond lengths. For the pur-
When the anharmonic zero point energy is considéasdn  ,qe of obtaining a global potential surface, it is helpful to
Ref. 63, the resulting dissociation energy By,=0.718aJ  cqnsider such interactions in the region of bound methane,

l . . . .
(432.63 kImol’), which is in good agreement with (g \yhich is done, in the present work, with potential func-
experimental (thermo and photochemigal data (e.9.,  tions of the form

Do=431.8 kJ moi1).23% However, errors of up to 1.0

kJ mol! (0.002 aJ are possible in the determination of an-
harmonic zero point energies, as will be discussed in a sub-
sequent papef We have estimate®,=0.7831 aJ, in the
present work, from the experimental data in Ref. 63 andvherefgyy, is an appropriately chosen stretching potential
harmonic zero point energy corrections from experimentafunction to be described below.

4
Vs(YY):JZl IE>J fsvn(rij), 3
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The coordinates;; have been used before to describe 1—exp( —agAr;) re\®
the bending potential in CH® which has then been inter- Y= |1tes exr{ - F) )
preted as arising from two-body interaction terms between S '
the H atoms. However, we found that functions of the va- re\®
lence bond angles;; , which have been widely used in the té€g exp — _| ' ®)

literature to describe bending force fields of polyatomic mol-
ecules, are also more adequate to describe the global, anhar- Ari=r;—rf. (7)

monic bending potential of methane. Potential functions of — (1—exp(—aAr))/a gives rise to the Morse potentdl
valence bond angles describe implicitly three-body interac? 2 L™ 9 . p
. V(r)~y*, which has been widely used to describe covalent
tions between th& —X-Y atoms.

In the present work, the total potential energy surface forbond potentials, mostly of diatomic molecules, is the

T usual exponential parameter of the Morse potenég), eg,
the methane system is given as a sum . :
and rg are new, adjustable parameters. It is assumed that

V=ViarytVsaoryt  Vawxr), (4 possible values of these parameters lie in the intervals
- R —1<eq, €g<1, andr.<rg, such that expf(rs/ro)®) will
two-body terms three-body term

always be much smaller than one. We can thus expect
dyiwAri close to equilibrium. We shall show below, that the
equilibrium bond lengthi7%in Eq. (7) should be chosen as a
aRmction of the remaining bond lengthg (j #i), in order to
ﬁchieve full flexibility in the description of the harmonic

whereVy,yxy is a bending potential surface to be describe
in detail in Sec. Il C. It will be a function of the valence
bond angles, to a large extent, and will have a somewh
weaker dependence on the bond lengths. Thus, all terms . .
Eq. (4) will contribute to the harmonic stretching potential of stretcr_ung force f'.eld' > .

methane close to equilibrium. Since there is also some de- .W'th the Ch?'cefS(XY?(ri.)Nyi in Eq. (2) we car?.de.-
pendence 0¥y, on the bending angles, both terisyy, scribe a parabolic potential in the vicinity of the.equmbnum
andVy,y xy Will contribute to the harmonic bending poten- structure, and the asymptotically correct behavior

tial. For simplicity, we callVqxy) the “C—H bond stretch- | c!
ing” potential, Vyyxy, the “H-C—H bending” potential, Vsoxn=De= 15, Ti—®, (8)
and Vv, the “pair” potential, in case of methane. !
For the purpose of achieving a compact and robust rep- c'
resentation of the potential surface, we have chosen to in- Vsxy)=De— e R R il 9)

clude some dynamical properties directly into specific func- ! !

tions of the coordinates, which will be used to build up theD\, is the dissociation energy for breaking ofe, for break-

individual potential terms. This approach differs somewhating two bonds(analogous for breaking further bondSpe-

from the common analytical representation of the potentiatifically,

surface as a many-body expansion of functions of the inter- )

atomic distance$.Many-body expansions are usually sums DK=n, Fs(ni)(1+ éez(nK)Jr €g(Nk)) 10

of many terms, which may have positive or negative signs. ¢ 2ag(ng) ’

Such sums are less robust representations in the sense tha _ _ _ _ .

the global form of the potential may “fluctuate” consider- Wil m=1,n=2,ny =3, n'V_.A".FS(l) in Eq. (10 means
. : ) : . the value ofF¢ in the methane limitf-4(2) the value of4in

ably in those regions of the configuration space, for which o : . -
. . . - . the limit of the methyl radicalF¢(3) in the limit of the

there is less informatioteither fromab initio calculations or

experimental dajaand where it may even become unph Si_methylene radical, and so forth with analogous meaning for
b Y PRYSall the other parametefgg(ngk), €g(nk) andag(nk) in EqQ.

cal. On the other hand, analytical representations which us 0)]. As will be discussed below, all parameters will actu-

specific coordinate functions may show too high a degree o . . )
bias. The present representation is built up of global forms‘,"IIIy be slowly varying functions of the bond lengths, which

; . will in turn parametrize the different dissociation channels of
which were chosen adequately to describe the data &bm the originally bound compound. Within this aporoach. we
initio calculations. Within the constraint of using these ginatly P ' PP !

forms, it is kept as flexible as possible are using that a dissociation GH CH,,_;,+H occurs when-

' ' ever a CH bond length becomes large. It will be shown that
the potential of the CK.; product can be correctly de-
scribed by the same analytical representation derived for the
B. The C—H bond stretching potential CH, reactant, provided the parameter values are switched
eaccordingly. Slowly varying functions will be described by
appropriate switching functions, such that the corresponding
parameters will change very little in the definition range of

We use modified Morse coordinates to describe th
bond-stretching potential functiorfg.xy, . Equation(2) be-

comes: - . Y
S the specific CH aggregate. The properties of the switching
a functions will be discussed in Sec. Il E.
Vs(XY):E Fo D yizy (5) Irlghe defi.nitic.)n ofy; in Eq. (6) we have assumed that
2 °3 the r ~°-behavior is the leading term at large values of the
bond length. More general~! expansions are possible,
where though, whenever the requirement is fulfilled that their con-
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tribution to the potential function close to equilibrium is neg- Ssl andssz define two possible irreducible representations of

ligible. For the present purposes, the two tem§ andr ™°  yha symmetric grours, in the space generated by the four

guarantee enough flexibility in the description of the dissoqng lengths. In these equations, the modified Morse coor-
ciation energy in Eq(10). It follows that, for methane, the yinate was defined as

dispersion constantC' in Eq. (9 is given by

C'=F4(1)es(1)rs(1)% ,
The sum in Eq.(5) is not the most general quadratic yi( )= al)

expression allowed by symmetry. There are two indepen- s

dent, totally symmetric combinations of quadratic forms in- rs re|®

volving the bond lengthgor functions theregf One type is 1+ exr{ - (f_| T eg exp( _(f_.) ))

given in Eq.(5), the other being proportional @;; y;y; .

The latter sum could, in principle, lead to large negative (16)

contributions to the potential surface and consequently doegiih | =1 or 2 and different anharmonicity parameteﬁé)

not fulfill the requirement of a robust representation. In 33nda®

more robust and flexible approach, used in our previous at- Tﬁe stretching potential in Eq11) is awkward for the

tempts to describe the potential surface of methane with thg .. ant of CH and CH, in the asymptotic limits of large
64,71,72 73 H i

MOdEISMETPOT 1 andmETPOT 27" we considered posi- 4 engths, because these molecules have lower symmetry.

tive definite quadratic forms of symmetrized coordinates 5 the other hand, the stretching potential proposed in Eq.

1-exp—a'(r—re))

6

V= %Fslsi +%|:SZ(S§ +s§ +3§ ), (11 (5) has a simple physical interpretation as a sum of central
! R force fields, which enables the description of the total energy
where after partial atomizations GH-CH,_;+H in an easy way
10Dy @) (D) as a sum oh—1 central force fields plus a constant energy
Ss, =2y Yo Ty HYa), 12 corresponding to the dissociation energy.
— 12 \(2) (2 \,(2) 13 In order to increase the flexibility of the potential func-
Sep =2V Y2 Y Y, (3 tion in Eq. (5), we have considered the equilibrium bond
eq ; . .
—Ly(2 (2 (2 \(2) 14 length r;¥ in Eg. (7) to be the following function of the
Sszy VY YY), (14 remaining bond lengths, which will in fact change the value
— Ly 1 (2 22 of the equilibrium bond length as a function of the degree of
S, VI Y YY) (15 atomization:

|
PN, Mol N a) =Te(1) {Sq (ra) =Sy (ri-1)Sq (Nia) +-Sq (ra)}
+re(2) {Sp,(ra) - Sq (ri-1)Sq (ri+1)*Sq (ra)
+Sq,(r1)Sp (r2) S (ri—1)Sq (Fi1) - Sq (ra)

+8q,(r1)++Sq (ri-1)Sq (ris1) Sy (ra)}

1 o(3)Sp, (F1)Sp, (1) Sy (Fi-1)Sq, (T111) Sy ()

+Sq, (1) Sy (Fi-1)Sq (T 1) S, (19)Sp,(10)}

(@S (1) Sy (11-1)Sp (Fi41) Sy (o)} (17

There(k) (k=1,...,4) are the equilibrium bond lengths of  r,in Eq.(18) [as well as in Eq(16)] is the parameter for
the CHs_y) system.S, andS, =1-S, are given by the the equilibrium bond length, which, like all other surface

function parameters, is considered to be a slowly varying function of
the bond lengths. Near the minimum for CHr, assumes
Sp,(r)=tanh(a,(r —re)). (18)  the value given by (5—n), likewiser9. However, as for

all slowly varying functions of the bond lengths,

Here, a,>0 is needed in order to guarantee the desire&(‘?re/ari)ri:d<1' In contrast, becausﬂrf"q/&rjmar, ritis
asymptotic behavios, (r —o)—0. considered to be a rapidly changing functionrof
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We see that, to first order ohr;=r; —r. one obtains, i.e., erations, potential terms pertaining to £slbsystems auto-
in the methane limit, Arj=r;—r%=dr;+a,(1)(re(2)  matically have the correct saddle point behavior at the linear
—rg(1))(dr+dri+dry), with i#k, i#l, i#m. Thus, arrangement. The cosine of the valence angles also leads to a
close to equilibrium, the force fiels~3FSArf contains  simple description of the out-of-plane bending potential of
contributions proportional toa,(ri—re)(rj—re¢). Conse-  the methyl radical, which we will discuss below. Expressions
quently, a, plays the role of thef,,, force constant in the using the cosine of valence angles have been used in Refs.
harmonic stretching force field. Equatiéb8) can be gener- 36, 76, and 77.

alized to include polynomials ofr(r.), which may be use- We introduce here the following expressions:
ful, e.g., whenever the signs &f,; anda, need to be chosen ® o (k) K
independently, or when higher order cross terms between Xij = (COS@ij) = Cif{- Ty =*))Yq (F)Yyg (r)). (19

stretching coordinates need to be considered. Currently, fhe meaning ofk) will be explained below. The functions
linear function for the argument in EL8) is sufficient and (9 are given by

the conditiona, >0 happens to impose no further restriction
on the adequate description of the experimental quadratic
yq (rip)=exp —

I max
|

>

force field of methane and subcompounds. =]
Bond stretching potentials of the kind given in E§)

have been used befofsee, e.g., Ref.)2in particular for ~ for the modelsveTpOT 1, 3, and4, and by

methané*3334 Stretching potentials as in E¢L1), defined | max

in symmetrized coordinates, have also been used before, for yg“(ri):ex;{ - Eg“(Ari)') , (21)

instance for the representation of the ammonia poteft4l, =1

for H,CO,”™ and methané®*? However, the specific repre- for metpoT 2 wherel =3 in the present worklarger ex-

sentations used in these references were either not flexible gansions are possible, in principlé\r; has been defined in

not robust enough. The stretching coordinate functions usegq. (7). In order to guarantee the correct asymptotic behavior

there[usually fs(xv)(ri) ~ (ri—r¢)?] do not describe the an- 0y ) .0 (free rotation of théth H atom after break-

harmonic behavior of the stretching potential sufficientlyjng the C—H bonyi the highest nonvanishing coefficieaff’
[

well, and_ polyn_o_mlal forms of higher d_egrees hgd o be CONhust be positive. The damping effect of large CH bond
sidered, in addition. Moreover, stretching, bending, and couy . . : :
. . . - lengths on the bending potential cannot be interpreted in a
pling potentials are treated as expansion terms in the same . . .
; . : simple way from theoretical considerations based upon the
polynomial expansion, which leads to less robust representas . L
tructure of the electronic wave function in the Born-

tions. In our first representation of the methane potentiaf)ppenheimer approximation. We have also tried other pos-
(METPOT 1), we also considered explicit interaction potential ﬁible definitions foly . such asyy(r)~(r/r)® or with other

terms between the stretching and bending manifolds, Whlcexponents o polynomials i -, The definition given in Eq.

we shall describe at the end of Sec. Ill C. We first present ?20) yielded the best fits. An exponential damping behavior

new way to describe the stretching—bending coupling poteny . %, 4 in Refs. 78 and 79, which was discussed in Ref.

tial under omission of explicit coupling terms by considering 78 in connection with a “bond-energy-bond-order” analysis

bending potential functions with a strong parametric depen- . . . i
dence on the stretching coordinatesnd lengthi of the bending force field dependence on the stretching po

tential of triatomic moleculéd (see also Ref. 27
The function ¢{---r--), introduced in Eg.(19),
changes the value of the cosine of the equilibrium bond
angle depending on the values of the bond lengths, following
The Morse potential coordinatg is especially useful the same ideas as discussed before for the funcffbim Eq.
for the description of compact and robust bond stretching17). For the potential modelETPOT 1we used the function
potentials, because it has the intrinsically correct asymptotic o
behavior at large values of the bond length. A correspondingii ("1 4)=Cogai{ry,...r4)), (22)
coordinate choice for the description of global bending po-
tentials is much more difficult. It would be useful for a ro-
bust representation of the bending potential to describe it as
a quadratic(or positive definit¢ function of an appropriate +arcco£
bending coordinate, which could equally well serve as a path
for large amplitude bending motions, such as the inversion owith indicesk#1#i#] and
stereomutation in polyatomic molecules. Normally, this mo- 1 2 arctaag(r;—re))
tion involves large changes in many of the valence bond hj=—35+ . (29
: . 3 3
angles. To our knowledge, at present there is no simple co-
ordinate choice for the compact description of the inversiorFor METPOT 2, 3 and4 we used
motion of methane.
We have found that expansions involving the cosine of cﬁ-“(rk,r|)=ce(l)ch(rk)ch(n)+ce(2){Spc(rk)ch(r|)
valence bond angles are a better choice than the valence
angles. One reason is the better performance in fittingithe T Sa NS (M)} +Cel3)Sp, (M) Sy (1)
initio data. Another reason is that, from geometrical consid- (25)

a&?(Ari)') : (20)

C. The H-C-H bending potential

ai{(ry,....r4) = —3arccos— 3) +arccosh;) +arccosh;)

2

3hz-1 3h?—1
+arcco > , (23
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where Snl X3+ x4+ X8 XK+ x )+ x| (29)
_ 2 T
Sp,(1i)= —arctan = ax(ri—re) (26) o 2(x+x%9) — (x{9 + x50+ x{9) + xK)) 253
for METPOT 2 and % V3 '
Sp(ri)=tanac(ri—re)) (27) Sﬂk) = (U + x0) — (x9 + x5, (290)
for METPOT 3and4 (ch(ri)zl—spc(ri)).
The function used foMETPOT 1in Eq. (23) yields the Shy =X — x5, (309
valuesce]q— =13, if rj=rg(1) (for all i), ci’=—1/2 fori, x
j=2,3,4, ifr;—, and c54=—0.649 846, ifr—o andr, S0 = )y (K (300)
—o0. Within this model, c‘fq 0 for r;—o and =234, 3 =
similar to the analytical representations in Refs. 14 and 34. . . .
Although this is not a serious problem for the description of 3533)=X(12)—X(34)- (300

z

the potential surface, since changes in (egktc; =9 are

damped to zero if;— or r;—=, the effective use of an The index(k) describes a power ordering which we define

equilibrium bond angle in the Iimit of large neighbor bond now. The bending potential is guadratic form of the fol-

lengths remains an unsatisfactory issue, which was finalljowing type of coordinates, which will be distinguished from

avoided in the functions used subsequentlyMarpPOT 2 3, the coordinates in Eq28)—(30) by omission of the index

and 4. The equilibrium cosine function in E¢25) depends  (Kk):

only on two (adjacenk bond lengths and is, in spite of this, )

more flexible in the determination of the actual equilibrium max

values atr;=r,. Sbnzgoihrkzz iz_«i A, ,kngzgoTi (32)
The bending potential is set up as a polynomial in the o

coordinate;; . In order to guarantee positive definite forms, 'S, has the same transformation properties %lg For

we introduce symmetry adapted linear combinations of thesEmax_ 4, there are 24 different variabl %k) Due to sym-
coordinates. In methane, tixg span a six-dimensional vec-
tor space representation & (isomorphous tdl), which metry conditions, many of the coeff|C|era§ ’’’’’ y vanish, or
can be reduced to one one-dimensional, one two-dimensionale linearly dependent. In Eq82)—(37), we coIIect all sym-
and one three-dimensional irreducible representations of thisietry allowed combinations yielding a total of 40 indepen-

group: dent coefficients fok,,,=4

_al) (2)2 (2)2 | (2)? (22, a(2)? (2)? (3)% (3)°_ 2a(3)a(3)? 3)
S, = Sy, a6, Sp, T, sza + S[’zb )+ aba(snsz + g"sx + SDsy )Fap, Sy sza 3szasb2b )+ abe(s(f’za
2 2 2 2 2 4 2 2 2 2
X280 - 82 - 80 VSIS - 2]+ an STSESE 4 an, S, (S S )2 (S S
3, 3, 3, 2, 93, 3y 7 P3, B3, B3, 8 V1 9" P2, 2, 10" ~P3, 3,

(4)2 | q(4)?

+
(92 (a(d? | (4)? #2_ _ Y ra@?_ e Add a@ a4’ 4)? (4)4 | (4

+Sb3y)(S<02a+Sb2b)+ab11 Sbsz 2 [sza szb] ﬁszaszb[Sbsx Sbsy] +ab12(sb32 +Sb3x
4)4 4)2(4)2 4)2(4)2 4)2(4)2

S e (S S S S 8, &
3y 13" P3, P3 3 V3, 3 73,

(2)? 4 §(2)?
2_g2? (22 _° s, 3 (53?4 (32
=gm 2)°_ g2 S
sza SDza_l—abm(S(Dza Snzb )+ab15 Sosz 2 +ab163<026(302a +Sb2b)
+a S{)3)(S£)3)2+Sg3)2+8£)3)2)+a (S§,4)4—S<D4)4)+a ([%4)2—Sg4)2]2—48<04)28é4)2)+a (SS;‘)Z—S{;‘)Z)
b177by b3, 3, 3, big by, 2, big by 2 2, P2, bao by, 2,
2 2
(42 g(4)

(42 Q(H? | (4)? (42, Q| @2 _H (4) (4 (B (4)
X (S[’sz + g03X +S[’3y )+ab21(sbza +S°2b ) S(Dsz 2 +ab225b235b32§r,3xsn

<4>2 4)?
+S§)3 )

2 2 2 2 2 2 3,
(S B TS S ) (0 S 1 (sﬁ A @3
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) _ (2) (2) (2)2_ o(2)? (3) (3%, a(3)? (3) (3?1 (32, q3)?
szb szb ab1428b2asb2b+ 152 Sb Sbsy )+ablesb2b(sb2a +Sb2b )+ab17sb2b(sb32 + S'OsX +Sb3y )
_ (4) (4) (@2, q(4)? (4) (4) (B2 _ (@ _ (4) () QP2 QB? ) (4)?
ablszsnzas(ozb( S"za * g"2b )+ ab1945b23802b(§023 S[’zb ) abzozsbzasbzb( g[’32 + Sbsx * Sb?,y )
4)2 4 2 4)2 4 (4) (4
(S S0 (S S0+, SO

‘/g 2 2 2 2 2 2 ‘/?_) 2 2
8,5 Shy (S-S )+ab24<sa‘;1 TS s)) 7 (s s (34

_al (2)a(2) _ ()1 a(2) _ 72 (3)3 (3)a(3? a3)? (3)a(3)? ) a3)?
Sbs SDax+abzssnszs[’3y aDZGSDsXZ(S(Dza \/.’;szb) +ab27S°3x +ab28503x( S"sz +S’33y )_‘—abzgsosx(snza + S"zb )
(3)2_ (3)2

3 2 32 (3 3) 4) (g4 2 4 2 s 4)
S| VIS | -, SIS VS o, S (S S (S - VIS
4)®®_ (b4 _ (4) () 1 a(4)?_ (4)? (4) a(4) (4) (4 ad)? | (4)?
+ ab338§)3X( SDza 3szasozb ) absASns Sb3Z2(S[’2a ngb + 2\/350265(0%) + ab35303ysn3z( SDza * szb )
S S —VASE) (S S S —an S K -3
(4) (42 _ (@2 1 a(4) 4) (4) a4 (4)? | aW? 4)? (4) o(4) (4 ()
+ ‘fjll"Sas"ax(S[’sZ S‘33y )2(S<°2b+‘/§§bza) +ab39S°323<°3y( S‘Jaz +S”3X + S<°3y )+ab4os'33XS<°32§b3xS[’3y’ (39

Sy =S+, S5~ 20, S 2 +VIS) 2, 8 2, S (S )+, 8 (874 S

(3)7_ g(3)?
9| VIS |, S5+ VIS~ S (S ) 5 (540 +v3SL)
S 9SS0 -, S 3 <ss;;j—§;;f—zfass; S+, S S 5
—a, S S VIS (S S S~ a, SRS VIS an, S (S - S S -3
S0 S0 0 2y SIS @6)

Sbs - Sg?z-‘r abzssﬁ’?xsgzs) + abzesézs) SE)ZZ) + ab27g033)3 + abzssg)(sé’ss)z + Sg?z) + abzgsé’sa)(sg?z + SE;ZZ)

+an, S (S-S an, SIS S +an, S S (S S an, S (S - 38 S

o S 272 SO G 5270 SO 527 5

o, S 2, SIS S o SO S S b SISISOSY . @

These expressions have been obtained by reduction of the direct prédads'® F" in T, symmetry(isomorphous to
S,), following the scheme given in Ref. &the appendix The transformation properties have been tested for each individual
equation withmapLE.%?

For the potential model®ETPOT 3and METPOT 4 the damping functions introduced in E@QO) will have, in principle,
different damping parameterg) depending on the power ordé) of products of the coordinate[’. The appearance of
different bond length functionée.g., the damping functions, in this cases a function of the power order of products of
bending coordinate displacements is an additional means of introducing implicit stretching—bending interaction potentials.
Here, we are describing the influence of different amplitudes of the bending motion on the stretching part of the potential.

For the potential modeheTPOT 2 the damplng parameters do not depend on the power in which prodwc,‘g@ otcur.

Instead a(k) in Eq. (21) has a different meanlng;td is used for the coordmatS0 in Eq. (32), a(z) for sz in Egs.(33) and
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(34), andég?) for $b3 in Eqs.(35—(37). This approach does not affect the properties of the potential function in regions closer

to the equilibrium structuréfor which it actually was used in Ref. Y¥3However, it has some serious disadvantages for the

description of the shape of the stretching potential at larger bending amplitudes, and was therefore avoided in the later models.
ForMETPOT 1, which was the first model potential developed in the context of this work,a@)diﬁer from 0. Moreover,

for this model, allatJj were set to zero. In order to describe higher order contributions of larger bending displacements and

stretching—bending interaction terms, we had to consider additional cubic and quartic forms:

AVpETPOTE= beﬁﬁ Fblbgsbl(sﬁza+ Sga) + Fb1b§5b1(3§3x+ S§3y+ 3532) + Fb‘l‘sﬁl
oSy, (S5, +85, ) FazeS; (S5, +85, +85, )+ Fo,038h, (S5, ~35, S, )

X y

2 _l 2 2 § 2 2
+ 0,020, ) So, SDSZ > (Sn3x+snay) +t5 szb(SnSx 503y)

+Foi(St, +5ﬁ )2+ Fo2e2i(S5, +Sozb)(5§3 +5§3y+353z)+Fbgbgn((nga_ngb)(%s —3( Sb 5§3y))

X z

—Vijzaszb( 8[2)3 - Stz’s )+ Fbg'(sgs * %3 * Sés )+ Fbg“(sgs S§3y+ S§3XS[2’31+ Stz’sysfz’s )+ Fslbissls[z)l

X y X y z X z

+ FozSey(So, + 85, )+ FonzSe,(So, + 85, +S5, )+ oS S5, + FetS (S, +5,)

b

+F 20258 (Sb +S; +Sf, ). (39

The resulting parameter values are listed in the table of the In the limit r;— and planar equilibrium structure for
PAPS supplement (Ref. 96. the CH; frame(the case for the methyl radigathe potential
In molecules with highly symmetric equilibrium struc- term proportional td=p, gives the quadratic force field of the
tures like methane Ty symmetry, in_finitesimal_ displacg- A} out-of-plane mode, e.g., far,—o:
ments of the totally symmetric coord|ne$§‘) vanish identi-
cally at equilibium: dS{9=3.; dx{|; -, A cogazg) +A coday)+A cogag)
2i-j d cosfw;)=0 (the reason being the redundancy con- 3 9 72

dition for the six valence anglesDisplacements from equi- =5(2cosa)+1)=5 212
librium are thus only of quadratic order 8, , which makes

potential contributions originating froﬁﬁf,1 to be at least of  \wherea,s= 4= a3,=a, for this mode, and is the vertical
quartic order. However, we may conclude from this, that indistance of theH; plane from the C atom(as used by
methane an additional contribution to the quadratic forceRivero$® and Yamadat al®").

field may exist, which is proportional to a linear termSgl.

We define

(41)

D. The H—H pair potential

So,= E (cod @;j) —Co)ye (r)ye (), (39 The direct(two-body) interaction potential between two
peripheral H atoms has been studied in Ref. 36. For the pur-
wherec, is the cosine of the equilibrium angle and, like, ~ POSe of the present work, it is sufficient to use the normal
a slowly varying function of the bond lengths. The indéx  Morse potential as a function of the interatomic distance
characterizes the use of special damping parameters for thd the modelsuETPOT 2 METPOT 3 andMETPOT 4we define:
coordinate. It was checked numerically thbgo is always B B 3
positive definite, when all bond lengths are at equilibrium. Vi =Dij (i) exp=ay (- e )
ForMETPOT 2 METPOT 3 andMETPOT 4 the final form of X[rij— rie,- e D)3 (42
the bending potential is
Here,Dj; , a;;, andr " are the following functions of the CH

Vv =FogSo t Fo, S5, + Fi, (S5, +55,) bond lengths:
+ Fb3(8§3x+ s§3y+ sg3z>. (40 rfi=rp1- Sp, (r)Sp, (r)]+ rﬁHSerH(ri)SerH(rj),
(43
The “coordinates” &, to S, ) have been defined in Egs.
(39) and(32)—(37). ForMETPOT 1, one has to add the expres- &ij=anl1- Sp (r )Sp, (ri)]+aHHSpaHH(ri)SpaHH(ri)’
sion in Eqg.(38) to it. (44
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Dij=Duu[1-Sp, (r)I[1-Sp, (r)]

+ DEHSpDHH(ri)SpDHH(rJ ) .

The equilibrium H-H length is defined byryy
= \rfP+ - 2r*4 ¢t whererf9andc have been de-
fined previously in Eq(17) and(25) [for METPOT 2, r 4y was
calculated withr, andc, andD;; changes wittr; andr; in
the same way as;; in Eq. (44)]. ayy and Dy are slowly
varying parameters,,, a5y, andDy, are the parameters

(49)
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Eq. (53), which “turns off” the repulsive potential for the
pair (ij) of H atoms, whenever a third H atom comes too
close to it. Of course, for the correct description of the-
pulsive H,, potential forn=3, the model should describe
explicity many-body interaction terms between the indi-
vidual H atoms(this is also valid for molecules of the gen-
eral typeXY,, whenY,, clusters need to be described in
addition toY,). In the present work, such interactions have
not been considered.

For the potential modelstETPOT 1 and METPOT 2, the

of a Morse potential for the isolated hydrogen molecule. Thesubstraction of Bbinding energies, when more than two H

are switching functions,

functions S, , S,
"HH H

and S
L] H
chosen here to be of the type

ry) ™
pr(r)=ex;{ _(T) )

and to be discussed in sec. lll E below X* =" ry,”
H aHH ,” and “ DHH” )

For the potential modeleTPOT 1, we used a slightly
different definition, in which

(46)

Vij=Vij+ (v;;’—vﬂ)spDHH(ri)spDHH(rj), (47
where

Vi =Duu(Ll—exp(—audlrj—rf-re-)D)? (48
and

Vi =Diu(l—exp(—a;(-re-)ryj—riul))® (49

with
=iyt dauy eXp—Pa, [(ri—ra, )+ (rj—ra, ).
(50)
In the limit of simultaneous bond ruptures— and
j

the total energy. We consider increasingly negative energ

termsV;;* with increasing CH-bond lengthhese terms are

thus of a repulsive characjeiFor METPOT 1,

VifP= = DiinpiinSp,  (1)Sh, (1), (51)
for METPOT 2[see Eq(45)],
ViiP=—Dj;, (52)
for METPOT 3and4:
V{jep: - D:HSpDHH(ri)SpDHH(rj)
x 11 Sy (rd Sy, (1iw). (53)

k#(i,])
One result of our investigations is that, typicalld},
>Dyy. Also, the maximal decrease rate\df* is not larger

than the increase rate of the potenty| in Eq. (45).
The subsequent substraction of the lbinding energies

in the asymptotic limit of three and more bond ruptures
could lead to deep unphysical energy minima on the globa

potential surface for Cl if no further positive interaction

energy between the dissociateg, Hggregates is considered.

In order to avoid this, we considered, in the modetsPoOT
3 and METPOT 4 the factorlly.; Sy, (ri)Sp, (rjk) in
’ Dy Dy

r.—oo, the H-binding energy needs to be substracted from

atoms dissociate, was not avoided. Instead, a positive poten-
tial Vi _was added to/;;", which balances this effect. For

ij
METPOT L

vazzDﬁH; .H, Spy, (i) (54)
for METPOT 2
VHmZZDﬁHZ H SpD (ri)
] i J HH
1 el
X 2 ex _Eak|(rk|_rk|q) . (55)
k#j,1#]j,1>k

The total pair potential is the total symmetric sum

n n
V=2, g (Vi + Vi) +Vy (56)

(Vy =0 for METPOT 3and4).

E. Switching functions

One requirement made to global model potentials is that
all dissociation channels need to be described in a correct
way within the same analytical representatiéor single or

¥nultiple valued potential surfacesThis implies conditions

both on the symmetry aspects of the representations and pa-
rameter values for the models.

The expressions for the potential function derived in the
present work are the most general quadratic forms which are
totally symmetric with respect to permutations of coordinates
of Y atoms occurring ir§,. For sequential atomizations,

XY, —XY,_1tY, (57)
XY 1= XY o+Y, (58)
the following relationship holds:
XY, — XY;+Y — XY,+2Y — XY+3Y,
Sy D S3 ) S, ) Sy
14 14 2 2
C3v C2v
T, DO D D Cy
Dy Mi} De;\i,Rot}
(59
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In this diagram, a tilde ( 2 ) means the isomorphism between
the symmetric group S, and the molecular point group or its
corresponding subgroup. S, is isomorphous to C,,, for in-
stance, and isomorphous to the subgroup D;\{i} of D3, that
does not contain the inversion operation. This relationship is
specifically important in the context of sequential atomiza-
tions of XY, compounds with equivalent interatomic inter-
actions such as CH,, CH,, and NH;. For instance for these
compounds, the equilibrium molecular point groups are T,
D3, and C3, . The quadratic forms of the potential after the
Jjth atomization step can be considered to be the most general vy / (100 pm)
ones having the local molecular point group symmetry of the
product molecule XY ,_; except for the inversion operation.

However, the latter can be successfully described by the lin-  functions used in the literatur@.g., with the arctan or tanh

ear totally symmetric sum of angle coordinates, as discussed ~ function used in Eq926) and(27), see also Refs. 2 and )78
above. one usually has,_(r)>1 (evenSy_(r)>1 is possiblg for

Thus, the analytical representation derived $grauto-  r<re, in which case some parameter values may become
matically generates formally correct representations for alnegative, e.g.Fs or Fy,. In contrast, logical switching func-
subgroups and may be used to describe the potential surfacégns are helpful in setting up multidimensional switching
of CH;, CH,, and CH, as well as, e.g., for NHNH,, NH,  surfaces, which were finally used throughout this work to
CO,, and HO. For compounds with nonequivalent inter- construct global potential surfaces. The diagram shown in
atomic interactions such as GHr O;, the present represen- Fig. 3 illustrates this procedure for methafiee parameter
tation may also be used, if some extensions of the formalisni P’ may be switched to four different values, in practice,
are considered, which include the use of interaction specifi®(5) being irrelevant in most cases
interatomic coordinates, but will not be further discussed- | 5monic force field and further analytical
here. constraints

For quantitatively correct descriptions, the parameter ] _ )
values need to change after subsequent atomizations. Here, The relationship between the representation of the global
we use switching functions of the bond lengths, since thesBotential surface and the harmonic force field of methane,
coordinates best describe the status of the system at differefite methyl and methylene radicals is important for the deter-

atomization levels. In particular, we use functions of the typemination of empirically refined parameter sets. As will be
[see also Eq(46)]. discussed below, the parameter adjustment toathenitio

data can be performed under simultaneous consideration of

1.

FIG. 2. Switching functionzspsw and quw with ng,=8 andrg,=2.0 A.

M ow) "W additional constraints, such as the experimental harmonic
Spsw(r)=ex;< - (T) ) (60 force field. It is of great help to determine the relevant ex-
pressions analytically, which was performed here with
Sq, (N=1-S,_(r). (61)  MAPLE.®?

The potential surface can be expanded as a polynomial
In these equations, sw characterizes a certain parameter ior displacement coordinates from equilibrium, the lowest
parameter group, to which the switching functigp is ap- nonvanishing terms being of quadratic order:

plied, rg, and ng, are corresponding parameters for the

switching function. INMETPOT 1 and METPOT 2, we consid- Po= PO S )0 e ()50, (0} Ol

ered the three parameter groups:(sw=r), all stretching 4+ P(2) {850 (11)800 (1254 (13) S0, (ra)  CHs + H

parameters (swstr) and all bending and pair potential pa- N g R g N g

rameters (swbend) (see Tables PAPS supplement 1 and S (1) Sy (12) S (72) Sy ()}

PAPS supplement )2 However, as demqnstrateq by the 4 PG)- Sy ()50 (12)Su (r0)Suu(ra)  CHy +2H

present modeMETPOT 3 and METPOT 4 a single switching Hp, (1) S0 (12)Spuu (73) S0 (1a)

function (with parametersg, andng,, in Table PAPS supple- ig"”g:;g“gz;g “%?’EZ;

ment 3 is sufficiently flexible for the description of the glo- S (71) S (72) Seee (73)Spen (74)

bal surface. This function is shown in Fig. 2, with typical 50 (1) S0 (12) Sy (1) S ()}

values for the switching parameters. 4+ P(4) - {8300 (11)Speu (12)Spra (73)Sp,0n(ra)  CH+3H
The functions introduced here have the advantage of be; a2 ()

ing really logical (01-) switching functions on the whole S ) (1) S () S ()}

definition range of their arguments. For switching parameter
valuesng,=6 andrg,=v2r., which are found to be realistic

ranges for the investigated compounds, one obtains ¥g. 3. piagram for switching parameters in CHotential surfaces as a
>quw(r)>0.999 forr=<r,. For other types of switching function of bond lengths in CH

+ P(8) {55 (1) Spu (r2)Spuu (13)Spuu (r)}  C+4H
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Thes; are symmetrized displacement coordinates. For methg, methylene

ane, they have been defined, e.g., in Refs. 10, 12, and 84.
The harmonic force fieldr;; of these compounds is
given by the following expressions of the model parameters

from the present workMETPOT 3and4). For methane,
F11=Fs(1)(1-3g,(1))*+ 2Fb1(1)ac(1)2

+8Dpu(1ann(1)%(1-3g,(1) — are(1)ac(1))?,
(63

Foo= %sz(l) + %D HH(l)aHH(l)zre(l)zn (64)
Fas=Fs(1)(1+9,(1)%+ %Fbs(l)ac(l)z

+8Dhn(1)ap(1)A(1+g,(1) +5re(1)ag(1))?,
(65)

Fas=—3Fp,(1)ag (1)(1+9,(1)) — §Fp,(1)ac(1)
—3Dun(Dauu(1)?re(1)(1+g,(1)
+ire(Dag(1)), (66)

Fas=3Fp,(1)+ ¥Fp,(1) + Dun(1)ann(1)%re(1)
(67)

For the methyl radical,

F11=Fs(2)(1-29,(2))?+2(3F; (2)
+Fp,(2))ac(2)%ce(3)+3]°
+6Dpn(2)apn(2)%(1-2g,(2)
+[2¢4(3) +1]3re(2)ac(2))?, (68)

F22=9F,(2), (69)

Fas=Fs(2)(1+0,(2))?+2(2F;,(2)
+Fp,(2)ac(2)ce(3)+3]1°
+3Dpn(2)apn(2)%(1+9,(2)

—[2ce(3)+115re(2)ac(2))?, (70

V3 ©
Fasm=— > Foy(2)ag, (2)(1+9r(2)) +V3(2Fp,(2)

+Fp,(2)ac(2)[ce(3) + 3]
v3 2
~ % Dun(2)ann(2)7re(2)(1+9,(2)
—[2ce(3) +1]3r(2)ag(2)), (77)
Fas=3Fb,(2) + 3(2Fp,(2) + Fy,(2))

+3Dun(2)aun(2)%r«(2)3, (72

R. Marquardt and M. Quack 10639

F24=54Du(2)r o(2)%apu(2)?

+486F,, (2)+ 162 (2). (73
F11=F«(3)(1-9,(3))*+2D(3)apn(3)?

X[1-ce(3)1(1-g(3))?, (74)
FlZZﬁDHH(g)aHH(3)2re(3)(1_gr(3))\/1_ce(3)(27a5)
Fao=2(Fy,(3) + 3 (3) + Fy (3))[ 1 Co(3)?]

+Dun(3)aun(3)%re(3)?[1+ce(3)], (76)
F3s=Fs(3)(1+9,(3))% (77

In these equations, the valueg(1)=—1/3, c,(2)=—1/2
have been considered implicitly, argl(n) is defined as
a;(n)(re(n+1)=re(n)).

During the adjustment of the bending “anharmonicity”
parametersabj(l) in methane, we found it convenient to

impose the condition

MNpvxy) _

ey (79)

where ¢ is the azimuthal angle described in Fig. 1. The

physical motivation is that the bending poten¥qly, ¢) has
nearly C., symmetry(see Fig. 1 for the definition of the
angular coordinatgsV(d,¢)~V(¥) (for $=60°). The co-

sine of the valence angles can be written as closed analytical

expressions of the angles and ¢ from Fig. 1 andVyyxy,

can be evaluated as an analytical function of these angles

(e.g., withmAPLE). In order that Eq(78) be valid, we found

that the following equations must necessarily hold:

0=12v3ay (1) +6v3ay (1) +ay, (1), (79
0=6a, (1)+2a, (1) —a, (1), (80)
0=4ay, (1)+ay (1), (81)
0=4ay, (1)+ay, (1), (82)
0=ay, (1), (83
0=4a, (1)+a (1), (84)
0=ay, (1), (85)
0=ay, (1), (86)
0=ay, (1) +V3ay (1), (87)
O=ay, (1)—ay,(1)+3ay, (1), (89)
0=v3ay,_(1)+ap (1), (89)
0=v3ay_(1)+ap (1), (90)
O=a, (1)+ ‘3/—2 ap, (1), (92)
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5 T T T T — T CH bond length of methane derived from experimental data
(1.0858 A% to the equilibrium value obtained in Sec. Il.
Second, the harmonic force field is adjusted to be iden-
tical to Gray and Robiette’s resdft.For this purpose, the
functional forms given in Eq¥63) to (67) in Sec. Il F have
been considered as analytical conditidisby introduction
of Lagrange multipliersu; in a modified version of the op-
timization algorithm from Ref. 85, in which

NS
I

w
I
I

¢(E)/(hc 1000 cm~1)
N
|

,_.
I
|

__E?PIA ] ] ) ] | ] ] ] 1 XIZ:XZ—’_Ei IuiCi (98)
0 0 10 20 30 40 50 60 70

(E-Epjp)/(hc 1000 em!) is minimized. The coefficients;; on the left-hand side of
FIG. 4. Estimation of uncertainties of the MRD-@b initio energies from Egs. (63)_(67) _are given b-y the values from Re. 1-0' Simi-
Eqg. (1) and histogram of deviation frequencies in given energy ranges fromlarly’ the functlpnal forms In Eqs{68)—(72) Were con.S|dered
the adjustment of potentialeTroT 3to theab initio data. for the harmonic force field of the methyl radical with values

from Refs. 67 and 87, and Eq§4)—(77) for the methylene
radical, with values from Ref. 88. For the methyl radical, we

also considered the quartic force field coefficient of #fe

0=ay_(1), (92) out-of-plane bending vibratiofe.g., in Eq.(73)] from Ref.
67, which agrees well with data from Ref. 77. The results in

Ozﬁab3ﬁ(1)+ab39(1)’ (93 Ref. 87 are not in agreement with the previous findings of

0=a,_ (1), (94) the same au_thors in Ref. 6_7. The harmonic force field of the
s7 methyl radical seems, indeed, not yet to be well

0=ay,(1). (95  determined®*°For CH,, the barrier to linearity, as given in

Eq. (96), was also considered, with values from Refs. 91 and
We have also determined a constraint on the parameterg
ap,(3) by fixing the barrier height to linearity for methylene  Additional analytical conditions are given by the disso-
[it is sufficient to chooserl(S) as the only nonvanishing ciation energies in Eq(10). First estimations oD, have
force constant iVy xyJ: been obtained from experimental data g in Ref. 63(in
good agreement with data from Refs. 66, 93—-95, see also

Vbarrie( CH) Ref. 25, 26 and the harmonic zero point energigkta for
~Fp.(3)([1+ce(3)]—ay. (3)[1+ce(3)]? H, were taken from Ref. 83 A discussion of the use of
! ! harmonic zero point energies and possible corrections from
+ab4(3)[1+ce(3)]3)2+ Dun(3) anharmonicity effects will be given in a subsequent paber

(for methane, corrections turn out to be very small, on the
X (exp(—apn(3)re(3)[2—v2V1-ce(3)1)~1)%(96)  order of 0.5 kI mal* or 0.0008 aJ which is mainly due to
cancellations
IV. DISCUSSION OF ADJUSTMENT PROCEDURES Further analytical conditions could be imposed, in prin-

h del d ined by adi ciple, by comparison of the anharmonic force field with data
The model parameters were determined by adjustment ‘#om experimental results. For this purpose, functional forms

Fhe model potentlal in Eq4) to the"’_‘b |n|_t|o da}ta described of the parameters, similar to those derived for the harmonic
in Sec. Il with the Marquardt algorithfhin which force field in Sec. Ill F, need to be calculated. These would
1 Ndaa (Eﬁb initio __ Enmode52 then involve parameters like the stretchirag)(and bending
n Z 2 97 (ap) “anharmonicites.” The latter cannot be easily deter-
datan=1 n mined from the preserab initio data set, although they will
is minimized. Theab initio data were weighted, the weights prove to be most important for the description of large am-
being reciprocal to the “uncertainties” given in Sec. I, Eqg. plitude bending motions. In the present work, we make a
(1), which we show in Fig. 4. different assumption, given by Eq78) [i.e., Egs.(79) to
When adjusting the parameters to #ieinitio data with-  (89)]. A resulting azimuthal dependence of the total potential
out further constraint, we obtain a potential representatiomvill be due, in the present model, to the H—H pair potential,
which has too large an equilibrium CH bond length and har-and is expected to be small at moderate values.of
monic frequencies much higher than what is expected from An important experimental refinement of the model po-
experiment(analogous to previous findings in Refs. 11, 68,tential is achieved by indirect consideration of the experi-
and 86. In order to improve the model potential, we have mental overtone spectrum of the CH chromophore in GHD
considered additional conditions as “experimental refine-This makes the difference between the modesroT 3and
ments.” First, the ‘ab initio” surface was scaled by multi- METPOT 4 and will be discussed in detail in a following pa-
plying the values of the CH bond lengths used in Sec. Il withper. In METPOT 4 the experimental overtone spectrum was
the factor 0.993 69. This factor is the ratio of the equilibriumused to refine the potential surface.

X=
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-2 : : : . : when additional conditions are considered, because these
conditions impose also a large correlation between the pa-
rameters involved, in addition to the analytical fitting bias.
For METPOT 3 the averaged weighted deviatigrof the ad-
justment to all data up to 2 aJ is 0.0021(407 cm 1), the
unweighted deviation is 0.028 aJ. The averaged unweighted
deviation for roughly 150 data up to 0.4 6320 000 cm'%)
is 0.0030 aJ. For 450 data up to 0.8(edughly the dissocia-
tion energy, the averaged weighted deviation is 0.0019 aJ,
the averaged unweighted deviation is 0.015 aJ, the largest
deviation is 0.08 aJ. In Fig. 4, meannweighted deviations
------ po==os per energy rangédeviation frequencigsare shown in a his-
togram, from which one can see that, e.g., the averaged de-
r / (100 pm) viation in the range between 30 000 and 35 000 tis 820
FIG. 5. Optimized HCH-angle during the reaction £HCH;+H (continu- Cm . (0'01_6 aJ. Roughly, thes.e .V_alues follow the uncer-
ous ling, shown as functiow{? of the CH bond lengtiEq. (25)] with a,  tainty function Eq.(1) of the ab initio data. FOrMETPOT 4
=0.912 461 A'%; ¢ are data from Refs. 55-57; the broken lower curve is the averaged weighted deviation to ab initio data up to 2
the expected angle variation for the reaction,GHCH,+H. al is 12% higher than foneTPOT 3 (roughly 120 Crﬁl)_

In a subsequent papetwe shall discuss the quality of
the potential surface models for methane by showing some
- ﬁraphical representations of one- and two-dimensional cuts
collected in Table PAPS supplement®rhe parameter sets of the global potential hypersurface and comparing the re-

used ip OL;: prevbi?us work are al?o given herz, for Comple'“?éults with corresponding cuts of other model potential func-
ness, in the Tables PAPS supplement 1 and PAPS supp fions from the literature. These cuts will also show that the

96 T
ment 27° In these tal_)Ies, a refgrt_ence IS given fo_r each Pa%yerall functions are indeed very smooth, and that the poten-
rameter to the equation where it is defined. As discussed i, <\ ,rfaceMETPOT 4is lower thanMETPOT 3in almost all

Sec. lll, the analytical representationsTPOT 1andMETPOT regions. The parameter values given in the PAPS

2 are slightly different and somewhat more difficult to treatSupplemer?P have been written with as many digits as nec-
than the present. mode_l potential. Therefor(—?, results fr,onéssary to calculate those results. We draw attention also to
these representations will be less addressed in the remamqfércem work from our group, where the small parity violating

of thés (::sfcussmn. q 43 h potenitals due to the weak nuclear interaction have been cal-
oth for METPOT 3 and METPOT 4 parameters have . atad for methan¥.

been varied for the description of the potential surface in the

definition domain of the Cl molecule. The variation of \,; ~oNCLUSIONS

those bending “anharmonicity” parameteEli,j involving ) _

fourth-order contributions &, in Egs. (32)—(37) (higher _Effe_ctlve potential energy hypersurfaces for_ the nuclear
. . n S motion in molecular systems, such as those derived from the

than sixth power order irv,) has not led to a significant

improvement of the models. In practice, for the present re!Sorn—Oppenhemer approximation for the solution of the

sults, these parameters have been set to @any 18 of the molecular Schrdmger e_qugtlon, constitute an !mportant n-
) strument for the investigation and understanding of the mo-
40 parameters,, have been varleolalb1 toap, ap, toay, .

] . : . lecular structure and dynamics. Applications are found in
and ap,, t0 ay_)). Fifteen additional constraints, given as many different fields, such as spectroscopy and chemical ki-
analytical equations for the parameters, have been consider@gtics. Global potential energy hypersurfaces may be consid-
during the adjustment. The parameteysrg,, Nsy, a4p and  ered as bridges between these fields. They allow, on the one
ra,, Were varied manuallya; was determined by an inde- hand, for an insightful evaluation of experimental data, on
pendent adjustment of the functi@3i(r,) [Eq. (25)] to a  the other hand they help to understand the connected set of
subset of theab initio data (from Refs. 55—5yY which de- individually calculatedab initio potential points.
scribe the optimizedy,; angle (= a,4= a34) as a function of The representation of potential surfaces through analyti-
r1. The quality of this adjustment is shown in Fig. 5. Thus, cal model potentials is of special interest. Analytical repre-
effectively, 25 parameters have been varied. In the presesentations can be useful, compact summaries of the huge
work, the harmonic force field of C{{CH,, and CH is given amount of data fronab initio theory needed to describe the
by experimental values, and many of the anharmonicity panuclear motion in polyatomic molecules. They also help to
rameters were essentially taken from the adjustedatuies  obtain a meaningful interpretation of the potential hypersur-
(apart from the out-of-plane bending in @EInd the bending face, a physically correct interpolation, occasionally also the
in CH,, which were adjusted to experimental results from theextrapolation ofab initio data points to asymptotic regions of
literature. Switching parameters were considered to be ideneonfiguration space. And, most important, analytical repre-
tical for all compounds. sentations may be adjusted to experimental results.

Standard deviations for individual parameters as a mea- For covalently bound polyatomic molecules, the deriva-
sure of the statistical uncertainty in their determination cantion of adequate analytical representations of potential sur-
not, in general, be extracted from the adjustment algorithmfaces is a difficult task. Common representations are either

cos(a€1)

The resulting parameter sets from the present work ar
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