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Theoretical Study of the Low-Lying Electronically Excited States of Diacetylene
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The complete-active-space SCF and CASMP2 methods are used to characterize the low-lying excited singlet
and triplet states of diacetylene. With the exception of tha lIstate, all excited states considered are found

to have geometrical structures distorted away from linear. Three of the triplet states are predicted to have
non-planaiC,-symmetry structures. The other states are predicted to be planar, existing as bGH) @aq

trans C.n) isomeric forms. Vibrational frequencies are calculated for the low-lying electronically excited
states, and vertical and adiabatic excitation energies are reported.

Introduction

Diacetylene is an important species in hydrocarbon flames
and in the atmosphere of Neptune and Titah.Recent
experimental studies have addressed reactions between diacetyl-
ene, excited into low-lying triplet states, and other hydrocar-
bons>~8 Interpretation of these experimental results has been
hampered by the paucity of information on the triplet states of
diacetylene. The most thorough theoretical study of the low-
lying excited states of diacetylene is that of Karpfen and Lischka
(KL).® Although the KL study is a valuable starting point, the & & | B |
basis set and configuration lists used were quite small, and as 4_/’—"&\—”’“'_——\3
a result, there could be sizable errors in the optimized structures oy b,
and in the relative energies of the various states. Moreover, only "_b:"_ T oA
a few states were considered, and those that were studied were
assumed to have planar structures. C, (cis) D., C, (trans)

In the present study, the complete-active-space SCF (CAS- Figure 1. Energies of the frontier orbitals of diacetylene as a function

SCF*) and multireference MP2 (CASP¥2%%) methods  of the CCH angle. The orbital energies were obtained from Hartree
have been employed together with flexible basis sets to Fock calculations using the 3-21G basis set.

characterize the low-lying triplet and singlet states of diacety-
lene. The CASPT2 method, in particular, allows for a more excited states with bent equilibrium structures have CCC angles
complete treatment of electron correlation effects than do the different from 180, most of the energy lowering associated with
methods used in the KL study. Several electronic states notthe distortion from the linear structure is expected to be due to
considered in the KL study are examined, and vibrational the CCH bending. Thus, the approach adopted here, in which
frequencies are calculated for the optimized structures to only the CCH angles are varied, should suffice for providing a
establish that they are true minima. The following sections of qualitative picture of how the energies of the various orbitals
the paper give a brief background on the electronic structure of change with bending.
diacetylene, provide a description of the theoretical approaches As seen from Figure 1, the two components oftieLUMO
used, and present and discuss the results of the calculations. drop rapidly in energy upon either cis or trans CCH bending,
with the in-plane component (which is of and k symmetry
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Background for the cis and trans distortions, respectively) being particularly
Diacetylene in its ground electronic state has a lin&as) strongly s.tabilized by the. bendin.g. In contrast, the engrgies of

geometrical structure and aztd*(Lrg)*(27.*) °(1oy*) %(Log*) O- '_[he 4 (_)rbltals and the h_|gher-ly|ngr* orbital are relatively

(274*)© electronic configuratiol where the occupied orbitals insensitive to the bending of the CCH groups. The other

have been suppressed and the low-lying unfilled MO'’s have import_ant obsm_arvat?on is t_hat the splitting between the two
been indicated. Figure 1 reports the variation of the energies of °cCUpied orbitals is considerably smaller than that between
the frontier orbitals of diacetylene with cis and trans bending. t_he twosr* orbitals (at least for structures not too distorted from
In generating these results, only the CCH angles were varied: near)- _ _ _ _

the CC and CH bond lengths and the CCC angles were fixed at The low-lying electronically excited states for the linear

their ground state (CASSCF-level) values. Although those Molecule are expected to derive from HOM®LUMO (1sg
— 2m,*) excitations, giving rise ta\,, =," andX,” states. On

* Corresponding author. Present: address: Department of Chemistry, the basis of the orbital correlation diagram shown in Figure 1,
Marie Curie Sklodowskia University, 20-031 Lublin, Poland. all of these states are expected to be bent. The next set of valence

10.1021/jp001969c CCC: $19.00 © 2000 American Chemical Society
Published on Web 09/08/2000



9010 J. Phys. Chem. A, Vol. 104, No. 39, 2000

Vila et al.

15— T T T T T 15— 7 T
Singlet States Triplet States
CIS/6-31G** CIS/6-31G**
1'm,
N ] { 1'n
1 ——— 1, 1,
10 = 10 3
s 2B, 2'a N, N T s 2°a, 2°A <1°n,
= 0 " 1 < 1°8 2’8 1% 3
~ | 0 9 9 9 1°%
: < < < L1/
@A E @0 E
8 A ~. S u® / P
I L = o u 1Bg 4 19 ) \ 132+
wogl 18T 1w L R
=17
r ™ '\1125 S AN s,
1'a, ] % INTEN
1'A 1°a 3 2°B _\ 35+
1 F u 1B, u 173
] 1 A .
1zt
rd 9 RETPIN R |

s PR [T ST W N SR S S N M S S
140 150 160 170 180

CCH angle (deg)

P I T N T S S i | R
140 150 160 170 180 130

CCH angle (deg)

Figure 2. Variation of the energies of the low-lying singlet electronic  Figure 3. Variation of the energies of the low-lying triplet electronic
states of diacetylene as a function of the CCH angle. Results are shownstates of diacetylene as a function of the CCH angle. Results are shown
for trans bending only. The ground-state energies are from HF/6-31G** for trans bending only. The ground-state energies are from HF/6-31G**
calculations, and the excited-state energies were obtained by combiningcalculations, and the excited-state energies were obtained by combining
CIS/6-31G** excitation energies with the HF/6-31G** energy of the CIS/6-31G** excitation energies with the HF/6-31G** energy of the
ground state. ground state.

920 130

used for the CIS calculations described above, low-lying
Rydberg states are “artificially” excluded, but with the more
of HOMO — LUMO + 1 (Lzy — 274*) excitations. These  flexible ANO basis set? which will be used in the CASSCF
states, which are afg, 25" and=y~ symmetry, would also be  and CASMP2 calculations described below, this will not be the
expected to be distorted from linear. The lowest energy valence-case.
typeIl, andIlg states, derived fromsdy — lo.*, 1ag— log*, At the equilibrium geometry of the ground electronic state,
Lr, — loy* and 1z, — log* excitations, and the lowest lying  the lowest energy Rydberg states of diacetylene are expected
Rydberg states would be expected to fall energetically close toto arise from kg — 3s and &y — 3p excitations, resulting in
the highest of the\q, =4*, andXy~ states described above. g, Iy, 2,7, Ay, andX," states. CIS calculations with the ANO
basis set predict the lowest energy Rydberg state to déyof
symmetry, as expected, and to fall near 7.2 eV, 0.6 eV above
) o the energy at which it is observed experimentally. Examination
The main approaches used in this study are the CASSEF  of Figures 2 and 3 reveals that this places the lowest Rydberg
and CASMP2*~1> methods. However, because of the large states close in energy to théAl, 1355, 1155, and £A, states.
number of possible low-lying electronically excited sates of These results will dictate how many valence states are included
diacetylene, survey calculations using the configuration interac- jn the CASSCF and CASPT2 calculations.
tion singles (CIS) method were first undertaken to aid in  For accurately describing electronically exited states of
identifying the states to investigate further using CASSCF and molecules it is essential to recover a significant fraction of the
CASMP?2 calculations. Specifically, starting with the CASSCF/ g|ectron correlation. In this study this was accomplished by use
6-31G** optimized geometry of the ground state, CIS calcula- of the CASSCF and CASMP2 methods. The active space for
tions were carried out for CCH angles ranging from 180 t6°120  the CASSCF calculations was chosen to consist of the eight
while retainingCy, symmetry. (Details on the CASSCEF calcula-  yglencesr andzz* molecular orbitals.
tions are provided below.) The carbon framework was kept Al possible symmetry- and spin-allowed arrangements of
linear, and the CC and CH bond lengths were kept frozen at gight electrons in this eight orbital space were included, leading
the ground-state values. to the so-called CAS(8,8) method. This approach was used in
The potential energy curves obtained from CIS calculations conjunction with the 6-31G** basis set to optimize the
using the 6-31G** basis s¥t ' are shown in Figures 2 and 3. geometries of the ground state and the low-lying excited states.
For the linear equilibrium structure of the ground state, the CIS The geometry of the ground state of diacetylene was optimized
calculations predict the three lowest energy triplet states, in termsunder the constraint d.., symmetry. The excited states were
of increasing energy, to b&,*, A, and3Z,, followed by optimized starting with cis and trans bent structures, ineCon
334", 3Ag, and3Zy, and then by’Il,, and3[g. In the singlet  andC,, symmetry, respectively. Vibrational frequencies were
manifold, the CIS calculations predict low-lyig,~ and*A, calculated in the harmonic approximation for each optimized
states, followed by>y~ and!Aq states about 2 eV higher in  structure. In those cases that the calculations gave an imaginary
energy, and then b¥&,*, 'I1,, and'I1y states roughly another  frequency, the geometry was reoptimized in lower symmetry,
3 eV higher in energy. The lowest energy excited valence-type allowing for the distortion indicated by the eigenvector associ-
134" state is predicted to lie about 12 eV above the ground state. ated with the imaginary frequency. The frequencies were then
Although our primary interest is in valence excited states of calculated for the lower-symmetry structure to confirm that it
diacetylene, it is important to consider the possibility of is indeed a local potential energy minimum.
“intrusion” of low-lying Rydberg states and valence/Rydberg In the triplet manifold the eight lowest energy valence states
mixing especially since electron energy-loss spectra of diacetyl- (those derived from the®E,*, 13A,, 135, 133", 13A,, and
ene display structure due to Rydberg states at energies as lowi3Z,~ states of the linear molecule) were considered. In the
as 6.6 e\VL° With a compact basis set such as that (6-31G**) singlet manifold six excited valence states (those derived from

excited states are expected to be derived from the HOM®-1
LUMO (1w, — 27,*) excitations, with significant admixture

Computational Details
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TABLE 1: Optimized Geometries for the Low-Lying Electronic States of Diacetylené

state method basis set I'cH I'cco I'cci OlccH Occe YCccCH Yccee
15,* CAS(8,8) 6-31G** 1.056 1.212 1.384
SCF CP 4-31G 1.065 1.219 1.374
MP2 6-31G** 1.063 1.226 1.375
MP2 aug-cc-pvDZ 1.074 1.239 1.383
expg 1.061 1.210 1.371
2'By CAS(8,8) 6-31G** 1.073 1.384 1.261 128.9 162.2
2tAq CAS(8,8) 6-31G** 1.075 1.342 1.307 128.2 169.6
1'By CAS(8,8) 6-31G** 1.075 1.344 1.338 125.2 154.9
1A, CAS(8,8) 6-31G** 1.054 1.276 1.295
CAS(8,8) 4-31G 1.057 1.284 1.298 169.5 170.6
SCF CP 4-31G 1.064 1.282 1.301 168.0 173.5
1Ay CAS(8,8) 6-31G** 1.071 1.304 1.295 131.9 163.6
CAS(8,8) 4-31G 1.066 1.303 1.292 135.8 165.7
SCF CP 4-31G 1.082 1.300 1.295 135.7 165.2
43A CAS(8,8) 6-31G** 1.064 1.303 1.382 140.5 162.7 209.6 213.9
1°By CAS(8,8) 6-31G** 1.072 1.318 1.458 132.4 133.7
13Aq CAS(8,8) 6-31G** 1.068 1.299 1.460 137.5 139.0
23A CAS(8,8) 6-31G** 1.064 1.304 1.289 141.4 171.6 183.9 261.3
2°B CAS(8,8) 6-31G** 1.065 1.307 1.290 140.8 169.8 192.6 244.4
13A, CAS(8,8) 6-31G** 1.073 1.318 1.292 129.0 160.8
CAS(8,8) 4-31G 1.069 1.316 1.288 132.0 163.2
SCF CP 4-31G 1.081 1.306 1.290 134.7 165.6
13B, CAS(8,8) 6-31G** 1.068 1.308 1.291 136.7 168.6
CAS(8,8) 4-31G 1.063 1.310 1.286 137.9 170.7
SCF CP 4-31G 1.064 1.290 1.291 176.0 174.8

aBond lengths in A, angles in degreesc, andrcc; refer to the bond lengths of the outer and inner CC bonds, respectiedgm ref 9.¢ From
ref 23.

the 13,7, 1'A,, 1'547, and EA, states of the linear molecule)  derived from the other components of th] and £Aq states
were considered. For vertical excitation (ji@. D.., Symmetry) and from the $&,~ state are unstable to distortion to nonplanar
these states are expected to lie energetically below any RydbergC, symmetry structures. Convergence difficulties were encoun-
states of the same symmetry. (This follows from the earlier tered when attempting to optimize the distorted species derived
discussion.) However, upon cis or trans bending of the molecule, from the EZ,~ state, and we were forced to abandon these
the states derived from the valencEgl and 1A, states and  optimizations. In the singlet manifold, théAl, state is predicted
from the Rydberd1y states are close in energy and of the same to remain linear, while the other states considered (those derived
symmetries, and this opens up the possibility of valence/Rydbergfrom 1'S,~, 1'3,~, and £Ay) are all predicted to exist as cis
mixing or “collapse” of the calculations onto the Rydberg states. and trans isomers.
Yet analysis of the CASSCF wave functions of the states in  The geometrical parameters obtained from the CAS(8,8)/6-
question shows that they retain their valence character even forgj =+ optimizations of the ground and excited states of
the bent structures, perhaps due to the greater stabilization Ofgjacetylene are summarized in Table 1. For the ground electronic
the valence-like states upon distortion away from the linear giate ‘the bond lengths of the terminal and interior CC bonds
structure. For this reason, we will not further consider the e predicted to be 1.21 and 1.38 A, respectively, in good
Rydberg states. agreement with the corresponding experimental values of 1.21
To account for dynamical electron correlation effects, in and 1.37 A2 For those states with cis and trans potential energy
particularo—z correlation, CASPT2 calculations were carried  minjma, the major structural difference between the two isomers
out using the CAS(8,8) optimized geometries and using the js in the CCC angles, which tend to be larger (by up t6)5ii8
CAS(8,8) wave functions as the reference functions. The the cis isomer. Otherwise, the cis and trans isomers have very

Hamiltonian partitioning and the Fock operator used for th*i similar structures, with the obvious exception of the dihedral
CASPT2 calculations are described in ref 14. Both the 6-31G angles that distinguish the two. Accordingly, we will limit the

and ANO Gaussian-type orbital basis sets were used for theetailed discussion of the structures to the trans species.
CASSCF and CASPT2 calculations. The former basis set is
contracted to 3s2pld and 2slp on the C and H atoms, respec-
tively. The corresponding contractions in the ANO basis set
are 4s3p2dif and 3s2pld. The CASSCF geometry optimizations
and the CASPT2 single-point calculations were carried out using
the MOLCAS software packagé.The CASSCF vibrational
frequency calculations were performed using the Gaussian 98
packagée?

As was noted previously by Karpfen and Lischka, the CC
bond lengths of the low-lying electronically excited states of
diacetylene differ significantly from those of the ground state.
In the excited singlet and triplet states dominated by the HOMO
— LUMO (1mg — 2m*) excitations, the three CC bond lengths
are predicted to be nearly equal (ranging from 1.28 to 1.32 A)
and significantly greater than in the electronic ground state. This
is consistent with the bonding/antibonding characteristics of the
MO'’s involved in the excitations and is indicative of these
excited states having considerable cummulenic character.

Optimized Structures. Four of the states considered in the The higher-lying By and £A, states are predicted to have
triplet manifold are predicted to exist as cis and trans isomers. terminal CC bond lengths near 1.30 A and a central CC bond
Two of these are derived from thé3,* and £=4" states, and length near 1.46 A, while the corresponding bond lengths in
the other two are derived from théA, and BA, states (one  the 2A state are 1.30 and 1.38 A. Again these bond lengths
from each). The cis and trans optimized structures of the statesare consistent with the shape and nodal characteristics of the

Results
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TABLE 2: Calculated Vibrational Frequencies (cm™1) for the Ground and Excited States of Diacetyleng
113, 1A, 1A, 1B,  2'A, 2B, 1°B,  1%A, 2B 2A 137,  1%B, 4A

CCC, A, ip 221 275 275 289 207 254 172 254 281 304 280 291 256
CCC, S, op 221 291 275 288 235 276 168 263 231 240 252 275 154
CCC, A op 646 611 573 707 431 460 455 610 452 471 770 836 469

CCC,S,ip 646 419 573 354 147 400 251 383 405 452 435 420 338
CCH, A, op 529 269

CCH, S, ip 529 868 269 1009 1055 951 867 909 647 385 817 857 525
CCH, S, op 570 978 258 916 864 780 727 978 836 1275 768 896 841
CCH, A/ ip 570 992 258 1110 1113 1042 1000 1050 901 883 970 1007 920
Mixed, S 988 893 882 898 981 982 967 969 1059 1047 901
CCi, S 918 1008

CCo, A 2152 1835 1971 1688 1736 1583 1851 1787 1846 1858 1824 1733 1841
Mixed,® S 2343 2201 2324 1908 2010 2294 2045 2087 2109 2089 1896 1777 1962
CH, S 3631 3419 3653 3363 3359 3391 3454 3395 3497 3500 3466 3416 3515
CH, A 3632 3423 3661 3365 3367 3396 3461 3398 3503 3508 3470 3419 3516

a2 S and A denote symmetric and antisymmetric with respect to a rotation arou@dabes. ip and op denote in-plane and out-of-plane vibrations,
respectively? CCi, S+ CCo, S+ CCH, S, ip.€CCi, S+ CCo, S.

MO's involved in the excitations. The last three states considered how the optimizations were carried out are responsible for the
(1'Bg, 2'A4, and 2Bg) have terminal CC bond lengths ranging more highly bent structure reported here than in the study of
from 1.34 to 1.38 A and an inner CC bond length ranging from Karpfen and Lischka. Specifically, we note that the MCSCF
1.26 to 1.34 A. and Cl approaches used by Karpfen and Lischka do not provide
With the exception of théA, state, which is predicted to be as balanced a description of theelectron correlation effects
linear, all excited states considered have highly bent CCH as does the CAS(8,8) approach employed in this work. Also,
groups, with the CCH angles ranging from 125 to 14The while we used analytical gradients, Karpfen and Lischka
CCC angles of the bent species range from 134 td’.17Re optimized their structures through grid searches, a procedure
smallest CCC angles occur for théAl and £By states (139 which sometimes fails to correctly locate minimum energy
and 134, respectively); those for the other states are°1&5 structures.
larger. Thus, the two states with the longest (46 A) central Vibrational Frequencies. Table 2 reports for the low-lying
CC bond have the smallest CCC angles. The geometries of theelectronic states of diacetylene the normal-mode frequencies
13Aq and PB4 states are similar to that of the ground electronic calculated at the CAS(8,8)/6-31G** level of theory. In those
state of butadiene, except for the presence of the four additionalcases that there are both cis and trans isomers, only the
H atoms in the latter. frequencies of the trans isomer are reported, as those for the
The nonplanar species have CCCC dihedral angles rangingcis isomer are similar. The different modes are labeled as
from 209 to 262 and CCCH dihedral angles ranging from 184 symmetric or antisymmetric with respect to rotation about the
to 210°. Examination of the potential energy curves shown in C; axis as well as in-plane or out-of-plane with respect to the
Figures 2 and 3 reveals that the states for which the energyplane perpendicular to that axis. For the non-twisted species
increases with bending away from the linear structure either the reflection plane contains the C atoms. For the states with
retain a linear geometry {A,) or adopt a twisted structure3@, twisted structures, this plane is obviously not a true symmetry
2%A, 43A). plane. For the ground state, the calculated vibrational frequen-
The two lowest energy triplet and the two lowest energy Ccies, after scaling by a factor of 0.92 to account for anharmo-
excited singlet states of diacetylene were also considered bynicity effects and incomplete treatment of electron correlation,
Karpfen and Lischka. Of these, there is good agreement betweerfre in good agreement with the experimental vatties the

our structures and those of these authors for th@& Astates, frequencies. However, it is likely that use of more flexible basis
but significant differences for the B, states. Although the  sets and inclusion of dynamical correlation effects will be
KL study reports the B, state (and its B, isomeric necessary to reliably predict the vibrational frequencies of the

counterpart) of diacetylene to be weakly bent, with CCH and electronically excited states. We plan to consider these factors
CCC angles of 174 and 188 espectively, we find this state to  in a future study. Nonetheless, for examining the qualitative
be linear, corresponding to one component of the, ktate. A trends in the frequencies the CAS(8,8)/6-31G** results should
larger discrepancy exists between the two sets of theoreticalsuffice.
results for the 3B, state, which we find to be strongly bent As expected, the trends in the vibrational frequencies correlate
(CCC and CCH angles of 168.6 and 13%.iespectively), but  well with those in the geometrical parameters. This is seen, for
which Karpfen and Lischka report as being close to linear, with example, in Figure 4 which plots the calculated frequency of
CCC and CCH angles of 174.8 and 17%.fespectively. the asymmetric CC stretch as a function of the length of the
We have also optimized the structures of the excited statesouter CC bonds. The trends in the frequencies of the symmetric
in question using the 4-31G basis set, which was used by CC stretch modes are less readily apparent because these depend
Karpfen and Lischka. The CAS(8,8)/4-31G calculations predict on the lengths of both the central and outer CC bonds. The
the 1B, state to have a bent structure, as reported by Karpfen frequencies of the two high-frequency CC stretch modes are
and Lischka, but in contrast to our CAS(8,8)/6-31G** calcula- also appreciably lower for the excited states than for the ground
tions. Thus, it appears that the use of the small 4-31G basis seftate (the exception being théAl state for which the highest
incorrectly leads to a bent structure in this case. However, for frequency CC stretch vibration has a frequency nearly the same
the BB, state, the CAS(8,8)/4-31G calculations give a structure as that in the ground state).
similar to that obtained from the CAS(8,8)/6-31G** optimiza- ~ With the exception of the '\, state, the CH stretching
tion. This leads us to conclude that for théB] state, either ~ frequencies are appreciably lower for the excited states than

differences in the treatment of electron correlation effects or in for the 14" ground state, with the frequency reduction being
less for the twisted than for the planar-distorted species. This
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2200 : T ; T - T y TABLE 3: Dominant Configurations in the CAS(8,8)/
F 6-31G** Wavefunctions of the Vertically Excited, Low-lying
2100 — Electronic States of Diacetyleng
2000' i Don  Lmw 1wy Lug Llrg 2mwd 2my* 27mgd 2mg* %
'f; I ] 1154 87.7
S L i 11Aq 38.2
~ 1900_ 382
g 1a00|- . >0
2 5.0
o i 38.2
& 1700 7 38.2
. 154” 38.6
1600 . 38.6
L 1A, 44.6
L 1 L ] L 1 L 44.6
159020 1.25 1.30 1.35 1.40 44.6
CC Bond Distance (A) 44.6
15, 44.0

Figure 4. Correlation between the frequency of the asymmetric CC
stretch mode and the length of the outer CC bonds for the various 1'%~
electronic states of diacetylene. The results displayed are from CAS-
(8,8)/6-31G** calculations. B3Ag

is due to the fact that, although nonplanar, these structures are
almost linear. With the exception of théAl, and 2A states,
the CCH bending frequencies are significantly larger (by up to
563 cnT?) in the excited states than in the ground state. For
the 1*A, state the frequencies of the two CCH bending modes 185"
are 260-312 cnt! lower than in the ground state, and for the
23A state the frequency of one of the CCH bending vibrations
is 144 cnt* lower than that in the electronic ground state. In g3y, -
general, the CCC bend vibrations occur at lower frequencies in
the excited states than in the ground state, the exceptions 1*Au
occurring for the 1By, 13Aq, and £B, states. For each of these
states, one of the CCC bending vibrations occurs at a higher
frequency than in the ground state. 5"

Dominant Configurations. Tables 3 and 4 report the
dominant configurations in the CASSCF wave function for each 2 Calculated at the CAS(8,8)/6-31G** optimized ground state
of the states considered. Results are reported for both verticalgeometry. Only configurations with weights greater than 5% are listed.
excitation(i.e,, at the geometry for the ground electronic state) In the case of degenerate states, the weights for both components are
as well as for the optimized structures of the excited states. ThereportEd'
results for vertical excitation are considered first.

_Ivi 3y + 3 3y — 1y — 1

do-r::]iﬁ;?g(vj It))/;nt%vc? go,nf%traztiuoﬁs,zil:’n}oall\r/]iﬂgAﬁ()sls/lg ES ,I/(leoall 4°A (*Ag) states is quite similar to that in the linear states from
excitations. These enter the wave function with equal weights, "‘gh'Ch 3the+y are derlveg. In contrast, the wave functions for the
with a combined weight ranging from 82.8 to 87.6%. Not LAg(*Zg") and By (*Ay) states contain configurations with
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42.8
42.8
42.8
41.4
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The configuration mixing in the3B (3Ay), 2°A (32,7), and

surprisingly, the higher-lyingS,*, 3Aq, 3557, Ay, and 15, sizable weights (33.6 and 39.1%) that were relatively unim-
excited states all display more extensive configurational mixing Portant (<11.5%j in their linear counterparts.
with the combined weight of the two dominant (HOMO-1 The wave function of the lowest energy excited singlet state,

LUMO) configurations ranging from 66.6 to 76.8%. With the 1'A, is dominated, as expected, by theb by (L7gx — 27,y*)
exception of the'Aq state, the next most important class of configuration. The wave function of the next higher energy
configurations in this group of states is of the type HOMO singlet state!A,, is dominated by two configurations of equal
LUMO + 1. In the case of th&\q state, it is a double excitation weight (again derived from HOM&- LUMO excitations.) The
of the form (HOMO¥ — (LUMO)2. next three singlet states all have appreciably doubly-excited
We now consider the dominant configurations in the wave character. The A, and £B, states, based on the dominant
functions associated with the optimized structures of the excited configurations in their wave functions, can be viewed as being
states. In those cases that there are cis and trans isomers, onlyarived from thelA, state. On the other hand, thégg state,

the _”3[‘3 |_sotrrh1ers_ar_e con3|d$|:edt, _als ihet ctonflguratlon _g"x'ndgwhich we had expected to be derived froAZg , is predomi-
IS simiar In the Cis Isomer. The Wiplet stales are considere nantly doubly excited in nature, with the most important

. e . I (3e ;

first. The lowest-lying trlpiet state, By (ZL.J ), is dominated configurations being (ig)? — 27w 270t and Lrgdorg —

by the g — by, (Lzgy — 2myy*) excitation, while the next lowest N2 1 ) .

triplet state, A, (Ay), is dominated by thegdr— by (Lgx — (2my*)2 It is po§5|ble that this state _actually c_orresponds to
’ : ¢ the 3By state, with the B, state having been inadvertently

2m,y*) excitation. (In specifying the term symbols, the sym- ) . .
w’) (In specifying Y y missed in the CASSCEF calculations. Attempts to extract another

metries of the corresponding states for g, structures are 1 .
indicated in parentheses. The linear molecule is assumed to be By root from the CASSCF calculations proved unsuccessful.

aligned along the axis and the bending is assumed to occur in  EXcitation Energies.Vertical Excitation.Table 5 reports the
the yz plane.) Thus, both of these states are dominated by vertical excitation energies of diacetylene calculated at the CAS-
configurations involving excitation into the in-plane component (8,8)/6-31G**, CAS(8,8)/ANO, CASPT2/6-31G**, and CASPT2/
of the 1z,* orbital. ANO levels of theory. These results were obtained using the
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TABLE 4: Dominant Configurations in the CAS(8,8)/ Adiabatic Excitation.Table 6 reports the calculated and
6-31G** Wavefunctions of the Low-Lying Electronic States experimental adiabatic excitation energies of diacetylene. In
of Diacetylené those cases that there are cis and trans isomeric pairs, the
Doh  Lmux lmy Lage Lmgy 2mw* 2mu* 279 271/ energies of the isomers are found to agree to within 0.03 eV,
Cxn la, 1b 1b; 1a 2a 2b,  2h; 23 and, for this reason, only the results for the trans isomer are

G 1a 1 20 2a 3a 3 4 4a % discussed. As for the vertical excitation energies, theoretical

1z 2 2 2 2 0 0 0 0 877 results are reported at the CAS(8,8)/6-31G**, CAS(8,8)/ANO,
2By 2 2 0 2 1 1 0 0 441 CASPT2/6-31G**, and CASPT2/ANO levels of theory, using

f g % % 8 i 8 8 igi CAS(8,8)/6-31G** optimized geometries. Table 6 also reports
18, 1 2 2 2 0 1 0 0 506 adiabatic excitation energies calculated at the CAS(8,8)/4-31G

2 2 1 1 0 2 0 0 226 level of theory. These results have been included to facilitate
Ay 2 1 2 2 0 1 0 0 311 comparison with the results of Karpfen and Lischka who

2 2 2 0 O 2 0 0 261 employed the 4-31G basis set in most of their calculations. The

g g % i é é 8 2 11,585 excitation energies obtained from the CAS(8,8)/6-31G** and
1A, 2 2 1 2 0 1 0 0 444 CAS(8,8)/ANO calculations agree to within 0.1 eV. However,

2 2 2 1 1 0 0 0 44.4 those from the CAS(8,8)/4-31G calculations are up to 0.3 eV

2 2 1 2 1 0 0 0 444 higher in energy, reflecting the inadequacy of the 4-31G basis
A g % i % 8 i 8 8 3‘71-‘71 set for describing the excited states.

#A 1 > > > 1 0 0 0 338 As noted above, Karpfen and Lischka reported theoretical

2 1 2 2 0 1 0 0 299 results for the 3B, 1'B,, 1A, and TA, states of diacetylene.

2 2 2 1 0 0 0 1 6.8 For the 13A, state, the CAS(8,8)/4-31G calculations give an

2 2 1 2 0 0 1 0 6.3 adiabatic excitation energy very close to the CI/4-31G result of
By 2 2 1 2 0 0 0 1 392 Karpfen and Lischka. On the other hand, there are sizable
19A, % i % g 8 i 8 8 4312:3 differences in the two sets of excitation energies in the case of

2 2 2 1 0 0 0 1 336 the other states. Specifically, the ClI calculations place #Bg 1
23A 2 2 2 1 1 0 0 0 425 state about 0.3 eV higher in energy and th8,land 1A,

2 2 1 2 0 1 0 0 415 states 0.4 eV lower in energy (relative to the ground state) than
2B 2 2 1 2 1 0 0 0 413 do our CAS(8,8)/4-31G calculations. However, the discrepancy
A, g % i % 8 i 8 8 ‘7181 may be dug to the aforementioned differences in the geometries
1B, 2 2 2 1 0 1 0 0 699 as determined by the CAS(8,8)/4-31G and Cl/4-31G calcula-

2 2 1 2 1 0 0 0 10.9 tions.

aCalculated at the CAS(8,8)/6-31G** optimized geometry for each qu the I,OW'ly'ng states, the CASPT? excitation energies
excited state. Only configurations with weights greater than 5% are Obtained using the 6-31G** and ANO basis sets are fairly close,
listed. In the case of degenerate states, the weights for both component@igreeing to within 0.2 eV. However, for the high-lying states
are reported. (in both the singlet and triplet manifolds), the CASPT2
calculations with the more flexible ANO basis set give excitation
energies 0.30.5 eV lower in energy than the corresponding
results with the 6-31G** basis set. Hereafter, we focus on the
results of the CASPT2/ANO calculations as they should be the

CAS(8,8)/6-31G** optimized geometry of the ground state.
Where available, experimental values for the vertical excitation
energies have been included for comparison. In discussing the
theoretical results we will focus on those obtained at the highest .
level of theory, i.e, CASPT2/ANO. most reliable. o
The CASPT2/ANO calculations give vertical excitation Thg CASPT2/ANO calculations give adiabatic excitation
energies of 3.69, 4.45, and 5.01 eV for th& g, 13A,, and energies of 2.97 and 3.43 eV for thB, and °A, states,
133, states, respectively, and 5.73, 6.58, and 7.19 eV for the respectively. These resu_lts are in fairly good agreemeng with
1354, 13A,, and £S5, states, respectively. On the basis of the porresppndlng experimental .values of 2.7 and 3.22%V.
electron energy loss measureméfishas been concluded that ~ Similarly, fairly good agreement is found between theory and
the vertical excitation energies of the two lowest energy triplet €XPeriment for the adiabatic excitation energies of the lowest
states are 3.2 0.5 and 4.2+ 0.2 eV. The electron energy loss two singlet states, with the theoretical results being 4.0& (1

spectra obtained at low residual electron energies also display2nd 5-15 €V ¥Au), as compared to the experimental values of

features peaked near 5.2 and 7.1 eV that may correspond to-33 and 5.06 eV

excitation of the $=,~ and 34~ states. The CASPT2/ANO calculations place the origins of the
The CASPT2/ANO calculations give vertical excitation higher-lying triplet states at 3.82H), 4.25 fA), 5.02 €A),
energies of 5.02, 5.32, 7.34, and 7.33 eV for formation of the 5.60 Bg), and 5.85 eV3A), and the higher-lying singlet states
113, 11A,, 115, and EA, states, respectively. Experimen-  at 5.65 {Ag), 5.98 (Bg), and 6.93 eV {B). Even though the
tally, the vertical transition to form the!A, state has been found ~ €lectron energy loss spectra display considerable structure
to occur at 5.32 eV® The vertical transition for forming the  throughout the 3.57 eV region, assigning this structure is
113, state has been reported to occur at 4.81%3We note difficult because of overlapping states and the large geometrical
also that the electron energy loss spectra display transitions withchanges accompanying electronic excitation (resulting in broad
maxima near 7.1 and 7.5 eV, which, based on their dependencdransitions.) The problem is particularly severe for energies
on the residual energy, could correspond to [%1 and :EAg above 5 eV for which the calculations predict overlapping triplet
states. Thus, although there are uncertainties in assigning manyand dipole-forbidden singlet states.
of the features in the observed spectra, for those states for which In the triplet manifold, the differences between the calculated
the assignments are reasonably secure, the vertical excitatiornvertical and adiabatic excitation energies range from 0.65 to
energies predicted by the CASPT2/ANO procedure are in good 1.02 eV, with the energy lowerings being greatest for thi,1
agreement with experiment. — 13A, and BA4 — 1°B4 geometry distortions. It should be
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TABLE 5: Vertical Excitation Energies (eV) of Diacetylene Relative to the £, Ground State

state CAS(8,8)/6-31G** CAS(8,8)/ANO CASPT2/6-31G** CASPT2/ANO exp
1%, 8.53 8.46 7.61 7.34 7.5
1tAq 8.76 8.69 7.73 7.33 7.1
1A, 6.79 6.69 5.75 5.32 5.32
1%, 6.36 6.30 5.44 5.02 4.81
135, 8.53 8.48 7.56 7.19 7.1
13A4 7.74 7.70 6.96 6.58

135,° 6.79 6.79 6.00 5.73

135, 6.32 6.26 5.34 5.01 5.2
13A, 5.55 5.51 4.75 4.45 430.2
135, 4.67 4.67 3.86 3.69 3205

aTaken from ref 19 unless otherwise not&dtrom ref 25.

TABLE 6: Adiabatic Excitation Energies (eV) of Diacetylene Relative to the £, Ground State
symmetry state Cl/4-31% CAS(8,8)/4-31G  CAS(8,8)/6-31G** CAS(8,8)/ANO  CASPT2/6-31G** CASPT2/ANO  exp

Con 21By 8.10 8.11 7.23 6.93

Con 1B, 6.99 7.07 6.07 5.98

Con 21Ag 6.46 6.56 5.68 5.65

Dan 1A, 6.05 6.44 6.21 6.13 5.17 5.15 5506
Con 1Ay 5.30 5.56 5.20 5.19 4.27 4.07 433
C 43A 7.15 7.21 6.34 5.85

Con 1B, 6.33 6.40 5.66 5.60

Con 13A, 5.40 5.51 4.95 5.02

C 2°A 5.58 5.60 4.54 4.25

C 2°B 4.69 4.73 3.91 3.81

Con A, 4.41 4.48 4.20 4.25 3.49 3.43 322
Con 1B, 3.93 3.58 3.51 3.60 2.93 2.97 2.7
Co, 1'A, 5.22 5.19 4.31 4.09

Ca, 13A, 4.23 4.26 3.54 3.47

Co, 1B, 3.52 3.60 2.95 2.99

aFrom ref 9. From ref 25.¢ From ref 26.9 From ref 19.

TABLE 7: Vertical Excitation Energies (eV) of Diacetylene Conclusions
Relative to the Cis (£B,) and Trans (1°B,) Potential Energy
Minima The CASSCF and CASPT2 methods have been used to
symmetry CAS(8,8)/ANO CASPT2/ANO characterize the low-lying electronically excited valence states
Con 2, 261 512 of diacetylene. In the triplet manifold, the geometries of seven
11B, 2.89 202 low-lying states were optimized, four of which are predicted to
1A, 1.61 1.15 exist as cifrans isomeric pairs and three of which are predicted
2°B, 1.44 110 to be distorted nonplanar. In the singlet manifold, Ag state
c ;ﬁ” (2)-;8 g-:rl’g retains a linear structure, whereas the other states considered
% 1182 589 502 are predicted to exist as #ians isomeric pairs. In those cases
1A, 1.62 1.16 that the experimental excitation energies (and state assignments)
2°B, 1.44 1.10 are known, there is good agreement between theory and
1°A; 0.71 0.52 experiment. Tentative assignments are made for some of the

higher lying features observed in the electronic absorption and
electron energy loss spectra of diacetylene. Vibrational frequen-
cies, calculated in the harmonic approximation, have been
reported for the ground and excited states.

kept in mind that not all of the relaxation energy is associated
with the distortions away from the linear structure, since the
CC and CH bond lengths also change upon electronic excitation.
In the singlet manifold, the spread in relaxation energies is even i . )
greater, ranging from 0.17 eV for théA, state (which retains Although not discussed in the main body of the paper, we
its linear structure) to 1.68 eV for the!R, state. The large have also optimized the transition states fortems isomer-
relaxation energy in the latter case may be the result of the |za_t|on of the two lowest triplet staté%.‘l’hg calcul_ateql barrier
sizable increase in the doubly-excited character in the wave N€ights for the’B, — B, and *A, — °A; isomerizations are

function, accompanying the distortion from the linear to the bent Predicted to be 3.1 and 3.6 kcal/mol, respectively. These results
structure. indicate that for sufficiently cold diacetylene molecules, the

Table 7 reports vertical excitation energies relative to the interconversion between the cis and trans isomers should be

lowest triplet state of diacetylene in both the cis and trans quite slow, making it possible to spectroscopically characterize
configurations. These energies are relevant for designing experi-the individual isomeric species.

ments to observe higher-lying triplet states via direct triplet

triplet absorption. The triplettriplet excitation energies calcu- Acknowledgment. This research was carried out with
lated for the cis and trans structures agree to within 0.02 eV. In support from NSF (F.V. and K.D.J.) and Pacific Northwest
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