
Theor Chim Acta (1988) 74:195-208 

�9 Springer-Verlag 1988 

Theoretical studies on quinones 
I. The structure of p-benzoquinone 
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Ab initio calculations on the ground and two excited triplet s t a t e s  (3Big and 
3Blu ) of  p -benzoqu inone  are described. The geometries o f  the three states 
were fully optimised at the SCF level using the 3-21G basis set. For  the excited 
states, both  D2h and C2~ geometries were investigated. Compar i son  was made 
between U H F  and R O H F  levels of  theory. 
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initio 

I. Introduction 

It has been known for many  years that cigarette smoke and cigarette tar contain 
high concentrat ions o f  free radicals. The free radical in cigarette tar was originally 
suggested to be an odd  electron delocalised over a polynuclear  hydrocarbon  
molecule [1], p robably  a cat ion radical. 

Pryor et al. [2] have, however,  recently shown that  there are in fact at least four  
paramagnet ic  species in tar, three of  which are present at low concentrat ions,  
while the fourth with which we are concerned here is by far the predominant  
species. This species is not  a monoradical ,  but  a complex between quinone and 
hydroqu inone  groups in a polymeric  matrix. 

*Permanent address: Computing Laboratory, University of St Andrews, St Andrews, Fife, Scotland 
KY16 9SX, UK 
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Fig. 1. p-benzoquinone: the labelling of the molecule 

This article is the first in a series investigating this species with theoretical methods, 
and in the present study we report the geometries of  the ground and two excited 
states of  p-benzoquinone by ab initio self-consistent field techniques. 

2. Method of calculation 

The calculations were performed using the GAUSSIAN (80 [3] and 82 [4]) and 
GAMESS [5] systems of  programs on the VAX 11/780 computers at St Andrews 
University and the CDC CYBER 205 at the University of Manchester Regional 
Computer  Centre respectively. The wavefunction for the ground state was calcu- 
lated using the restricted Hartree Fock (RHF) method [6], while for the excited 
triplet states a comparison was made between the unrestricted Hartree Fock 
(UHF) method [7] and the restricted open-shell Hartree Fock (ROHF) method 
[8]. Geometry optimisations using the GAUSSIAN system of programs were 
performed by the method due to Murtaugh and Sargent [9, 10], while those using 
the GAMESS system of programs were performed by the method due to Bell et 
al. [11, 12]. The STO-3G [13] and the 3-21G [14] basis sets were used. All distances 
quoted are in Angstrom units (0.1 nm) and all energy values unless otherwise 
stated are in atomic units (Hartree). 

The labelling of the molecule is shown in Fig. 1. The molecule lies in the yz-plane, 
the z-axis coinciding with the carbonyl groups. 

3. Results and discussion 

It has been experimentally proven [15] that the two lowest energy triplet states 
of p-benzoquinone are of  n --> 7r* type. In fact, the lowest energy singlet state is 
also produced by an n--> ~-* excitation and the first excited ~r ~ 7r* triplet state 
is higher in energy than this singtet state. 

The five highest energy occupied molecular orbitals with their respective 3-21G 
basis set orbital energies of the ground state of p-benzoquinone are: lb2g 
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(--0.55348), 5b2u (-0.45788), 463g (-0.42820), 1bag (-0.41756) and 2b3u 
(-0.40525). The three lowest energy virtual molecular orbitals are: 2b2g (0.01143), 
lau (0.13953) and 363u (0.20082). Of these eight molecular orbitals, the 5b2u and 
the 4b3g molecular orbitals are mainly localised on the oxygen atoms, derived 
from their py atomic orbitals and referred to as n-type molecular orbitals; the 
remainder are ~--type molecular orbitals. From purely orbital considerations, it 
would appear as though there should be two ~- ~ ~-* excited triplet states of lower 
energy than the n ~ zr* excited states shown experimentally to be lower in energy. 
A survey of previous calculations on p-benzoquinone shows that the ordering of 
the five highest energy occupied molecular orbitals is very method dependent. 
Indeed, the same methodology can produce variations; for instance, using the 
STO-3G basis set reverses the order of the 4b3g and the lblg molecular orbitals. 
All calculations, however, produce the same ordering of the two n-type molecular 
orbitals and show that the higher of the two is more delocalised. This different 
ordering of the molecular orbitals has given rise to different orderings of the 
observed ionisation energies. Thus, taking an overview of the calculations, all 
that can be said is that there are four ionisation potentials in the ten to twelve 
electron-volt region, two originating from 7r-type molecular orbitals and two 
originating from the lone pair molecular orbitals of the oxygens. 

Bigelow [16] has published a good description of the molecular orbitals of the 
ground state of p-benzoquinone relative to those of isolated benzene and oxygen. 
He used the CNDO/S  method which gives the 4b3g molecular orbital as the 
highest occupied molecular orbital giving the n ~ ~r* excitation the lowest energy. 
This is in common with the results of Bunce et al. [17] who used the Virtual 
Orbital Configuration Interaction method within the INDO approximation. Both 
of these calculations were performed with the crystal structure of the ground 
state of p-benzoquinone reported by Trotter [18] for all the states studied. 

There have been a number of previous ab initio calculations on p-benzoquinone. 
Wood [19] investigated the excitation energy to many states using the STO-4G 
basis set. This basis set produced the same ordering of the molecular orbitals as 
our STO-3G basis set calculations, the highest occupied molecular orbital being 
of ~r-type. Both with and without CI the lowest energy triplet state was shown 
to be 3Blu ('n'~ ~*) with the two n-~ ~-* triplet states being at higher energy. 
They showed, however, that CI brought their excitation energies very close to 
the experimentally available values. Their calculations were restricted to the full 
D2h symmetry of the ground state of the molecule. 

Jonkman et al. [20] have done a similar study at the SCF level. They used a 
[6, 3/3]-~ (3, 2/2) contracted Gaussian basis set which gave an energy for the 
ground state of p-benzoquinone of -378.39209 au, much lower than our 3-21G 
basis set value of -377.10067 au. They suggested that the n-type molecular orbitals 
could be transformed into a lone pair of localised molecular orbitals. Although 
in the ground state there is no physical difference between the localised and 
delocalised representations, there should be a large difference when states are 
considered which involve excitations from these n-type molecular orbitals. They 
further reasoned that calculations in which the symmetry imposed on the 
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molecular orbitals was lowered from the full D2h symmetry of the ground state 
to C2~ symmetry should yield such inequivalent localised n-type molecular 
orbitals and so the n -~ ~* excitation energy should be lowered. Their molecular 
orbital ordering was the same as that produced by our 3-21G basis set calculations, 
and they indeed showed that despite their ASCF D2h symmetry excitations giving 
the 7r --> rr* excitation a lower energy than the n ~ ~r* excitation, their ASCF C2~ 
symmetry calculations gave the n ~ rr* excitation the lower energy. 

More recently Martin [21] has investigated the same problem. He used Dunning's  
contraction of Huzinaga 's  double zeta Gaussian basis set, [9, 5/4] -> (3, 2/2). His 
ground state energy was -379.11435au from a projected-broken-symmetry 
valence bond wavefunction. This value is 2 au lower than our 3-21G basis set 
energy and even lower than the -379.03007 au produced by a calculation at the 
3-21G basis set opt imum geometry with a [9, 5/6] ~ (4, 2/2) contracted Gaussian 
basis set within the molecular  orbital approximation.  He reported results for the 
n + ~r* excitations only and showed that the broken-symmetry treatment was 
required to produce excitation energies close to those of  experiment. In a sub- 
sequent article, Martin and Wadt [22] compared these valence bond results with 
those from symmetry-restricted CI  calculations. They showed that CI  was required 
to bring the excitation energies close to those from experiment. 

Finally, Ha  [23] has investigated not only the ground and excited states of  
p-benzoquinone,  but also many of its ionised states. He used a double zeta 
Gaussian basis set with extensive CI. His molecular orbital ordering was the 
same as from our 3-21G basis set calculations; and the resultant SCF energy of 
-379.11616 au was further reduced to -379.33202 au when CI was included. This 
7r-~ 7r* triplet state was shown to have a lower energy than the n ~ ~'* triplet 
states, but in contrast to the findings of  Wood [19], this was reversed on the 
addition of CI. 

One thing in common with all the previous theoretical studies on p-benzoquinone 
is that the crystal structure of  Trotter [18] or the electron diffraction structure of  
Hagen and Hedberg [24] was used for both the ground and excited state calcula- 
tions. This we have shown, from our studies on glyoxal and methylglyoxal [25], 
to be unsatisfactory, as large changes in geometry can occur. Thus, we have 
optimised the geometries of  the ground state and two excited triplet states (A 3 Big 
and 3Blu ) of p-benzoquinone;  both when the triplet states were constrained to 
have D2h symmetry and when the symmetry was relaxed to C2~. 

The calculated 3-21G basis set geometry (bond lengths and bond angles) for the 
ground state is shown in Table 1, along with the experimental geometry of Trotter 
[18] for comparison. The molecule is planar so that all dihedral angles are either 
0 ~ or 180 ~ In order to save space, STO-3G basis set geometries will not be 
reported. This calculated geometry is very close to the experimental geometry: 
bond lengths differing by no more than 0.008 ,~ and bond angles by no more 
than 1.65 ~ The STO-3G basis set geometry, however, is a little further from the 
experimental geometry with bond lengths differing by as much as 0.035/~ and 
bond angles by 2.2 ~ . This geometry is still very reasonable, though, when the 
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difference in computational requirements on moving from the STO-3G to the 
3-21G basis set is considered. Our 3-21G basis set energy was 0.005 au lower 
than that reported by Ha [23] with the same basis set but the experimental 
geometry [18, 24]. 

The electronic configuration of the X1Ag ground state of p-benzoquinone as 
calculated with the 3-21G basis set is: 

. . .  (1 b3~)2(8ag)2(3 b3,)2(1 bzg)2(5b2u)2(4b3g)2(1 blg)2(2b3u) 2, 

with the three lowest energy virtual molecular orbitals being 2b2g, lau and 3b3u 
respectively. Thus, as mentioned earlier it would be expected from purely orbital 
considerations that the lowest energy excited state would be produced by the 
2b3u ~2b2g excitation (~r ~ ~-*). The electronic configuration of this state (3B~u) 
as calculated with the 3-21G basis set within the ROHF approximation and when 
the symmetry is constrained to be the full D2h symmetry of  the ground state is: 

... (2b3,,)'(3b3g)2(lb3~,)2(Sa,)2(2b2,)'(5b2,,)2(4b3g)2(lb2g)2(lb,g) 2, 

with the two lowest energy virtual molecular orbitals being lau and 3b3u respec- 
tively. Its geometry is shown in the third column of Table 1. The most obvious 
difference between this geometry and that of the ground state is the much 
elongated carbon-oxygen bonds. It is also interesting to see that the carbon- 
carbon double bonds and the carbon-carbon single bonds are now of  almost 
equal length. There are then corresponding changes in the ring angles which 
effectively leave the ring with the same overall dimensions: the distance between 
CA and CB decreases by only 0.137 & and the distance between the two Ccs and 
the two Cos decreases by 0.108/~. 

Despite the 2b3u molecular orbital and the 2b2g virtual molecular orbital of the 
ground state being fairly evenly distributed over the oxygen atoms and the ring 
carbon atoms, in this excited state the same molecular orbitals, now both singly 
occupied, become almost localised on the oxygen atoms. The differences in the 
composition of  these two molecular orbitals can go some way to explaining the 
differences in the bond lengths of the two states. For instance, an electron has 
been promoted from a molecular orbital which has no node between the oxygen 
atoms and their attached carbon atoms to a molecular orbital with such nodes. 
This results in a lengthening of the carbon-oxygen bonds. The same is true for 
the two Cc-CD bonds which are also elongated. The reverse, however, is true of 
the two CA-Cc and the two CB-CD bonds, where the newly occupied molecular 
orbital has no nodes between the respective carbon atoms while the originating 
molecular orbital has. This results in a contraction of  these bonds. 

The 3nlu excited state retains the full D2h symmetry of the ground state. Even 
when the geometry is severely distorted, the geometry optimisation procedure 
still converges to the reported D2h symmetrical geometry. The 3-21G basis set 
optimised geometry of this state as calculated within the UHF approximation is 
shown in column 4 of Table 1. This geometry is almost the same as that produced 
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within the ROHF approximation. The resultant UHF electronic configuration is: 

ot 1 tx 1 /3 1 /3 1 13 1 c~ 1 a 1 . . .  (3b3g) (8ag) (3b3g) (lb3u) (8ag) (233u) (5b2u) 

• (4b~g)l(5b~2u)l(4b~3g)l(lb~g) 1 

x ( lbTg) ' ( lb~lg) l (2b~g)  t, 

with the four lowest energy virtual molecular orbitals being 2b3~u, laW, la~ and 
262~g respectively. The two unpaired a molecular orbitals are the 2b~, and the 
2b2g molecular orbitals giving rise to the 3Blu electronic state. The most obvious 
difference between the resultant optimised ROHF and UHF wavefunctions is 
that the unpaired a molecular orbitals in the UHF case are not localised on the 
oxygen atoms as they are in the ROHF case, but delocalised over the ring carbon 
atoms as well, as would be expected of ~--type molecular orbitals. Despite this, 
the overall charges on the atoms produced within the two approximations and 
shown in Table 2 are virtually identical. It is interesting to see that compared 
with the charges on the atoms of the ground state, also shown in Table 2, there 
is less of a charge separation between the atoms; both the positive and the negative 
charges decreasing in value. 

As mentioned earlier, it has been experimentally proven that the two lowest 
energy triplet states of p-benzoquinone are of n ~ ~r* type. From purely orbital 
considerations, we would expect the lowest energy n ~ 7r* excited state to be 
produced by the 4b3g + 262g excitation. The electronic configuration of this state 
(3Big) as calculated with the 3-21G basis set within the ROHF approximation 
and when symmetry is constrained to the full O2h symmetry of the ground state 
is: 

. . .  (463g)1(4b2,,)2(7bxu)2(lb3u)2(8ag)2(3b3g)2(262g) ~ 

x (2bau)2(5b2 , )2 ( lb2g)2( lb ,g )  2, 

with the two lowest energy virtual molecular orbitals being 1 au and 3b3u respec- 
tively. Its geometry is shown in the fifth column of Table 1. This geometry is very 
similar to that of the 3Bau excited state. Again, compared with the ground state 
geometry, the carbon-oxygen bonds are substantially elongated and the carbon- 
carbon double bonds and the carbon-carbon single bonds become of almost 
equal length. There are also corresponding changes in the ring angles which 
effectively leave the ring with the same overall dimensions: the distance between 
CA and Ca decreases by 0.127/~ and the distance between the two Ccs and the 
two CDS decreases by 0.115 ~ .  In this case, however, the symmetry of the 
wavefunction has broken. The two singly occupied molecular orbitals are now 
localised on the oxygen atoms, the 4b3g molecular orbital is localised on Og, 
while the 2b2g molecular orbital is localised on OB. It is also interesting to see 
some of  the other higher energy occupied molecular orbitals localising on different 
ends of the molecule, particularly the other n-type molecular orbital, the 5b2, 
molecular orbital, which is localised on the OB end of the molecule; mainly on 
the oxygen atom but there are significant contributions from CB and the two Co 
carbon atoms. 



t-~
 

b3
 

T
ab

le
 2

. 
P

o
p

u
la

ti
o

n
 a

na
ly

si
s 

p
ar

am
et

er
s 

fo
r 

th
e 

g
ro

u
n

d
 a

n
d

 t
w

o 
ex

ci
te

d 
tr

ip
le

t 
st

at
es

 o
f 

p
-b

en
zo

q
u

in
o

n
e,

 a
s 

ca
lc

ul
at

ed
 w

it
h 

th
e 

3-
21

G
 b

as
is

 s
et

 

R
H

F
 

R
O

H
F

 
U

H
F

 
R

O
H

F
 

R
O

H
F

 
U

H
F

 
U

H
F

 
lA

g 
G

.S
. 

3B
lu

 E
,S

. 
3B

lu
 E

.S
. 

3B
lg

 E
.S

. 
3B

lg
(3

A
2)

 
E

.S
. 

3B
ig

 E
.S

. 
3B

lg
(3

A
2)

 
E

.S
. 

D
2h

 
D

2h
 

D
2h

 
D

2h
 

C2
v 

D
2h

 
C2

v 

C
ha

rg
es

 o
n 

th
e 

at
om

s:
 

C
A

 
0.

49
8 

O
A

 
--

0.
55

8 
C

 c 
-0

.2
6

0
 

H
 c 

0.
29

0 
C

B
 

0,
49

8 
O

 B
 

-0
.5

5
8

 
C

D
 

--
0.

26
0 

H
o

 
0.

29
0 

O
ve

rl
ap

 p
o

p
u

la
ti

o
n

s:
 

C
A

-O
A

 
1.

07
2 

C
A

-C
o

 
0.

41
9 

C
r 

c 
0.

78
2 

C
B

-O
B

 
1.

07
2 

C
o-

C
D

 
0.

41
9 

C
D

-H
 D

 
0.

78
2 

C
D

-C
c 

0.
49

6 
D

ip
o

le
 m

o
m

en
t 

(D
eb

ye
) 

0.
0 

(s
 2)

 
B

ef
or

e 
an

n
ih

il
at

io
n

 
A

ft
er

 a
nn

ih
il

at
io

n 

0.
29

3 
0,

29
4 

0.
35

7 
0,

36
1 

0,
38

4 
0.

32
8 

-0
.4

05
 

-0
.4

0
6

 
-0

,3
8

2
 

-0
.3

81
 

-0
,4

8
4

 
-0

,3
7

4
 

-0
.2

2
6

 
-0

.2
2

6
 

-0
.2

6
8

 
-0

,2
7

4
 

-0
.2

3
9

 
-0

.2
5

3
 

0.
28

2 
0.

28
2 

0,
27

3 
0,

27
5 

0.
29

0 
0.

27
4 

0.
29

3 
0,

29
4 

0.
26

7 
0.

26
3 

0,
38

4 
0.

34
8 

-0
,4

0
5

 
-0

.4
0

6
 

-0
,4

2
3

 
-0

,4
2

5
 

-0
,4

8
4

 
-0

.4
6

4
 

-0
,2

2
6

 
-0

.2
2

6
 

-0
,1

9
8

 
-0

,1
9

2
 

-0
,2

3
9

 
-0

.2
1

6
 

0.
28

2 
0,

28
2 

0,
28

3 
0,

28
2 

0.
29

0 
0.

27
6 

0.
58

7 
0.

86
8 

0,
43

5 
0.

67
1 

0.
44

1 
0.

66
6 

0.
79

0 
0.

79
8 

0.
79

6 
0.

58
7 

0,
86

8 
0.

75
2 

0.
67

1 
0.

44
1 

0.
54

0 
0.

79
0 

0.
79

8 
0.

78
6 

0,
52

8 
0,

74
2 

0,
55

9 
0 

0 
0.

0 
0.

91
3 

0,
90

8 
0.

0 
0.

97
6 

2.
02

3 
2.

12
4 

2.
61

7 
2.

00
0 

2,
00

6 
2.

22
4 

e~
 

,...
. 

g~
 

e~
 

('3
 

o o 



Theoretical studies on quinones 203 

Breaking the symmetry from D2h to C2v reduces the number of different symmetry 
orbitals by half: blu and ag orbitals become a~ orbitals, bxg and au orbitals become 
a2 orbitals, b3~ and b2g orbitals become bl orbitals and b3g and b2u orbitals 
become b2 orbitals. The two open-shell molecular orbitals are thus the 4b~ and 
9b2 molecular orbitals and the electronic state is A3A2. Thus, the electronic 
configuration under C2~ symmetry of this excited state is: 

. . .  (9b2)~(6b2)2(14a1)2(lbx)2(15a1)2(7b2)2(4b1)1(2b1)2(8b2)2(3b~)2(la2) 2, 

with the two lowest energy virtual molecular orbitals being 2a2 and 5ba respec- 
tively. Allowing the geometry to relax to C2~ symmetry leaves the molecular 
orbital ordering unchanged and results in small changes to the geometry. This 
geometry is shown in column 6 of Table 1; comparing it with that of the Dzh 
symmetry constrained geometry shows a very small lengthening of the C/,-OA 
bond by 0.0023/k and a small contracting of the CB-OB bond by 0.0042 ~ .  There 
is also a slight opening of the Cc-CA-Cc bond angle and a slight closing of the 
CD-CB-CD bond angle. The remaining bond lengths remain virtually identical. 
This geometry relaxation process gains only 0.00020 au in energy, which is not 
enough to correct the ordering of the states. The ROHF approximation then, 
even with symmetry breaking, still gives the ~r--> or* 3B~, excited state a lower 
energy than that of the n ~ rr* 3Big excited state. 

The 3-21G basis set optimised geometry as calculated within the UHF approxima- 
tion and when the symmetry was constrained to be the full D2h symmetry of the 
ground state is shown in column 7 of Table 1. The resultant UHF electronic 
configuration is: 

13 1 /3 1 ,8 1 ~ 1 13 1 o~ 1 a, 1 . . .  (8ag) (lb3,)  (3b3g) (5b2u) (lb2g) (2b3,) (4b3g) 
X(1 ,~ 1 / 3 1  1 3 1  ~ 1 / 3 1  big) ( lb lg)  (2b3u) (2b2g) (5b2 , ) ,  

with the three lowest energy virtual molecular orbitals being 4b~3g, 2b~2g and law 
respectively. The two unpaired a molecular orbitals are the 4b3g and 2b2g 
molecular orbitals giving rise to the A3Blg electronic state. The geometry is very 
different from that calculated within the ROHF approximation. In fact the bond 
lengths are intermediate between those and those of the ground state: the carbon- 
oxygen bonds are elongated, the carbon-carbon single bonds are contracted and 
the carbon-carbon double bonds are elongated. The bond angles are closer to 
those of the ground state than they are to those of this state within the ROHF 
approximation. In this case, forcing the geometry to be of D2h symmetry has 
constrained the wavefunction to be of the same symmetry. The main difference 
between this (UHF) wavefunction and that calculated within the ROHF approxi- 
mation is that the open shell molecular orbitals are more delocalised, with 
significant contributions from the ring carbon atoms. The 4b3g molecular orbital 
is much more delocalised than it was when it was doubly occupied in the ground 
state. There is a decrease in contribution from the py atomic orbitals of the oxygen 
atoms being compensated for by an increase in contribution from those of the 
carbonyl carbon atoms. The other n-type molecular orbital, -,~,2u~h"//3, also shows 
an increased contribution from the carbonyl carbon atoms but the large contribu- 
tion from the oxygen atoms is retained, maintaining the n-type orbital status. 
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When the symmetry is allowed to relax from D2h to C2v, the result is a large 
change in the geometry which is shown in column 8 of  Table 1, and also a large 
change in the molecular orbitals. The UHF electronic configuration is: 

. . .  ( l b f )1 (15a~) l (15a f )~ (7b~2) l (8b~)~(2b~1) l (3b~)  1 

o i l  131 , 8 1  a l  f l l  a l  x(9b2)  (8bz) (3hi)  ( l a2)  ( l a2)  (4bl)  

with the three lowest energy virtual molecular orbitals being 4bf,  9b~ and 2a~' 
respectively. The geometry has now become more similar to that calculated with 
the ROHF approximation, although the differences between the two ends of the 
molecule are much more pronounced. Most notably are the carbon-oxygen bonds 
which now differ in length by 0.07 A. The difference between the carbon-carbon-  
carbon bond angles at the carbonyl groups has almost doubled at nearly 3 ~ 
Finally, in the ROHF case, the difference in length between what used to be the 
carbon-carbon single and the carbon-carbon double bonds of the ground state 
is less than 0.01 ~ ;  in this case, however, the difference is a little larger at 0.0171 
for CA-CD and 0.0382 ~ for CB-CD. 

The molecular orbitals now tend to localise on either end of the molecule. In the 
case of the n-type molecular orbitals, the 8b] (5b2% of D2h symmetry) molecular 
orbital is evenly distributed over the whole molecule while the 8b~ (5b~,, of D2h 
symmetry) molecular orbital is, as with the 8 b2 doubly occupied molecular orbital 
in the ROHF case, localised on OB. The singly occupied 9b2 (4b3g of D2h 
symmetry) molecular orbital is localised on OA within the ROHF approximation. 
In the case of the UHF approximation, however, only the unoccupied 9b~ 
molecular orbital is localised on Og, the occupied 9b~ molecular orbital is 
localised o n  O B. This is also the case with the singly occupied 4b~ (2bzg of D2h 
symmetry) ~r-type molecular orbital: within the ROHF approximation, it is 
localised on OB while in the UHF case, beside the molecular orbital being 
delocalised over the ring carbon atoms, the occupied 4b~ molecular orbital is 
largely restricted to the OA end of  the molecule, and it is the unoccupied 4bf  
molecular orbital that is restricted to the OB end of the molecule. Localisation 
is also observed with some of the the other 7r-type molecular orbitals: within the 
UHF approximation, in the case of  the la2 (lb~g of D2h symmetry) and the 3b~ 
(3bau of D2h symmetry) molecular orbitals, the ce molecular orbital is mainly 
localised at the OB end of the molecule while the/3 molecular orbital is mainly 
localised at the OA end of the molecule. Within the ROHF approximation, this 
is reflected by the la2 molecular orbital which is delocalised over the whole 
molecule, while the 3ba molecular orbital has a much larger contribution from 
the Og end of the molecule. 

In the U H F  case, allowing the symmetry to relax to C2~ produces a large fall in 
energy (0.13020 au). This state now becomes lower in energy than the 3Blu state 
as shown by experiment. There is, however, a detrimental effect on the value of 
($2), as shown in Table 2. For the D2h-symmetry constrained triplet state, the 
value after annihilation is very close to 2.0 which is the value expected for a pure 
triplet state. In the case of  the C2~-symmetry triplet state, however, the value of 
(S 2) is substantially greater than 2.0 and even after annihilation there is still a 
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large con t amina t i on  f rom h igher  mult ipl ic i t ies .  The  3-21G basis  set values  are a 
great  i m p r o v e m e n t  on those  ca lcu la ted  with the  STO-3G basis  set (3.0591 and  
2.7740 be fore  and  af ter  ann ih i l a t ion  respect ively) ,  so pe rhaps  an even be t te r  basis  
set w o u l d  cont inue  this d o w n w a r d  fall t owards  the des i red  value  o f  2.0. 

In  o rde r  to clar i fy the  e lec t ronic  conf igurat ions  dep ic ted  in the text  we have 
p resen ted  two orbi ta l  energy diagrams.  F igure  2 shows the orbi ta l  energy d i ag ram 

0 .2  m 
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-0.1 - -  

-0 .2  - -  
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- - 4 b  I 

-- 14at 

Fig. 2. Orbital energy diagram for the ground state (XIAg) of p-benzoquinone and two of  its excited 
triplet state (A3A2 and 3Bt~); the triplet states being calculated within the ROHF approximation 
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for the ground state (X1Ag) of p-benzoquinone and the two excited triplet states 
being studied in this work (A3A2 and 3Blu); the triplet states being calculated 
within the ROHF approximation. Figure 3 shows the orbital energy diagram for 
the ground state (X1Ag) of p-benzoquinone and these two excited triplet states 
(A3Blg at D2h symmetry, A3A2 at C2~ symmetry and 3Blu); the triplet states 
being calculated within the UHF approximation. 

o2 t 
0.1---4 

3.�84 lu lAg 3Big 3Au 

. . ~ . . . . , - ~  ~ - = - ~ :  za2 9b_ p a la u z 
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Fig. 3. Orbital energy diagram for the ground state (XIAg) of p-benzoquinone and two of its excited 
triplet states (A3B1g at D2h symmetry, A3Az at C2~ symmetry and 3Bl~); the triplet states being 
calculated within the UHF approximation 
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4. Conclusion 

As our  theoretically calculated op t imum geometry for the g round  state of  p- 
b e n z o q u i n o n e  is very close to the experimental  geometry, there is good reason 
for using this geometry for investigations on the g round  state instead of going 
to the expense of opt imis ing it. This is par t icular ly shown by the fact that we 
gained only 0.005 au in energy by opt imising the g round  state geometry over the 
value reported by Ha [23] who used the experimental  geometry with the same 
basis set. 

In  the case of the two triplet states, however,  we have again [25] shown the 
danger  of using the g round  state geometry,  especially when  such a delicate 
quant i ty  as excitat ion energy is being calculated. Table 1 clearly shows large 

changes in geometry u p o n  excitat ion to both the triplet states. These geometry 
relaxations involve significant energy changes - energy changes which are too 

large to be neglected. 

As our  value for (S 2) from the U H F  calculat ions on the 3Big excited state is very 

poor,  we might  expect the R O H F  geometry, with the much smaller  difference in 
the lengths of the ca rbon -oxygen  bonds,  to be more reliable. This geometry 
requires further invest igat ion with more sophist icated techniques.  We are pres- 

ently carrying out such an invest igat ion and  hope to report  further results in the 
near  future. 
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