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Abstract-An ab initio SCF-CI study of planar cyclobutadiene (CB) in ground and excited states has been car&d 
out. The equilibrium geometries of some valence and Rydberg states have been calculated, as well as the energies 
of the vertical (absorption and emission) and non-vertical transitions. Using the optimized geometries, it is 
discussed how the aromaticity changes upon excitation of CB to the lowest-lying singlet and triplet states. The 
following conclusion is made: upon excitation to the guorescent (8,) or phosphorscent (T,), states, the 
aromaticity of the anti-Htickel system cyclobutadiene increases sitmifrcantly, whereas that of the Hiickel system 
benzene decreases. 

Cyclobutadiene (CB) has been the subject of numerous 
theoretical and experimental studies, and the interest in 
its structure and properties has been constantly increas- 
ing in recent years.’ The interest in CB is due not only to 
its unusual chemical and physical properties, but also to 
the fact that it is the first representative of the 4n 
a-electron “anti-aromatic” systems. 

While the ground state of CB is already comparatively 
well studied, information as to its excited states in rather 
scarce; mostly, vertical transition energies have been 
calculated (see Refs. [4,7,9,99,102,104,105] in Ref. [l]). 
The purpose of the present communication is to deter- 
mine the equilibrium molecular geometries of the low- 
lying singlet and triplet states, their energies and charac- 
ter, as well as to calculate the vertical (absorption and 
emission) and non-vertical (adiabatic) electronic tran- 
sitions of CB. Such information is always of special 
importance for molecular photophysics and photoche- 
mistry of organic compounds.2*3 In addition, knowledge 
of the geometry of the excited states could be used for a 
qualitative estimation of the change in aromaticity upon 
the excitation of the molecule to a given electronically 
excited state. This would allow to extend the concepts 
“aromaticity” and “antiaromaticity” to photoexcited 
states. 

Method of calculation 

The ab initio SCF calculations employed a basis of 
Gaussian lobe functions with the exponents of the 3-21G 
basis set 4 augmented by a diffuse (s,p) basis set at the 
carbon atoms. The corresponding exponent was chosen 
to be 0.05 so that Rydberg states could be taken into 
account. For the ground state as well as for the lowest 
electronically excited singlet and triplet states of the 
C4H4 molecule the equilibrium geometries were esti- 
mated. Geometry parameters involved are the two CC 
distances of the rectangular skeleton of the carbon 
atoms. The cyclobutadiene molecule was assumed to be 
planar with CH = 1.08 A and CCH = 135” in ground and 
excited states. 

In order to obtain excited states a limited CI treatment 
was carried out in which the notion of the molecular 
orbital is still retained. Only those singly excited 
configurations were used which have a common occu- 
pied MO as origin from which the excitations are per- 
formed. This concept can be realized most conveniently 
within the formalism of improved virtual orbitals.5,6 

This method has been successfully applied for singly 
excited states.’ In the case of degenerate or nearly 
degenerate doubly excited electronic configurations as 
they occur with C4H4 additional work has to be done as 
follows. As is well known in this case the Hat-tree-Fock 
state does not represent a state with a symmetry ap- 
propriate to D4s. The HF state, however, can be used to 
yield the states ‘A2 and ‘B,, with the corresponding 
wave functions 1/.\82(e,“gsY 2 Es” es”) which obviously 
are energetically separated by twice the exchange in- 
tegral between epX and es”. The separation can then be 
used to locate the states ‘B,, and ‘A,,, for which the HF 
state lies exactly between them, with the wave functions 
1/~2(e,Xg8X 7 esYtsY). This somewhat qualitative concept 
was also used for reduced symmetry D4,,+D2,,(eg+bZS + 
b3S), in which the HF state splits to (b,$ and (b,,)‘, and 
therefore a 2 x 2 secular equation must be solved. This 
is possible because the exchange integral between es” and 
e,’ (bZg and b33 changes only slightly upon distortion 
from the square geometry. 

RESULTS AND DISCUSSION 
Description of electronic states 

In the past many quantum chemical investigations 
have been performed on the CB molecule in order to find 
out the nature of the ground state and its geometry. All 
these results are summarized in the review’ and there- 
fore we can restrict ourselves to an overall comparison 
of our data, listed in Table 1, with those in the literature. 
All recent computational attempts unequivocally predict 
a rectangular singlet ground state due to Jahn-Teller 
distortion, and a slightly higher located triplet state with 
square configuration. The most reliable geometry 
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Table 1. Oatimized neometries and enereies of non-vertical (adiabatic) transitions 

State symmetry E [evl 

Character 

of state 

‘A 9 

‘B 
19 

‘B 
29 

‘A 
19 

‘B 
3g 

3A2g 

3B3u 

3 B2u 

1.526 1.316 

1.439 1.439 

1.436 1.436 

1.436 1.436 

1.49 1.39 

7.43 1.43 

1.440 1.440 

1.51 1.41 

1.49 1.39 

* 0.00 ground state 

0.38 
‘ 

2.56 valence 

2.69 valence 

6.04 I?ydberg (R’o* ) 

6.45 

0.19 valence 

5.71 Rydberg (n43 

5.90 Rydberg (~-VI*) 

*Total energy: - 152.792 a.u. All Rydberg state geometries are given with an accuracy of two digits after the 
decimal point due to the flatness of the energy surface. The Herzberg convention for the assignment of states has 

been used throughout this paper.29 

parameters for the singlet state (C-C=l.S7 and 
C=C=l.34& ,and for the triplet state (C-C = 
1.45 A)* are well reproduced by the results presented 
here in Table 1. A further important geometry parameter 
of the singlet ground state is seen to be the height of the 
energy barrier which occurs at the square configuration. 
The height of this barrier decides the static or dynamic 
nature of the calculated rectangular equilibrium 
geometry. Our value of 9 kcaI/mole is in accord with the 
range of 12-13 kcal/mole given in recent studies.8.9 The 
singlet-triplet energy separation, however, shows a 
shrinkage which is typical for our simple method, but the 
correct ordering is still retained. 

With the exception of the ground and lowest triplet 
state, the properties of excited states have been reviewed 
up to now mainly by means of vertical transitions.’ 
Geometry optimizations of excited states have not yet 
been performed systematically. For example, the early 
study of Buenker and Peyerimhoff yielded a non-square 
“equilibrium geometry” for the triplet state of CB in 
contrast to all later findings. This is probably due to the 
fact that geometries were not optimized sufficiently 
within their calculation scheme.‘,” As can be seen from 
Table 1, except for the singlet ground state all the excited 
valance states show a square conliguration with almost 
the same CC distance of about 1.44 A. The lowestsinglet 
and triplet states of Rydberg type, however, show rec- 
tangular equilibrium geometries which are not SO 

pronounced as that for the ground state. The perimeter is 
increased for Rydberg states with respect to valance states. 

In Table 2 our vertical absorption transitions are jux- 
taposed to some of the latest results found in the lit- 
erature. There is no full agreement with respect to the 
ordering of the two lowest excited valence singlet states. 
Especially for the states ‘Blg(‘BZg) and ‘A,*(‘A,,) a 
reversed ordering is obtained by ab initio SCF-CI cal- 
culations.‘.” In contrast, the results obtained by EOM 
and PPP-CI are in good agreement with our results.“~‘* 

In addition to vertical excitations, which can be com- 
pared with experimental absorption transitions, the 
equilibria of excited states allow the discussion of verti- 
cal emission transitions which for CB are quite different 
from absorption transitions as can be seen from Table 3. 
In our calculation the states ‘Bz, and ‘A,, are almost 
equal in energy, while Jafri and Newton have found the 
‘A,, state somewhat lower in energy.’ 

Absorption and emission vertical transitions 
The calculated absorption and emission transitions to 

the first three singlet and first three triplet states are 
shown in Tables 2 and 3, respectively, and the O-O 
electronic transitions are given in Table 1. The long- 
est wavelength absorption transitions ‘Btg+‘Ag and 
‘Blg+-‘Ag are in good agreement with some theoretical 
calculations (and with experimental data for the singlet 

Table 2. Absorption transitions (Franck-Condon) [eV] (a) Our results, (b) EOMl123, (c) Ppp-Cl1111 Experiment 
3.54-4.13eV[lI 

‘A + 3B 
19 9 ‘A + -. ‘A + ‘A + ‘A +lB 

9 ‘B 19 ‘A 9 ‘A; 9 3B3,, 9 3B2u 9 39 

a) 1.12 3.46 4.90 5.96 6.00 6.10 

b) ’ 1.12 3.67 5.36 6.11 6.27 

c) - 3.52 4.35 
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Table 3. Emission transitions (Franck-Condon)[eV] using equilibrium geometries given in Table 1. 
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3A 3 
2g 

+ ‘E 
lc3 

‘B 
2cl 

-+ 'B 
lg 

'A * 
l?f 

-t 'B 
ICI 

3B3u -+ 'A 
9 

‘A 
B2u + g ‘6 

3g 
+ ‘A 

g 

2.18 2.31 5.25 5.14 5.88 

absorption Q-So). It can be seen from Table 2 that the 
Stokes shift AEs, = AEBbS-AE,, is anomalous (> 
5000cm-‘)‘3 for all transitions between the ground and 
valence excited states. These results seem reasonable, 
since in the Stokes shift is reflected the change in 
geometry upon excitation of the molecule? this change 
is rather large for the valence excited states and smaller 
for the Rydberg states (in Table 1). 

The T, (3A2& phosphorescence state of CB lies very 
close to the ground state (0.19eV) and the transition 
energy T1-+So is - 0. This is conductive to intensive 
radiationless deactivation of the T, state, i.e. experimen- 
tal observation of phosphorescence of CB cannot be 
expected. 

The presence of a drastic change in the lengths of the 
C-C bonds upon excitation from ‘A,&) to ‘B&Q, ac- 
companied wtth a change in symmetry Dzr,+D4,, (Table 
1) should according to general photophysical prin- 
ciples’5*‘6 lead to a crossing of the potential hypersur- 
faces of the S, and So states in the neighbourhood of the 
equilibrium point of the St state, i.e. to radiationless 
deactivation; in addition, the emission transition 
‘B2,+‘B,, is forbidden. In contrast to the general case, 
however, the potential hypersurface of CB in ground 
state has two minima and the energy gap between the So 
and S, hypersurfaces in the equilibrium point of the S, 
state is rather large, 2.18 eV. This leads to the conclusion 
that CB could exhibit a weak fluorescence in the region 
of 550-6OOnm. 

Finally we shah consider the energy difference be- 
tween the vertical absorption and the non-vertical tran- 
sition, which can be used as a rough estimate for the 
steepness of the potential hypersurface of a given 
excited state. It can be seen from Tables 1 and 2 that the 
S, and SZ states of CB (which are of identical geometry) 
differ strongly, for the hypersurface of the St state 
should be more steep than that of S,; the S1 and T, states 
have comparable, with respect to steepness, hypersur- 
faces. 

Aromaticity in ground <nd excited states 
From the many different theoretical and experimental 

means of estimating aromaticity (for a recent overview 
see ref. 17) we choose to use here the degree of alter- 
nation in the bond lengths’&*’ in different equilibrium 
geometries of CB. Thus strong alternations in the bond 
lengths is interpreted as antiaromaticity (weak electron 
delocalisation), weak or no alternation as aromaticity 
(strong electron delocalisation), and intermediate alter- 
nation as non-aromaticity (intermediate electron delo- 
calisation). To distinguish between different cases of no 
alternation (square geometry), a “longer” bond length is 
interpreted (cf Dewa?) as decreased “effective v-bond 
energy”, and thus decreased aromaticity. 

In the present paper we shall try to give a qualitative 

answer as to how the aromaticity of CB changes upon 
excitation, more specifically upon excitation to the 
lowest-lying fluorescent (S,) and phosphorescent (T,) 
states. It can be seen from Table 1 that the rectangular 
ground state of CB exhibits a very strong alternation of 
bond lengths, stronger even that characteristic of the 
typical non-aromatic compounds (linear trans-polyenes) 
1.36-1.46 A.” This is in full agreement with all other 
studies’ which place CB together with the antiaromatic 
systems. Upon excitation of CB from the ground So (‘A& 
state to the excited S,(‘B& S,(‘A,J, and T#A& the 
geometry of the molecule changes strongly and the bond 
length alternation disappears (Table 1). Similar results 
were obtained by us for the S, state in a PPP calculation 
(including full r-space CI) of CB using S, geometry 
taken from Table 1. Using Coulson-Golebiewski’s rela- 
tiont4 we have obtained a square geometry CC = 1.428 A 
for the S, state. These states are square in their 
equilibria and the rr-electrons are evenly delocalized 
along the 4-membered ring. The calculated bond lengths 
lie in the range of aromatic C-C bond lengths (- 1.38- 
1.44 A, see for instance23 and I$. 1.4218, for graphite?. 
All this indicates that the antiaromaticity of CB strongly 
decreases in S,, Sl, and T, states, and that probably 
these states should have to a certain degree an aromatic 
character. For the T, state these results are in qualitative 
agreement with the conclusions of Baird.*’ Because of 
the greater C-C bond lengths in the square equilibrium 
excited states, it is also to be expected that the aromati- 
city of these states is lower than that of benzene, the 
tropylium cation and the pentadienyl anion in ground 
state-CC - 1.4 A.” 

In the framework of the present approach, the 
experimental values for the bond Lengths in e?cited 
S,(‘B2J and T,(‘B,J benzene (1.434A and 1.433 A, res- 
pectively*“‘* should also indicate a similar decrease in 
aromaticity upon excitation. 

Thus we come to the following conclusion: upon excita- 
tion to the fluorescent S, phosphorescent T, states the 
aromaticity of the Hiickel system benzene decreases, 
whereas that of the anti-Htickel system cyclobutadiene 
increases significantly. 

An experimental indication supporting the above con- 
clusion with respect to CB would be its relative photo- 
chemical stability upon irradiation in its first absorption 
band. Indeed, CB is obtained mainly photochemically 
and decomposes relatively slowly and upon lengthy 
irradiation (to acetylene).’ Conversely, CB in ground 
state decomposes and/or dimerizes rapidly (upon hea- 
ting).’ 

As seen from Table 1, the Rydberg excited states of CB 
are characterized by strong bond length alternation, al- 
though not so strong as in the ground state. As these 
states are rather highlying, it is hardly meaningful to 
estimate their aromatic character. 
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A more detailed study of aromaticity of some Hiickel Schaefer), p. 264. Plenum Press, New York (1977). 
and anti-Hiickel systems in excited states is in progress. ‘*R. C. Haddon, G. R. J. Williams, J. Am. Chem. Sot. 97, 6582 

(1975). 
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