684

CH, revisited"

Apostolos Kalemos, Thom H. Dunning, Jr., Aristides Mavridis, and

James F. Harrison

Abstract: The first four states of the CH, molecule (X?B,, @'A,, b'A,, and ¢'A,) are examined using state-of-the-art
ab initio methods and basis sets. The construction of potential energy curves with respect to the C + H, and CH + H
channels provides significant clues to understanding the geometric and electronic structure of the above states. All of
our numerical findings are in excellent agreement with the existing experimental data.
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Résumé : Les quatre premiers états électroniques de la molécule CH, (X?B,, @'A,, b'A, et 'A)) ont été examinés en
utilisant des méthodes ab initio et a 1’aide des bases les plus étendues. Des courbes d’énergie potentielle par rapport
aux C + H, et CH + H, nous donnent des renseignements importants pour la structure géométrique et électronique de
ces états. Tous nos résultats sont en excellent accord avec les valeurs expérimentales.

Mots clés : CH,, MRCI, courbes de potentiel, icones vbL.

Introduction

The methylene molecule continues to be of interest to
experimentalists and theoreticians alike (1-121) some
70 years after Mulliken’s (1) pioneering theoretical work on
its structure, and 60 years after Herzberg’s (2) note on the
4050 group in cometary spectra. The reasons for this interest
have been detailed in several reviews (8, 21, 27, 28, 65, 67,
70).

Methylene (CH,) is: (i) the basic unit for divalent carbon
chemistry, (ii) the smallest polyatomic radical with a ground
triplet state and several low-lying singlets, (iii) a molecule
with a remarkably complex -electronic spectrum, and
(iv) small enough to be studied by sophisticated ab initio
methods. As discussed by Schaefer (70) the story of methy-
lene is the story of the coming of age of computational
quantum chemistry and, indeed, methylene has become a
“paradigm for quantitative theoretical chemistry”. We agree
whole-heartedly with this assessment and in particular with
the identification of the year 1970 as the origin of the com-
ing of age (70). When one looks back on 1970 by citing the
papers published during that year, one misses part of the ex-
citement of the times, because much was going on in the

background vis-a-vis preprints and personal communica-
tions. Some hint of this is found in the Herzberg and Johns
1971 paper (16) where the authors reinterpret the vacuum
UV spectrum of methylene in terms of a bent structure of
the radical. The acknowledgement in this paper reads “We
are much indebted to Dr. Bernheim, Dr. Wasserman,
Dr. Bender, and Dr. Harrison for sending us preprints of
their papers.” While both the Bernheim and Wasserman papers
had appeared in print by the time the Herzberg and Johns
paper was published, the referenced preprints of Bender and
Harrison had not. From an historical perspective it is inter-
esting to revisit the activities of 1970 by looking at the sub-
mission dates of the various CH,-related papers.

The first of the 1970 papers was submitted in May by
Bernheim et al. (10), and was the opening salvo that some-
thing might be wrong with the widely held belief that the
ground triplet state of CH, was linear. On the basis of ESR
measurements these authors suggested that the ground state
of CH, was indeed a triplet and was slightly bent in a xenon
matrix at 4.2 K.

A few weeks later the manuscript by Bender and Schaefer
(9) was received and these authors explicitly challenged ex-
periment, declaring that “... on the basis of the present and
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previous ab initio calculations and the stated numerical un-
certainties, we conclude that the CH, ground state is nonlin-
ear with a geometry close to r = 1.096 A, 6 = 135.1°.” The
previous ab initio calculations referred to were those of Fos-
ter and Boys (4) and Harrison and Allen (8).

In the ensuing month of July 1970, Harrison (13) submit-
ted a manuscript describing an ab initio calculation of the
angular dependence of the zero-field splitting (ZFS) parame-
ters (D and E) of CH,. If one could compare the computed
D, and, in particular the E parameter, to the experimental,
one could provide additional evidence for the CH, bond an-
gle. In the course of these calculations the bond angle of
CH, in the X 3B, state was computed to be 132.5°. Noting the
disagreement with Herzberg and theoretical predictions,
Harrison stated: “It seems that this persistent discrepancy
between theory and experiment warrants a critical evaluation
of the experimental data.” This was the second formal chal-
lenge, following Bender and Schaefer (9), to the accepted
view that CH, was linear.

August passed uneventfully and in September Wasserman
et al. (11) submitted a manuscript in which they challenged
the status quo by suggesting that CH, has a bond angle of
136°, in good agreement with the theoretical values (9, 13).

October saw two submissions. The first was a theoretical
study by O’Neil et al. (20) in which they calculated potential
energy surfaces for seven electronic states of CH,, and an
experimental ESR study of CH,, CD,, and CHD by
Wasserman et al. (12), who concluded that the ground triplet
state of CH, is bent with an angle of 136°.

In November, Harrison (14) submitted a second paper fo-
cused on the geometry and electronic structure of CH,, CHF,
and CF, and concluded again that the CH, X3B1 angle was
132.5°.

In the following month of December 1970, Herzberg and
Johns (16) submitted their reinterpretation of the CH, angle
and noted: “The considerations given here point strongly to-
ward the bent structure of the triplet ground (X3B1) state of
CH,, as suggested by the electron-spin resonance work and
the ab initio calculations.”

Soon afterwards three important experimental ESR papers
appeared. The first was titled “!3C Hyperfine Interactions in
CD,” by Bernheim et al. (17), (received on 11 January
1971), concluding that the CH, angle was 137.7°. The sec-
ond was titled “!*C Hyperfine Interactions and Geometry of
Methylene” by Wasserman et al. (18), (received in February
1971) concluding that the angle was 136 = 5°. The third was
also from the Wasserman group (19), ‘“Zero-Field Parame-
ters of Free CH,; Spin-Orbit Contributions in Xenon” (re-
ceived on 14 June 1971). This report concluded that the
xenon matrix has a large effect on the observed zero-field
parameters of CH, via intermolecular spin-orbit interactions
and once this is accounted for, the experimental ZFS param-
eters were in good agreement with the calculations of Harri-
son (13).
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The second problem of great importance with methylene
was the singlet-triplet splitting (3'A, < X°B;) and this was
resolved over a longer period of time and has been discussed
in the excellent reviews of Shavitt (65), Goddard (67), and
Schaefer (70).

In spite of the phenomenal interest in the CH, molecule,
truly definitive calculations on other than the lowest X3Bl
and @'A, states are rare. It is our intention to study the elec-
tronic and geometric structure of the ground and excited
states of CH, as accurately as conventional theory will per-
mit. To thlS end, we report on the first four states of CH2
(X3 B,, d'A,, b B,, and ¢'A,) employing all-electron vari-
ational multireference calculations in conjunction with very
large basis sets. For all states above, potential energy pro-
files were constructed with respect to the HCH (= 6) angle
and to the CH, — CH + H channel. We believe that our in-
terpretation, coupled with our consistent numerical results,
offers a fresh view in the conceptual saga of the CH, mole-
cule.

Methodology and insights

For the C atom, the doubly augmented correlation consis-
tent polarized core-valence basis set of sextuple quality
(d-aug-cc-pCV6Z, 22516p10d9 f6g4h2i) of Dunning and co-
workers (122) was employed. The core set was that of quin-
tuple quality basis (i.e., 4s4p3d2f1g). For the H atom the
plain sextuple cc-basis set (10s5p4d3 f2g1h) was used (123).3
Both were generally contracted to [13s12p10d8 f6g4h2i/-
6s5p4d3 f2g1h/y] resulting in 461 spherical Gaussian func-
tions. The spherically averaged SCF energy of the *P ground
state of the C atom using the above basis set is —37.688 612
E,, just 7 UE, above the numerical value (124).

The method of choice followed in the present work is the
standard internally contracted multireference CISD, based
on a full valence (2s + 2p on C and ls on Hs) complete ac-
tive SCF zero order wave function (CASSCF). By distribut-
ing the six valence (active) electrons in the six orbitals, the
CASSCEF wave functions obtained contain 51, 56, 39, and 56
conflguratlon functions (CF) for the X3B1, ~1A], b'A,, and
C'A, states, respectively.

The CI expansion is generated by single and double re-
placements of all eight electrons (the ~1s% e~ of C included)
out of the reference space (CASSCF(6e7/6 orbitals) + 1 +
2 = MRCI(8e")) within the internally contracted ansatz as
implemented in the MOLPRO package (125). The uncon-
tracted MRCI expansions comprise 27.5 x 10° (XgBl)
18.3 x 10° (@'A,, ~1A,) 15.9 x 10° (5'B,) CFs, reduced to
about 1.3 x 10% CFs in the internally contracted approxima-
tion.

Due to the extended basis sets used no corrections for ba-
sis set superposition errors (BSSE) were considered. Size
non-extensivity errors are reasonably small: at the MRCI
level non-extensivity with respect to C(’P; 'D) + H2(X1 Z+)
amounts to 1.59, 1.43, 1.42, and 1.42 mE, for the X Bl,

3Basis sets were obtained from the Extensible computational chemistry environment basis set database, version 6/19/03, as developed and
distributed by the Molecular Science Computing Facility, Environmental and Molecular Sciences Laboratory which is part of the Pacific
Northwest Laboratory, PO Box 999, Richland, Washington 99352, USA, and funded by the US Department of Energy. The Pacific North-
west Laboratory is a multiprogram laboratory operated by Battelle Memorial Institute for the US Department of Energy under contract DE—
AC06-76RLO 1830. Contact David Feller or Karen Schuchardt for further information.
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Fig. 1. Potential energy profiles of the X°B,, a'A,, b'B,, and ¢'A, CH, states at the all-electron MRCI level along the HCH bending
mode.
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a'A,, b'B,, and ¢'A, states, respectively. Restricted coupled
cluster singles and doubles with perturbative triples compu-
tations (RCCSD(T)) were also performed for the X°B, state
around the equilibrium geometry.

For the first four states of the CH, molecule studied in the
present work (X°By, @'A;, b'B,, and ¢'A,) in ascending en-
ergy order, two obvious channels of formation can be con-
sidered, C + H, > CH, or H + CH — CH,. In detail,

[la] CH,(X?B) —%—C(2p'2pl; °P) + HyX'T))
l
[16] HCH(CY;) —S—CH(a*Y") +H(CS)
[2a] HCH('A,) —%—CH,(@@'A) —=—
C[ V5 (2p? =2p); DI+ Hy(X'£f) —=—
CHy(b'B)) —=— C(2p} 2p); 'D) + Hy(X'X})
l
2] —S= 5 CH(A2A) +H(2S)
[3a]  CHy@A) —=—C{}/[2(2p}) - 2p} - 2p}]; ' D)
+Hy(X'E})
l
[3b] HCH('S}) —=s CH(C?E") +H(3S)

Two sets of fully optimized potential energy curves have
been constructed at the all-electron MRCI level; one along
the bending coordinate HCH = 0 (eqs. [lal, [2a], and [3a]),

()

and a second one along the asymmetric CH + H dissociation
mode (eqs. [15], [2b], and [3D]) (Figs. 1 and 2). For the first
set of curves,Athe C—H bond distance was optiAmized for
each angle (HCH); for the second set of curves HCH = 180°
and the C—H bond distances were optimized for each HC-H
separation.

Results and discussion

Table 1 lists the most recent and reliable theoretical and
experimental results of the literature on the first four states
of the CH, carbene pertaining to the present work, while Ta-
bles 2 and 3 refer to this work. Figures 1 and 2 depict poten-
tial energy curves with respect to the HCH = 0 angle
(egs. [1al, [2a], and [3a]) and to the HCH — CH + H disso-
ciation channel (eqs. [1b], [2b], and [3D]).

<3
X°B;
The leading CASSCF configuration is

‘5(3B1> ~ 0.99\ la} 2a?3al 1| 1b22>

where 1a; ~ Ls, 2a; ~ 0.79(2s)c + 0.202p.) + 0.73(1s, +
Lsph 3a; ~ 0.3825) — 0.852p)c — 0.29(ls, + lLsg)y,
1by ~ (2p)cs 1by ~ 0.70(2p,)c + 0.93(Ls, — Lsg)y with corre-
sponding CASSCF atomic Mulliken populations (C/H)
(182'0281'38 zp(z).902p()z.98 2p§.03 1 80'802})0'03).

The analogous distributions of the a* X~ CH diatomic ~ at
the same level of theory are (1s>02s'422p0712p0282p99%8/
159722p%93) " indicating clearly the common ancestry of both
species to the S(2s'2p?) atomic state of carbon atom.

© 2004 NRC Canada
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The valence-bond Lewis (vbL) diagram of the parental
CH a* Y~ state (see also ref. 126)

2p,

2
~(252p.) Py

CCS)  H(CS)

suggests two modes of attack of the second H(*S) atom to
form CH,, linear and perpendlcular (i-e., along the z and x
(or y) axes) predicting in turn a linear (3 Z ) or a bent
(*B,(® = 90°)) CH, ground state, respectlvely Diagram-
matically,

H—C—H (3)

«C—H
H B(6=90)

The binding energy with respect to CH(a* ¥7) + H(®S) of
the *Y; configuration is 116.5 kcal/mol (Fig. 2),
15.9 kcal/mol higher than that of the bent structure at 6 =
90°. The equilibrium geometry is determined by the differ-
ences in energy between binding to the (2s—A2p,) orbital and
the 2p, orbital, which favors a bond angle less than 180°,
and the repulsion between the CH bond pairs, which favors a
bond angle greater than 90°. This may also be viewed as the
vibronic interaction of the two limiting *Y; and *B,(® = 90°)
structures through a pseudo Jahn-Teller effect. The result is
a final bent geometry of 6, = 133.66° (Table 2). Remarkably
enough, the arithmetic average of the angles of the two lim-
iting structures is (180° + 90°)/2 = 135°. This analysis sup-
ports a rather low inversion barrier, which, indeed, according
to our calculations is just 1982.5 cm™' (= 5.668 kcal/mol).
Our geometrical results (r,, 8,) are in complete agreement
with the most recent theoretical results of Csdszar et al.
(121), and in excellent agreement with existing experimental
numbers (Tables 1 and 2) in both RCCSD(T) and MRCI
methodologies. Our predicted atomization energy (AE,) at

687

Fig. 2. Potential energy profiles of the CH + H channel at the
all-electron MRCI level.

BT T T T T
CH(CS)+H(’S)

—38.85 CH(A’AY*H(S)]

—-38.90

CHE S )+H(S) |

—-38.95

Energy (Eh)

—-39.00

-39.05

-39.10

R, (bohr)

the RCCSD(T)[MRCI+Q] level of theory is 190.06
[189.9] kcal/mol, as compared to a mixed experimental
(AEy) (127) plus theoretical (ZPE) (121) value of AE, =
AE; + ZPE = 180.043 + 10.683 = 190.73 kcal/mol.

=1
a A

The two most important configurations of the @'A, state
(CASSCEF) are

‘ a'A) ~ ‘ 1a? 2a2[0.97(3a?) — 0.21(1b? )]1b22>

where the “0.21” contribution is a symmetry dictated deter-
minant (at the linear configuration). This configuration can
also be viewed as a GVB angular correlation term arising
from the 2s-2p near degeneracy in the carbon atom. At 6 =
180° the a'A, state of CH, correlates to the linear lAg sym-
metry (Fig. 1). Returning now to the low-lying states of the
CH diatomic (126), it is observed that the linear A struc-
ture correlates to the CH(AZA) + H(®S) fragments (Flg 2),
while the bent structure ('A,) emanates from the X1 state
of CH, 67.46 kcal/mol below the A%A state (Table 3). Picto-
rially, the two CH states can be represented as follows (126):
Mutatis mutandis with the 5(3B1 discussion, a linear and per-
pendicular H attack on the A?A and XIT states of CH is pos-

© 2004 NRC Canada
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Table 1. Recent (“best”) theoretical and experimental results on the X°B,, @'A,, b'B,, and &'A, states of CH,.

—E (hartree) r, A) 0, (°) ZPE (cm™) T,/T, (kcal/mol) Reference (year)
X3B,
39.0911477¢ 1.075981 133.8483 0.0 121 (2003)
39.1469003" 1.075981 133.8483 3736.4¢ 0.0 121 (2003)
39.089879¢ 1.0767 133.56 0.0 101 (1995)
39.145107¢ 1.0751 133.79 0.0 101 (1995)
39.086206" 1.0769 133.51 0.0 101 (1995)
39.139165% 1.0750 133.70 0.0 101 (1995)
39.0830835" 1.079441 133.576 3715 0.0 84 (1989)
Expt.! 1.07530 133.9308 3689 0.0 82 (1988)
a'A,
39.0764083¢ 1.106907 102.1369 9.249 121 (2003)
39.1315040" 1.106907 102.1369 3612.0 9.661 (9.306) 121 (2003)
9.327 (8.972y 121 (2003)
1.099% 104 3621 9.192 117 (2000)
39.061054/ 1.1102 101.72 3639.55 10.007 (9.548) 110 (1997)
39.072067" 1.1083 102.02 8.872 101 (1995)
39.1243348™ 1.1061 102.18 9.307 101 (1995)
Expt.” 1.107+0.002 102.4+0.4 85 (1989)
Expt./ (8.998+0.014) 82 (1988)
b'B,
1.062k° 144 4034.034 31.897 (32.883) 117 (2000)
39.022514/ 1.0754 142.60 3764.41 34.191 (34.089) 110 (1997)
(32.911+0.014)? 82 (1998), 112 (1998)
Expt.? 1.086 139.3 81 (1988)
Expt.? 1.053 140+15 7 (1966)
A,
39.981153 1.0683 171.34 3676.97 60.146 (59.794) 110 (1997)
38.985644" 1.067616 172.70 3923.2 59.513 105 (1996)
38.979005° 1.1063897 171.62 3970.5 60.271 104 (1996)

Note: Total energies (E), bond distances (r,), HCH angles (8,), zero point energies (ZPE), and energy gaps (7./7T,).
“RCCSD(T)/aug—cc—pCV6Z//RCCSD(T)/aug—cc—pCVQZ (valence electron calculation).
PRCCSD(T)/aug—cc—pCV6Z//RCCSD(T)/aug—cc—pCVQZ (all electron calculation).

‘RCCSD(T)/aug—cc—pCVQZ level employing the nonrigid — rotation — large — amplitude internal motion Hamiltonian (NRLH) and quartic force fields.
“RCCSD(T)/cc—pCV5Z (valence electron calculation).

‘RCCSD(T)/cc—pCVSZ (all electron calculation).

MRCV/cc-pCV5Z (valence electron calculation).

EMRCIl/cc—pCV5Z (all electron calculation).

"MORBID analysis on a MRCI/[Ss4p3d2f1g/3s2pld] energy surface.

'MORBID analysis on experimental data. Inversion barrier (*Y; « X3B)), IB = 1952 cm™ at roy = 1.064 A.

/Based on a focal point analysis corrected for core-correlation, relativistic, and adiabatic effects; the exact numbers given in ref. 121 are

9.327 * 083(8.972 * 9567 ) keal/mol.

“MORBID analysis on an ab initio (ref. 84; MRCI/[Ss4p3d2f1g/3s2p1d]) surface that takes into account the Renner—Teller effect, and refined by fitting
to the experimentally available vibrational term values. Inversion barrier ('Ag «— d'A,), IB = 8666.1 cm™ at roy = 1.051 A.

'MRCI/[6s4p2d1f/452p1d] with the 1s* ¢ frozen and the corresponding virtual orbital deleted. ZPE based on harmonic frequencies.

"RCCSD(T) and all e RCCSD(T) energies, —39.075 244 and -39.129 825 E,, respectively.

"IR — flash — kinetic spectroscopy.

“Inversion barrier ('A, « b'B)), IB = 725.1 em™.

’Based on the @'A| « )~(3B1 T, = 8.998 + 0.014 kcal/mol splitting (ref. 82) and the Z;]Bl — d'A, T, = 8363.8 cm™ = 23.913 kcal/mol (ref. 107)
according to the stretch-bender (SB) Hamiltonian.

r, and 6, values.

"MORBID analysis on a MRCI/[7s5p3d2f/5s3p2d] surface with the 1s* ™ frozen and the corresponding virtual orbital removed. Inversion barrier
(‘2;’ «¢'A), IB=6cm™.

SMORBID analysis on a TC-CISD/[7s5p3d2f/5s3p2d] surface with the 1s® ¢ frozen and the corresponding virtual orbital removed. Inversion barrier
('ZF«c'Ap), IB=12cm™

© 2004 NRC Canada
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= C—H (X1)

CCP)

{oo-

C(25'2p’;’D)

=-C—H (A’A)

sible, resulting in the 'Ag and 'A;® = 90°) symmetries of
CH,, or using the vbL iconal language,

efiocelo e

A, (A, component)

=$—
H
A6 =90°)

The CH-H binding energies are 94.42 kcal/mol with respect
to CH(X?IT) + H(*S), and 137.77 kcal/mol with respect to
CH(A?)) + H(®S) for the 'A,® = 90°) and 'A, symmetries,
respectively (Fig. 2). The linear 'A conflguratlon is stabi-
lized by 137.77 — T,(CH; A’A « X§l'[) =137.77 - 67.46 =
70.31 kcal/mol with respect to the ground CH state. There-
fore, the bent 'A;(® = 90°) structure of CH, is favoured by
94.42 — 70.31 = 24.11 kcal/mol and mildly “relaxed” to a fi-
nal angle of 102.20° (@'A)); see Table 2. The high energy in-
version barrier of this state corresponds to the energy
difference of the two limiting structures { A 1AI(G 90°))
increased by the relaxation energy 'A (0 = 90°) —a'A ®,=
102.20°) or IB = 67.46 — 43.35 + 2.24 = 26.35 kcal/mol
(Table 2).

The geometrical values (r,, 6,) of Table 2 are in complete
agreement with the focal point analysis of ref. 121. The

a'A, « X3B1 splitting corrected for ZPE from ref. 121 is
8.822 kcal/mol as contrasted to the most recent experimental
value of 8.998 + 0.014 kcal/mol (82).

bl
The CASSCF main configuration for the blBl state is

‘blBl 099‘1a12a13aﬂblub>

As can be seen, this state is the qpen shell singlet analog of
the X3B1 state. As expected, the »'B; molecular orbitals and
Mulliken atomic distributions are very similar to those of the
ground state (vide supra).
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At linearity the symmetry of this state is IA it is the
Renner—Teller companion of the previously dlscussed a'A,
state (Fig. 1). The A?A and B%X~ states of the diatomic CH
molecule, differing in energy by 7.21 kcal/mol (Table 3), can
be considered as the parental states of the CH? IB, state.
This is clearly seen from the following vbL dlagrams

=+C—H(A’))

C(D)
O%@—@ =C-H(BY)
C(CP)

Two modes of H attack resulting in the formation of CH, are
conceivable: a linear attack on the AA state of CH along the
z axis and a perpendicular attack on the BZ" state along the
x (or y) axis, giving rise to 1Ag and 'B,(® = 90°) CH, symme-
tries, respectively. Diagrammatically,

oo

H—C—H (A,

T

The binding energies of the 1A and 'B,(® = 90°) CH, con-
figurations with respect to CH(A2A or B%Z) + H(S) are
137.77 and 118.86 kcal/mol, respectively (Fig. 2, Table 3).
Therefore, the lAg structure is lower in energy by 137.77 —
118.86 + 7.21 = 26.12 kcal/mol. The pseudo Jahn-Teller in-
teraction between the two limiting cases { Ag and 'B 16 =
90°)) results in the blBl state with a final 6, angle of 142.44°
(Table 2), again very close to (180° + 90°)/2 = 135° It is
clear by now that everything else being equal, the inversion
barrier is strongly related to the energy separation of the CH
states involved, i.e., the relative low IB = 2.72 kcal/mol (Ta-
ble 2) of the b'B, state is related to the small CH A’A «
B2 splitting.
Our predicted blB,

=¢+H
H "B (6 =90°)

— XSBI T =

separation is T,

© 2004 NRC Canada
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Table 2. Total energies (E), equilibrium bond distances (r,), HCH angles (6,), dipole moments (,), inversion barriers (IB), atomization
energies (AE,), and energy gaps (T,/T,) of the X3B,, a'A,, b'B,, and ¢'A, states of CH,.

—E (hartree) r, (A) 0, (°) . (Debye) IB (cm™) AE, (kcal/mol) T,/T, (kcal/mol)
X3B,

39.140113% 1.0751 133.66 0.596 1982.5¢ 188.90¢ 0.0

39.146232¢ 1.0753 133.82 190.06/ 0.0

ata,

39.125487"¢ 1.1061 102.20 1.676 9217.7" 179.72! 9.178/8.822%
b'B,

39.0878312% 1.0723 142.44 0.664 953.2" 156.09' 32.807/33.658'
A,

39.0463915m 1.0657 171.92 0.193 10.3" 130.09/ 58.811/59.345°

Note: For the present work.
“Calculated as expectation value.

PAll electron MRCI/[]3312p1OdSﬁg4h21/635p4d3f2glh] E (+Q = Davidson correction) = -39.1464 E,.
‘IB = 1982.5 cm™ (= 5.668 kcal/mol) at rey(? 2%) = 1.0648 A.
“AE, = IB + D,[HCH(’Y ; ) > CH(a* ¥7) + H(S)] + D,[CH(a*¥ )] = 5.668 + 116.47 + 66.76 = 188.90 kcal/mol. At the MRCI + Q level, AE =

189.9 kcal/mol.
“All electron RCCSD(T).

TAE,[CH,(X?B,) = C(CP) + 2H(S)] = (39.146232 — 37.843350 — (2 x 0.4999992)) x 627.51 = 190.06 kcal/mol.

SE(+Q) = —39.1321 E,
"B to linearity at rCH( A) = 1.0622 A.
‘With respect to CCP) + 2H(S).

ITW@'A ) = T(@'A,) — [ZPE(X’B,) — ZPE(@'A )], with ZPEs from ref. 121 (see Table 1).

kE(+Q) = -39, 0958 E,.

"Tyb'B,) = T,(h'B,) — [ZPE(X3B,) — ZPE(b'B,)], with ZPE(X°B,) and ZPE(b 'B,) from refs. 121 and 117, respectively (see Table 1).

"E(+Q) = -39.0550 Eh
"IB to linearity at rey(' 2 J) = 1.0650 A.

TNE'A)) = T(C'A)) - [ZPE(X*B]) — ZPE(@'A )], with ZPE(X?B,) and ZPE(@'A ) from refs. 121 and 105, respectively (see Table 1).

Table 3. Total energies (E), bond distances (r,), and energy sepa-
rations (7,) of the first five CH states at the all-electron

MRCI/(d—aug—cc—pCV6Z/cc—pV6Z) level.

State —E (hartree) r, A) T, (kcal/mol)

X1 38.471454 1.1179 0
(1.119786) 0)

a*s 38.445470 1.0857 16.31
(1.0977)4 (17.11£0.18)¢

A’A 38.363946 1.1027 67.46
(1.1031) (66.19)

B2%x- 38.352464 1.1719 74.67
(1.1640) (74.51)

2zt 38.325164 1.1129 91.80
(1.1143) (90.93)

Note: From the present work; experimental values in parentheses (taken

from ref. 126).
“ro and T, values.

32.807 kcal/mol,
available experimental/theoretical
0.014 kcal/mol (Tables 1 and 2).

in excellent agreement with the best
value of 32911 =

ThlS is the hlghest ener ﬁy state examined in the present

report with a T'A; « X°B, splitting 7, (T,) = 58.811
(59.345) kcal/mol at the MRCI level (Table 2). Unfortu-
nately, there are no experimental results in the literature for
this state. However, there is no reason to assume that our re-
sults for ¢'A, are any less reliable than those for the other

states. So, we believe they also are of experimental accu-
racy.
The leading CASSCF configurations for the ¢'A, state are

\FAQ~\mfa&wﬁmmh+anawnw§

The quasilinear character of this state (6, = 171.92°, IB =
10.3 cm™!; Table 2) is its unique feature. This structure is
easily rationalized after examining its linear limiting config-
uration ('X}), which correlates to CH(C’ZL*) + H(*S)
(Fig. 2). The nature of this state becomes obvious upon con-
sidering the following diagram showing the unique way that
CHz(lzg) is formed from CH + H:

e o

HC (CY) H(CS)

HCH ('3,")
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With no other competitive CH state available (126) the final
CH, state is, indeed, essentially vibrationally linear with an
inversion energy barrier that is close to zero.

Conclusions

Using all electron multireference calculations and large
basis sets we constructed potential energy curves along the
HCH and CH + H coordinates for the four lowest states of
the CH, system, namely X°B,, @'A,, b'B;, and ¢'A,. Our
geometrical results, binding energies, and energy separations
are in excellent agreement with existing experimental values.

Taking into account the low-lying states of the CH di-
atomic molecule (XI1, a*E, A?A, B, and C=*), we can
rationalize the bonding schemes and geometrical characteris-
tics of the four states of CH, examined in this paper. In par-
ticular, the large range of inversion barriers to linearity
(5.668, 26.355, 2.725, 0.029 kcal/mol, respectively) can be
comprehended in terms of the energy splittings among the
related states of the CH fragment.
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