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Abstract. Valence and low-lying Rydberg states of
acetylene (CyH;) are reexamined in the singlet as well
as in the triplet manifold. The major goal of this work is
a better understanding of the valence states that
contribute to the low-energy electron-energy-loss spec-
trum recorded under conditions where transitions to
triplet states are enhanced. An appropriate theoretical
treatment of these states has to include the low-lying
Rydberg states because of their energetic proximity to
some of the valence states. The CASSCF/CASPT2
method provides a suitable framework for such a task.
For some important states the geometry was optimized
at the CASPT2 level to allow a comparison with the
results of other highly accurate methods that have been
applied to acetylene in the past.
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1 Introduction

The interpretation of the electronic spectra of acetylene
(C,H,) provides a particularly challenging problem to
quantum chemistry. The highest occupied (HOMO) and
the lowest unoccupied (LUMO) orbital are both degen-
erate. A one-electron excitation from HOMO to LUMO
leads to several excited singlet and triplet states. Except
for possibly S4(121T), where no reliable information is
available, all of these states are known to be instable
with respect to the linear geometry adopted by the
ground state. The possibility of cisoid and transoid
deformations leads to a further increase in the number of
accessible excited valence states and to strongly non—
vertical excitations. Figure 1 provides a schematic view
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of this situation. As will be discussed later, it has to be
mentioned that the situation displayed in Fig. 1 is
oversimplified for some of the singlet and triplet states
higher in energy (S;, S3, T3, and Ty4). Here, only less
symmetric structures seem to represent stable geome-
tries. Also, curve crossings can appear in more asym-
metric structures.

An additional complication is caused by the fact that,
owing to the smallness of the system, the lowest Rydberg
states are energetically not well separated from the va-
lence states. The electron energy loss (EEL) spectra [1]
shown in Fig. 2 give a rough overview of the available
experimental information. The onset of transitions with
pronounced Rydberg character is clearly obvious
around 8 eV [2, 3], but there is still some ongoing dis-
cussion about the valence character of some of the sig-
nals in the region between 8§ eV and the first ionization
potential located at 11.41 eV [4]. Among the valence
states the most detailed information is available for the
trans bent 1'A, state whose vibronic levels have been
detected from the adiabatic transition at 5.23 eV up to
6.75 eV [5, 6]. The assignment of other singlet states
is less certain. A band appearing at 6.71 eV in the UV
spectrum was assigned to 1'B, [7] and a band around
7.2 eV in the singlet-dominated EEL spectrum (Fig. 2,
upper panel) to 1'A, [1]. Nothing is known about the
singlet states 1'A, and 1'B, expected to lie below 1'A,.
With regard to the triplet manifold, recent high-resolu-
tion EEL investigations revealed that the band between
4.4 eV and 5.6 eV which was assigned to 13Z by Allan
[1] results most likely from a superposition of at least
two different triplet transitions [§8]. A complicated band
observed under the same conditions between 5.6 eV and
7.0 eV is also ascribed to singlet and triplet transitions
[1, 8].

Because of the complicated electronic and geometric
structure of some of its electronically excited states,
acetylene has been the subject of a large number of
theoretical investigations [9-24]. The first comprehensive
examination of valence and Rydberg states of linear and
bent singlet and triplet acetylene dates back to Demoulin
[23] and Demoulin and Jungen [22]. The importance of
bent geometries had been already stressed by Kammer
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[24] in 1970. Although the calculations of Demoulin are
methodically simple by today’s standards, they are still
the only source that provides theoretical information on
triplet Rydberg states. The first geometry optimizations
for the two lowest triplet states of cis and trans bent
acetylene came from Wetmore and Schaefer [21]. An
improved picture of valence and Rydberg states in the
singlet manifold was given by Peric et al. [17, 19, 20] in a
series of papers between 1984 and 1987. Using the
MRD-CI method, these authors calculated one-dimen-
sional cross sections through the potential energy surface
(PES) of several excited states for the bending, CC

Energy / eV
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Fig. 1. Schematic overview of the (m,7*) excited valence states of
acetylene. The triplet states are shown as solid lines. The curves
symbolize a possible relaxed pathway from the linear geometries to
the minima in Cy, and C,, symmetry. The energies correspond to
the calculated CASPT?2 results. The Sy state (‘X)) is not shown in
the figure

stretch, and CH stretch degrees of freedom. The influ-
ence of the Renner-Teller effect was also examined in
this study. At the same time, Lischka and Karpfen [18]
performed an extensive study of the valence states of
acetylene using CI and MCSCF approaches. They re-
ported geometries, excitation energies, and harmonic
vibrational frequencies for the first three singlet and the
lowest four triplet excited states. Yamaguchi et al. [14]
recently repeated this kind of investigation for the four
lowest triplet states at an elaborate level of theory, ap-
plying methods up to CCSD(T) and QZ (3df,3pd) basis
sets.

The interpretation of the observed spectral patterns
is further complicated by the possible appearance of
excited states that result from double excitations. These
excitations should lead to bent structures with excitation
energies below the first ionization threshold. An example
is the trans bent C' state observed by Lundberg et al. [25]
at 7.72 eV and theoretically described by Lievin [16].
Most recently, two facts kept the interest in theoretical
investigations of acetylene alive. The first was the in-
troduction of algorithms for searching and characteriz-
ing transition states and reaction paths on the PES.
These methods were used for the description of the
vinylidene-acetylene rearrangement [13, 15] or the S,
photodissociation [9, 10]. The second source was the
experimental observation of a triplet perturber of the
first excited singlet state by Zeeman anticrossing spec-
troscopy [26, 27]. This observation led to several new
experimental [28, 29] and theoretical [9-12] investiga-
tions of stationary points on the PES of the low-lying
singlet and triplet states.

In spite of this large number of theoretical investi-
gations, the interpretation of the UV [3] and EEL [1, 8,
30-32] spectra of acetylene still poses open questions.
The only well-assigned state is the trans bent S; state
(1'A,) [5, 6]. The obvious assignment problems result
from possible Rydberg/valence mixing [3, 33], Renner-
Teller splitting [19, 34], and the low intensity of some 0,0

Fig. 2. Gas-phase electron-en- 7
ergy-loss spectrum of acetylene
(from [1]) recorded at high
(upper panel) and low residual
energy. The high residual energy
spectrum is dominated by opti-
cally allowed transitions. The
low-energy spectrum allows the
detection of optically forbidden
transitions (e.g. detection of
triplet states)
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transitions combined with long vibronic progressions
that result from the change in the molecular structure
with nn* excitation [5, 6]. The major goal of the present
work is to reinvestigate the valence and the first Rydberg
states of acetylene with equal accuracy and to compare
the results obtained with the findings from recently
measured high-resolution EEL spectra [8] and with other
experimentally available information on the low-lying
singlet and triplet states.

2 Methods and computational details

2.1 Symmetry considerations

Acetylene (CyH;) is linear in its electronic ground state (point
group D). Therefore the description of the 1'XF electronic
ground state by means of molecular orbital (MO&) theory is

Table 1. Correlation of irreducible representations (IRREP)
between the different relevant point groups (Cy: z — x,y; Cap:
z—y, see [2]). The last column indicates to which IRREP
excitations from the highest occupied orbital (7) to the indicated
orbital belong
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straightforward. The s orbitals of carbon and hydrogen together
with the carbon p. orbitals can be used to construct ¢ orbitals with
the classification o, and ¢,. The remaining four carbon p, and p,
orbitals lead to a degenerate pair of bonding and a degenerate pair
of antibonding & orbitals characterized as m, and 7, in point group
D.;,. The configuration of the ground state is (ltrg)2 (1oy)? (204)
(204)* (30,)* (1my)* (1) (304)°. The low-lying excited valence
states are expected to result from the nn* excitation. The configu-
ration ....(17,)° (Imy)" yields the following electronic states: 3X,
133 and ' A,. Figure 1 shows the approximate sequence of these
states.

The states that result from the nn* excitation are unstable with
respect to distortion along the CCH bending angle. The reduction
of the bond order from three to two leads to energetically favored
cis and trans bent structures for these excited states. The Renner-
Teller distortion of the degenerate A state is also expected to act in
favor of a bent structure for the lower of the two resulting states. As
long as the four atoms stay in one plane, the frans bent structure
belongs to point group Cy, and the cis bent structure to C,. If, as
several high-quality calculations indicate [9,10], some states deviate
from these symmetries, the symmetry becomes Cs as long as the
four atoms remain in plane. Deviation from planarity reduces the
symmetry to C, or even C|. The correlation between the irreducible
representations (IRREP) of the point groups Dup, Daj, Cap, and Cy,
is shown in Table 1.

Electronic structure calculations on molecules that belong to
non-Abelian point groups are prone to special problems. None of
the widely used quantum chemical program packages is able to
perform the calculation with the full symmetry information. In-

Doch Do o 0 Upper orbital stead, the calculation is done within the smallest Abelian subgroup.
In the case of acetylene we had to calculate the electronic ground
Zg A, A, Ay P state and the vertically excited states using D,; symmetry. Conse-
- B B B p quently the degeneracy of I, A, and @ states is no longer assured by
£ ¢ & " symmetry constraints. Orbitals which do not mix under full sym-
pong By By By (T, S4), dr metry are no longer prevented from doing so in the course of an
- * iterative calculation. In all calculations presented in this paper,
Z Au A Az ™ (51, Ta), dr special care was taken to omit this problerr)n. The energies ofp t}llie n
I, By + B3 Ay + By Ay, + By Do orbitals were averaged after each cycle and all calculations that
I, By, + Bay A, + B, A, +B, s, d,. ds shpwed more ;han a very small amount of the above-mentioned
: e mixing were rejected.
Ag Ag—|—B]g Ag+Bg Ay + B DPr
A, A, + By, A, +B, A, +B, 7 (Sa3, Tas), dy 2.2 Methods of calculation
(O By + Bsg Ag + By A, +B; The CASSCF/CASPT2 method was used to account for electron
@, By, + Bay A, + B, A, + B, ds correlation effects [35-38]. The applied basis sets were the following
. general contracted ANO [39] sets [40]: 14s-, 9p-, 4d-, and 3f-type
Fig. 3. Left panel: SCF-MOs 0,5 05
obtained with the valence basis —_— - - —_ - __
(see text for definition). Right — S — p—
panel: SCF-MOs obtained with - - — - -
the augmented basis (see text — T
for definition). The orbitals are e - .
labeled with respect to D, and 0.0 — - 0.0 = ___ ——
Dy, the symmetry used for the o ’
calculations. Not included are, £
in both cases, the orbitals 1o, &
and lo, at about —11.2 Hartree ;
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primitive gaussians contracted to a 4s, 3p, 2d, and 1/ set for carbon
and 8s-, 4p-, and 3d-type primitive gaussians contracted to a 3s, 2p,
and 1d set for hydrogen. The total of 88 basis functions that results
from these atomic basis sets is refered to as valence basis in the rest
of the text. To treat the Rydberg transitions and to improve the
description of the valence states in cases where Rydberg transitions
come into play, the valence basis was augmented by a special
Rydberg basis set [36]. Eight s-, eight p-, and eight d-type primitive
gaussians, all localized at the center of the molecule, were added to
the valence basis. These orbitals where contracted to a ls, 1p, and
1d set. The contraction coefficients were obtained from a CASSCF
calculation of the 2II, ground state of C;Hj. The general con-
traction matrix was determined from the lowest virtual molecular
orbitals of the cation that were not found inside the active space
after the calculation. The basis that consists of the valence basis and
the contracted Rydberg basis is called augmented basis hereafter.
Figure 3 shows the SCF orbital energies obtained with the valence
basis (left panel) and the augmented basis (right panel), respec-
tively. The nine lowest virtual orbitals on the right side are the
Rydberg orbitals. As we do not consider transitions to higher
Rydberg shells, we do not need to include more than one set of
contracted Rydberg orbitals in our calculations.

To specify the active spaces (AS) from which we started the
CASSCEF calculations, we first discuss the linear molecule. The full
valence space defined in Table 2 includes 10 electrons and 10 or-
bitals corresponding to the 10 valence atomic orbitals of acety-
lene. The only two occupied orbitals not included in the full
valence space (log and lg,) are combinations of the carbon ls
orbitals which lie about 10 Hartree below the first orbital included
in the AS. Test calculations with AS of different size showed that
the results for the ground state and the excited valence states
could be improved by inclusion of the orbitals 27, and 2m,. The
resulting active space is called extended valence space (see Table
2). This AS was used for all calculations that were done with the
valence basis.

Inclusion of the nine Rydberg orbitals that result from the
augmented basis set into the full valence space would lead to an AS
with 10 electrons and 19 orbitals. An AS of this size cannot be
handled by any of the available programs. Therefore we used two
different ASs for calculations that included Rydberg states. An
interference between valence and Rydberg states is only possible for
the symmetries 7, A,, and X, . As long as we consider only ex-
citations that depart from the occupied 7 orbitals (17, ), the rele-
vant Rydberg orbitals are the 7, (d,) orbitals. As excitations to the
Rydberg n, (p.) orbitals which lead to Z , Ag, and X states are
also nm*—type excitations, these orbitals were included in what is
called © space in Table 2. For all further Rydberg states (I, ITy,
®,) we used the AS specified as o, 0 space in Table 2. In addition to
the occupied valence orbitals, this space includes five Rydberg or-
bitals [s(ag), ps(biu), ds(ag), ds(ag, biy)] and, to assure consistency
with the other AS, the 27, orbitals. These two AS were used for all
calculations that were done with the augmented basis.

To avoid the intruder state problem a level-shift technique was
applied in connection with the CASPT?2 calculation (LS-CASPT2
[41-44]) in all cases where the augmented basis was used. Table 3
shows the influence of the level shift on some vertical excitation
energies and on the weight of the CASSCF reference wavefunction.
At a level shift of 0.3 au the excitation energies become fairly stable
and the weights uniform with one exception: 2!'XT, the highest
valence excited state in the singlet manifold. As a level shift of
0.3 au has already been found to be adequate in other applications

Table 2. Different active spaces mentioned in the text

Active space Orbitals

Full valence
Extended valence

204, 304, 20y, 1my, 17g, 404, 30y, 40y
full valence plus 27, and 2m,

7 space full valence plus 27, (ps) dnd 21y (dr)

7,0 space 264, 304, 20y, lny, 17y, 27, 0g(s), 04
(do), ou(ps), Ag (dS)

2! space full valence plus 27, and 37,

[44], we used this value in all further calculations. Since 2'Z is not
described satisfactorily with the 7 space, a different AS, called 2/ zt
space in Table 2, was used for this state.

For the bent structures of acetylene we used the valence basis and
an AS which corresponds to the extended valence space of the linear
molecule. For these structures the relevant valence states lie well
below the onset of the first Rydberg series, so that we do not need to
bother with a possible interference of valence and Rydberg states.

Geometries were optimized at the CASSCF level. For several
low-lying states these optimizations were supplemented by opti-
mizations at the CASPT?2 level with single point calculations on a
two-dimensional (CH and CC bond length) or three-dimensional
(bond lengths and CCH bond angle) grid. For the latter calcula-
tions we used a reduced valence space which consisted of only nine
active orbitals and eight active electrons, i.e. in comparison to the

Sfull valence space the second totally symmetric MO (2a,/2a;) was

kept inactive. The distance between the grid points at the end of the
optimization was 0.001 A for the bond lengths and 1° for the bond
angle.

All calculations were performed with the . #0. %% .o/ suite of
programs [45].

3 Results and discussion
3.1 Ground state geometry

The valence basis set and the AS called the extended
valence space (see Sect. 2.2) were used for the treatment
of the linear ground state. The bond lengths of the
CASSCF  optimized structure are rcc =1.216A
and rcy = 1.073A. At the CASPT2 level we find
rcc = 1.217A and rcyg = 1.066 A. The latter are the
bond lengths used for the ground state in all further
calculations. The ground state geometry is only slightly
influenced by the PT2 correction. Almost all of the
correlation important for the description of the ground
state is already included at the CASSCEF level. This is in
accord with the 96.9% weight of the CASSCF wave-
function in the CASPT2 wavefunction of the ground
state.

The CASPT2 result is in good agreement with the
experimental bond lengths of rcc =1.2026A and
rcg = 1.0622 A [46]. Among other studies that applied
highly correlated methods to acetylene, only the
CCSD(T) calculation with TZ2P basis of Stanton et al.
[13] (rcc = 1.2017 A and rcy = 1.0616 A) is closer to the
experimental values. CCSD(T) and other methods like
CCSD, CISDT, and CISD (see [11]) yield larger devia-
tions from the experimental values when used in con-
nection with smaller basis sets (DZP). In all these
calculations the bond lengths are fairly overestimated.
This is believed to be a general tendency in correlated
calculations which are not well balanced because of a
too small basis set. We are sure that a further increase in
the size of the basis set would lead to an even better
agreement between experiment and theory, but such an
investigation is beyond the scope of the present study.

3.2 Vertical excitations

Vertical excitations were calculated with the augmented
basis set and, depending on the symmetry of the final
state, with the = or with the 4,9 space. The results are
shown in Table 4 for the singlet states and in Table 5 for
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Table 3. Influence of the CASPT? level shift (LS) on the calculated CASPT2 excitation energies (AE) and the weight of CASSCF reference wavefunctions (Ref/). All calculations were

performed using the augmented basis and the 7 space as active space

LS-CASPT2

State
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the triplet states. The states are labeled with respect to
Dy, the point group of the linear molecule, and also
with respect to Dy, the symmetry in which the

FACTICCL 2R T2CER 2| calculations were actually done. As all important one-
RANXARNRAR RAARNRNARAAN | electron excitations start from the occupied & orbitals it
is sufficient to specify the upper orbital of the dominat-
ing configurations to define the character (Char.) of the
excited state. The upper part of the tables shows the
CONRTONS mARLIS2S ;‘esults of state averaged calculations. The averaging
NN AR o 1166~ o oo included four states for the IRREPS A,, Bj,, and
By /B3y and two states for the IRREPS A, and Bj,. The
lower part of the table shows results for a few single-root
calculations. All energies are relative to the ground state
et N O D O 06D <t 1< <O — energy obtained with the appropriate active space. From
IITQ LS IIII LSS the CASSCF results we list the excitation energy, the
charge at the Rydberg center, the expectation value (1)
as a measure of the wavefunctions spatial extent and, for
the dipole-allowed transitions, the transition dipole
moment (TDM) obtained with the RASSI method [47,
SIEIC2xR SANRLRSES | 48] For the LS-CASPT2 calculations we show the
S0 NN Mo OO

excitation energy and the weight of the CASSCF
reference wavefunction. For comparison we also list
results from some other calculations and assignments
that were given in various experimental studies.

IZIZgen IIeaazal With a }eve} shift of 0.3 au the wei'ght of the reference
TARNL AARAARN AN AARRI R wavefunction in the CASPT?2 results is between 94% and
97% with one exception: 2'Z(nn*). This state had a
weight of only 79% in the state averaged calculation (see
Table 3), indicating that the active space we used for this
SEYEEERE SZEREE25 | Suie. Changing the active space as deseribed in Sect, 2.
O AN ooV
leads to a weight of the reference wavefunction of 95%
and to an increase of the excitation energy by about 2
eV. This is a reasonable result as poor reference wave-
functions usually lead to overestimated PT2 corrections.
AT~ <00 AANWVNO —~nN OO
SO YOYY SRognusy In cases where we are able to compare statg—averaqu
and single-root CASPT2 calculations, the difference is
less than 0.2 eV in excitation energy and 2% in the
weight of the reference function. The fact that the cor-
responding CASSCF energies differ by about 1eV
LTTARLLCS IxIeTe shows that the PT2 correction is able to compensate for
CEES o FIBS SRR RN most of the deficiencies of a less accurate reference
wavefunction. One of the deficiencies of the CASSCF
wavefunctions from state-averaged calculations is indi-
cated by the charge at the Rydberg center and by the (r?)
CommRERnMn NS MM S OO value, which are both considerably reduced in the single-
LSTVSEER S22BLRIA L | root calculations of the valence states 1'S, 131, 1A,

13A, and 1°%]. The comparatively high values in the
averaged calculations indicate a stronger Rydberg-
valence mixing on the MO level which is significantly
reduced in the single-root calculations. Two conclusions
R RS E = R  R can be drawn from this result:

m NMnNOAANNRD

|

9.55
9.60
9.73
9.84

1. The PT2 correction seperates the above-mentioned
valence states even further from the Rydberg states
with the consequence that Rydberg-valence mixing

PR 5 = s PR becomes negligible for these valence states.

<A< AL AL ALAL 2. The PT2 correction is able to correct the energy even

for the averaged states that show some mixing on the

MO level. Therefore PT2 results seem to be reliable

even in cases where some extent of mixing in the MOs

MR cannot be circumvented.
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Table 4. Vertical excitation energies of excited Rydberg and valence singlet states

State  Char. Dy, CASSCF LS-CASPT2 Literature

AE (eV) Charge (r?) TDM AE (eV) Ref. (%) Exp. Cale.
1‘2;r G.S. A, - -0.0101 10.1 - 96.9
112; m* Ay 8.62 0.1309 14.0 7.07 94.3 7.12 7.4207.21-7.32f
1A, = B 8.86 0.1256 14.0 - 7.40 94.7 7.28 7.80°,7.56-7.65"
1'A, 7« Ay 8.91 0.2096 17.0 7.48 94.4 7.28 7.80,7.56-7.65
', s By, Bsy 8.60 0.1243 20.8 0.089 8.30 95.6 8.162<4d 8.42¢.7.92-8.00F
I‘Hg Po By, Bsg 8.67 0.3891 17.5 8.60 96.0 9.012d:e 8.90°,8.38-8.46"
1‘2§ Pr By, 8.96 0.8931 41.3 8.92 96.7 ] 9.29" 8.92-8.95°
11A§r Pr A, Byg 9.01 0.8936 414 8.96 96.7 9.01“"3,_ 9.020  9.19",8.87-8.90F
Z‘Zg Pr A, 9.19 0.9443 44.1 9.06 96.5 9.21aded 9.30°,9.03f
2, d, Bou, Bsy 9.76 0.7592 26.3 0.022 9.55 95.7 9.24¢ 9.68¢,9.36-9.44f
112‘{; dy By 10.14 0.9855 50.5 0.066 9.65 959 9.27¢ 9.83"9.41-9.58f
2A, d, Ay 10.36 0.8033 45.2 9.73 95.7 10.00% 10.04",9.70-9.80f
212; dy Ay 10.29 0.8820 48.2 9.81 96.0 10.051‘,9.75—9.80f_
A, d, By 10.48 0.8913 49.1 - 9.88 95.9 10.04",9.70-9.80"
1'o, ds Byu, B3y, 10.02 0.9847 71.1 — 9.93 96.0 9.91¢i 10.02¢,9.69-9.80F
3, ds Byu, B3y, 10.02 0.9841 71.0 0.023 9.93 96.0 9.98! 10.03¢,9.69-9.80"
2‘2;r m* By 11.02 0.1474 23.7 0.659 10.65 95.2 9.88°¢
112; n Ay 7.67 0.0222 11.2 6.96 95.8 7.12 7.420
1A, = Ay, B 7.90 0.0332 11.7 7.30 96.0 7.28 7.80°
112:‘r dy By 9.30 0.8582 43.5 0.137 9.50 97.0 9.27¢ 9.83",9.41-9.58f

3 From [1] ® From [18] ¢ From [49]
4From [50] ¢ From [22] "From [20]
£ From [32] " From [23] f From [55]
JFrom [60] © From [61] ! From [62]

For the excited singlet valence state 2'E.", Rydberg-
valence mixing can no longer be excluded. The calcula-
tion predicts a slightly more diffuse wavefunction and an
increased charge at the Rydberg center compared to the
other valence states. This is not unexpected as 2!} is
embedded in a manifold of Rydberg states close to the
first ionization threshold. The Rydberg states IT,(s),
IT,(p,), and, to some extent, IT,(d,) are predicted to be
somewhat more compact than the other Rydberg states
in the singlet as well as in the triplet manifold, but these
states do not interfere with the considered valence states.

The degeneracy of 1'A, is not fully reproduced in the
state- averaged calculation, in contrast to the single-root
calculation (see Table 4). Correspondingly, a similar
deviation is found for the Rydberg state 2'A,. The
mixing of orbitals that belong to different symmetries in
Dy, could not be removed completely in our calculation.
This may be due to the fact that in the state-averaged
calculation the unsatisfactory described 2'E! state dis-
turbs the other By, states. The deviations are, however,
small (less than 0.1 eV) and need not be regarded as a
problem.

The lowest excited singlet state 1' X is predicted to lie
at 6.96 ¢V (if available, the single-root results are used
for the discussion) followed by the 1'A, valence state at
7.3 eV. Both values are about 0.5 eV lower than those
obtained by Lischka and Karpfen [18]. The experimental
estimate for the vertical transition to 1'A, is 7.2 eV [1].
The first Rydberg series starts with 1'TT,(s) at 8.3 eV, in
close agreement with the experimental value of 8.16 eV
[1, 49, 50]. Demoulin [22] obtained 8.42 eV and Peric
et al. [20] 8.00 eV. The energy gap between the first two
singlet valence states and the Rydberg states is about
1 eV for the linear geometry.

The energetically lowest state of triplet multiplicity
is 1323, located at 5.26 eV, in excellent agreement with
the experimental value of 5.2 eV given by Allan [1]. The
calculated S; — Ty gap is 1.7 eV, i.e. 13700cm™"'. The
degenerate second triplet state (Ta3), 13A,, is predicted
at 6.2 eV (again in good agreement with an experimental
value of 6.0 eV [1]). The energy gap of almost 1 eV
between T; and T,3 is somewhat smaller than the gap
between Sy and S, (1.3 eV). The calculated fourth triplet
state T4 is 1Z; at 6.9 eV, only 0.7 eV above 1°A,, and
only 0.06 eV below the corresponding singlet state. The
near degeneracy of 1°Z, and 1'X; had already been
found in the calculations of Lischka and Karpfen [18].
Allan [1] assigned a band around 7.1 eV in the gas-phase
triplet-enhanced EEL spectrum (see Fig. 2, lower panel)
to both transitions, but it is not clear whether this band
results really from a superposition of these two transi-
tions or only from one of them. Swiderek et al. [8] re-
lated a signal at 6.47 ¢V in the EEL spectrum to 1325 .
We will return to the assignment of this state after the
discussion of nonlinear excited valence states.

The first calculated triplet Rydberg state is 13T1,(s) at
8.19 eV. The calculated triplet-singlet splitting is only
0.11 eV, in close agreement with the experimental value
of 0.09 eV. Demoulin [22] found 0.17 eV in his calcula-
tion. All three vertically excited triplet states that result
from the mn* excitation are predicted to lie 1.3 eV or
more below the onset of the first Rydberg series. Va-
lence-Rydberg mixing is therefore unlikely and no indi-
cation of such mixing is found in the calculations. The
energy obtained for 2'E! from the state-averaged cal-
culation (8.74 ¢V) is not reliable because of the low
weight of the reference wavefunction (see Table 3) and
an extremely large PT2 correction of 5.43 eV. The in-
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Table 5. Vertical excitation energies of excited Rydberg and valence triplet states.

State Char. D»y, CASSCF LS-CASPT2 Literature
AE (eV) Charge ) AE (eV) Ref. % Exp. Calc.

B’z T By 6.33 0.0269 10.1 5.26 94.8 5.2¢ 5.61¢
1PA, T B, Ay 7.66 0.0722 11.7 6.22 94.4 6.0° 6.60°
Eom n X 8.63 0.1140 133 6.99 94.3 7.12 7.38¢
1°T1, s Bau, Bau 8.47 0.1781 21.1 8.19 95.6 8.064, 8.07%¢ 8.25¢
13n§ Ps By, Big 8.53 0.2775 15.7 8.43 95.9 8.55",8.89¢, 8.904, 8.91¢  8.74
132g Pr e 8.86 0.8306 39.5 8.80 96.7 8.98%, 9.06¢, 9.08¢ 9.07¢
1A, D Ag, By, 8.94 0.8293 394 8.88 96.7 8.89¢, 8.914, 9.08* 9.168
IEDN Pr Big 9.02 0.8796 40.9 8.96 96.7 9.248
231'lgu dy Bay, Bau 9.67 0.5848 239 9.42 95.7 9.17%¢, 9.18¢ 9.50"
2’z dy By 9.94 0.9778 51.0 9.84 96.6 9.97¢
23A, dr Biu, Ay 10.04 0.9327 49.5 9.83 96.4 10.01#
2% dy u 10.18 0.8971 48.5 9.84 96.1 10.058

1, ds Bou, B3y 10.00 0.9712 65.7 9.91 96.0 10.011
13, ds Bau, Bau 10.00 0.9712 70.4 9.91 96.0 10.01°
B r* By 5.56 0.0060 10.2 5.26 96.4 5.22 5.61°
BA, T Ay, Biy 6.75 0.0084 10.6 6.20 96.0 6.0° 6.60°
IR T Ay 7.39 0.0152 10.9 6.90 96.1 7.1 7.38¢
233t dy By 9.54 1.0017 52.0 9.82 97.2 9.97¢

aFrom [1] ®See text © From [18]
4From [50] * From [31] fFrom [22]
¢ From [23] " From [33]

vestigation of the level shift (See Table 3) also shows that
the excitation energy increases with increasing reference
weight. The calculation with the changed active space
predicts an excitation energy of 10.65 eV and a fairly
large TDM. The energy is higher than what we found for
the d states of the first Rydberg series. Nevertheless, the
value for 2'E still has to be regarded as preliminary. An
influence of higher Rydberg shells which are not in-
cluded in our calculations cannot be ruled out. The
predicted TDM is important in connection with an on-
going discussion about a third valence state in the VUV-
spectrum_of acetylene. The existance of such a state
(labeled E by Herzberg [2]) was first proposed by Wil-
kinson [51]. It is believed to generate intensity in the
optical spectrum in the region 9.25-9.30 eV. Some
groups, however, assign this structure to a bent valence
state, either a planar trans bent state of C,, symmetry
[52] or a nonplanar near—cis state of C, symmetry [53].
The latter authors predict an 4 symmetry for the rele-
vant state which, if true, would exclude the possiblity
that this state is related to the 2'T} state of the linear
molecule since Z* correlates with IRREP B in C,. Be-
cause of the ongoing discussion about high-lying states
with bent structures [16], a careful investigation of ex-
cited states of cis and trans bent structures in the region
of and above the first Rydberg series is highly desirable.

Before we turn to the lower lying valence states in
nonlinear geometries, we briefly discuss the results for
the Rydberg states. As mentioned in the Introduction,
there are no recent calculations on Rydberg triplet
states. This is astonishing given the fact that the energy
difference between corresponding singlet and triplet
Rydberg states provides additional information for the
assignment of these states. The acetylene cation is linear
[54] and there is little doubt that Rydberg states are

linear, too. Vibrational progressions observed for some
low-lying Rydberg states show mostly the C-C stretching
mode with an energy of about 1800cm~!, similar to
what is observed for the cation. The (0,0) transition is
usually the most intense one, which means it is appro-
priate to compare the energy of the (0,0) transitions with
calculated vertical excitation energies (Table 6).

The singlet Rydberg states of acetylene were recently
reexamined by Peric et al. [54]. The assignments for the
first series preferred by these authors are shown in Table
6 together with their and our theoretical results. There is
very little doubt that an assignment of 1'TI,(p,) to the
band at 9.01 eV, which was discussed at least as a pos-
sibility in several investigations [1, 32, 50], is not correct.
1'TI,(p,) should appear about half an eV below 1'A,
(pr). The alternative assignment of this band to 1! A
discussed in [1, 32, 50] and supported by experiments of
Ashfold et al. [55] is much more likely on the basis of the
present calculations.

The calculated differences between corresponding
singlet and triplet Rydberg states are fairly small (Table
6). The largest splitting is predicted for 12+ (pr) and this
band shows indeed the largest experlmentally known
energy difference among the first six Rydberg excita-
tions, although the singlet to triplet shift is somewhat
exaggerated in our calculation. The only open question
about the assignment of the lower-lying triplet Rydberg
states of the first series concerns 1°TI, and 13A,. Wilden
et al. [31] assigned a peak at 8.89 ¢V to either one of
these two states. A peak at 8.55 eV, observed by the
same authors under conditions where triplet states are
enhanced, does not fit in a progression of the 1°TI,
transition with a mean spacing of 1750cm~! and was
therefore attributed to an additional vibrational level of
1°T1,. Considering the otherwise very regular vibrational
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structure of the two low-lying 111, Rydberg transitions,
an assignment of the peak at 8.55 eV to 1°TI, is pro-
posed on the basis of the present calculations. A no-
ticeable blueshift between singlet and triplet transitions
is only predicted for 1X; (p;) and = (dn), but no ap-
propriate experimental information is available in these
cases.

As far as the higher members of the first Rydberg
series are concerned, we can only refer to the experi-
mental results of Wilden et al. [31] and Allan [1], which
show little differences between singlet and triplet en-
hanced spectra in this energy range (compare Fig. 2).
This is in agreement with the very narrow shifts pre-
dicted for the upper four members of the first Rydberg
series.

3.3 Geometries and energies of bent states

To derive theoretical estimates for the onset of vibra-
tional progressions that may continue up to and even
beyond the vertical excitation energy, we performed
geometry optimizations at the CASSCF level for the
lowest three excited singlet and the first four triplet states
of cis and trans bent acetylene in Cy, and Cy; symmetry,
respectively (Table 7). As these states lie vertically well
below the onset of the first Rydberg series, and because
of the fact that we did not find any indication of valence-
Rydberg mixing for the corresponding vertically excited
states, the optimization was performed with the valence
basis set and the active space defined as extended valence
space in Sect. 2.2. The geometry of the lowest excited
singlet state and the two lowest triplet states was further
optimized at the CASPT2 level using the valence basis
and the reduced valence space in the procedure described
in Sect. 2.2 (see Table 8).

A comparison of the bond lengths and bond angles
(o) collected in Tables 7 and 8 shows no significant in-
fluence of the PT2 correction on the geometry. Only the
C—H bonds are shortened by about 1.5 pm, but this
may be due to the fact that the lowest occupied valence
MO has been excluded from the active space during
CASPT?2 geometry optimization. The reliability of the
CASSCEF optimized geometries is further confirmed by a
comparison with data from the literature. Table 7 shows
results from what we consider the most elaborate cal-
culations published until now. In spite of the fact that

these data come from different sources, the lengthening
of the central C—C bond (11 pm on average), and es-
pecially the changes in the bond angle o, show the same
trends as our calculations. The absolute values of our
bond lengths are, on average, 2 pm longer than the lit-
erature values. The only experimental geometry that is
known for an excited state is the one for the frans bent
1'Ay s rec = 1.383A/1.388 A, rcy = 1.07—1.09 A, and
o = 120.2° [5, 6]. These values compare extremely well
with our theoretical results. The C—C bond length seems
to show that our, compared to the literature, slightly
longer bond lengths are correct. The experimental C—H
bond length, on the other hand, indicates that the
shortening of this bond predicted by the PT2 correction
tends in the right direction.

As far as energies are concerned, we have few reliable
experimental data which can be used for a comparison.
The adiabatic transition to 1'A, has been observed at
5.23 eV [5, 6]. If this is really the (0,0) transition of the
experimentally observed band, it agrees extremely well
with the 5.14 eV obtained for the CASPT2 optimized
geometry and the 5.19 eV found for the CASSCF opti-
mized geometry. The result of what we consider the most
elaborate calculation to be found in the literature is
5.39 eV [10].

Wendt et al. [56] observed a transient absorption at
0.92 eV which they assigned to a transition from the
lowest triplet state on the cis side (1°B,) to the second cis
triplet state (13A;). Our calculations predict 0.96 eV, in
close agreement with the 0.94 eV obtained by Yamagu-
chi et al. [14]. The combined information from the the-
oretical investigations [10] narrows the margin for the
location of the first triplet state 1°B,, which is not known
experimentally, to 3.7540.15eV. The last piece of
experimental information that is useful in the present
context is a band observed in the UV absorption spec-
trum by Foo and Innes [7]. The band starts at 6.71 eV
and shows a well-resolved vibrational structure which
will be discussed in more detail in the next section. Foo
and Innes assigned the band to a transition from the
linear ground state to the second excited singlet state
1'B, on the trans side. This assignment agrees with the
result of our CASPT?2 calculations, which yield 6.68 ¢V
for this transition (Table 7). It has to be mentioned,
however, that recent EOM-CCSD calculations [9, 10]
predict structures of reduced symmetry for S; and T3 on
the cis as well as on the trans side. The minima found for

Table 6. Comparison of theo-

retical and experimental ener- State Char. Exp. Singlet Triplet Ars
i;iezoéftgfeS[;I;sgtle[t{;gge;rglzgties Peric*  This work Exp. Demoulin®  This work Exp. This work

M, s 8.16° 8.0 8.30 8078 825 8.19 -0.09  —0.11

im,  p, 8.4 8.60 855" 8.74 8.43 -0.17

1=, P 8.9 8.92 9.24 8.96 0.04

. 1A, pr 9.02¢ 8.9 8.96 8.89t 916 8.88 -0.13  —0.08

» From [20, 54] x; P 9214 9.0 9.06 9.06¢  9.07 8.80 -0.15  -0.26

. From [22, 23] A1, d, 9.24° 94 9.55 9.17¢  9.50 9.42 -0.07  -0.13

From [49] =t d, 927 9.4 9.65 9.97 9.84 0.19

, From [55] 3 dy 9.8 9.81 10.05 9.84 0.03

. From [61] 2A,  dy  10.00° 938 9.85 10.01 9.83 -0.02

 from [62] 1o, d; 991" 98 993 10.01 9.91 ~0.02

From [31] M,  ds 9.98 9.8 9.93 10.01 9.91 -0.02

hSee text




these states with the symmetry restricted to either Cy, or
C,;, were connected with one imaginary frequency on the
trans side and two such frequencies on the cis side. A C,
minimum was found for S, on the cis side, which is
about 0.7 eV lower in energy than the Cy, structure. If S,
is really highly asymmetric and strongly stabilized with
respect to the cis (and the trans) form, the whole vibra-
tional structure starting at 6.71 eV has to be interpreted
completely different from what was proposed until now,
e.g. as a transition to the Frank-Condon region with the
onset of the corresponding band strongly suppressed
because of the large geometry change between initial and
final state. However, this does not explain the absence of
any reasonable intensity below 6.71 eV in the optical
spectra [3] and in EEL spectra that were measured under
optical conditions [32]. Up to now the spectroscopic
evidence is in favor of a transition that starts at 6.71 eV.
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3.4 Geometries and energies of linear states

It is known that the linear geometries of the low-lying
valence states are higher-order saddlepoints and not
transition states for the isomerization between cis and
trans bent structures [11, 14]. However, the location of
these linear states indicates the region in which a
vibrational progression that departs from the adiabatic
transition to a related state of a bent structure should
exhibit the strongest deviation from a regular pattern.
To find out how far below the vertical excitations
discussed in Sect. 3.2 these regions are to be expected, we
calculated optimized bond lengths and corresponding
energies for the linear geometry of the first two excited
singlet states and for the first two triplet states. As these
states are well separared from the onset of the first
Rydberg series, the calculations also could be done with
the valence basis and the extended valence space. The
results are shown in Table 9.

Table 7. Geometries of the

bent states obtained from a CASSCF CASPT2 Exp.
CASSCF optimization and o o
corresponding CASPT2 rec (A ren (A) « AE (V) AE (eV) Ref. (%) AE (V)
zﬁggzz Sﬁg@figlfﬁea;‘iond cis Sy Ay 1355 LIl 1320 589 559 952
line for each state are values 1 1.325¢ 1.093 1344 5.85
o e i S;  1'By 1346 L1127 1358 T2 660 947
literature 1.329¢ 1.090 145.2 6.93h
Ss3 21A, 1.328 1.080 169.7 7.50 6.82 94.3
1.323¢ 1.065 172.4 7.27°¢
T, 1°B, 1.346 1.102 128.3 3.81 3.74 95.6
1.3274 1.083 128.2 3.824
T, 1’A, 1.374 1.104 129.9 4.84 4.70 95.5
1.340° 1.089 132.5 4.764
T; 2’B, 1.346 1.081 163.1 6.08 5.57 94.5
1.336¢ 1.067 166.0 5.78h
Ty 23A, 1.347 1.084 163.7 6.78 6.31 94.6
1.334¢ 1.068 167.9 6.72¢
trans Sy 1'A, 1.389 1.109 120.0 5.40 5.19 95.5 5.23¢
1.3582 1.091 123.6 5.39h
S, 1'B, 1.350 1.092 146.1 7.35 6.68 94.2 6.65%, 6.718
1.336°¢ 1.081 146.0 7.03"
S; 2'A, 1.325 1.078 168.1 7.49 6.83 94.3
1.323¢ 1.065 171.4 7.27¢
T, 1°B, 1.350 1.093 130.0 3.94 4.04 96.7 <4.367°
1.3294 1.076 131.4 4.164
T, 1’A, 1.398 1.106 119.1 4.47 441 89.2
, 1.368° 1.088 122.3 4.444
*From [13] ® From [12] Ts 2'Bu %;ggh {82} }‘5‘23 393 g'ggh 92:5
. d . . . .
,From [18] © From [14] Ty BA, 1345 1080 1573 676 6.28 92.9
From [5,6] ' From [8] # From 1.336¢ 1.067 164.1 6.72¢
[7] " From [9,10] i i i i
Table 8. Geometries and
energies for planar cis and trans CASSCF CASPT2
bent structures obtained from . .
a CASPT2 geometry optimza- rec (A) - ren (A 2 () AE (V) AE(eV)  Ref. (%)
tion S 'A; 1217 1066 180 - - 96.2%
cis Sy 1'A, 1.353 1.097 132 5.90 5.55 95.2%
T 1°B, 1.349 1.088 128 3.81 3.69 95.6%
T, 1’A, 1.368 1.090 130 4.84 4.66 95.5%
trans Sy 1'A, 1.382 1.094 122 5.40 5.14 95.3%
T 1°B, 1.359 1.078 133 3.95 3.98 94.5%
T, 1’A, 1.392 1.091 121 4.47 4.32 95.8%
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Again the PT2 correction has little influence on the
optimized geometry. Only for S;(1'X;) did we observe a
slightly increased C—C bond length (1.2 pm) at the
CASPT?2 level. The energies for the adiabatic transitions
at linear geometry are between 0.43 ¢V and 0.97 eV
lower than for the vertical excitations. The largest sta-
bilization due to relaxation of the bond lengths is found
for S;. The energy difference between the relaxed linear
S; state and the cis and trans bent states is reduced to
0.44 eV and 0.85 eV, respectively. Bands that result
from a transition from the linear ground state to 1'A,
(S of the trans bent structure) or 1' A, (S; of the cis bent
structure) are therefore expected to exhibit pronounced
anharmonicities and low intensities in the vicinity of the
(0,0) transitions because of unfavorable Frank-Condon
factors. For the optical allowed transition to 1' A, this is
well known. The band shows a complicated vibrational
fine structure which starts with a spacing of 1047 cm™!
[57]. Up to level 6 the vibronic bands form a progression
with an anharmonicity constant of about 10cm~'. Be-
tween level 6 at 5.97 eV [58] and level 7 at 6.08 eV [59]
the spacing drops suddenly by nearly 100cm™". This is
just the energy where we find the linear barrier in our
calculations. For S, the situation is more complicated.
Starting at 6.71 eV the optical spectrum shows a series of
well-resolved vibronic bands. The spacings between the
first six members of this series are 734, 688, 747, 699, and
843cm~!. Foo and Innes [7] assigned the band at
6.71 eV to the onset of an optically allowed transition to
Sy ( 1'B,) on the frans bent side. If this assignment is
correct, the observed irregularities in the vibrational
spacings can be attributed to the fact that the S; mini-
mum on the frans side is predicted to lie only 0.19 eV
(1530cm™") below the linear barrier. If, however, the
real S, minima corresponds to the C; structure discussed
in the last section, it is necessary to assign these vibronic
bands to higher vibrational levels of S,.

3.5 The EEL spectrum in the energy range below 7 eV

Gas-phase EEL spectra measured under conditions
which enhance transitions to triplet states (low impact
energy and large scattering angle) show a broad band
with partially resolved vibrational fine structure that
starts around 4.4 eV and extends beyond 8 eV [32]. All
the intensity observed below 6 eV was assigned to a
single triplet state, presumably 1°A,, the second triplet
state on the trans side. A possible contribution of S; to
this energy range can be ruled out by comparison with

spectra measured under optical conditions (high impact
energy and small scattering angle) [32]. Recent high-
resolution EEL investigations of solid-phase acetylene
[8] raised some questions about this interpretation. The
vibrational fine structure observed between 4.4 eV and
5.6 eV does not fit into a single progression. Instead, it
consists of three different parts: an irregular section
between 4.43 eV and 4.56 eV, a short progression with
three members and a spacing of 800cm~! between
4.62 eV and 4.82 eV, and a longer progression with an
average spacing of 680cm~! between 4.97 eV and
5.56 eV. The latter was assigned to 1°A, in spite of the
fact that a total symmetric vibration of 680 cm~' did not
agree with theoretical predictions for the normal modes
of this state [12, 14].

Based on the present theoretical results we attempt a
reinterpretation of the EEL spectrum of acetylene up to
an energy of about 8 eV. The experimental spectrum is
shown in Fig. 4. Spectroscopic details which are hardly
visible in this survey spectrum can be found elsewhere
[8]. The spectrum was measured under conditions which
enhance transitions to triplet states. The overall agree-
ment with gas-phase EEL spectra measured under sim-
ilar conditions [32] assures that transitions to singlet
states do not contribute to the observed intensity below
6.6 eV. The theoretical results are indicated as bars that
stretch from the adiabatic transitions for the planar trans
and cis bent structures to the vertical transitions. Below
the linear barrier between cis and trans bent structures
(see Sect. 3.4) these bars are shaded in a different way.

Without a theoretical guideline it is difficult to un-
derstand the break in the vibrational structure at 4.6 eV
and the irregular pattern observed between 4.34 eV and
4.56 eV. It is now quite obvious that the irregularities
below 4.6 eV are connected with the linear barrier in T,
for which we calculate 4.62 eV. The assignment of the
two progressions (4.62—4.82 ¢V and 4.97-5.6 e¢V) is more
difficult. The average spacing between the eight members
of the higher energy one is 84.3 meV (680cm~!). Cor-
responding structures have been observed in gas-phase
EEL spectra [32]. The progression is anharmonic with an
approximate anharmonicity constant of 10cm~!. The
anharmonicity is similar to what was found for the first
members of the progression observed in the optically
detected transition to S; (llAu) on the trans bent side but
the vibrational energy is considerably lower (compare
Sect. 3.4). Extrapolation of the progression to the onset
of 1°A, at 4.66 eV and 1A, at 4.32 eV leads to vibra-
tions of approximately 800cm~' and 880cm™!, respec-
tively. The former value compares well with the

Table 9. Geometries and energies of linear barriers on the potential energy surfaces of excited singlet and triplet states

CASSCF CASPT2 Lit. AEye (€V)
rec () ren(A)  AE@V)  rcc A ren (A AE (V)

Si IIZ; 1.329 1.074 7.21 1.341 1.067 5.99 6.96

Sy3 1'A, 1.320 1.076 7.51 1.322 1.061 6.87 7.30

T, 1323 1.357 1.076 4.87 1.356 1.067 4.63 4.61% 5.26

Ty 1A, 1.341 1.074 6.19 1.347 1.067 5.64 5.74* 6.20

#From [11]



771cm~! that has been observed at the onset of the
transient absorption assigned to 1°B, — 13A,. A theo-
retical value for the harmonic frequency of the bending
mode of 836cm~! was determined in [12]. The resulting
scaling factor of 0.922 appears quite normal.

An assignment of the long progression to 13A, as
proposed [8] becomes unlikely in the light of the present
analysis. The unscaled harmonic frequency calculated
for 13A, is 1137cm™! [12]. With the above-mentioned
scaling factor this leads to an estimate of 1050cm™!.
Even with the uncertainties embedded in the scaling
procedure and in the extrapolation of the progression,
the difference of 170cm™~! is much too large to connect
the observed progression with 13A,. It is also very un-
likely that the calculation is so far off in this case. The
calculated value for the bending vibration of 1'A, is
1107ecm~" [13] and this value compares well with the
experimentally observed 1049 cm~! [5] if scaled by 0.922.
A further arguement in favor of an assignment of the
long progression to 13A,, the second triplet state on the
cis side, is the fact that the progression ends just where it
approaches the calculated linear barrier of T,. A com-
parison with the irregularities observed in the optical S;
spectrum in the vicinity of the linear barrier suggests that
the vibronic pattern of T, should become even more
complicated (and therefore no longer resolvable with the
given resolution) at this point because of the additional
influence of the Renner-Teller effect.

An alternative to an assignment of the long progres-
sion to 13A, is an assignment to either Ty or Tj. If Ts is
nonplanar, as found by Cui et al. [10], our calculated
adiabatic excitation energies are only upper bounds for
the real values, which may be several tenths of an eV
lower [10]. However, a strongly nonplanar structure
should lead to small Franck-Condon factors. It is
therefore unlikely that a progression which is clearly
visible down to 5 eV results from a nonplanar T3. On the
other hand, this state is certainly responsible for some of
the increased intensity that is observed above 5.7 eV.
The other alternative, T;, is not easily discarded. The
center of the progression coincides with what we calcu-
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Fig. 4. Solid-state low-energy EEL spectrum of acetylene [8].

Indicated are the spectral regions as assigned in this work (see
text for details)
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late for the vertical T, transition and lies well above the
linear barrier. In this region the bending vibrations
should be fairly regular. Since model calculations for the
intensity distribution close to a lower-symmetry mini-
mum or in the range above the linear barrier do not
exist, it is hard to opt for one of the alternative assign-
ments. Furthermore, the intensity distribution in EEL
spectra is more difficult to predict than in the case of
optical spectra.

It is tempting to assign the short progression between
4.62 eV and 4.82 eV also to 13A, because of the close
coincidence of the 800 cm~! spacing with the 771 cm™!
observed in the transient 1°B, — 13A, absorption.
However, this assignment faces two problems:

1. Because of the incompatibility of the two progressions
it requires an assignment of the long progression to
T;.

2. Franck-Condon unfavorable transitions to the onset
of the 1°A; band become visible instead of the higher
members of this progression, which are expected to
have the larger FC factors. Therefore it is more likely
that the short progression belongs to the T; system
and is located slightly above the linear barrier.

We now turn to the spectral range between 5.6 eV
and 7 eV (Fig. 4). The vibronic bands observed at 6.65,
6.73, 6.83, 6.92, and 7.03 eV correspond to the bands in
the optical spectrum that were assigned to 1'B,, the
second singlet state on the trans bent side (see Sect. 3.3).
It is interesting to note that this vibronic structure is not
as pronounced in the triplet enhanced EEL spectrum as
in the optical spectra. The absence of any noticeable
intensity below 6.6 ¢V in the EEL spectra under optical
conditions ensures that the intensity observed between
5.6 eV and 6.6 ¢V in Fig. 4, and in other EEL spectra
that were measured under conditions that enhance
transitions to triplet states, results from triplet states
only. The vibronic bands at 5.76, 5.83, 5.93, 6.01, 6.28,
and 6.36 eV fit into the progressions (5.76 + n x 0.174)
eV and (5.76 +0.100 +n x 0.174) eV with n =1,3. As
these bands lie above the linear barrier of 13A, (T,3), we
assign them to a direct transition to 13A,. This transition
shows the progression of a mode of about 1400cm™!
that might be the log (symmetric CC stretch mode) of
the linear molecule and a repetition of this progression
with a false origin of 800 cm™!, probably corresponding
to the bending mode of the system.

The structure at 6.47 eV was tentatively assigned to
T4(13%,) [8]. With the new theoretical results at hand,
this assignment becomes highly probable. Also, with a
vertical excitation energy of 6.99 eV this state extends
well into the region of the S, transition. This could
explain why the vibronic structure in this region is less
pronounced in the triplet-enhanced EEL spectra than
in the optical ones. Additional preliminary results for
T, indicate that this state may not be planar and that
its minimum lies three or four tenths of an eV below
the 6.3 eV calculated for the planar structures, which
are very close to linearity. It is therefore likely that Ty
contributes to the intensity between 6 eV and 6.3 eV
agld obscures part of the progressions assigned to
1°Ay.
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4 Conclusion and outlook

The analysis of the EEL spectra of acetylene on the basis
of CASPT2 leads to some reassignments in relation to
the low-lying triplet states. Some of these assignments
are still tentative and further theoretical and experimen-
tal work is necessary to clarify the open questions.

The work presented is the first step in an attempt to
describe the triplet states of acetylene and the corre-
sponding spectra by means of time independent and time
dependent ab initio quantum chemistry. The next step will
be the calculation of PES for the three lowest triplet states
that are believed to determine the shape of the spectrum in
the low-energy region. After that, a quantum dynamical
approach using wave packet dynamics on the Renner-
Teller coupled potential energy surfaces is planned.
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