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Abstract: Ab initio calculations are carried out for the ground state and some lower excited states of trans-&cro\e\n and its 
complexes with one and two water molecules. The recently proposed electron-hole potential methods are used to calculate the 
energies and wavefunctions of the excited states. The hydrogen bond energies are analyzed in terms of four components, and 
the determining factors of the hydrogen bond are discussed. The origin of the hydrogen-bonding red shifts of the lowest TT-TT* 
transitions of the conjugated carbonyl compound is attributed to the increase in the electrostatic stabilization due to an in­
crease in the carbonyl negative charge upon the excitation, which is essentially an intramolecular charge transfer excitation 
from the conjugated group to the carbonyl group. 

The ab initio SCF-MO method has been successfully ap­
plied for studies of the electronic structure of hydrogen-
bonding systems.1-3 Until very recently, however, the calcu­
lations have been limited only to the ground state of the sys­
tem, although it has been realized from the spectroscopic 
and photochemical data that studies of excited states of the 
interacting system are very important. In the preceding pa­
pers of the series4 we reported the first ab initio calculations 
for lower excited states of formaldehyde interacting with 
water molecules. The well-known blue shift of the TT-TT* 
transition in the carbonyl compounds5 was clearly interpret­
ed in terms of changes of energy components;413 the blue 
shift is caused by the almost total loss of the electrostatic 
energy upon excitation, in agreement with the conclusion 
from a qualitative argument. In these calculations, the 
formaldehyde 7r-7r* transitions are shown to make a small 
but recognizable blue shift. This result seems to contradict 
the well-established experimental fact that the hydrogen 
bond formation causes a red shift of the 7r-ir* transition in 
carbonyl compounds. But a careful examination of experi­
mental data reveals that the red shift has been observed 
only in conjugated, not in isolated, carbonyl compounds.5 In 
fact, because of experimental difficulties the behavior of the 
x-7r* transition in simple carbonyl compounds like formal­
dehyde is not well understood. 

The main purpose of the present paper is to demonstrate 
that the conjugation is essential to the red shift of the TT-TT* 
transition. We use trans-acrolein C H 2 = C H — C H O as the 
simplest example of conjugated carbonyl compounds. The 
monomer geometry is assumed unchanged throughout. The 
ab initio SCF method and EHP (electron-hole potential) 
method6 are used to calculate the energy of the ground and 
excited states, respectively, of the trans -acrolein molecule 
and its complex with one and two water molecules. In order 
to determine the important factors in the hydrogen bond en­
ergy, the stabilization energy of the complex is decomposed 
into the electrostatic, exchange repulsion, polarization, res­
onance, and charge transfer energies, following the pre­
viously proposed scheme. l a '4 b The calculation gives the blue 
shift of the TY-TT* transitions and the red shift of the TT-TT* 
transitions, in good agreement with experiments. The origin 
of the hydrogen bonding red shifts of the lowest TT-TT* tran­
sition of the conjugated carbonyl compound is attributed to 
the increase in the electrostatic stabilization due to the in­
crease in the carbonyl negative charge upon the excitation, 
which is essentially an intramolecular charge transfer exci­
tation from the conjugated group to the carbonyl group. 

Methods 

Basis Sets and Geometry. In order to facilitate the com­
parison of this calculation with that for the formaldehyde-
water complex, we use three basis sets used for the latter 
system previously:46 the ST0-3G set (hereafter abbreviated 
as 3G) with the recommended scale factor,7 the ST0-3G 
set augmented with a diffuse p orbital on each carbon and 
oxygen atom (3G + p),4 b and the 4-31G set (431).8 The as­
sumed geometry of the 1:1 complex is given in Figure 1. 
The monomer geometries are experimental values,9 and the 
relative position between the two molecules is taken from 
the optimized geometry for the ground state of the formal­
dehyde water system. la The second water molecule in the 
2:1 complex is placed symmetrically against the first water 
molecule with respect to the CO axis. All the atoms in the 
complex are coplanar. 

Calculation of Excited States. Since both the acrolein 
monomer and the complex with one or two water molecules 
are assumed to be coplanar, the TT orbitals are well-defined 
and belong to the a" irreducible representation of the Ci/, 
point group. The "lone pair" (n) orbital of the oxygen in 
acrolein has the same symmetry a' as the <r orbitals. The 
ground state electron configuration of acrolein is as follows. 

. . . (10a')2( l la ' )2(12a')2( la")2-
(13a')2(2a")2(3a")0(4a'/)0(14a')° 

The lower excited states corresponding to an excitation 2a" 
— 3a" (A', TT-T*) and to an excitation 13a' — 3a" (A", 
n-7r*) are considered. The wave function and energy of the 
ground state of monomers and complexes are calculated 
with the standard SCF procedure with the G A U S S I A N 70 
program.10 The excited states are calculated by using the 
EHP (electron-hole potential) method we recently pro­
posed. Mathematical procedures and properties of excited 
state wave functions have been reported elsewhere.6-11 The 
one-configuration EHP method is applied for the n-x* sin­
glet and triplet states and the TT-TT* triplet state. For these 
states a one-configuration wave function is known to be a 
good approximation.4'11 For the TT-TT* singlet state, the two-
configuration EHP method is used." Here the wave func­
tion is a linear combination of two configurations corre­
sponding to TT-TT* (2a" - • 3a") and a-a* (1 la ' — 14a'), re­
spectively. This is necessary because the mixing between 
TT-TT* and a-a* excitations is essential in describing, even 
quantitatively, the wave function for the singlet 7r-7r* state, 
as has been recognized for molecules such as oxygen,12 eth-
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ylene,13 and formaldehyde.14 For the complex the EHP 
wave functions are easily identified as corresponding to the 
local excitation within the acrolein molecule. 

A comment on the advantage of the EHP method over 
the configuration interaction method,15 as a tool of calcu­
lating qualitatively the stabilization energy of a large inter­
acting system in excited states, follows. The EHP method is 
a very good variational approximation to the configuration 
interaction (CI) including all the singly excited configura­
tions. The advantage of the former is the computer time re­
quirement. The CI requires the transformation of two elec­
tron integrals; this transformation is extremely time con­
suming and even prohibitive for large molecules. The EHP 
method does not require the transformation and the itera-
'tion converges in a few cycles with the total time required 
often less than in the ground state SCF procedure.11 If one 
is forced to include only a limited number of configurations, 
such as all the single excitations from the M highest occu­
pied orbitals to the N lowest vacant orbitals,16 the disadvan­
tage of the CI is more essential. An arbitrary and different 
choice of M and N for the monomer and the complex will 
make the stabilization energy thus calculated rather mean­
ingless, especially in the extended basis set calculation. In 
contrast, the EHP method is well defined in the form of the 
wave function and the energy of stabilization. 

Decomposition of the Hydrogen Bond Energy. The stabi­
lization (or destabilization) energy of each state of the com­
plex will be decomposed into the electrostatic £es, electron 
exchange repulsion En, polarization and resonance £pr, and 
charge transfer or derealization £c t energies, so that the 
mechanism of the hydrogen bonding and the origin of the 
spectral shifts can be better understood. The algorithm for 
this decomposition has already been presented in detail for 
the ground state13 and for the one-configuration EHP sta­
te.41' The procedure for the two-configuration (TC) EHP 
method is essentially the same and will be presented in de­
tail elsewhere. 17 

Results and Discussion 
/rans-Acrolein Monomer. Since ab initio approximate 

SCF calculations only for the triplet states of acrolein have 
been published previously,18 we briefly discuss the EHP re­
sults for the monomer. In the third column of Table I the 
vertical transition energies are given for the three basis sets 
used. For comparison, the results for formaldehyde are 
given in the sixth column; the experimental order of the 
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Figure 1. The assumed geometry of the acrolein-H20 complex. The 
second water molecule is placed symmetrically against the. first water 
molecule with respect to the CO axis. 

three lowest excited states was correctly reproduced by the 
3G + p and 431 sets. The 0-0 transitions of 3A"(n-ir*) and 
1A^n-Tr*) for frans-acrolein are reported at 24,246 
cm-HS.Ol eV)19 and 25,861 cm-H3.21 eV),20 respectively. 
The geometries of both states, however, are not known ex­
perimentally. The transition to 3A'(TT-X*) has not been ob­
served. The intensity of this transition is expected to be 
much weaker than that of the 3A"(n-ir*) transition. The 
present calculation suggests that the lowest vertical transi­
tion is to the 3A' state, except in the 3G calculation. In spite 
of the apparent agreement between the experiment and the 
3G calculation, the 3G results are less reliable than the oth­
ers, as the results for formaldehyde show. Since the posi­
tions of the n-ir* and x—w* triplet states depend upon the 
geometry change,18 the present theoretical and experimen­
tal knowledge does not exclude the possibility that the x-ir* 
triplet vertical state lies close to or lower than the n-x* 
triplet vertical state. 

The addition of the diffuse orbitals lowers the calculated 
energy of the 1A' x-x* singlet state by 1.7 eV. The charac­
teristic of this state, however, is essentially a valence type 
with a little Rydberg-type diffuse character.22 The calculat­
ed vertical energy is 1.4 eV higher than the experimental 
energy, though the mixing between the excitations x-x* 
(a" —• a") and a-a* (a' -» a') is taken into account by the 
TCEHP method. As was shown in the previous paper,11 the 
TCEHP method is a good approximation of the complete 
single excitation configuration; the maximum error is ex­
pected to be less than 0.2 eV.11 The double excitations 
might play an important role in describing this state, as 
they do in the x-x* singlet states of ethylene13 and formal­
dehyde.14 

Table I. Comparison between Acrolein-H20 and Formaldehyde-H20 

States 

Ground 

3CTT-TT*) 

3Cn-Tr*) 

1Cn-Tr*) 

1CTT-TT*) 

Basis sets 

3G 
3G + p 
431 
3G 
3G + p 
431 
3G 
3G + p 
431 
3G 
3G + p 
431 
3G 
3G + p 
431 

A n . n U L T J /~V 
rtv. 

Monomer vertical 
transition energy, 

eV 

3.02 
3.40 
3.09 
2.86(3.01)° 
3.77 
3.72 
3.92C3.21)6 

4.53 
4.44 
9.53 
7.86(6.41)" 
2.85 

I W i W " " i ^ 

Shift by 
complex 

formation, 
cm - 1 

- 6 0 
- 1 0 0 
- 6 0 
1900 
2800 
2800 
1500 
2400 
2400 

- 8 0 0 
- 4 0 0 
- 7 0 0 

s 

Hydrogen 
bond 

energy, 
kcal/mol 

4.10 
7.37 
7.57 
4.26 
7.67 
7.66 

- 1 . 4 3 
- 0 . 5 9 
- 0 . 5 1 
- 0 . 1 7 

0.45 
0.67 
6.32 
8.51 
9.55 

,_ ,UoU^An u r\ 
•• rormaiuv-n^uv n^v-* 

Monomer vertical 
transition energy, 

eV 

4.06 
4.88 
4.77 
3.11 (3.12)« 
3.51 
3.83 
4.21 (3.5OV 
4.42 
4.58 

15.12 
12.08 
11.22 

Shift by 
complex 

formation, 
cm - 1 

400 
1500 
1800 
1500 
2200 
2200 
1200 
1900 
1500 

- 1 0 0 
2100 
300 

Hydrogen 
bond 

energy, 
kcal/mol 

3.4 
5.6 
6.3 
2.1 
1.4 
1.5 

- 1 . 0 
- 0 . 6 

0.1 
0.1 
0.1 
2.1 
3.6 

- 0 . 4 
5.5 

° Experimental 0-0 band; ref 19. b Experimental 0-0 band; ref 20. 'Reference 21. d G. Herzberg, "Electronic Spectra of Polyatomic 
Molecules," Van Nostrand, Princeton, N.J., 1966. 
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Table II. Comparison between Acrolein-H20 and Acrolein-2H20"'' 

State 

—Hydrogen bond energy, kcal/mol—. Nonadditive 
Acrolein-H20 Acrolein-2H20 term, kcal/molc 

EH(AW) £ H ( W A W ) K(WAW) 

Vertical transition energy (eV) 
. and shift in parentheses (cm-1) . 
Acrolein-H20 Acrolein-2H20 

1 A' ground 
3 A " n-x* 
1 A " n-x* 
S A ' W* 
1 A ' TT-TT* 

7.57 
- 0 . 5 1 

0.67 
7.66 
9.55 

14.21 
- 1 . 5 7 

0.75 
14.98 
19.70 

0.61 
0.99 
0.95 
1.20 
2.14 

4.07(2800) 
4.74(2400) 
3 .08 ( -6O) 
7 . 7 6 ( - 7 0 0 ) 

4.40(5500) 
5,02(4700) 
3 . 0 6 ( - 3 0 0 ) 
7.61 ( -2000) 

<• Geometry; see text. b Basis set: 431G. e £H(W-W) = -1.54 kcal/mol. 

Table III. Hydrogen Bond Energy, Its Components (kcal/mol), and the Acrolein Dipole Moment (D) 

State 

Ground 

S A ' TT-TT* 

3A" n-7T* 

1 A " n-x* 

1 A 1 T-TT* 

Basis 

3G 
3G + p 
431 
3G 
3G + P 
431 
3G 
3G + P 
431 
3G 
3G + p 
431 
3G 
3G + p 
431 

EH 

4.10 
7.37 
7.57 
4.26 
7.67 
7.66 

- 1 . 4 3 
- 0 . 5 9 
- 0 . 5 1 
- 0 . 1 7 

0.45 
0.67 
6.32 
8.51 
9.55 

•ties 

4.90 
13.08 
10.66 

5.12 
13.46 
11.04 

- 0 . 1 6 
2.72 
1.39 

- 0 . 0 7 
2.74 
1.44 
6.87 

14.35 
13.02 

-tiex 

- 7 . 3 0 
- 1 1 . 5 7 

- 7 . 2 3 
- 7 . 2 5 

- 1 1 . 6 0 
- 7 . 2 3 
- 5 . 8 0 
- 8 . 1 7 
- 5 . 5 1 
- 5 , 9 4 
- 8 . 0 9 
- 5 . 6 4 
- 7 . 1 8 

- 1 1 . 6 0 
- 7 . 2 5 

t ip r 

0.18 

0.94 
0.05 

0.70 
1.26 

2.04 
1.69 

2.86 
- 0 . 5 8 

Ect 

6.32 

3.13 
6.34 

3.15 
3.29 

1.57 
4.15 

2.01 
7.21 

A-pr ~t" -tict 

6.50 
5.86 
4.07 
6.39 
5.81 
3.85 
4.55 
4.86 
3.61 
5.84 
5,80 
4.87 
6.63 
5.76 
3.78 

Acrolein 
dipole 

moment 

1.998 
4.075 
3.936 
2.059 
3.872 
3.860 
1.251 
0.325 
0.203 
1.258 
0.330 
0.208 
4.920 
4.696 
6.273 

1:1 Acrolein-Water Complex. The hydrogen bonding 
energies EH of acrolein and formaldehyde with a water 
molecule are given in the fifth and eighth columns, respec­
tively. The 3G + p and 431 calculations give the hydrogen 
bonding energy values which are usually larger than those 
in the 3G calculation.411 In all these calculations the hydro­
gen bonding energy of the ground state of the acrolein-
water complex is larger than in the formaldehyde-water 
complex. This trend is also true experimentally; usually the 
hydrogen bond in the conjugated carbonyls shows a larger 
stabilization energy than in the corresponding nonconjugat-
ed carbonyls.5 The effects of the conjugation will be dis­
cussed below by analyzing the Mulliken electron population 
and by decomposing the hydrogen bonding energy into 
components. 

The hydrogen bonding energy E^ in the n-x* singlet and 
triplet states of acrolein is much smaller than the E\\ of the 
ground state for all basis sets; in some cases it is even nega­
tive. Thus, we have obtained the well-known hydrogen 
bonding blue shifts of the n -x* transition in acrolein as well 
as in formaldehyde.4 The calculated blue shifts of the n-x* 
transitions in acrolein are a little larger for all of three basis 
sets than the shifts in formaldehyde. These findings are 
compatible with experimental results.5 

The calculated £ H ' S in the x - x * singlet and triplet states 
are larger than in the ground state; thus, the red shifts of 
the x - x * transitions are obtained. In contrast to these re­
sults, the calculation gave a blue shift in the x - x * transi­
tions of formaldehyde.4 As will be shown in detail below, 
the conjugation of the carbonyl ( C = O ) with the rest of the 
molecule plays an essential role in the red shift of the x - x * 
transitions. 

1:2 Acrolein-Water Complex. As calculations in the pre­
vious papers l a '4b showed, it is more likely that a carbonyl 
compound in the ground state is hydrated by two rather 
than one water molecule in the aqueous solution. So, in 
order to compare the calculated shift values more directly 
with the experimental data, a calculation for the complex 

with two water molecules is performed for the geometry 
given in the preceding section. The results are shown in 
Table II. For each state the stabilization energy and there­
fore the shifts in the transition energy is almost twice as 
large as in the 1:1 complex. The experimental shifts known 
for crotonaldehyde ( C H 3 C H = C H — C H O ) in aqueous so­
lution are 2420 c m - 1 (blue shift) for the n-x* singlet tran­
sition and —2280 c m - 1 (red shift) for the x - x * singlet tran­
sition,5 which are compared reasonably with calculated 
values for the 2:1 complex, 4700 c m - 1 for the n-x* singlet 
and —2000 cm"1 for the x - x * singlet transition. 

The hydrogen bond energy of the 2:1 complex 
. E H ( W A W ) can be divided into the sum of the pair interac­
tion energy and the nonadditive three-body interaction 
F(WAW) as23-4b 

£ H ( W A W ) = £ H ( W - W ) + £H(WA) + £H(AW) -
K(WAW) 

where the first three are the interaction energy of two mole­
cules at this geometry when the third molecule is removed. 
The calculated pair and three-body interaction energies are 
shown in Table II. The nonadditive term is small as was 
found in the formaldehyde-water system. 4b 

The Determining Factor in Hydrogen Bonding. The calcu­
lated hydrogen bond energy £ H and its components, the 
electrostatic energy £ e s , the electron exchange repulsion 
Eex, the polarization (plus the resonance for excited states) 
energy Epr, and the charge transfer energy £ct are shown in 
Table III.24 The components depend more strongly on the 
basis set than the total hydrogen bond energy itself does. 
Such a dependency has been analyzed in detail for the 
formaldehyde-water system,413 and will not be repeated 
here for the acrolein-water system. In spite of this basis set 
dependency, one can determine factors governing the geom­
etry and energy of the hydrogen bonding by comparing en­
ergy components within a given basis set between the 
ground and excited states4b and also between the formalde-
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Figure 2. The net a and 7r atomic charge in the ground and excited states of acrolein and formaldehyde with the 431 basis set.. Ag is the amount of 
charge transfer from the molecule to the water molecule upon hydrogen bonding. 

hyde-water and acrolein-water system. The findings can be 
summarized as follows. 

(1) There is a good correlation between E\\ and £es 
through all the states; their order is 1A' x-x* > 3A' x-x* S 
ground > 1A" n-x* > 3A" n-ir*. This does not mean that 
other components are unimportant in the hydrogen bonding 
(on the contrary, they are as important as Ees, as is seen in 
Table III), but rather it indicates that the difference be­
tween various states is dictated essentially by the electro­
static energy. The situation is the same for the formalde­
hyde-water system, and lends a justification to the electro­
static model of the hydrogen bonding.25 

(2) The origin of the large electrostatic energy of the 
ground and x-x* excited states can be found in the net a 
and x charges of the aldehydes based on the Mulliken popu­
lation analysis as shown in Figure 2. The net x + <r total 
charge on the oxygen atom, to which the water molecule is 
to attach, is very negative. It is more negative in acrolein 
than in formaldehyde, making the hydrogen bonding of the 
former stronger than that of the latter. 

(3) In formaldehyde the x-x* excitation decreases the 
net x negative charge on the oxygen atom, causing the 
weakening of the hydrogen bond, hence the blue shift of the 
transition energy. In acrolein the situation is completely re­
versed. Upon the lowest x-x* excitations, most markedly 
for the singlet, the net x negative charge on the oxygen 
atom is increased. This change in the electron distribution is 
the reason why the electrostatic energy is larger and the 
transition energy is shifted toward red in the lowest x-x* 
excitation of acrolein. The change of the electron distribu­
tion upon x-x* excitation can be explained by using a sim­
ple model of "molecules in a molecule." As shown in Figure 
3, the highest occupied T orbital (2a") is like the bonding 
orbital of the C = C double bond, while the lowest vacant T 
orbital (3a") looks like the C = O antibonding orbital. The 
lowest x-x* excitations can be qualitatively described as 
the intramolecular charge transfer excitation from the 
C=C orbital to the C = O antibonding orbital, as is also 
shown in Figure 3. Therefore, the excitation makes the 
C = O group more electron rich; thus, Ees increases. Eex are 
similar among the ground and the x-x* excited states, be­
cause the (T electron cloud around the oxygen atom which 
controls Ec% is almost the same in all these states. Epr + £c t 
is not very dependent on the states. Therefore, the hydrogen 
bonding red shift of the x-x* transitions results from the 
larger Ees in the x-x* excited states, for which the conjuga­
tion of C = O is responsible. The similar situation is expect­
ed to occur in all the conjugated carbonyl compounds in 
which the lowest x-x* transition is the charge transfer from 
the conjugated group to the carbonyl group. On the con­
trary, in the isolated carbonyl compound such as formalde-

3o -£-£- 7T-X*^~rVn-7T* 
/ i ^=44-

-+¥-

U U 
- H -

"C=C "C=O Hn 

Figure 3. A qualitative display of the highest occupied (2a") and lowest 
vacant (3a") ir orbitals of acrolein, on the left. On the right, a diagram 
showing that the x-7r* transition in acrolein is an intramolecular 
charge transfer transition from C==C to C = O . The broken line is the 
TT~ir* transition of formaldehyde. 

hyde, the x-x* transition is the transition within the car­
bonyl group, as shown by a broken line in Figure 3, which 
causes the decrease of the net x charge on the oxygen atom, 
the weakened hydrogen bond, and hence the blue shift. 

(4) The reason for the small Ees in the n-x* excited 
states can be seen in Figure 2 and does not depend on conju­
gation. The excitation from the essentially localized n orbit­
al of the oxygen atom to the delocalized or localized x or­
bital makes the oxygen less negative, so that £es decreases. 
Because of the loss of an electron from the n orbital, Ees 
and Ed are both somewhat smaller in magnitude in the n-
x* states than in the ground state. Thus, the decrease of the 
Ees is the origin of the blue Shift of the n-x* transitions in 
both nonconjugated and conjugated carbonyl compounds. 
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In three recent communications the question of the struc­
ture's of CsHs + and C s H s - is discussed from different theo­
retical points of view.1-3 The calculation methods used var­
ied from CNDO, M I N D O / 3 , to ab initio, but were all of 
the SCF type with no configuration interaction included. 
We have examined ab initio VB calculations on the planar, 
symmetric forms of CsHs+ , CsHs - , CyHv+, and C7H7 - in 
order to examine the question of how the VB results differ 
between aromatic and antiaromatic substances. Although 
these calculations do not provide the information of a com­
plete geometry search, they do indicate the directions that 
any distortions from the symmetric configuration are likely 
to take. The method used for these calculations is the mixed 
MO-VB procedure that was applied to the benzene mole­
cule by us and described in a previous communication.4 

CsHs+ and CsHs - . The designation of aromatic and anti-
aromatic for cyclic (CH)„ type systems follows from the 
importance of the An + 2 rule originally discovered by 
Hiickel,5 implied by the fact that all but the lowest of the 
occupied MO's of the x system are doubly degenerate. This 
leads to the observation that only systems with An + 2 TT 
electrons will be closed shell types. It has been pointed out 
many times6 that the VB method does not provide anything 
in its method that distinguishes in such a definitive way be­
tween the properties of cyclic systems with An or An + 2 
electrons. Thus for C5H5 - one can write the bonding struc­
tures 

0-0--a-0--0 
A set of five resonance structures equivalent to these except 
for the sign of the charge can be written for CsHs+ , of 
course. Thus the simplest form of the resonance theory 
would say that the resonance stabilization of two substances 
is the same. This is, of course, a very naive approach. 

"new" orbitals and are expanded in terms of the canonical SCF-MO 
(431 set) of the ground state as follows; the orbital 3a" is less diffuse 
than 4a" and 5a*. 25" = Q.11(1a") + 0.99(2a"); 3a" = 1.00(3a") -
0.02(4a") - 0.01(5a"); 11a' = 0.02(5a') - 0.22(6a') + 0.17(7a') -
0.04(8a') - 0.31(9a') + 0.38(1Oa') + 0.61(11a') + 0.38(12a') + 
0.40(13a'); 14a' = -0.19(14a') + 0.16(15a') - 0.18(16a') + 0.16(17a') 
- 0.14(18a') + 0.75(19a') - 0.04(2Oa') + 0.29(21a') + 0.13(22a') + 
0.04(23a') + 0.31(24a') + 0.01(25a') + 0.05(26a') + 0.08(27a') -
0.15(28a') - 0.17(29a') + 0.02(30a') - 0.12(31a'). 

(23) D. Hankins, J. W. Moskowitz, and F. H. Stillinger, J. Chem. Phys., 53, 
4544(1970). 

(24) In the SCF calculation the dispersion energy is not included; ref 4b. 
(25) R. Bonacconsi, C. Petrongolo, E. Scrocco, and J. Tomasi, Theor. Chim. 

Acta, 20, 331 (1971). 

The energies obtained for several spatial symmetries are 
given in Table I. The most obvious conclusion from these 
results is that the negative ion should be much more stable 
than the positive one on two counts, (a) The separation be­
tween the ground state and excited state energies is much 
greater in C5H5 - than in CsHs+ . (b) The lowest energy of 
the positive ion is actually for a triplet state and these are 
notoriously reactive. These results conform to those predict­
ed using simple MO arguments. 

The VB structures and occupation numbers which com­
prise the total wave functions for the 1Ai ground state of 
C5H5 - and the lowest 1Ea and 1Ai states of CsHs+ are 
given in Table II. The most striking fact about these num­
bers is the indication that the "Dewar-type" covalent struc­
tures are favored in these states in the positive ion while the 
"Kekule-type" structures are favored in the negative ion. If 
a distortion were to occur in the positive ion which short­
ened the distance between any two nonadjacent carbon 
atoms the long bond of one of the Dewar-type covalent 
structures would be strengthened. This distortion also lifts 
the degeneracy of the 'E2 state and there is an allowed con­
figuration interaction with the 1Ai, state. It is expected that 
these two effects would lead to the eventual attainment of 
the types of geometries discussed earlier1-3 by other work­
ers. 

The actual calculated ground state of the positive ion, 
3A2, is much more difficult to discuss in terms of VB struc­
tures, since the one-to-one correspondence that exists be­
tween bond diagrams and linearly independent VB basis 
functions for singlet states does not apply to states of any 
other multiplicity. This might be thought to be a severe lim­
itation to the VB method, and it is, as far as the present 
state of knowledge is concerned. However, if we look to the 
future it seems likely that chemists must learn how to deal 
qualitatively with bonding in molecules that are not in sta-
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