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The global analytical potential surface for the electronic ground state of methane developed in paper | is
analyzed and discussed in detail. A new determination of the experimental potential surface for the CH
chromophore in CHR obtained from more recently measured line positions and integrated absorption
coefficients, is also reported. The complete, nine-dimensional calculation of the vibrational ground state by
diffusion quantum Monte Carlo on the fully anharmonic potential surface allows the determinatigr- of
(1.086+ 0.002) A with a high level of certainty from comparison with experimental values of rotational
constants for methane and isotopomers. Other results regarding properties of the anharmonic potential surface
close to the equilibrium configuration are theoretical values for the vibrationally induced electric dipole moments
in CH3D, CH,D,, and CHL, which are obtained in conjunction with a nine-dimensional, vector-valued
representation of the electric dipole moment in this molecule and agree well with the experimental data. It is
shown that, if equilibrium geometry and harmonic force field are fixed to experimental values, the overtone
spectrum of the CH chromophore in CkiBan be described in an acceptable wahj.§ — Vond I~ 40 cnrt

up to 18 000 cm! (METPOT 3). The agreement can be improved to within 17 ¢(METPOT 4), on the
average, if the anharmonic part of the model potential is refined with data from the experimentally derived,
three-dimensional CH chromophore potential surface from Lewerenz and QliaCkém. Phys88). For

this purpose, the analytical representation of the potential, mainly along the bending degrees of freedom,
must be sulfficiently flexible, as shown by the present calculations. The accuracy regarding the description of
spectroscopic data pertaining to highly excited vibrational states and the global character of the proposed
potential surface representation render it a powerful instrument for the theoretical treatment of chemical reaction
dynamics. A relation to reaction kinetics can be established through calculation of the lowest adiabatic channel
on the complete nine-dimensional potential hypersurface for methane using quasiadiabatic channel quantum
Monte Carlo techniques. It is found that the behavior of this channel, corresponding approximately to an
exponential interpolation with a parameter~ 0.7—0.8 A1 in the adiabatic channel model, is consistent

with empirical results obtained from experiment. Further refinements of the models are feasible and expected,
when full dimensional calculations of the solution of the rovibrational Stihger equation will be performed.

1. Introduction particularly interesting example because of its fundamental
The ab initio calculation of anharmonic potentials by analytic !mportance in chemistry, ranging from combu_sﬂon to astrophys-
derivative methods for the dynamics of polyatomic molecules °S (see refs 2 and 3 and refgrences therem_, hereafter called

has introduced a new dimension to quantum chemisTiyese paper .I). In paper ¥,the analytical represeqta’uon of a global
methods usually characterize the potential in regions not too Potential-energy surface for the electronic ground state of
far from the equilibrium geometry or around certain well-defined Methane was developed and parameter values were determined
Stationary points or reaction paths' Another approach would be by adjustment to an ab initio data set under SDECia| consideration
to generate global analytical descriptions of potential hyper- of additional experimental constraints. In the present paper, a
surfaces, which are qualitatively and quantitatively adequate for more detailed analysis of our first results is carried out by
very large amplitude motions, including intramolecular rear- comparison with experimental information from thermochemi-
rangement processes. We have in recent years generated suatal, kinetic, and spectroscopic data. The methods used include
potentials for a number of prototypical molecular systems, and full dimensional diffusion quantum Monte Caffoand quasi-
the potential hypersurface and dynamics of methane is aadiabatic channel quantum Monte Carlo calculatioasd
bound-states quantum dynamics in reduced subspaces.
T Part of the special issue “Fritz Schaefer Festschrift”.

* Authors to whom correspondence may be addressed. E-mail:  1hese methods have been used before in connection with the
roberto.marquardt@univ-miv.fr (R.M.); Martin@Quack.ch (M.Q.). discussion of previous model potentials (METPOT 1 and
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Figure 1. Definition of internal coordinates used for the ab initio
calculations and the representation of the potential hypersurface4in CH

METPOT 2 in ref 3). Here, the discussion is extended to further
developed model potentials METPOT 3 and METPOT 4, which
will be compared, in graphical representations, to the ab initio
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the expression derived in ref 11 was used

4 %,
u= r_#b(rivaij O, 0L)

@)

whereX; is the bond vector from the central carbon atom to the
ith hydrogen atom (or its isotope}; = [%|, and up is a
generalized bond dipole function which dependsroand on
the three neighboring valence angtgs ai, oy for j, k, | = i

P10, i Oy) = [#8 + /"g(ri =TIy +/‘§(ri - rp)z +
//‘g(ri - rp)3 + ﬂ;(cos(lij) + cos(y,) + cosfy) + 1) +
ui((2 cosfy;) — cos@y) — cos))” + 3(cosfy,) —
cos@;)))lexp4(r — 1)) (2)

The parameter values determined in ref 11 ax&; 0.4 D,yé

data used in paper | and to some widely used potentials from= —0.7 D A-%, uf = —0.7744 D A2, 4y = —0.1079 D A3, 8

the literature’~° Other potentials have been discussed in refs 3
and 10.

METPOT 4 differs from METPOT 3 essentially by an
additional experimental refinement of the global potential

=0.8922 A1l =0.0570 D2 = 0.0243 D, and. = 1.0858
A

Quasiadiabatic channel quantum Monte Carlo calculations are
diffusion quantum Monte Carlo calculations performed at fixed

surface with respect to the reduced space potential of the CHvalues of one or more coordinates, e.g., the CH bond length

chromophore in CHR We used this potential, in the form first
derived by Lewerenz and Quaglas an additional source of

r(CH) (“clamped DQMC™12) Here, they yield the fully
anharmonic zero-point energy in the reduced space of coordi-

data points for the adjustment of parameter values. We alsonates where(CH) has been excluded. Subsequent variation of

discuss a new determination of the experimental CH chro-
mophore potential under inclusion of more recent data from
high resolution spectroscopy and the experimental, full-
dimensional dipole-moment function for methane, which was
determined previousli

r(CH) yields a functiorVaq{(r), which corresponds to the lowest
quasiadiabatic channel for the dissociation reaction

(*A)CH, — (A", )CH; + (S )H 3)

After the present work has been underway for some time and in methane. LeV(r) be the (electronic) potential surfacerat

the initial parts publisheé2>1! there has been also some

additional effort on characterizing the nine-dimensional potential
of methane as well as on full-dimensional calculations of
vibrational energy levels on such potenti&st® Our work

= r(CH) with relaxed motion of the Ciframe. The difference
AV(r(CH)) = Vad(r(CH)) — Vie((r(CH)) can be described by
an empirical model with exponential decay (from ref 22, eq
13, see also refs 23 and 24), which is given here in the

should be seen in relation to recent calculations on the wavelogarithmic form

packet dynamics in methane isotopomers Figure 1 shows

the coordinates used to describe analytically the potential surface

of methane in the present work.

2. Theory

The diffusion quantum Monte Carlo (DQMC) method for the
full dimensional solution of the Schdinger equation has been
described previously (ref 5 and references therein). Basically,
the Schrdinger equation is interpreted as a diffusion equation
with a sink term given by the potential, and the energy of a
stationary state is estimated from a weighted avekagéthe
potential energy with weights from the (positive) stationary wave
functiony after sufficiently long propagation time. At present,
we have limited the calculation to the ground statealthough

extensions to excited states are feasible, in principle (refs 4,

19-21 and references therein). Given the simulation of the
ground-state wave functiopo, expectation value® = [30|O|yol]

of any multiplicative operato© may be derived by defining
H; = Ho + 40. If E; is the ground-state energy associated to
H;,, as was shown in ref 5, th& is given by the intercept of
(Ex — E-)/(24) atA = 0. This is also used in the present article
to calculate the expectation values of rotational constants
(A + B + C)/3 (with A = J(J + 1)) and of the vibrationally
induced permanent dipole momeugt(with A = —e%, wheree®

is an electric field component along the molecule fixed direction
o) in section 3.6 below. For the electric dipole-moment operator,

AV(r) — AV()
Inl————=|=—a(r—r 4

(AV(@ T AV T “)
Here,AV() = AV(r(CH) = ) is the zero-point energy of the
methyl radical. This model will be discussed in section 3.2
below.

Reduced space quantum dynamics has been used to treat the
dynamics of the CH chromophore in CHXYZ compounds (see,
e.g., refs 6, 2527). The model introduced by Lewerenz and
Quack uses the function

o_1 1 2 4 2 2
Ve = §wsV2 T SKpp®™ F Kippgd™ + Kpgpyd™ + Kpp¢¢y2¢(’ )
5

wherey = (1 — exp(—ap))/a, a = ((2x/33.715262 cm?))Y4u)*2

A% andp = (Qf + (Qs + p0)IY2 — po, ¢ = arctanQy/(Qs +

00)) (see also eq 8 in ref 6 is the stretching an@y, = (Qﬁ1

+ Qﬁz)lf2 is the isotropic bending normal coordinate. The

parameters in eq 5 may be determined from a direct adjustment

to spectroscopic line positions and intensities from experiment.
We may also consider the chromophore poten@ as a

two- or three-dimensional cut of the total potential surface,

defined in normal coordinates. The total potential surface is

normally represented in internal, curvilinear coordinates, such

as in eq 4 in paper |I. These may, however, be written as
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functions of Cartesian coordinates of the nuclei, which are linear
functions of the normal coordinates, essentially determined by
the harmonic force field and equilibrium structdfe The
effective potential in normal coordinates is then given by the
electronic potential (in the BornOppenheimer approximation)
and a pseudopotential, which results from the transformation
of space fixed to molecule fixed, rotating Cartesian coordi-
nates?® The latter is almost constant in the relevant regions of
vibrations of the CH chromophore. For the electronic part, we
may write

VER(Qy Qo Q) =V(Q = Qy Q5= Qy, Qs =Qy,,
Q,=..=Qy=0) (6)

whereV may be given by eq 4 in paper |, a@ is the normal
coordinate of the CH stretching vibration, with wavenumbers
close to 3000 cmt, andQs andQg are the normal coordinates
for the bending vibrations in CHP(at ~1300 cnT?!) (Qs =

Qu, being theA" mode inCs symmetry). Potential cuts along

these coordinates are shown below in the parts a and b of Figure

10 as equidistant curves of equal potential (contour plots). The
potential is nearly isotropic in molecules of the type GFX
(cf. Figure 10a, the anisotropy alorg,, being hardly distin-
guishable), which means that the potential in eq 6 is nearly a
function of Qp only.

Another possibility is to interprevéQH as a quasiadiabatic
potential

VI(_:%(QS’ le’ sz) - Bp|V((?1 =Qy Q= pr
Qs = Q2 Qs .., Qo) W(7)
whereW was simulated within the “clamped DQMC” formal-

ism*1921at fixed values of the coordinat€}, Qs, andQg. This
approach corresponds to the interpretation of the CH chro-
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Figure 2. (a) Potential along(CH) with pyramidal CH frame § =
109.47, see Figure 1). Continuous curve (¥) METPOT 3, long-
dashed curve (2r METPOT 4, DHS is from ref 8, GR is from ref 7,
LMT is from ref 9, and< is from refs 6 and 36. (b) Potential along
r(CH) with planar CH frame § = 90°); continuous curve (1}
METPOT 3, long-dashed curve (2) METPOT 4, DHS is from ref 8,

mophore potential as a quasiadiabatic channel potential by GR is from ref 7, LMT is from ref 9, and> is from refs 6 and 36.

explicitly considering the vibrational zero-point energy of the
frame modes, rather than a “sudden” potential, with “frozen”
frame vibrations, such as eq 6.

3. Results and Discussion

3.1. Potential along a CH Bond Length.The potential as a
function of a CH bond length is shown in Figure 2a, in which
the CH; frame is kept at the pyramidal structure from theCH
equilibrium ¢y = 109.47, see the definition of in Figure 1).

In Figure 2b, CH is in the planar equilibrium structure of the

METPOT 3 and METPOT 4 are hardly distinguishable here.

harmonic approximation and from the solution of the Sdhro
inger equation for the nuclear motion in the complete, nine-
dimensional anharmonic potential models of the present work,
with the diffusion quantum Monte Carlo algorithm (DQM&).
The zero-point energy difference is 3332¢hn the harmonic
approximation and roughly 3270 crh from the DQMC
calculations (both for METPOT 3 and METPOT 4). The
relatively small difference of roughly 60 crh between the
harmonic and anharmonic calculations does not, in general,

methyl radical. These functions correspond essentially to the justify the harmonic approximation for the determinatiorDaf

potential for the dissociation reaction, eq 3. We recognize, first,
the importance of using Morse or “Morse-type” potentials (this
work and DHSS for the qualitatively correct description of the
dissociative behavior and the limits for the validity of quartic
force fields (GR and LMT)?2

The dissociation energyd¢) from ref 8 is roughly 1000 crmt

from experimental data, since there is an obviously large
compensation of errors. In the present case, however, it allowed
for a preliminary realistic estimation @.. The anharmonicity

of the strongly binding stretching potential was assumed here
to be similar for CH and CH;, which needs, however, to be
confirmed with more detailed ab initio calculations to map the

too low compared to the present result, which corresponds to potential surface of the methyl radical. The anharmonic force

the “experimental” value of 0.783 ad-89 500 cnT?), obtained
from Do = 0.717 aJ (431.8 kJ mot 3133 and the zero-point
correction (harmonically). The uncertainty Bt is estimated
to be £300 cnt! (0.0060 aJ~ 1 kcal mol?! “chemical
accuracy”). In ref 32, the uncertainty B is given ast+0.4 kJ
mol~! (~0.0007 aJ) and a more recent determination gdgs
= (4.487 &+ 0.001) eV, or (432.93t 0.10) kJ mofL33 In
addition, there may be significant errors originating from the
estimation of the zero-point energies of £&hd CH. In Table

field of CH3; needs also to be determined with more certainty
from experimeng*3°

From the representations METPOT 3 and 4, the dispersion
constantC' for methane is given bC' = Fg(1)eg(1)rs(1)6 ~
0.72 aJ R (see eq 6 in paper |). From a direct fit of the formula
Vsxy) ~ Db — (C'rf) to the ab initio data from ref 36 in the
asymptotic regiorr(CH) — o, the valueC' ~ 0.66 aJ R is
obtained.

The energy difference between planar and pyramidag CH

3, we give values for these energies obtained both in the frames at the methane equilibrium bond length is roughly 7950
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Figure 3. (a) Lower continuous curve: potenti¥e(r(CH)) along
r(CH) with relaxed CH frame (cosf) roughly as given in eq 22 of
paper I). Lower broken curve: Morse potential fittedMWg(r(CH)).
Marked points: “clamped DQMC” energies (see text)= METPOT

3, x = METPOT 4. Upper curves: Morse potentials fitted to the
DQMC points. The continuous curve (¥) METPOT 3 and the long-
dashed curve (2= METPOT 4 are hardly distinguishable. (b)
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which yields the values. = (0.80+ 0.03) A~ for METPOT
3 and (0.66+ 0.03) A~ for METPOT 4. From the representa-
tion of the potentials in the logarithmic form, we see that there
is a significant difference between the two parameter sets. We
also observe that the data follow the linear exponential decay
model only approximatively. Discrepancies from the linear
behavior may arise from the DQMC analysis itself. Statistical
and smaller systematic errors in the DQMC calculations can
be as large as 50 crh in the range of Figure 3b. In the
logarithmic scale of Figure 3b, these errors correspond to error
bars in the size of the marks. However, in the lidAW/(r) —
AV(), they become very large. Therefore only data ug{@H)
= 3 A have been considered for the fit. On the other hand, a
higher-order polynomial could be adjusted to the left-hand side
of eq 4, which, in principle, is not excluded from the theoretical
treatment in ref 22.

The valuea ~ 1 A~1 for the exponential interpolation
parameter has frequently been assumed in previous work, where
the rate constant for the thermal recombination reaction

(*A",)CH; + (%S,)H — (*A))CH, (8)

has been calculated within the statistical adiabatic channel model
to be 4.5x 10719cms123(4.3 x 107°cm?s1 (ref 38,0 ~
1)). In ref 6, this assumption was tested within the two-
dimensional model for the CH chromophore in CHuith the
resulta. ~ 0.84 A1 The recombination reaction in eq 8 has
later also been analyzed with the potential surface of Duchovic,
Hase, and Schlegel with different classical and semiclassical
methods within different statistical theorigs*® The result of
these calculations is a nearly temperature-independent rate
constant 5x 10710 cm® s71. The experimental value is given
by (3.5+ 0.7) x 10710 cm3 st at 300 K#*

The procedure of using data from reaction kinetics to test
the quality of potential surfaces may be questionable. First,

Adjustment of the exponential interpolation parameter in the lowest Statistical theories for th_e‘ description _Of chemic_al reaCtiQUS_are
quasiadiabatic channel for the methane dissociation reaction (see alsddased on the assumption that a microcanonical equilibrium

eq 4).+ = METPOT 3 (continuous line)x = METPOT 4 (broken
line).

cm™L. For the isolated methyl radical it is 2300 chn(at y =
109.47, the vertical distance of thegiplane from equilibrium

is z~ 0.36 A), which agrees well with results from Figure 4 of
ref 37.

3.2. Lowest Quasiadiabatic Channel. The potential
Viel(r(CH)), calculated as a function of one CH bond length
while the CH frame is allowed to relax, is shown in Figure 3a
(lower curves, both for METPOT 3 and METPOT 4, which
can hardly be distinguished). On top of it, the broken curves
show the results of a Morse potential fit ¥e/(r(CH)) with
parameter® = 39572(39618) cmt anda = 1.833(1.825) A?
(for METPOT 3; values for METPOT 4 in parentheses). At
fixed values of (CH), “clamped DQMC” calculations have been

distribution has been achieved in the reactant before the reaction
occurs (after activation). This assumption cannot, in general,
be justified a priori, which disables, to some extent, the use of
statistical theories for testing the quality of potential surfe€es.
Second, comparison with experiment is difficult because of the
large, yet generally still accepted, differences between theoretical
and experimental data in reaction kinetics. And third, restricting
the representation of potential surfaces more or less to regions
along a reaction path is possibly a limitation for the correct
description of the reaction dynamics. In methane, the compli-
cated global potential dependence on “nonreactive” coordinates
is likely to be relevant for detailed quantum-dynamical calcula-
tions. In particular, the potential function along the CH bending
coordinatesy andg, as well as along the umbrella angleis

of great importance both for the dissociation reaction eq 3, as
well as for the recombination in eq 8, and will be discussed

performed in a reduced space of Cartesian coordinates, followingbelow.

the method described in refs 4 and 21, which yields the lowest
quasiadiabatic channel for the dissociation reaction in eq 3.

3.3. Potential along the CH Bending AnglesThe question
whether methane is able to perform a stereomutation reaction

These data have been inserted in the figure as marked pointsyith a saddle point close to the dissociation threshold has been

and were fitted with Morse potentials, shown as the upper,
continuous curves in Figure 3a (with paramet¥shc) =
8018(8069) cm!, D = 37852(37927) cmi, and a =
1.885(1.871) A! for METPOT 3; values for METPOT 4 in
parentheses).

The parametew in the exponential decay model of eq 4 can

be determined from the linear regression (shown in Figure 3b),

investigated previously (refs 4818 and references therein). It
has not yet been clarified to what extent the inversion motion
of methane can influence the dissociation and recombination
process. In Figure 4, the potential cut along the CH bond length
is shown at different values of the CH bending anglevith ¢

= 0° and planar CHlIframe § = 90°; see also Figure 1). The
function shows the formation of a barrier for the recombination
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T T T T T T T T the stereoselection between the final states (potential minima)
starts at very small bond lengths (roughly 2 A), with rather low
barriers for stereomutation. The height of these barriers will be
discussed in detail in the next sections.

The potential along the bending anglesind g is shown in
parts a and b of Figure 6. The CH bonds are kept at the
equilibrium length (the Cklframe is pyramidaly = 109.47).
Figure 6a corresponds to a cutgat= 0° (¢ > 0) andg = 18C°
(¥ < 0). The present analytical model potential gives, for the
first time, a qualitatively correct description of a saddle point
at9 = y = 109.47. Even the quantitative description of the ab
initio data is acceptable within the error intervals from eq 1 in
IllllllllIlIllIlIlIlllIllIlllIlllllllllIlIlIlIlIl paperl.ThedatamarkedWIth an asterlskhave notbeen used

1 2 3 4 for the adjustment. At = —y, two hydrogen atoms “collide”,
r(C-H) / (100 pm) yielding very high energies which are not further described here.
Figure 4. Lower curves: potential alongCH) with planar CH frame Clearly, the quartic force fields (GRand LMT®) describe the
(x = 90°) and bent CH bond¥(= 60°, ¢ = 0°). Upper curves:s = bending potential only for bending angles falling in the range
60°, @ = 0°. Continuous curve (1F METPOT 3, long-dashed curve |9 < 60°.
(2) = METPOT 4, short-dashed curve DHS is from ref 8, ahds
from ref 36, 46 (ab initio MRD-CI).
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The DHS potential from ref 8 does not describe the global
bending potential correctly, even qualitatively. It is able to
describe those parts of the potential surface, which are relevant

reaction at the anglg = 90°. Barrier formation is possibl
d P y for the CH bond rupture, neglecting regions with large displace-

due to an avoided crossing of excited surfaces in the highly - ) |
symmetricC,, geometries foy = © = 907, similar to the NH ments of bending coordinates. In Figure 6 of ref 41, a saddle

— NH, + H dissociation in planar ammont@put this question ~ Pint is shown at roughly 10 000 cthbelow the dissociation

is not further investigated here. At= 9¢°, the ab initio values  threshold (repeated in ref 51, Figure 3.4), which is possibly a
are roughly 5000 it higher than the results from the analytical consequence of this neglect and disagrees with the present results
representations of the present work and also show a moreffom Figures 5 and 4.

pronounced barrier, which becomes smaller for lower values The azimuthal potential shown in Figure 6b is entirely due
of ¢ and which seems to disappeawat 60°. The quantitative ~ to the H-H pair potential in eq 42 of paper | (because of
description of the ab initio data is nevertheless acceptable with condition eq 78 in that paper). The general behavior can be
discrepancies falling within the expected uncertainties of 2000 described even at very high energies, although the ab initio data
4000 cnt at energies above 0.8 a340 000 cm?l), as given above 2 aJ (100 000 crhroughly) have not been used in the

by eq 1 in paper I. The DHS surfatstill shows a reasonable ~ fits. The inclusion of excited electronic states, including
qualitative agreement with the ab initio data from the present ionization states, which are neglected in this work, would
work. We note that it was determined from the adjustment to Probably lead to significant changes of the ab initio data in these
the ab initio data set from ref 50, which was calculated at a energy ranges. The nearly constant potential shape for energies

slightly lower level than the data used héfe. below 0.35 aJ+17 000 cnt?) justifies, among other results,
The potential surface for the recombination reaction 8 can the success of the two-dimensional model of the CH chro-

be analyzed in more detail in a two-dimensional cutV(n,y) mophore potential for the description of the overtone spectrum

(shown in Figure 5), the CH bending ang_peis varied in a in CHD3 with nearly conservation of the quantum numher |

concerted way as a function @f such that¥(y = 109.47) = for the bending angular momentuih.

0°,9(y = 90°) = 90°,9(y = 180° — 109.47) = 18C°. When all 3.4. Methane Stereomutation.Inversion of methane be-

atoms are in a plane during the recombinatigr=¢ = 90°), comes possible when the umbrella anglef the CH; frame is

~N Q%%

Figure 5. Potential alongr(CH) and y (see Figure 1). Front axisy (between 50 and 130). The angle? is varied according ta} =
4.6222(109.4712- ). Rear axis:r(CH) (between 0.6 and 3 A). Vertical axis: potential surface up to the equivalent of 100 060 cm



Global Analytical Potential Hypersurface

TABLE 1: Saddle Points for the CH, Stereomutation

J. Phys. Chem. A, Vol. 108, No. 15, 2003171

CH,4 (Cy CH4 (C2)
ref 48, ref 48,
this worké this work? Table 4 ref 47 this work Scheme 1 ref 47
rd/A 1.196 1.167 1.300 1.316 1.278 1.170 1.194
ro/A 1.196 1.167 1.300 1.316 1.278 1.170 1.194
rdA 1.069 1.078 1.134 1.131 1.057 1.070 1.079
rdA 1.069 1.078 1.134 1.131 1.057 1.070 1.079
2 4440 54.25 38.66 37.54 35.09 43.65 42.06
013 78.30 81.66 76.57 77.80 89.82 92.0° 92.5
04 115.92 127.52 104.95 105.90 124.78 135.67 134.56
023 115.92 127.52 104.95 105.90 124.78 135.67 134.56
Ol 78.30 81.66 76.57 77.80 89.82 922.C° 92.5
Olag 116.20 111.86 95.64 98.0° 145.28 132.3 133.0
yd 103.92 117.80 91.16 92.90 180.0 180.0 180.0
E/aF 0.8127 0.7806 0.8571 0.8726 0.8848 0.8762 1.030

aMETPOT 3. Harmonic wavenumbers (in chr 1732i, 410, 896, 1239, 1766, 1984, 2689, 3225, 3287 (“i" means an imaginary frequency).
b METPOT 4. Harmonic wavenumbers (in cHx 1771i, 586, 978, 1049, 1451, 2234, 2566, 3154, 3206ETPOT 3. Harmonic wavenumbers (in
cm™Y): 2091i, 1031i, 1313, 1475, 2014, 2362, 3252, 3427, 418%gle between two Chiplanes®1 aJ~ 50341 cm™.
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Figure 6. (a) Potential along? atr; = r. andy = 109.47. (1) =
METPOT 3, (2= METPOT 4, DHS is from ref 8, GRB is from ref
7, LMT is from ref 9,& and * are from ref 36 (* not fitted). (b) Potential
alongg atri = re, ¥ = 60°, 90°, ¥y = 109.47 (lower and uppermost
curve), and? = 60°, y = 90° (curve in the middle)< and * are from
ref 36 (* not fitted). (1)= METPOT 3, (2)= METPOT 4.

also varied in Figure 6a. This is shown in Figure 7, where the
two equivalent potential minima are located at the valfies

0°, x = 109.47 (front) and?® = 18C°, y = 70.53 (rear, behind
the local maximum of roughly 50 000 crhat ¢ = y = 90°).

The two equivalent saddle points are at approximately 42 000

cm 1

However, these are not true saddle points in the nine-
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Figure 7. Perspective representation of the potential surféggy)
(METPOT 3). Front axis:y. Rear axis: ¢. Vertical axis: potential
surface up to the equivalent of 80 000 ©m

(~41000 cnm?) (for METPOT 3) with one imaginary fre-
guency. A second point witlS,, structure was found at 0.885
aJ (44 500 cn1?) with two imaginary frequencies. The data
are collected in Table 1, together with data from the litera-
ture#”48for comparison, which were obtained from high-level,
optimized ab initio calculations. The deviations characterize
somewhat the expected uncertainty of the present model
potential in the description of the true potential surface. The
harmonic wavenumbers for th& saddle point given in Table

1 agree well with the data from ref 48.

Possible reaction paths for the stereomutation are shown in
Figure 8. These are cuts along the corresponding paths of
steepest descent (mass unweighted), which may start from the
C,, saddle (broken curve) or thés saddle point (continuous
curve). The corresponding change of nuclear configurations are
shown by snapshots for t@&, (upper series) anGs inversion
motion (lower series).

3.5. Potential Surfaces for the H Elimination and Ab-
straction Reactions.Further possible reactions occurring in the
energy range of the simple CH bond rupture are the elimination
of molecular hydrogen

(*A)CH,— (®B)CH, + (*Z,")H, 9)

dimensional space. A systematic search for stationary points inwith triplet methylene as producAéHg = 456 kJ mof1)32 or

the complete space (using the algorithm described in ref 52)

yields a saddle point witlkCs structure at an energy of 0.814 aJ

(*A)CH,— (*A)CH, + (*£,")H, (10)
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Figure 8. Potential and stereomutation motion of the nuclei overGhesaddle point (#2, broken curve, upper snapshot series) ar@; teddle
point (#1, continuous curve, lower series). The coordinpfellows the path of steepest descent.

with singlet methylene roughly 38 kJ m@lhigher than for For all practical purposes, the abstraction reaction
reaction eq 93 Taking into account the zero-point energy within
the harmonic approximation (with data from refs 31 and 54, (3Bl)CH2 + (1ZQ+)H2—> (2A"2)CH3 + (ZSM)H (12)

see also Table 2 below), we obtain as expected reaction

enthalpies on the electronic surface 0.899 aJ for singlet . . . L

methylene ¢541 kJ mot™, 45 260 cm?) and 0.837 al for triplet  |S_Probably more important, since here the total spin is
methylene €503 kJ mot?, 42 110 cm?). In this work, we conserved. The barrier for this reaction is calculated to be 65

have considered thé&:)CH, -+ H. reaction, which corresponds ~ KJ mol-*” We find here a saddle point at 0.941 aJ for this
to an intersystem crossing. Such processes may be importanfeacuon (see also Table 2 below), which yields a barrier of 0.104

in cases where the motion of the nuclei is very slow in regions & (63 kJ mot?) starting with CH + H; (the geometry of the

where multivalued potential surfaces have intersections, so thaSaddle point being_ similar to tha_t from ref _57)'_
A summary of important stationary points in the present

couplings such as the spiorbit coupling may be important. ) ; .
The electronic energies in the triplet state are higher than in @nalytical representations of the global potential surface of
the singlet state for small values of the-HCH, distances. The methane is given in Taple 2. .
surfaces cross at a distance betweend 2/ (see Figure 9c; 3.6. Zero-Point Energies, Equilibrium CH Bond Length.
and Vibrationally Induced Electric Dipole Moment from

* marks triplet and<® marks singlet energies from the . ; .
DQMC Calculations. The DQMC algorithm is a very adequate

multireference determinant configuration interaction calcula- ) X . ) ) -
tions, as described in paper I). The differences are, however tool, in connection with analytical representations of potential

not very large. They induce the existence of a saddle point with SUrfaces, to simulate the complete vibrational ground state
C», structure for reaction eq 9 at 0.912 aJ (see also Figure ggstructure of polyatomic molecules, and allows for an estimation
and Table 2 below). of the anharmonic zero-point energy independently of perturba-

tion theory458 In ref 5, we have developed a version of the
DQMC method, commonly expressed in the Cartesian coordi-
(3Bl)CH2 + (12g+)|_|2 — (1A1)CH4 (11) nates of the involved particles (see, for instance refs 4 and 59),
in which the Hamiltonian is first formulated in the normal
corresponds to the insertion of molecular hydrogen into triplet coordinates as derived by Wats®nWe then used harmonic
methylene, for which we predict a barrier of 0.075 aJ (45 kJ wave functions as test functions, by means of which the
mol~1, 3800 cntl, with an uncertainty of at least 1500 c#. statistical fluctuations in the simulation could be kept signifi-
Schaefer and co-workers have estimated the barrier for reactioncantly small. A small systematic error due to the neglect of
11 to be between 42 and 63 kJ mblwhile for the correspond-  vibrational angular momentum parts in Watson’s Hamiltonian
ing insertion into singlet methylene a Woodwadidoffmann (Coriolis interaction) has also been estimated.
barrier of 113 kJ mol! is predicted, and the concerted, two- Results for the zero-point energy of several isotopomers
step insertion into singlet-methylene is expected to occur without obtained from DQMC calculations are collected in the two last
barrier>® Figure 9d is very similar to Figure 3 of ref 56, in  columns of Table 3. Estimated contributions from the Coriolis
which the singlet diabatic version of the potential surface for interaction and pseudopotential are included. The values may
the hydrogen elimination is shown. be compared with the zero-point energy in the harmonic

The inverse reaction
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approximation, shown in the first column and including anhar- even following the procedure suggested in ref 61, the error in
monic effects obtained from perturbation theory by calculation the estimation of the anharmonic zero-point energy from
of the quartic force field in normal coordinates and spectroscopic perturbation theory may be as large as 1 kJthdbr strongly

constants (cf. ref 60, page 160) covalent bonded molecules such as methane. The error can be
1 1 larger for floppy molecules, or when strong anharmonic
_= - resonances are neglected.
E,/hc 2 Z oGt 4 g, Xtk (13) DQMC calculations have also been used, in our previous

work? to discuss the role of ab initio calculations of the

In general, the DQMC results lie between the harmonic and equilibrium CH bond length in methane, which have received
anharmonic estimations. Contributions from anharmonic reso- great attention in the past (see, for instance, refs 6, 9662,
nances are not included in the anharmonic constants eq in comparison with experimental results. Obviously, the true
13. The potential from ref 7 was used as a test of our procedurevalue ofre should be compatible with experimental values, e.g.,
The results for thexq are similar to the values obtained in ref for rotational constants, under inclusion of the vibrational
7, Table 8 for nearly all isotopomers of methane, the corre- structure at equilibrium. In this sense, we have also tested the
sponding anharmonic zero-point energy estimation is also givenvalidity of perturbation theory, normally used for the determi-
in Table 3. The zero-point energy for GHorresponds to  nation of Be values from experimentally accessible rotational
9691.53 cmt in ref 16 from a full-dimensional variational ~ constantsB, for all isotopomers. We calculate®, values in
calculation on another recently developed potential-energy the vibrational ground state by solving the Sainger equation
surfacel? which is above the values obtained here from in the complete space of internal vibrations with the DQMC
perturbation theory but below the values from the DQMC algorithm and the analytical potential representation METPOT
calculations. 15 From the comparison of the results with the experimental

Grev, Janssen, and Schaétdnave discussed the possible values, we concluded that the equilibrium CH bond lengtf is
error of zero-point energy estimations from calculated funda- = (1.0864 0.002) A, confirming former estimatiofs.We have
mental transitions(,5 %), compared to the anharmonic zero- repeated the calculations subsequently with the more recent
point energy from eq 13. Specifically for GHhe error of SCF model potentials METPOT 2METPOT 4 and obtained the
calculations, scaled to reproduce experimental fundamentals, wasame result fore. Results for the averaged rotational constants
calculated to be 0.94 kcal mdl (~3.9 kJ mof?1).61 These BoUcalculated with METPOT 3 are collected in Table 4.
authors suggested a better estimation of the zero-point energy Similarly, we have calculated the vibrationally induced
by considering the averadéyi(vi + wi). However, the latter electric dipole moment of the methane isotopomers;[@H
is generally stilllower than the value from eq 13 (see also ref CH,D,, and CHI} by modeling the electric dipole-moment
61), which has been shown in Table 3 to be lower than the vector operator with an analytical representation to describe the
more certain estimation from the DQMC calculation by roughly intensity distribution in the overtone spectrum of CH{3ee
0.8 kJ motl, in the worst case (for C#). We conclude that, also Table 9 below) and using the potential surface representa-
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TABLE 2: Summary of Stationary Points on the Analytical Potential Surfaces of Methane (CH): Geometries, Energies, and
Second Derivatives

model /A E/hc E,/hc (azE/(anz))l’ZIch
METPOT ajj/(deg) cm?t cm?t cmta
Ty 3+4 1.086 (4) 0 9730 3157 3157 3157 3025 1582 1582 1367 1367 1367
109.47 (6)
Dayd 3+4 1.079 (3) 39500 644% 3276 3276 3199 1412 1412 520
120.00 (3)
Cy2 3+4 1.075 (2) 41860 3687 3217 3071 1084
134.00
Ha: ryy = 0.741 De=38289 2202 4404
Cs (#1Y 3 1.196 1.196 1.069 1.069 40912 7748 3287 3225 2689 1984 1766 1239 896 410 1732
44.478.3115.9115.978.3116.2
4 1.167 1.167 1.078 1.078 39294 8497 3206 3154 2566 2234 1451 1049 978 586 1771
54.381.7127.5127.581.7 111.9
Co, (#2f 3 1.2781.278 1.057 1.057 44542 9006 4168 3427 3252 2362 2014 1475 1313 1032091
35.189.8124.8 124.8 89.8 145.3
4 1.1601.160 1.066 1.066 41511 8995 3347 3279 2633 2227 1657 841 8073 B52144
57.989.9147.7 147.7 89.9 122.2
Co, (#3P 3 1.8301.8301.085 1.085 45900 7464 3749 3248 3044 1396 1190 971 916 413 1419
25.1108.6 108.6 108.6 108.6 141.9
4 1.776 1.776 1.079 1.079 46870 8152 3459 3341 3125 1478 1332 1023 665 239 1642
26.6 108.5108.5 108.5 108.5 141.9
Co, (#4y 3 2.4141.560 1.082 1.082 47356 6006 3251 3094 2256 1256 1169 499 487 162124
0.0113.9113.9113.9113.9132.3
4 2.3931.5411.081 1.081 46400 7528 3292 3153 2350 1357 1318 665 543 288 2110

0.0113.9113.9113.9113.9132.3

@ Normal coordinates relative to the stationary point, negative second derivative lead to imaginary frequencies, isotopm(higass&00725
u, m(C) = 12.0 u.” Anharmonic zero-point energy from DQMC for METPOT 3 onfylarmonic zero-point energy as sum over real frequencies
(separately for two fragments) CH; + H. € (3B;)CH, + H,. f Stereomutationd CH, — (°B1)CH, + Ha. "H + CH; — (°B1)CH; + Ha.

TABLE 3: Methane Zero-Point Energies E,y/hc in cm™!

anharmonic (perturbation theoby) anharmonic (DQMC)
isotopé harmonic METPOT 3 METPOT 4 ref 7 METPOT 3 METPOT 4
CH, 9880 9676 9672 9661 9730 9716
CH:D 9237 9118 9081 9091 9106 9087
CH:D; 8583 8444 8437 8428 8464 8457
CHD; 7919 7818 7803 7805 7819 7810
CDy4 7245 7133 7132 7145 7160 7154
CHs; 6548 6372 6376 6441 6449

a|sotopic masses as in Table™rom eq 13 with anharmonic constants from an analysis of the quartic force field, cf. TadBAC; values
including correction for Coriolis interaction (cf. ref 5, eq 5); the statistical error is roughly 2 (@8% confidence interval) for all value$METPOT
3.°METPOT 4.7 Reference 7.

tions METPOT % and METPOT 2! Here, we repeated the in the vicinity of the equilibrium structure. These are either
calculations with the model METPOT 3, using the nine- spectra in the fundamental region (GR), or CCSD(T) energies
dimensional dipole-moment function in eq 1 and obtained the (LMT). We may say, that these potentials have been determined
results (6.3t 0.5) x 1073 (CH3D), (7.1+ 0.5) x 1072 (CHzDy), to give an optimal description of the potential surface close to
and (6.4+ 0.4) x 10°3 Debye (CHDR) for uo, consistent with equilibrium. However, it may be asked whether these values
our previous results (for the definition of axes and signs see would not change significantly if contributions from quintic or
Figure 1 in ref 11; error bars refer to a 95% confidence interval higher orders were includéd.

from the DQMC calculations). The potential models from the present work and Bla&,

3.7. Quartic Force Fields.To compare the present analytical on the other hand, global forms, in which the force constants
representation directly with other potential surfaces of methane, from Table 5 correspond to lowest-order contributions of large
generally given as polynomial expansions around the equilib- (in principle infinite) Taylor expansions of the potential surface.
rium structure, we have calculated, in Table 5, the quartic force These forms have not been especially optimized to represent
field in Ty symmetry coordinates?66The values were obtained the potential surface in the neighborhood of the equilibrium.
numerically with a method of finite differences, in which each Of further interest for the comparison between different force
partial derivative of ordejwas calculated with a differentiation  fields is a comparison of fundamental transitions, calculated
formula withj + 1 pivots at distances of typicallr = 1074 most easily within the perturbation theory for asymmetric tops
A in ref 60 (page 160). In Table 6, we compare the fundamental

The potential models from refs 7 (GR) and 9 (LMT) have transitions in CHD,. The results from the polynomial forms
been evaluated with the same numerical method here, whichare certainly in better agreement with the experimental data.
yields force fields identical with those from the literature. Up However, except for,, the results from the global forms deviate
to cubic order, all force fields in Table 5 are rather similar. In  not more than 30 crt from the experimental data (additionally,
the quartic order, larger discrepancies are apparent. The GR andhese forms have different harmonic force fields). For METPOT
LMT potentials are true polynomial forms, with parameters 4 (last column), which corresponds to an experimentally refined
obtained by adjustment to data to determine the potential surfaceanharmonic force field with respect to the overtone spectrum
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TABLE 4: Averaged Rotational Constants Bo[(in cm™1) in TABLE 5: Quartic Force Field of Methane in the Electronic
the Vibrational Ground State of Several Methane Ground State?
Isotopomers this work  LMT? GRB' DHS®
exp ref boMC reyA 1.08580  1.08900  1.08580  1.08600
CH, 5.24104633 89 5.24% 0.012 Fi/ad A2 5.43512 5.46863 5.43498 5.46273
CHsD 4.33707 90 4.33% 0.012 FaJlad 0.58401 0.57919 0.58400 0.59380
CHD2 3.61964 91 3.624-0.011 Faad A2 5.37813 5.36600 5.37798 5.53692
CHD; 3.06243 92 3.065% 0.011 Fajal A1 —0.22100 —0.21036 —0.22100 —0.25750
CDq4 2.632729 93 2.636: 0.008 Fadad A 0.54801 0.53227 0.54800 0.59380
. . Fii/aJ A3 —14.69890 —15.17108 —15.29994 —15.48866
a [Bolk= (Ao + By + Co)/3; isotopic massesy = 1.007825 ump = Fi“ M A1 —010328 025438 —029900 —0.22860
2.014 ume = 12 U.bReSUItS from the COmpIete solution of the Flzazjla\] A—B 71451342 *1549766 *1568994 71525525
Schralinger equation on the analytical potential surfface METPOT 3 FéAJaJ A2 0.10419 0.06598 0.06600 —0.05148
with DQMC in a normal coordinate space (cf. ref 5). Error bars give Fi44/a] Al —0:38421 —O..22556 _0_1.1000 _0:13279
the 95% confidence interval (corrections for Coriolis interaction terms Fopo/al 0.33916 0.09116 0.09400 0.10248
included). Foss/al ﬁ*z —0.20445 —0.35605 —0.37000 —0.04340
. . F aJ At 0.25462 0.18004 0.16000 0.14088
of CHD3 (tO be discussed belOW), the deviations are between F:j:jaJ —0.41442 —0.34330 -0.31100 -0.31281
10 and 20 cm?, except forv,. Fsas/al A®  —14.46115 —15.57540 —15.86993 —15.14125
The assumption that perturbation theory is a good approxima- Fssas/al A2 —0.02049 -0.21811 -0.26800 —0.26627
tion is not necessarily valid. For GB, for instancey, andvg Faae/aJ A+ —0.06227 —0.09616 —0.10100 —0.11514
are coupled by a Fermi resonance to;2and v4 + v, Faaa/al 0.27299 0.34391 0.34500 0.31707

- N . . F J A4 30.09040  37.40723  43.24017  34.68589
respectively, and contributions from force fields of higher orders Fiiija\l A2 053367 —001264 000000 —0.20810

may significantly shift these numbers when (exact) variational F,,,,/aJ A4  31.42069 39.79558  43.24022  34.70211
calculations are performed. This point will be discussed in detail Fi3./aJ A3 —1.67468 0.21867 —0.00020 0.61229
in the next section. Fii4a/ad A2 0.20361 0.05929 0.00000 —0.16831

3.8. The Overtone Spectrum in CHR. The vibrational El%zﬁ:\‘]]é; _%-ggzgg _060(‘)36151878 Odoggggo _8-11222
. . . . . 12,3, —L. . . —U.
(rotational) spectrum of CHPIin the mid and near infrared is Frasa/al A2 —0.16518 —0.04273 0.00000 0.18290

dominated by a regular series of band groups (polyads), which g, " jag A1 —2.70612 0.14474 0.00000 0.02300
can essentially be assigned to the group vibrations of the CH Fi355/aJ A4 36.05075  40.63881  43.24024  34.77557
chromophoré:*66%77 Experimental band positions are given Figge/aJ A% —1.66491 0.11840 —0.00020 0.34192
in the first column of Table 7. A detailed analysis of the spectra, Fisas/al é:i 0.00750 —0.02093  0.00000 —0.00744
generz_ally regorded under high-resolution cond_itions, may _be E;Zgng _%.355225385 _o'&igg;g 03)_88830 :8:%2323
found in the literature. The general structure of this polyad series """ jaj A2 0.34967 —0.19706  0.00000 —0.10562
is characteristic for the overtone spectrum of compounds of the F,, 5 ;/aJ A2 0.86673 —0.43249 0.00000 —0.24861
type CHX; (also of asymmetric tops CHXYZ) and is related to  Fao.as/aJ At —1.78526 —0.13777 0.00000 —0.11953
a “universal” Fermi resonance between the stretching and Fazss/aJ A —1.17561 —0.04896 —0.00014 0.03044
bending manifolds of this grodp (see also refs 76, 78, 79). Fazua/al 0.96280 0.01740 —0.00004 0.20194
This structure has been described by two- and three-dimensionaIFz"Z"“z“J al 0.40702 0.37668 0.00000 0.10601
. . . Fo.,34/al A2 —0.88891 0.27554 0.00000 0.19315
potential models, such as the model in normal coordinates from Foaaafal AL 0.00610 —0.06801 0.00000 —0.01100
Lewerenz and Quack\/tQ, see eq 5). Figure 10 shows two Fsgss/a A% 31.82206  41.03733  43.24027  34.58544

possible representations following METPOT 3 and METPOT Fssaa/aJ A 32.95466  41.13063  43.24027  34.83520
4 (2.dimensional cuts). Fassafa) A3 —312347  0.18466 —0.00020  0.35304

on o o Fissa/al A3 —184453 032592 —0.00020  0.44937
In column “I” of Table 7, we first give the theoretical line F3x3x4x4aja‘] A2 1.58276 0.09940 0.00000 —0.00169

positions from a new fit ofVe to the experimental line Faaua/al A2 0.26689 —0.00523 0.00000 —0.08113
positions (all data from column¥gy,e', including data above Faaaa/al ’i 0.91924 —0.24415 0.00000 —0.22561
17 000 cny). In this fit, the conversion from the polar to the — Fsasa/@d Ail _g-géggé _8-39222 _8-88807 _8-3523%
normal coordinates representation was performed on a Iarger':3>*‘*“y“s/aJ e —0.14 —0.00014 —0.0527

. . . . Faausa/ad 4.04675 0.49842 —0.00034 1.05230
grid than in ref 6, and the surface energies have been weightedg JaJ 5 99584 0.70977 0.00000 0.30289
with the weight function o
aForce field inTy symmetry (cf. refs 7, 9, and 66); 1 4 100 pm.

W(E) = exp(-In(2)(E/E,)?) (14) ~ "METPOT3

) ] TABLE 6: Fundamental Transitions in CH D, (in cm™1)
All relevant parameter values are given in Table 8, the new GRE LMT® DHS? thi © thi "
adjusted parameter values in column “I" (for comparison, exp this work” _this wor
previously used parameter values are given in column “0”). In v1(A) 2975.8* 2977.1 2972.1 29919 2958.8  2965.7

3 o va (A1) 2203.2 2134.8 22415 21709 2146.1 2143.6
ref 6, the model was fitted to band positions up to 17 000tm vo(A) 1435.85 14359 14357 1472.9 14603 1439.0

only. However, the agreement qf line posit.ions v_vith experi- ve(A) 1033.#5 10333 10339 10767 1050.7 1040.9
mental data above 17 000 cfy with uncertain assignmefit vs(A) 1331.45 13319 1330.8 1347.1 1362.0 13328

or measured later with greater precisi@ri*was already rather ¢ (B;) 3012.3 3012.8 3008.0 3039.5 3003.0 3009.1
good there. In Table 8, we give the leading coefficients of the v-(B) 1091.2° 1092.6 1093.5 1153.6 1101.6  1105.9
Taylor expansion in Cartesian normal coordinates. We note that Vs (B2) 223571 2217.7 2232.3 22625 22332 22325
these coefficients do not contain the complete information to (B) 1236.3° 1235.7 12386 13086 1249.1 1254.4
calculate the spectrufiWe also give the constants of the a Calculated without the contributions from eqgs 27 and 28 in ref 8.
effective Hamiltonian (cf. eqs 3 and 4 in ref 6). The effective °METPOT 3.°METPOT 4.

Fermi resonance coupling constant from a fit to the theoretical This value cannot be determined from the spectrum of gHD
spectrum from the variational calculation kg, ~ 15 cm™. with much certainty, because the averaged deviation of the fit
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TABLE 7: Wavenumbers of the Overtone Spectrum of the CH Chromophore in CHD; (in cm™1)

Marquardt and Quack

Vind

N2 Pobd I 1l 1 \% \Y \4 Vi
172y 1292.504 1291.61 1317.79 1309.60 1313.29 1306.10 1335.84 1299.87
1 2564.67 2567.90 2622.60 2598.56 2612.52 2590.61 2646.93 2580.26
1 2992.7% 2990.81 2980.75 2986.67 2985.04 2987.41 3018.98 3058.05
(3/2) 3840.00 3928.88 3885.13 3910.71 3874.66 3956.30 3856.84
(3/2) 4262.16 4259.99 4271.94 4270.70 4270.40 4267.84 4331.63 4344.83
23 5097.41 5220.83 5151.30 5194.52 5137.34 5241.27 5114.64
2 5515.70 5515.35 5550.02 5533.74 5542.08 5525.69 5617.53 5612.68
2 5864.98 5865.90 5842.02 5858.30 5855.49 5859.86 5916.96 6059.59
(5/2) 6351.42 6513.08 6415.24 6476.99 6399.53 6524.68 6369.24
(5/2), 6766.89 6829.76 6794.36 6812.81 6782.96 6901.70 6876.72
(5/2) 7115.48 7112.67 7108.02 7117.56 7113.42 7115.44 7208.35 7333.41
3 7591.44 7788.97 7658.86 7744.39 7640.27 7783.84 7605.87
33 8005.40 8004.76 8094.51 8034.07 8069.27 8017.96 8159.57 8122.31
3 8347.106 8347.01 8360.71 8354.98 8358.06 8346.94 8468.76 8588.67
31 8623.32 8625.50 8585.04 8615.66 8611.82 8618.15 8696.27 9004.64
(712)4 8828.78 9063.62 8900.31 9009.88 8880.42 9041.58 8839.91
(712) 9239.36 9359.18 9271.37 9324.29 9252.16 9415.76 9364.68
(7/12), 9577.98 9615.43 9590.02 9602.02 9577.86 9727.93 9840.16
(712 9852.76 9850.23 9829.16 9851.83 9843.46 9850.58 9970.33 10265.60
45 10052.70 10319.59 10121.55 10259.31 10099.21 10275.49 10056.76
4, 10460.59 10605.70 10487.63 10563.90 10463.74 10645.66 10589.33
43 10796.07 10853.39 10803.00 10831.58 10784.98 10957.12 11073.42
4, 11063.66 11063.74 11058.60 11063.89 11062.19 11056.01 11201.96 11508.23
4 11268.86 11270.14 11213.46 11260.60 11255.03 11264.17 11363.90 11893.20
(9/2% 11274.41 11572.85 11340.85 11506.07 11317.78 11508.71 11271.64
(9/2)4 11679.12 11849.88 11701.46 11801.15 11674.25 11873.95 11811.38
(9/2) 12011.02 12090.39 12013.45 12059.54 11990.99 12184.98 12303.43
(9/2), 12274.45 12290.27 12273.85 12280.68 12261.18 12436.34 12747.09
9/2) 12476.127 12474.05 12444.30 12477.22 12463.16 12477.00 12628.15 13141.42
56 12483.01 12805.64 12540.67 12735.80 12516.29 12719.97 12470.13
55 12884.47 13072.47 12894.24 13021.44 12862.16 13076.35 13016.48
54 13212.77 13305.24 13201.34 13271.02 13172.44 13382.70 13515.92
53 13472.45 13499.26 13459.09 13483.78 13439.52 13631.84 13967.85
5; 13664.68° 13667.44 13647.85 13662.52 13657.93 13655.04 13812.57 14371.32
(11/2% 13689.82 14035.20 13739.87 13962.45 13716.59 13933.24 13667.32
5 13799.3%° 13801.50 13744.03 13798.75 13788.20 13803.38 13944.13 14725.28
(11/2% 14087.42 14290.71 14084.92 14238.25 14049.41 14277.93 14219.61
(2172 14411.57 14516.03 14386.49 14479.29 14352.29 14579.06 14725.82
(11/2) 14667.19 14705.89 14641.85 14684.68 14616.62 14829.47 15185.36
(11/2) 14856.82° 14858.37 14857.53 14847.71 14852.79 14835.08 15028.54 15597.48
67 14884.08 15244.46 14922.51 15172.14 14901.21 15129.95 14849.04
(11/2) 14990.69° 14988.76 14984.27 15003.57 14980.42 15003.92 15206.05 15960.84
66 15277.10 15484.50 15255.53 15436.56 15215.57 15455.60 15406.57
65 15596.54 15699.43 15548.74 15668.29 15507.32 15745.25 15918.96
64 15847.49 15880.83 15798.70 15865.92 15765.51 15987.76 16385.46
63 16034.23 16019.80 16001.06 16027.55 15980.93 16170.06 16805.53
(13/2) 16077.71 16451.68 16108.20 16379.82 16092.09 16334.09 16030.32
6; 16156.912 16160.22 16122.39 16147.79 16149.17 16142.14 16307.82 17177.92
6, 16230.677 16229.51 16249.89 16252.53 16226.82 16255.58 16481.30 17500.87
(13/2)% 16464.48 16672.75 16425.53 16630.55 16382.96 16634.95 16592.22
(13/2% 16778.15 16876.57 16708.39 16852.10 16661.01 16910.68 17110.12
(13/2), 17023.68 17052.01 16952.62 17042.12 16912.60 17148.48 17582.99
(13/2) 17205.40 17198.20 17154.03 17198.63 17127.51 17344.07 18010.34
Tg 17261.07 17640.72 17283.61 17573.22 17274.73 17530.15 17197.53
(3/2) 17329.05 17340.12 17313.39 17321.35 17301.62 17526.10 18391.27
(13/2) 17417.52 17507.35 17456.18 17425.52 17453.72 17734.17 18723.87
77 17638.86 17835.09 17578.49 17805.34 17533.40 17795.11 17763.01
76 17944.79 18021.42 17845.37 18013.58 17790.80 18046.67 18285.53
s 18182.70 18181.14 18078.99 18193.37 18030.24 18267.40 18763.98
T4 18355.46 18300.73 18272.08 18340.61 18237.38 18436.02 19197.82
(15/2% 18446.90 18827.22 18467.38 18767.62 18468.11 18738.61 18365.47
73 18465.56? 18463.32 18418.17 18414.92 18449.14 18398.44 18576.00 19586.42
72 18531.2% 18530.71 18576.52 18526.40 18532.98 18519.38 18759.60 19928.02
Ty 18625.04 18770.41 18670.58 18643.94 18665.14 18986.49 20219.96
(15/2) 18811.09 18991.96 18734.18 18975.73 18688.56 18960.80 18933.35
(15/2) 19106.49 19159.82 18980.91 19167.88 18920.75 19183.87 19459.65
(15/2% 19334.93 19311.99 19202.37 19336.78 19146.48 19391.18 19943.06
(15/2) 19497.31 19454.02 19390.28 19477.20 19348.50 19572.66 20382.80
(15/2)% 19603.75 19614.75 19544.95 19593.84 19519.39 19756.78 20778.38
89 19629.68 19991.05 19647.09 19952.38 19659.13 19944.98 19525.35
(15/2) 19704.29 19806.40 19694.82 19713.89 19678.30 19972.98 21128.51
(15/2) 19830.01 20029.12 19868.73 19857.64 19856.93 20224.00 21430.50
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TABLE 7 (Continued)

b

1’jthe

N2 Vobs | Il I Y \% \ Vil

8s 19979.23 20121.98 19874.49 20127.16 19829.55 20110.56 20099.20

8r 20262.46 20261.11 20088.03 20295.40 20018.63 20288.16 20626.82

8s 20473.96 20380.93 20287.36 20446.06 20211.31 20459.88 21110.04

8s 20607.72 20490.29 20460.34 20567.84 20395.48 20598.32 21552.29

84 20676.13 20636.14 20589.77 20657.85 20550.94 20739.07 21953.16

83 20770.85 20816.97 20709.34 20762.33 20677.08 20930.63 22310.61

8, 20895.80 21023.51 20870.60 20902.32 20837.81 21169.35 22621.70

8 21044.46 21264.52 21065.87 21073.14 21041.71 21449.90 22882.58

rmss 1.93 36.61 16.98 20.29 18.53 137.10 682.04

2 Notation as in ref 6, see also older data in refs 69 and® Talculated spectra. I: From fit to experimental band positions, parameters in
column “I” of Table 8. Il: From fit to a 3D cut of the potential model METPOT 3, parameters in column “lI” of Table 8. lll: As “Il", but for

METPOT 4, parameters in column “IlI” of Table 8. IV: As “II”, but for METPOT 1, parameters in column “IV” of Table 8. V: As “Il”, but for
METPOT 1, including quasiadiabatic zero-point energies from DQMC for the frame modes, parameters in column “V” of Table 8. VI: As “II”,
but for a fit to a 3D cut of the model potential from ref 8 (see also footmoite Table 6), parameters in column “VI” of Table 8. VII: As “II",

but for a fit to a 3D cut of the model potential from ref 9, parameters in column “VII” of TabRR&ot-mean-square deviation ((34) ¥ ' (Vmne(i)

— Vopdi))A)Y2 (all data in columnigpg).

(the root-mean-square; rms) is a shallow function kgf, wavenumbers (e.gays andwp,) were fixed to the values on the

Considering line positions and intensities, Lewerenz and Quack right-hand side to maintain a definite transformation procedure

obtainedk,, = 30 + 15 cnT1® between internal and normal coordinates. To discuss this
The parameters of the chromophore potem@ are deter- constraint, we have also fitted the experimental data by fixing

mined by fitting the expression eq 5 to the three-dimensional the harmonic wavenumbers to the values from refwg is
section given by eq 6. Column “II” lists the results obtained by roughly 20 cm® higher than in column “I”) with the result that
fitting the model METPOT 3 up to energies equivalent to 20 000 the root-mean-square deviation of 22 line positions is 5.7'cm
cm ! (three-dimensional grid with roughly 1100 points). These instead of 1.9 cm! from column “I". The largest deviations
data correspond to an ab initio prediction of the experimental occur for the lowest transitions to the lowest polyads, which
overtone spectrum, in which the equilibrium structure and are shifted by roughly 10 cnt to higher values. Possible
harmonic force field have been refined experimentally. They (nonexcluding) reasons for this significant discrepancy are: (A)
show a significant improvement compared to previous reitfts,  the (quartic) force field of Gray and Robiette is approximative,
where the theoretical line positions were too high in relation to the quartic order being insufficient for the description of the
the experimental values, the root mean square deviation beingspectrum, including the lowest transitions, and contributions
larger by a factor of 25. In Table 8, the magnitudes of the from resonance couplings need to be considered; (B) the
parametersK, s, and K,.ss are smaller for the theoretical ~chromophore model neglects contributions from frame modes

potential from eq 6 than for the experimental one (column “I”; in CHDs (higher than quadratic order), which may in part be
the coefficientsCspp and Cssppin dimensionless normal coor-  compensated with an adequate variation of harmonic wave-
dinates being larger, in magnitude, on the other hakig).is numbers. A verification of these hypotheses is possible, in

approximately 50 cmt for this fit, which agrees less well with  principle, with variational calculations in the complete space.
the observed intensity distribution, as will be discussed below. An alternative to calculate the overtone spectrum, without
Normally, when fitting the chromophore potential to experi- previous transformation of the potential surface to klﬂg%
mental data, the harmonic part Vt% is varied freely, as in form, is to directly perform (three-dimensional) variational
column “I” of Tables 7 and 8. In fitting eq 6, the harmonic calculations on a grid (‘DVR2%2%). We have tested the results
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Figure 10. Equidistant potential curves of equal energy (lowest level at 2000, highest at 20 000, distance 280@Comtinuous curves=
METPOT 3, broken curvess METPOT 4. (a) Contour plot of the potential alofy, andQ,. (b) Contour plot of the potential alor@s and Qp,.
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TABLE 8: V&% Model Potential for the CH Chromophore in CHD 4 Parameter Values for Different Methane Potential
Surfaces and Constants for the Effective Hamiltonian

0 | I I v v VI VI

wdem 3128.3 3129.5 3128.0 3128.0 3128.0 3128.0 3165.0 3128.0
xJem ! 57.969 57.826 60.212 57.868 58.433 57.857 61.495 28.333
Kgolom 56757. 56492. 58165. 58165. 58165. 57721. 60487. 56900.
Kagggslcm ! 6418.0 8108.8 7873.5 3585.7 7376.9 3174.6 1990.6 4263.7
Kppgl (C (A1) —59543.  —65420.  —37584.  —40453.  —47015.  —30938.  —32841.  —49657.
Kopso €M L (WADY2) 97947, 112102. 27452. 38784. 44733. 100000. 29438. 43006.
ol (A2 1.0485 1.0485 1.0485 1.0485 1.0485 1.0485 1.0485 1.0485
A¥g/cm™P 1.8 2.0 125.0 77.8 576. 318. 70.7 393.9
M 14 22 1127 1201 286 201 1360 1269
AVgon/ecm-Lc 45 7.6 2.9 1.3 0.5 5.6 3.2 3.0
wplem? 1319.5 1316.2 1335.6 1335.6 1335.5 1330.5 1362.0 1321.0
Cep/cm™? 96.8 86.5 138.7 133.4 118.4 154.9 149.6 1185
CespdCm ~50.0 473 ~73.7 —-69.5 —65.1 -78.7 ~76.5 —43.0
Copp/Cm ™ ~1.1 -1.6 4.1 1.4 1.7 3.4 2.4 -0.1
Copppdcrm™? -1.3 -0.8 ~7.4 -5.8 -5.2 -8.0 -71 2.3

' demt 3047.6 3046.9 3033.3 3042.2 3037.7 3044.2 3078.0 3078.8
Pyemt 1292.1 1290.5 1321.0 1309.1 1315.5 1304.2 1333.6 1296.6
X dem —58.08 ~57.61 —59.44 ~58.00 ~56.68 -58.6 -62.21 —29.77

X g/em L —21.61 —20.52 —29.16 —27.87 —28.00 -30.2 —28.94 —24.73

X pfemt —4.5 4.1 2.8 —4.7 -38 4.1 —4.7 -1.7
gor/cmt 2.6 1.9 1.7 3.6 2.2 4.3 4.4 0.01

K., Jem 25.4 16.5 48.3 45.0 30.0 52.9 61.9 104.5
ATeglcm 1 1.6 2.8 3.1 1.4 1.9 2.7 3.2 4.2

avg‘,i defined in eq 5; parameters in column 0 are from ref Boot-mean-square deviation from fit bg data (all equal weights), either from
experiment (line positions, columns 0 and I) or from three-dimensional cuts of the potential surfaces, as described in the text (edfljnns II
¢ Root-mean-square deviation for the conversion from polar normal coordinates into the Cartesian normal coordinates repres\a‘b‘faﬁoraof
grid —0.4 < QJ((uA?)Y?) < 1.6 and 0.0= Qu/((1A?)1?) < 1.1 (as explained in the text) with weighting parameEgsiyhc = 10 000 cm* and
maximal conversion energy equivalent to 65 000 &ifnoughly 900 points)¢ Root-mean-square deviation for the fit of the effective Hamiltonian
(cf. egs 3 and 4 in ref 6) to 48 calculated line positions (see text).

from Table 7 with such methods and found an overall agreementenergy for METPOT 4 (see Table 1), however still in the energy
to within 10 cnt to up to 18 000 cm! for the present results.  region of the single CH bond rupture.

The results shown in column “llI” of Table 7 were obtained For a discussion of effects arising from the neglect of the
from the evaluation of METPOT 4. This model is the result of CDj3 frame vibrations, we compare in columns “IV” and “V”
a “hybrid” adjustment of the potential surface representation results from evaluations of model METPOT 1. The first of these
eq 4 in paper | to the ab initio data and an additional data set columns was calculated with the method described above, e.g.,
of approximately 500 potential points, which stem from an fitting eq 6. In column “V”, we considered as the model
experimentally determined CH chromophore potential (weighted chromophore potential the quasiadiabatic channel potential from
according to eq 1 in paper I). This procedure corresponds to aneq 7. For CHD, the effect is small, as can be seen from the
experimental refinement of the model METPOT 3 with respect results in Table 7, although it accounts for a shift toward
to the spectrum of highly excited vibrational states. These statesexperiment for all transitions below 13 000 cth The quasi-
correspond to large displacements from equilibrium and their adiabatic interpretation might be better for compounds with
correct calculation is therefore important for obtaining an relatively “heavier” CH chromphores, such as the CD group in
accurate description of the underlying dynamics of large CHsD. A detailed analysis of this spectrum is in preparation.
amplitude nuclear motion. Column “IlI” shows indeed a further, Other possible compounds are C{Hand CMiH3, although not
significant improvement in the description of the experimental easily accessible to experiments. In ref 27, the overtone spectrum
spectrum (rms of 17 cm). Although this spectrum does not of the chiral isotopomer CMdDT was calculated with the
reach the quality of the results from the direct fit of the model METPOT 1 (see also footnote a in Appendix 1 of paper
chromophore potential model to experimental data (column “I”), 1) and a 3D DVR calculation. This system may well be
it establishes a reliable description of the overtone spectrum of considered to be the simplest one showing a chiral symmetry-
CHD;s from a nine-dimensional model potential of methane.  breaking anharmonic resonance of the CH chromophore. From

It is interesting to note that the paramet&ys, in column an analysis of line positions and intensities of the theoretical
“III"” of Table 8 is only half of its value in column “II”, while spectrum, a chiral, symmetry-breaking coupling constagt
all other parameters are roughly unchanged. While this seems™ (20 £ 10) cnm* was obtained’ The symbol Mustands for
to play an important role for the better description of experi- the guasi-hydrogen isotope Muoiim (u*e").
mental data, the question remains open why the parameters Equation 6 may be evaluated with any general potential
Keggs: Kogg, aNdKpuee are much smaller, in magnitude, for the  surface, on the right-hand side, provided it is defined in the
ab initio determined surfaces than the corresponding values forcomplete vibrational space. We have also used this method to
the experimental surfaces in columns “0” and “I". A further calculate the spectrum arising from the DHSnd LMT®
signature of the change 444 iS that the potential surface  potentials, with their corresponding harmonic force fields for
METPOT 4 is, in general, lower in energy than METPOT 3, the definition of normal coordinates. The overtone spectrum
mainly in regions of large bending displacements. This was from the DHS potential is rather poor, when compared with
already observed in the foregoing graphical representations. Theexperiment (column “VI"). We have also tested more recent
saddle point for the methane stereomutation is also lower in versions of this potentidf-#2which turned out to be even worse
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in the description of the chromophore states. The LMT potential TABLE 9: Integrated Absorption Cross Sections Gn/pm?)
yields a spectrum that is significantly different from experiment, ©f the CH Chromophore in CHDs
when transitions above 3000 ctnare considered (column theory
“VII"). This is somewhat surprising since, from a simple | I m
comparison of the potential curves in the foregoing graphical 1 050 10° 036x 102 028x 102 010x 1026
representations (e.g., in parts a and b of Figure 2 and F.lgure ﬁ 012% 10° 012 10° 012x 10° 012x 1006
6a), one would expect a rather good agreement for transitions 5. 9 40x 105 012x 10 0.93x 10°5
of up to at least 10 000 cm. In the figures, the qualitative 2,  0.14x 10* 059x 10% 0.53x 10* 0.90x 1046
agreement of the potential curves seems to be good even at2,  0.33x 102 0.28x 10® 0.32x10° 0.33x 10°3¢
wavenumbers on the order of 20 000 ¢mA striking result is 3 027x10° 0.27x10° 0.99x 10°
the much too low value of the stretching anharmonicity in 3 0-17x 10 0.19x10® 011x10® 0.23x 107°°
A S 3, 0.25x10° 0.16x10% 0.13x 0% 0.11x 1046
column “VII” of Table 8._ Such_ a finding has been reported 3, 012x102% 0.11x 102 0.12x 10 0.71x 1046
before for the GR-potentidf which could be converted tothe 4, 027x 107 0.32x 10¢ 0.13x 106

exp

V&Y form for a maximum wavenumber of 8000 cip only, 4, 0.34x10° 022x 105 0.14x 105 0.12x 10756
despite the good qualitative agreement of the potential curves ‘5‘1 8-8§X igz 8-§g>< ig: 8-gg>< 1&; 0.63x 10°°
H 5 t A . X . X . X
Shownh'” the s f'fg”rfes' . | he B 041x10° 087x107 0.24x107
~ In the conclusions of ref 6, an important result was the 5, ('59x 107 035x 10° 0.18x 10° 0.12x 105
inclusion of integrated absorption cross secti®ns 5  0.60x10% 0.31x10° 0.45x 106 0.71x 10765
63 0.17x 108 0.30x 107 0.67x 1078
_ ~ ~ 6, 0.17x107 0.19x 107 0.26x 107 0.15x 10776072
G= foang@®)dIn() (15) 6. 0.28x107 0.15x10® 0.13x 107 0.15x 1077 6972

75 0.20x10° 0.26x 108 0.32x10° 0.60x 10°72
in the analysis for the determination of resonance coupling 75  0.21x10°® 0.10x 10°% 0.20x 10°® 0.19x 108"
constants, from which a value of (38 15) cnr! was finally 72 014x107% 004x 10 011x 107 019x 10787
established fok,,, For the present fit to experiment (column Zl . g'ggx 100 %%le 100 Oc.)lllgx 107
“I” of Table 8), we obtain the resuk,,~ 17 cnT!. From the . ’ ’ ’
best fits to the nine-dimensional potential models, the values *Values calculated with eigenvectors from columns “I”, “II", and
are closer to 50 cri, if only line positions are considered. ‘" of Table08 and the dlpolelmoment function defined |£1 eq 1l
Within the simple CH chromophore model for intensity (Parametersuy, = 20'43 Debye,, = 70'7020 Debye AL, Mo =
redistribution” K., ~ 50 cnT* yields an intensity distribution ~ —0-7744 Debye A% i, = ~0.1079 Debye A%, 5 :’&0'68922 A%, g
among the polyad states much stronger than what is obs@rved.geei'gt?gr? ADeggﬁﬁg d_ir?'r%?}sg eDe%ere = 1.0858 A).© Logarithmic
When we formulated a more refined treatment based upon o 1 €4 58
realistic models for the dipole moment operator, we saw that firot 1o have already been referred to in our previous
the intensity distribution depends sensitively on the properties o 235111781t the moment, preference may be given for
of the dipole moment function, e.g., eq 1, and wave functions o« methane model potential METPOT 4, for which the

11,80 _ . . . . .
of the relevant states:'*%In Table 9, we have re-evaluated ) oyying results have been obtained, in particular, in the present
the integrated absorption coefficient using the dipole-moment .
function given in eq 1 and wave functions from the present 1y Apharmonic zero-point energies have been obtained from
results for the CH chromophore pote_ntlal (columns— ",” the complete solution of the Schtimger equation with the
in Tabl_es 7,8,and 9). We see that, while the new “experimental” i ision quantum Monte Carlo method (DQMC) and small
potential from column_ I yields rgsults“compar_ablf? to tho_se statistical fluctuation8which allow for a reliable determination
from ref 11, the experimentally refined, “theoretical” potential ¢ o experimental dissociation ener@y within 0.4—1 kJ
model METPOT 4 (column “lII") yields an intensity distribution . -1
which agrees even better with experiment, when the logarithmic (2) The equilibrium CH bond length is assumed to be 1.0858
deviationsA, are compared. This may be related to the model & “\yhich is consistent with the previous result of Gray and
dlpole moment fu_nctlon from refll.l, which has not been popiette? The uncertainty0.002 A of this value was deter-
adjusted here again. However, dewathns from expgnmgnt.datamined here (and in ref 5), from a comparison of expectation
correspond to a state-of-the-art modeling of intensity distribu- 5, e5 of effective rotational constants in the vibrational ground
tions from nine-dimensional dipole moment functions in both o0 obtained with DQMC calculations, with experimental

cases. In C°|umﬂ,“|r|:’ the deviations.are iignjficantly Iargerffor values, and is a reliable estimation of the true error bounds,
METPOT 3, which stresses, again, the importance of an which do not depend on perturbation theory.

ex_peri_menta_l refinement procedure in the overtone region. From (3) The vibrationally induced, permanent electric dipole
thls_ld!scussmn,_we may conclude that a value Hgy, ~ 45 moment in CHD, CH,D,, and CHI} was re-evaluated with
cm - 1s compatible with expgrlmental results, when using a the vector-valued, nine-dimensional dipole moment function of
realistic model for the electric dipole moment operator, and (et 11 and DQMC, yielding consistent results for the calculated
agrees roughly with the previous findings in ref 6. values and the direction of the CH bond dipole moment.

(4) The calculation of vibrational transitions in the funda-
mental region yields, with perturbation theory, deviations from
The methane potential hypersurface is among one of the mostexperimental data in the order of 4@0 cnT?, in the test case
important nine-dimensional potential hypersurfaces of the of CHyD,, where perturbation theory can be applied. For
smaller polyatomic molecules. It includes possibilities for METPOT 3, the anharmonic part of the potential was not further

prototypical reactions such as stereomutation, simple bondrefined experimentally, and the deviations are larger (30%:m
fission, and molecular elimination. In paper I, four slightly (5) The overtone spectrum of the CH chromophore in GHD
different model potentials for the electronic ground state of has been obtained within a variational calculation in the three-
methane have been determined: METPOGIMETPOT 4. The dimensional space of the CH stretching and bending manifolds

4. Conclusions
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from a completely anharmonic, nine-dimensional representationin Ab Initio Molecular Electronic Structure Thearyhe International Series

of the potential surface with an averaged deviation of 40%tm
for all observed transitions up to 18 000 Th(METPOT 3).
This may be attributed, in comparison to previous resdits,

of Monographs in ChemistryOxford University Press: 1994; Vol. 29.

(2) Marquardt, R.; Quack, MProceedomgs of the 10th International
Symposium on Atomic, Molecular, Cluster, lon, and Surface Physics,
Engelberg, SwitzerlandMaier, J. P., Quack, M., Eds.; VdF Hochschul-

the experimentally refined harmonic part of the potential surface. verlag: Zuich, 1996; p 19-22.
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