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Abstract: The electronic states of the acetylene molecule are classified employing the group
theory combined with the use of the Walsh diagrams and some elementary quantum chemi-
cal considerations. The results of this analysis are compared with those obtained by explicit
ab initio calculations. It is shown that the global structure of the electronic spectrum can be
reproduced/predicted without carrying out detailed ab initio calculations.
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INTRODUCTION

It is well known that the group theory represents a very powerful tool for the classifi-
cation of electronic, vibrational and rotational states of molecules, particularly those pos-
sessing highly symmetrical nuclear configurations.!-2 A serious drawback of this approach
is, however, that the corresponding statements are generally of only qualitative nature. So,
for example, on the basis of symmetry considerations alone the number and type of elec-
tronic states arising by various populations of a set of molecular orbitals can be predicted,
but not their energy ordering or the energy difference between them. In the present paper, it
will be shown that also a lot of semiquantitative information can be obtained if pure group
theory results are combined with some elementary quantum chemical considerations. This
will be illustrated on the example of the acetylene molecule. This species was chosen for
two reasons: firstly, it is interesting from the group theoretical point of view because of its
relatively high symmetry (taking into account the small number of atoms) and the fact that
the equilibrium geometries in its various electronic states belong to different point groups
(Doohs Con Coyyr G, -..); secondly, the importance of this molecule may make the results of
the present analysis interesting not only from a pure methodological point of view.

The present approach is of course not new. Its roots represent the well known
Mulliken—Walsh rules®# which enable a number of qualitative and even semiquantitative

* Dedicated to Professor Miroslav J. Gagi¢ on the occasion of his 70t birthday.
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predictions concerning the geometry and energy ordering of electronic states of various
classes of molecules to be made. We shall shorten here this name to Walsh rules, in spite of
the fact that particularly in Mulliken’s hands this simple and elegant model has led to fasci-
nating results; the reason for this is that there are also many other “Mulliken’s rules” in this
and related topics. The Walsh rules were derived in the precomputer era on the basis of
simple MO-LCAO (molecular orbital as linear combination of atomic orbitals) consider-
ations. The use of computers for solving the molecular Hartree-Fock (HF) equations has
enabled the quantitative generation of the entities (molecular orbitals and the correspond-
ing orbital energies) entering the Walsh model (see, e.g., Ref. 5). Although this “quantifica-
tion” of the model introduces several new problems, not existing, or at least being hidden,
from the pure qualitative point of view (see, e.g., Ref. 6), there are at least two important
advantages thereof: 1) it explains some important features not understandable on the basis
of the qualitative MO theory alone; b) it represents an important link between naive con-
cepts and the results of explicit ab initio calculations, the latter being of high (numerical)
accuracy but are given in terms of very complex energy surfaces and corresponding wave
functions, which obscures their interpretation.

MO DIAGRAMS FOR HAAH MOLECULES

In a previous paper,’ the behavior of MOs for the class of molecules with the formula
HAAH, where A represents an atom belonging to the first row of the periodic table (e.g., B,
N, 0O), at the H-A and A—A stretching was discussed. In the present study are considered
the angular (bending and torsional) dependence of the same quantities. To simplify the sit-
uation, it is assumed that all the bond lengths are kept fixed at their equilibrium values. At
nuclear arrangements corresponding to these types of distortions with respect to the linear
geometry (D, point group) the molecule belongs to various point groups: Cyy, (at the
trans-bending), Cy,, (cis-bending), C, (torsion at equal H-A—A bond angles). The correla-
tion between the irreducible representations (irreps) of these point groups is given in Table
L. For sake of completeness, the group C is also presented. The choice of the axes is made
according to the usual convention: For D, the z-axis coincides with the molecular axis,
for Gy, Gy, and G, it represents the C, symmetry axis, and for C it is perpendicular to the
symmetry (molecular) plane. In all cases except for D, the y-axis is taken to lie along the
A—A bond.

For the discussion which follows it is convenient to first construct for each point group
of interest the symmetrized linear combinations of the atomic orbitals (AO) building the
“minimal” AO basis for the systems considered. The minimal AQO basis consists of the fol-
lowing species:

ISA , 284, 2pxA=XA , 2PyA = YA, 2PZA=ZA
Isp,2sp,2pxB =XB, 2pyB=YB, 2P/B=7B,
IsgA =SHA , ISHB=SHB -

)
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In Eq. 1 different symbols (A, B) for the two heavy atoms and the two hydrogens (Ha,
Hg) are introduced. In this new notation the HAAH molecule reads Hy A B Hg. The sym-
metric and antisymmetric linear combination of pairs of these twelve AOs build the bases
for irreducible representations of the point groups in question, as given in Table II. Note
that the symmetry species appearing in the same row of Table II do not necessarily corre-
late with one another (e.g., m, b tb,, bj+by, btb, corresponding to the two-dimensional
space spanned by x5 +xg and ys+yg), because of the different meaning of the x, y, and z
axes for the different point groups. In the C point group each individual AO, except for zp
and zg belongs to a’, the latter two being of a" symmetry.

C2h Dah Coy Coan C; Cov
gi €i
K.g'-g 3[‘.)'2\'\ l.qg Sa ~*-_"‘3b2
$
0 - ) OEER
UL O A . IS R 4a 4a4
T dby o~ 3bu————3— — | 1by
~~ 3bu ! 3b
\ 3ag 304
3ag 36g 3qq _ 3a
__________ -——"/ 2bu___"___'____'—2b
by 26u  2b2 2p 2
/Zag’—:ﬁg 24 209 2a 20
| t
140 180 140 45
xr eideg. %0 Pideg- 0
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Fig. 1. The dependence of MO energies on variation of geometry in symmetric tetraatomic molecules
HAAH. la: Trans- and cis-bending. Solid lines denote species of ag (Cop, point group) and a; (Cy,, group)
symmetry, dotted lines a, and a,, dashed lines b, and by, dash-dotted lines b, and b,. 1b: Torsional depend-
ence of MO energies. Solid lines denote species of a symmetry, dashed lines b MOs. Correlation of C, spe-
cies with their Gy}, and Cy,, counterparts is indicated.

Besides these twelve (“valence™) AOs, the s, p, ... Rydberg orbitals will also be con-
sidered, because the latter are involved in the series of experimentally observed excited
electronic states of the acetylene molecule. These orbitals are characterized by large spatial
extension and closely resemble the orbitals of an isolated atom. They can all be assumed to
be centered at the mid-point of the molecule and each of them transforms separately ac-
cording to the total-symmetrical irrep (s-species), like the x, y, z coordinates (py, py, P
Rydberg orbitals, respectively), etc., in each of the point groups considered.
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TABLE I. Correlation of the species of a linear molecule (D,,, point group) with those of a molecule of lower
symmetry.

Dy, Con Gy G G
5 Ay Ay A A
Sy B, B, B A"
I, Ag+ By A, +B, A+B A+ A"
A, Ag+ By A, +B, A+B A+ A"
o, Ag+ By A, +B, A+B A+ A"
5, B, B, B A
5, A, A, A A"

. A, +B, A, +B, A+B A+ A
A, A, +B, Ay +B, A+B A+ A
. A, +B, A, +B, A+B A+ A

TABLE II. Classification of atomic orbitals according to the irreducible representations of the point groups of
interest.

Dy Con &N G

ISA +1 S Gg o a a

1 SA -1 SB Gu bu b2 b

2sp +2sp O ay a; a

2SA — 2SB Gu bu bz b

XA + XB bu b] b
Tcll

YAtV by b, b

Zp t 2z o a, a; a

XA —XB ag ap a
Tg

YATYB ag a)

Zp —Zp Gg bg b2 b

Hu +Hp Oy ag a a

HA - HB Gu bu bz b

The dependence of the energies of the low-energy orbitals up to 17, (except for the
log and 16, which are characterized by much lower energies than those of all other spe-
cies) on the bending coordinates is presented in Fig. 1a. It is extracted from HF calculations
on several HAAH molecules and is in most, but not all instances, qualitatively the same as
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that predicted in the original studies by Mulliken and Walsh. The data of Fig. 1a is of
semiquantitative nature in the sense that the energy ordering, increase or decrease of the
curves are reproduced quite correctly, while the energy differences between the curves are
arbitrary.

First the composition of the MOs for the linear nuclear arrangement will be discussed.
The two MOs with the lowest energy, 1o, and 16, (not shown in Fig. 1a), are built by the
symmetric and antisymmetric linear combinations of the 1s AOs of the A, B atoms. The
electrons populating these orbitals are mainly localized at the heavy nuclei and do not con-
tribute significantly to the binding of the atoms in the molecule. The next two orbitals in or-
der of increasing energy are 26, and 26, composed predominately by the symmetric and
antisymmetric linear combinations of the 2s A, B orbitals, respectively, with a small ad-
mixture of the hydrogen 1s AOs. They are followed by 36, involving the antisymmetric
linear combination of the 2p, A, B orbitals directed along the molecular axis (2pc) and the
symmetric linear combination of the hydrogen 1s AOs. The next orbital is 17, composed
of the symmetric linear combination of the p orbitals of the A, B atoms perpendicular to the
molecular axis (2p,, 2p, = 2pn). If the AO basis employed did not involve the Ryd-
berg-type species, the lowest-lying orbitals not occupied in the ground state of CoH, (*“vir-
tual orbital”) would be 17, built by the symmetric linear combinations of the 2pm A, B
AOs. It would be followed by the 35, orbital, ezc. However, the Rydberg orbitals present in
the AO basis employed enter into a branch of non-bonding MOs, characterized with ener-
gies close to zero, and lying thus between 11, and 17,. Let us note that discrete energies of
virtual orbitals are actually artificial; if the AO basis were infinite, the spectrum of virtual
orbitals would be continuous.

The behaviour of the orbital energies upon bending is governed by several effects.
First of all, because of the reduced symmetry, all the species doubly degenerate in the linear
geometry (m, J, ...) split into two components. The second important effect is that in the
lower-symmetry groups more AOs are generally involved in a MO belonging to a particu-
lar irrep, which can contribute to a lowering of its energy - an example for this are the 2a,
and 2a; orbitals compared with 26, to which they correlate in the linear nuclear arrange-
ment. The overlap between the AOs belonging to a hydrogen and a heavy atom within a
MO can become more (as, for example, in 3by) or less (e.g., in 3ag and 3a;) pronounced
upon bending; in the first case such a MO is stabilized, in the second case it is destabilized
upon bending. The next effect influencing the geometry dependence of orbital energies is
mutual “repelling” of MOs of the same symmetry and similar energy (as e.g., 3a; and 4a;).
Finally, the composition of MOs and consequently their energy is influenced by the re-
quirement for their mutual orthogonality. The form of the curves presented in Fig. 1a can
be interpreted more or less straightforwardly by taking into account all these facts (see also
Ref. 5). The behavior of the MOs involving also Rydberg-type AOs is clearly dominated
by the propetties of these species; these MOs show no significant change in composition
and energy with variation of the geometry.
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In. Fig. 1b are displayed the orbital energies as functions of the torsion angle at a par-
ticular value for the bending angle ~ Hy—A-B = £ A-B—Hg (of, say 120°). The torsion
angle v is defined as half the angle between the Hy AB and ABHg planes. This means that
y =0 for cis-planar geometry, and y = n/2 for trans-planar nuclear arrangement. Only the
Sa and 4b orbitals show significant change upon torsion. This is easy to explain: The 5a or-
bital correlates at frans-planar geometry (y = n/2) with the 4a, species; this MO is predomi-
nantly built by the antisymmetric linear combination of the py orbitals of the heavy atoms
(lying in the molecular plane), but is significantly admixed by the symmetric linear combi-
nation of the hydrogen 1s function. The overlap between these functions decreases with
decreasing torsional angle. At cis-planar geometry, the Sa orbital correlates with 1a,, the
latter does not involve the hydrogen AOs for symmetry reasons (see Table II). A conse-
quence of these facts is that the energy of the Sa orbital decreases on changing of the mo-
lecular geometry from #rans-planar towards cis-planar. The behavior of the 4b species is
just the opposite.

VERTICAL ELECTRONIC SPECTRUM OF ACETYLENE

In the ground electronic state, the acetylene molecule is linear. The electronic configu-
ration of the ground state corresponds to the distribution of fourteen electrons among the
lowest-energy MOs available: 16,2 16,2 26,2 26,2 36> 1,4 The symmetry of this state
is thus %,".

The lowest-lying excited state of acetylene corresponds to a one-electron excitation
from the highest MO populated in the ground state 1w, = m,, into the lowest lying
unpopulated (“virtual”’) MO, Ing=m, (3 Ty configurations). When considering the linear
nuclear arrangement, it is convenient to use instead of Cartesian components of these
orbitals their linear combinations which are eigenfunctions of the projection of the elec-
tronic angular momentum operator onto the molecular axis, L,. All the electronic configu-
rations which are considered in the present study have at most two electrons in “open
shells”, i.e., in (spatial) orbitals populated with a single electron (at linear geometry there
will actually also be situations where three electrons occupy a 7 orbital — such a case can
and shall be treated as a single “hole” in this MO). Since the electrons occupying “closed
shells” do not contribute to the molecular angular (spatial and spin) momentum, the z-com-
ponents of the angular momentum and spin operator of the molecule can be written in the
form
@

[ 0 0
L,=1 +122:_1(&451 +%j; S, =81 1T80

(atomic units, me = 1, e= 1, A= 1 are used throughout this paper) where indices 1 and 2 de-
note the electrons which can be outside the closed shells, and ¢, ¢, represent their
azimuthal angles. To obtain the required components of the 7t orbitals one starts with the p
AOs of the heavy atoms (A, B) expressed in polar coordinates,
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2pa=xa=/(0,2a) s, 2pm=xB=f (0,2B) COS B,
oa=ya=f(,za)sing, 2pp=yB=/f(p,7p)sing, )

where the symbol z (zg) indicates that the corresponding function is centered at the nu-
cleus A (B). It follows that

XATXB=/fy o8¢, XA—XB=fgCO8Q,
YATYB= fusing, ya—YB=/fgsing, @)

where

quﬂf)azm—i_f(p’ZB)’ ngf(paZA)_f(p,ZB)' (5)

Now the linear combinations of (4) are built,

T = [(xaxB)+ i (A -+ yB)] =/

NS

T 5 \/11+7S [(xa+XB)—i(YATYB)] =fue @ o
Ty = 1 [(XA—XB)-I—i(yA_yB)]:j%eiqg

£ 2 fi-5s

Tig = 2\/11_75 [(xa—xB) —i (YA~ YB)] = fge

It is assumed that AOs are real and normalized (but, of course, not mutually orthogo-
nal in the general case); S is the overlap integral,

SEIXAXB dTEIyAyB dr. (7

There are 16 Slater detrminants corresponding to the 7,3 T, configurations, which are
in accordance with the Pauli principle:

D= |?cuoc,ngoc|, D)= |Eu(x,7tg[3|, D3= |T_[uOL,T_thL|, Dy= |T_tuOL,’I_th|,
B D6: |nuB:7TgB > D8: |TCuBa7TgB

Ds= | TP, Tl , D7= |EuB, T_Cga

_ = (8
Dy = |nua,nga|, D= |TEuOL,TCgB|, Dy = |7ruoc,ngoc|, Dyp= [ mya, mef3 ,( )
Di3= | mp, mgo|, Dig= | 7, nBl, Dis= | 7, Ttgot|, Dig= |nuB,ﬂgB ,
The shortened notation for the Slater determinants will be employed, e.g.,
T _ 1 [ mQa®)7OBW)
T 2@ R)TRBR) ©)

The electronic Hamiltonian of a linear molecule commutes with the operators L, S2
and S;, and thus the quantum numbers corresponding to these operators, A, S and Mg are
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“good” quantum numbers. All the Slater determinants (8) are eigenfunctions of L. and S,
but generally not of S2. Additionally, the Hamiltonian commutes with the operator for per-
mutations of identical nuclei (A, B and Hu, Hg), as well as with the operator oy, corre-
sponding to the reflection of all electronic spatial coordinates in the planes crossing one an-
other along the molecular axis. Thus, a correct electronic wave function is labeled by the
quantum number g or u, according to its behavior upon reflection in the nuclear inversion
centrum, and the wave function for a £ (A = 0) electronic states also by + if it is invariant
upon reflection in 0y, and by —if it changes sign under this operation. From the Slater deter-
minants (8) the following spectroscopic states are constructed:

1
1A= 7 (D10-D13) =10, 01,

5

— 1

Ay =—(Ds=D7) =0, O
NG}

3Ay (Mg=1)=Dg=3D, ©,

3Ay (Ms=0)= Vi (D10 + Dy3)=3D, 03,

Ay (Ms=~1)=D14 =30, @ y;
Ay (Ms=1)=D3 =30, 0%,

3R —0)= L Dyt D=3 3

33111 (Ms=-1)=Dg =30, 03 |,
12u+:§ (D,—Ds+Dip—Dys)=10" 0,

1
Tyt (Ms=1) “5 (D1 +Dyp) =30 @3,
3T (Ms=0) :; (D3 + D5+ Dip + Dy5) =30" @3,
35, (Mg =—1)=— (D + Dyg) = 3" @3 ;
2y (Mg )ﬁ(6 16) 1

%y = (D2-Ds=Diz+ Diy)= 00,
1
2
3% (Ms=0)= ; (D2 +Ds5—Dip—Dy5) =30~ 03,
1
2
On the left-hand side A stands for the species with A =2, A for those corresponding to

A =-2. The components of a triplet state are denoted by the value of Mg given in parenthe-
ses. The functions appearing in Egs. (10) are defined as

3%y (Ms=1)=— (D1 —Dy)) =30 63,

3% (Ms=-1)=—— (Dg— D) =30~ ©3_;.
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1

V2

o, = \15 [m(1) mg(2) + (1) 1(2)] = —=[mymg + Mgm, ] =

L
5

! Uidfot fofd explitp1 +62) 1

Ip ,= E [Eur_cg + T_CgEu] =
1
3py=— [y — Tom, ]| =

NG

1 — - __
30,= E [tymtg — Tgmt, ]| =

b
N/
b
N/
L
N/

Ot =~ [m,71q + Mg, + ity + ] = [fuf g T foful cOS@1—2) ,

[fufg—feful expli@1 + ¢2) ],
[fufg - fgfu] exp[-i(@1 +¢2) ],

—_— DN | =

3pt== [nuﬁg - &gnu + EuTEg - ng&u] =[fuf, g f gf ul cos(P1—92),

N

1@25 [nuT_Eg_"T_Egnu_%ung_ngT_tu] =1 [fufg_fgfu] sin(¢1 —¢2),

3= ; [nuﬁg - Ethu - EuTCg + ngﬁu] =i[fuf, gt J gf ul sin(@1— ),

and
o! E% (1) B(Z)—B(l)oc(Z)]E\lE(aBBa)
031 =a(l) a2)=oa,
0% =$ [a(1) B+ B(1) o2)] zji (o +Boy)

®%=B(1)B2)=PB.

371

i [£ulD) fe2) + f(1) ful2)] expli(@r + ¢2)] 512 Vifg + feful expli@1 +¢2)l,

(11)

(12)

Now the approximate expectation values for the electronic Hamiltonian, correspond-
ing to the wave functions defined by Egs. (10), will be derived. It is assumed that the contri-
bution from the closed shells is the same in all cases, and that the relative ordering of the
states considered can be obtained by computing the mean value of the Hamiltonian for two

electrons,

H:h1+h2+i
2

(13)

where /17 and /&, are one-electron operators and 75 is the distance between the electrons 1
and 2. The contribution from the one-electron operators /| and /4, is for all the present cases

(7, configurations)
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<7Tu‘hl/2|nu>+<ng|hl/2|ng>58u+8g. (14)

The mean values for the two-electron operator 1/7, are

Ay 1 Jug + Kyug=

{(xaxa | xaxa)—(xaxp | xaxp)+(xaxa | yaya)—xaxs | yays)+

20-5%)
+(xayB | xayB)—(xayB | xBYA) 1,
Ay Jug—Kug=

1
72){(XA xa | xgxB)—(xa xB | XA XB)+(xa XA | yBYB)— (XA XB | YA YB) —

20-S

~(xayB | xayR)+(xa YR | xBYA) 1,

[Ty | g ) + (a7 | g )] = (15)

1
12u+3Ju§+Ku§+1 2

1
E Sz{(XAXA | xaxa)—(xaxB | XA XB)+ (XA YA | XA ¥A)~(xAYB | XA YB) }»

1 = _
3Zu+:Ju§—Ku§+l7[(nu T | Ty Tg) — (Tty Mg | Tl )] =

1
- Sz{(XAXA | xpxB)—(xaxB | XA Xp)+ (XA VA | X8 YB)— (XA B | XBYA) 1,

1 — | = _ _
lzui:Jué"_Kué_l? [(mty Ty | Tlg ng)"'(“u Tlg | Tg )] =

1
=1 P {xaxa | yByp)~(xaxp | yayp)~(xaya | xpyp)+xays | xayp) ),
1 — = _ _
3y Jig—Kig— " [(ry Ty | Tl Tg) — (Ty Tig | Ty )] =
1
= SZ{(XAXA | yaya) - (xaxs | yays)—(xaya | xaya) +(xays [ xgya) .

In Eq. (15), the “chemists’ notation”® for four-center integrals is employed,

[[« 0" @ rlca)d(Z) dry dry=(ac|bd), (16)
12

the Coulomb and exchange integrals are introduced

Jug=wul| gg), Kg=@ug|guw, Jg=wulg2, Kg=@glzgw (17

(where u denotes 7, and g mg), and the matrix elements expressed also in terms of the
atomic basis functions.
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The values for the four-center integrals can be estimated by means of the Mulliken
formula®:

(ab|cd)ziSabSCd[(aa|cc)+(bb|cc)+(aa|dd)+(bb|dd)], (18)

where Sy, and Sq are overlap integrals for the orbitals @, b, and ¢, d, respectively. An analy-
sis of the expressions (15) leads to the following ordering of the acetylene excited elec-
tronic states in order of increasing energy:

32"Ll+, 3Au, 3211_, 1211—, lAw 1zu+- (19)

All these states except for 1T, " (lying at very high energy) represent the lowest-lying
excited species of the acetylene molecule.

The excited electronic states corresponding to the 3 T, electronic configurations are

followed by a series of Rydberg-type states arising by excitations out of the , orbital into

the orbitals involving the Rydberg AOs. The energy positions of these species generally
match very reasonably the formula

Tr=IP—R/(n—95) (20)

where T} is the term value of the state in question, /P the ionization potential of the mole-
cule (11.4 eV), R the Rydberg constant, 7 the principal quantum number of the Rydberg
state, and 0 the quantum defect (usually assumed to be d = 1.0 for s series, 0 = 0.4/0.5 for p,
and 0 = 0.0/0.1 for d states). The only exception represent the lowest-lying states of both
singlet and triplet multiplicity (corresponding to the 17, — 3sg electron excitation) the ver-
tical energies of which differ significantly from those obtained by means of formula 20, in-
dicating that these species are of mixed Rydberg-valence character. The Rydberg states of
acetylene converge towards the ground state, X 2I1,,, of the CoH," ion.

TRANS-BENDING POTENTIAL CURVES

At frans-bent nuclear arrangements (point group Cop,), the 7, and 7, orbitals split into
3by + la, and 4a, + by, respectively. One-electron excitations out of 3by (=by) or lay
(=ay) into 4a, (=ay) or 1b, (=by) lead to the electronic species represented by the following
sixteen Slater determinants

D|T= |auoc,aga ,DyT= |auoc,agB ,D3T= |auoc,bgot ,D4T= |aua,bgB ,
DsT=|auB,agal, D¢ = lay pagBl. D77 = [ay B, bg | DsT = [au.be Bl 1)
DoT=[bya,agal, DigT= |bya,agBl, D1 T= |by o, byal, DiaT= |bya, by Bl
Di3T= by, ag ol DiaT= [bup,agBl, DisT= by B bg o], Dig" = [buf, b p
These Slater determinants are combined into “spectroscopically correct” electronic

states, i.e., species being eigenfunctions of the spin operators S2 and S, and belonging to a
particular irrep of the Cyy, point group as
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1A=L (0,7 DsTy =L (ayaq +aga,) O,

V2 V2
1 1
2 1Au = E (DT _DIST) :ﬁ (bubg + bgbu) ol
13A, (Mg=1)=DiT :L (auag* agau) 013,

V2
1 1
1 3Au (M;=0)= E (DT +DsT)= E (auag - agau) ®03a

1
13A, (My=-1)=Dg"=— (auag - agau) 013

2
1

23A, My=1)=Dy;T=— (byby—b 03,

u(M;=1) 11 \/j(bu s gbu) 1
1 1
23Ay (M=0)= 7 (DT +Dysh) = 7 (bubg —bgby) O,

1

23Ay (My=-1)=Dj6" = 7 (bubg —bgby) @13, (22)

1 1
11B,= T (D4T—D7T)= T (aubg + bgau) ol

218, =L (DyT- D3N =L
G f
1 3Bu (M= 1):D3 :E (aubg_bgau) 03,

(byag +agby) 01,

1 1
1By (M;=0)= 5 (D4T+ D71 = 5 (aubg —bgay) Op*;

13B, (My=—-1)=Dg" = (aybg —bgay) CIEA
23By, (M= 1)=DoT :7(buag - agbu) 03,
V2
2 Bu(M O)_T(D10T+D13T)_T
23B, (M;=—1)=D4T=— —agby) O_3.
u (Mg ) 147 \/E(buag gbu) 1

(byag —agby) O¢°,

The MOs in the D, j, point group are connected with their Cyp, counterparts by the re-
lations

_ 1 . — :L .
Tcu_\/i@u"'lau)a Ty \/E(bu 1ay), @)

1 . - 1 .
Tcuzﬁ(agﬂbg), nuzf(ag—lbg).
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By using (23), the correlation between the electronic states of the two point groups
considered can be derived. It reads

1 — 1

f (A +1A) — ﬁ(leu* 11By),

1 — i

N (A 1Ay —> f(ﬂAu —11Ay),

1 - 1

N CAu+3A) - E(I3Bu —23By),

1 — i

5 CAL—3AY) —>E(23Au +13Ay), (24)

‘w»%(leﬁ 11By),
lzu%éalAu—zlAu),
5" 2= (B, 2By
32u——>\i5 (13A,—23A).

The geometry of the electronic states of acetylene in terms of the energy change of the
MOs involved in the corresponding wave functions upon #rans-bending are now dis-
cussed. Only the singlet electronic states will be considered — the analysis of triplet species
can be carried out in a completely analogous way. At the linear nuclear arrangement, the
electronic configuration of the ground electronic state of acetylene, XlZg+ is .. T, At
trans-bent geometries it becomes ... 3b,21a,2. The effect of decreasing the energy of the
3b,,2 orbital upon bending is outweighed by the strong energy increase of the 3a; MO (also
doubly occupied), resulting in a linear equilibrium geometry of the X12g+ state. The corre-
lation scheme given by Egs. (24) shows that the first excited singlet state, 13-, correlates
with the antisymmetric linear combination of the 11A, and 2!A,, species of the Cyy, point
group, with coefficients of exactly equal magnitude (1/+/2). However, already at small dis-
tortions from linearity, the 1! A,, component becomes dominant. The 1A, electronic state of
the linear molecule splits upon bending into a B,; and a A, component (the Renner-Teller
effect!0). The B,, component retains also at trans-bent geometries the composition given
by the first of Eqs. (24), on the other hand the 21A,; species become dominant in the A,
component of the 1A, state. The composition of the two lowest-lying singlet electronic
states of A,, symmetry can be interpreted as mixing of the 12~ and !A,, states at #rans-bent
geometries. The mixing between the B, component of the !A,, state and the species of the
same symmetry (B,)) correlating with the 13X, state of the linear molecule is not significant
(at least at small distortions from linearity), because of a relatively large energy difference
between the T, and 1A, states.
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oLy 140 180 140 of./deg. B, species.

The fact that the state correlating with X~ (see Egs. (22)) corresponds to the excita-
tion from the 1a,, orbital, the energy of which does not change significantly upon bending,
into 4a,, being stabilized at bent geometries (see Fig. 1a), has as a consequence the geome-
try of this electronic state being bent at equilibrium. On the other hand, the A, component
of the 1A, state corresponds to the excitation from the 3b,, orbital, the energy of which de-
creases upon bending, into 1bg, with an energy practically independent of variation in the
geometry; this leads to a continuous increase of the energy for the electronic state in ques-
tion with increasing distortion from linearity. The other component of the 1A, state (of B,
symmetry) is described by two leading configurations corresponding to 3b, — 4ay, 1a, —
1b, excitations with respect to the ground state. Inspection of Fig. 1a shows that it is diffi-
cult to predict precisely whether linear or bent geometry will be preferred by an electronic
state of such a composition; the results of explicit ab initio computations (Fig. 2, Refs.
11-13) show that it is non-linear, but with a very flat potential curve.

Rydberg electronic states arise by excitations out of the orbitals 1a,, and 3b,, correlat-
ing with 7, into the MOs involving Rydberg-type AOs. Since the latter show negligible
dependence on the molecular geometry, all Rydberg states possess linear equilibrium ge-
ometry. The states arising by excitations out of the 1a, MO lie below those corresponding
to excitations from its lower-energy counterpart 3b,,, as, for example, the A,, component of
the first singlet Rydberg state, 11T, [1a, —> 3sRr(ag) excitation] with respect to the B, com-
ponent [3b, — 3sr(a,) excitation] of the same state (see Fig. 2).

>
@
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CIS-BENDING POTENTIAL CURVES

At cis-bent molecular geometries (point group Cy,,), the 7, and 7, orbitals split into
1b+4a; and 3by+1ay, respectively. One-electron excitations out of 1by (=b;) or 4a;(=a;)
into 3b, (=by) or 1a, (=ay) lead to the electronic species represented by the following six-
teen Slater determinants
D= ’al o, byol|,DC= |al o, by B ,D3C= ’a] o, o, D= |a1 o, B
DsC=|ar B,byal, DsC= a1 B,byBl. DrC = [a) Bayal, DsC= a1 B,ar B, (25
DoC=[bya,byal,D1oC= by, baBl, D11C = |bj o,y al, D1nC= [ by o, a2 I,
DisC= b1 B.boal, DiuC= by B,y Bl, DisC= | by Baz |, DiC= | by B, az Bl.

The spectroscopic states built by linear combinations of the determinants (25) are

11A;= 12(1)4C —Di0)= 12 (ajay +apa)) O,

>

2 v
214, =$ (D10€—D13%) = 7 (byby +byby) OF;

1
13A) (My=1)= D3C=—=(ajap—aja;) O3,
S ,\/E

13A, (M, =0) =12 (D~ D) =12 (a122—apay) O,

5 %
13Ay (M;=—-1)=DgC =— (ajap — ara;) ©_;3;
(Ms=-1) \15( )
23A5 (M;=1)=DoC=—_ (bjby —byb;) O3,
(Ms=1) ﬁ(b )

1 1
23A5 (My=0)=— (D1o€ + D136)=— (biby —byb;) Op3,
2 (M )ﬁ(lo 131)ﬁ(b12 ob1) Op
23Ay (Mg=—1)=D14C =—— (bjby —byb) O_;3,
11B2=— DZC—D Cy=_—__ ajby +boay @1,
ﬁ( 5-) 2( )

5

1 1
21By=—= (D12¢—D150) =—= (bjay +axb;) ©1,
NG 2

g

1
13By (M;=1)=D;€=—(ajby —bra;) ®3;
(M; 1 ﬁ( 1 )
13By (My=0)=— (D)€ + DsC)=—(a;by —bra;) Op>:
2 (M )ﬁ(z 5)\5(12 nap) O
13B) (My=-1)=DcC = (ajby —ba;) ©_3;
23By (My=1)=DyC= E@laz—a2b1)®13;

1 1
23B, (Mg=0)= 5 (D12¢+ D56 = 5 (bjaz —agby) O¢?;
1

V2

(26)

23By (My=-1)=Dj¢C =—= (bjag—azby) ©_3.
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The MOs in the D, point group are connected with those of the Cyy, by the relations

Ta= o (ag +iby), Tu=e

7 7
Ty by i), == (orim)

(aj—1iby)
(27)

The states of the D, and C5,, point groups correlate with one another in the following
way:

1 — 1

E (lAu + lAu) - f Q! 1BZ - 21B2),

1 - i
L a-1B) > L @iag+11Ay),

2 V2

1 __ 1

E CAy+3Ay) - E (13B,—23By),
% (8B > = P+ 130) (28)

I3+ »é (21B,+11By),

1
2y o 5 (11422140,
1

3%, > — (1B, +23By),

i
3%, — 5 (13A;—23A).

Again only singlet electronic states will be discussed. The energy of the state correlat-
ing with the X 12g+ linear species, ... 1b;24a,2, increases upon cis-bending. In analogy with
the situation at #rans-bending, the first excited singlet state (1Z,~ at linear geometry) is at
cis-bent geometries predominantly described by the single 1A, wave function (1b;—3b,
excitation with respect to the ground state), and the component of the 1A, state of the same
symmetry by 21 A, (4b;—>1a, excitation). The other !A,, component (of B, symmetry) re-
tains the composition it has at linear geometry (4a;—3b,, 1b;—1ay). Reasoning analo-
gous to that carried out for #rans-bending leads to the conclusion that the first singlet state
of A, symmetry (correlating with 1Z,,") has bent equilibrium geometry, while the second
A, species (which correlates with 1A,)) prefers linear geometry. The lowest-lying By state
(the other 1A, component) is slightly non-linear, like its B, zzans-planar counterpart. All
Rydberg-type species are predicted to be more stable at linear geometry than at cis-planar
nuclear arrangements.
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Fig. 3. Torsional potential curves for low-lying excited singlet states of acetylene corresponding to a H-C—C
bond angle of 120° (central part of the figure). On the left-hand side of the figure the #rans-bending curves

for the interval of £ H-C—C values between 180° (linear geometry) and 120° is reproduced. Right-hand
side: cis-bending curves.

TORSIONAL POTENTIAL CURVES

The dependence of the energy of the MOs on the torsional angle, presented in Fig. 1b,
is directly reflected in the form of the potential curves for torsional motion. The low-
est-energy potential curve corresponds to the electronic configuration ... 3b% 4a2, 11A. This
state corresponds at frans-planar geometry to 11Ag and at cis-planar nuclear arrangement
to 11A,, both of these species correlating with the X12g+ state of the linear molecule. A
consequence of the very weak torsional dependence of all the MOs involved in the wave
function of the 11A state is that the corresponding potential curve has the form of a nearly
straight line. On the other hand, the composition and energy of the next two A electronic
states in order of increasing energy show dramatic changes upon torsion. The lower-energy
one of them correlates at trans-planar geometry with the ... 3b,2 1a, 4a, 1 1A, species and
at cis-planar geometry with ... 1b; 4a,2 3b,, 11A,. This means that at large values of the
torsional angle y (i.e., at relatively small torsional distortions with respect to the #rans-pla-
nar geometry) the electronic configuration for the 21A electronic state is ... 3b% 4a Sa
(4a—>5a electronic excitation with respect to the 1!A state), and at small y values (nearly
cis-planar geometry) it is ... 3b 4a2 4b (3b—4b electronic excitation with respect to the 11A
state). This change in the composition of the wave functions for the 2! A adiabatic state is
easily understandable in terms of the MO diagram presented in Fig. 1b: At large y values,
the 4a—5a excitation is energetically more favorable than 3b—4b, while the situation is
opposite for small values of y. The behavior of the 31A state is complemental to that of its
21A counterpart. This leads to an “avoided crossing” of the 2! A and 3! A adiabatic potential



380 JEROSIMIC and PERIC

curves and consequently to a potential barrier for the 21A state at y ~ m/4. On the other
hand, the torsional potential curve for the 1!B state, connecting with each other the 1!B,,
(Cyy, geometry) and 11B, (C,,,) states, has a relatively monotonous form. This concerns
also all the Rydberg-type electronic states. In Fig. 3 are displayed the ab initio computed
torsional curves for the 21 A, 31A and 1!B electronic states.!2 They confirm the above analy-
sis. It should be noted, however, that ab initio calculations showed that the electronic states
in question are at non-planar geometries appreciably admixed by Rydberg-type MOs.

ELECTRONIC SPECTRA OF ACETYLENE

At linear nuclear arrangement, representing the equilibrium geometry of the ground
state X1, of acetylene, electronic transitions to all low-lying valence-type excited states
32,5, 3A,, 35,7, 12, ~and 1A, are forbidden. The lowest-energy dipole allowed transition in
absorption involves the first member of the singlet Rydberg series, 1TT(3sg). For this rea-
son the majority of the experimental studies have been devoted to the investigation of the
Rydberg spectrum of acetylene (for a historical overview see Ref. 13). However, when the
linear molecular geometry is distorted, many of the “vertically forbidden” transitions be-
come allowed. The first excited singlet state (13, at linear geometry) correlates with the
11A,, species at Cyy, geometry and with 11A, at Cy,,. While the electronic transition from
the ground state (llAg at Cyp, 11A at Cy,,) to the latter species remains forbidden, the
11A, — 11A, transition at trans-planar geometry is allowed. However, such a “non-ver-
tical” transition is of low intensity.14-16 The spectrum arising from a transition into the
11B, state, correlating at the linear geometry with !A, has also been observed.!7-19 1t is
possible that some of the features ascribed to this spectrum originate from the transition
into the B, component of the 1A, state (see, e.g., Ref. 12). On the other hand, the transition
from the ground state into the A, component of !A,, is forbidden, and the spectrum involv-
ing the A, component of 1A, preferring linear geometry, should be extremely weak.

CONCLUSION

In the present study it has been shown that all the global features of the electronic
spectra of acetylene can be reproduced by means of the group theory, combined with ele-
mentary quantum chemical considerations, based ultimately on an inspection of the com-
position of a set of low-energy molecular orbitals. The reliability of this analysis is con-
firmed by comparison with the results of explicit ab initio calculations on the same sys-
tem, 1112 as well as with the available experimental findings. Moreover, with minor modi-
fications, this approach can be used to predict the structure of spectra for a number of re-
lated species, for example CoH, ", BoH,, BoHy*, as documented in Ref. 13.
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U3BOJ

KOPUIIREWLE TEOPUJE I'PYTIA 3A KITACUPUKALINITY EJIEKTPOHCKMX
CTABA ALIETUIIEHA

CTAHKA JEPOCMW'h n MUJBEHKO ITEPUH
Dakyaitieiti 3a pusuuky xemujy, YHusepsuiteii y beozpagy, Citiygeniticku itipz 16, 11000 beozpag

EnexTpoHcka cramba MOJeKyJIa aleTHIeHa Ki1acuhuKOBaHa Cy KOPHITheleM Teopuje rpyna y
KOMOMHaIju ca BommioBuM aujarpamMuma M HEKMM €JIEMEHTApHUM KBAaHTHOXEMM]CKUM pa3Ma-
TpamuMa. [TokaszaHo je fja ce rnobanHa CTPYKTypa eJIeKTPOHCKOT CIIEKTpa MOXKe PEeNpoiyKOBa-
TW/TIPEABUACTY U Oe3 IeTaJbHUX KBAHTHOXEMM]CKUX pavyHa.

(ITpumsbero 15. jyma 2002)
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