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VI. INTRODUCTION

The Pariser-Parr-Pople (PPP) method has been widely applied

to the calculation of ground and excited state properties of

. . 43,4
hydrocarbons with pi-electron systems. 347,23

molecules containing heterocatoms has received increasing

. 17,43 ., .
attention.”"? The success of these calculations encourages the

belief that the general approach is useful. The method has been
most successful in generally predicting observed trends of a
specific property within a series of closely related structures,

e.g., the polyacenes.47 Reasonable results have bzen reported

o

in predicting a number of properties, e.g., charge distributions,
jonization potentials, and pi-electron excitation energies for

48 Howzsver the method has failed

substituted benzene compounds.
seriously when widely differing molecules were considered, e.g.,”
the pi-electron excitation energies of conjugated carbonyl
compounds were uniformly too high

Inherent witnin the method is the use of configuration
interaction (CI) in representing the elecironic sta of a
particular molecule. Basically, the CI treatment is a means of

Pi

introducing electron correlation into the molecular orbital
wavefunction. The importance of configuration interaction has
been reviewed and further studied by Allinger and Stuart.”

+

The CI procedure commonly includes interactions only among
singly excited configurations. Relatively few results have been

reported which make use of doubly excited configurations, probably
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since the mathematical formulation is lengthy and hence time-
consuming. The number of excited states increases formidably on
including configurations which represent the simultaneous

excitation of two electrons. TFor example, 45 doubly excited

w

oy
[39S)

st

3

are included for a six pi-electron system such as benzene
whereas only nine singly excited states are possible. In the
present work molecules with from 10 to 30‘pi—electrons (e.g.,
naphthalene and 10,10'-—bianthronylidene, respgctively) were

studied using singly and doubly excited states and it was impossible
to include all of the configurations. Consequently several
molecules with known electronic absorpticn spectra were analyzed to
help determine how many configurations are needed and how they
should be distributed betwean the singly and doubly excited states.
This was necessary in order to confidently predict spectra which

are not known experimentally or to gain information about observad

=N

th

t

absorption bands whose assignments are in doubt. A CI matrix w

80 total configurations of excitation energies up to 11.0 ev,

1

cne-half of them representing each type, was found to be satisfactory.

Reports of calculations involving doubly excited states have
concentrated on their effects but have not studied the method

fitting calculated results

[e

particularly from the standpoint o

to experiment, e.g., in the case of benzene. Good results

have been obtained for benzene, naphthalene, and anthracene with

. . . 43
the PPP method when only singly excited states were used.

9.+

These compounds were studied with the extended CI procedure to



see whether comparable results could be obtained.

Some important conclusions have been made concerning the use
of the extended CI method and the results obtained from it previous
to this study. For example:

(1) Theoretically (PPP) the singlet state of the croconate anion
- . . . 46
is found to be the ground state in agreement with experiment.
The calculation including only singly excited configurations
. 46

produced a triplet ground state.
(2 Improved coincidence betwezen the theoretical and observed

p
values for the transition energies and transition moments of
oyridine, phenol, aniline, pyrrole, and furan was obtained by

;
Hirota and Nagakura.*7

After selecting optimized values for the
arameters employed in the PPP method, they made comparisons
L B Y [

. ) i s . . i . s
between the results obtained using singly excited configurations
(MCI) with those including doubly excited configurations (DCI).
They found that the inclusion of doubly excited states removed
some difficulties in the application of the PPP method to molecules
I - 17
containing heteroatoms.
(3) The character of the singlet spectrum of benzene changed

e a3 . . . . 29
gnificantly on including higher excited configurations.””

[

s
(4) Aliinger and Stuart revorted that it is not necessary to

. < e ; ., . o 2 . -
include all of the doubly excited configurations. They found
that those configurations with excitation energies greater than

20 ev above the ground configuration could be excluded without

ffecting the resulting transition energies by more thaan 0.2 ev.
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his would still require a large number of doubly excited
configurations (e.g., over 200 for naphthalene) which presents
2

a grave problem even for the large, high-speed computer.

nded CI calculations avrose from outr
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The inte:
studiess of thermochromic ethylenes. The compound which has

received the most attention is 10,10'-bianthronylidene which is

shown bealow.

Most of the structures studies are shown in Figures 3-11
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ignificant relatiounships between them will
pointed out and they are referred to frequently throu
The compounds 10,10'-bianthronylidens, 10,10'-bixanthenylidene

(Fig. 6~A), and diphenylmethyleneanthrone (Fig. 7-A) are

\
J

)

reen, and red-orange colors, respectively. These compounds

(]

. Vot et 4 ™~ N e e .
confain an "ethylenic?’ linkags (‘//C-«* C\\\) joiring aromatic



six-membered ring systems. 10,10'-Bianthronylidene and related

structures such as helianthrone, which is shown below, are quinones.

Calculated results of the absorption spectra employing only singly

axcited conf

. 12
guinones s

studied are

DT

igurations in the CI procedure weres poor for sma

[
,-—I
[(d
=

uch as anthraquinone (Fig. 4-D). Thus it was felt that
inappropriate to apply that technique to the more

systems. 1In addition, the thermochromic ethylanes

containing structural units jdenticel €

0

(&



cis-stilbene which is shown below. Trans-stilbene (Fig. 3-A) and

cis-stilbene have been treated theoretically, with and without

. . . . 4, 3! . .
configuration interaction.??33 WNeither calculation reproduced the

experimental fact that the lowest singlet transition of trans-

stilbene appears at a longer wave length than the corresvonding

e

transition of the cis-isomer; the results for cis-stilbene were

. . 4 . .
even less satisfactory.  Basically, the disagreement between

theory and experiment described above for the quinones and cis-

(&

1

ien one wishes to study the absorption

specitra of related structures, namely, the thermcchromic ethylenes.
The extendad CIl method applied tc the thermochromic ethylenes
gave good results for anthraquinone and cis-stilbene.

1 1

o

The thermochromic ethylenes are very intevesting compounds
because of the reversible color chanzges which can be produced.

There henomena to ba considered which certain compounds

[l
s
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exhibit: thermochromism, piezochromism, and photochromism; the
reversible change in color brought about by change in temperature
and in pressure and by irradiation, respectively. Colored
modifications heve been observed by using a number of different
procedures depending on the compound under investigation. These
includad:
1 Diphenylmethyleneanthrone formed a ruby red liquid when
( pheny y 3 1
melted.l4
1 . A Z!-l % . . .

(2) 10,10'-Bianthronylidene formed a green modification and

. . 4 . .
10,10'—blxant:henylldene’l formed blue-green crystals when their
respective solids were sublimed onto a cold surface.
(3) Vivid colors wexre produced by heating solutions of
s . e 14,24,54
thermochromic ethylenes.
(4) Solid 10,10"-bianthronylidene became green when it was

. s 27
subjected to high pressures.

26 o
(5) Solutions of 10,10'-bianthronylidene  and 10,10'--

) X . 24
bixanthenylidene at lov temperature became desply colored upon

irradiation with ultraviolet light.

<
I

(6) Quenching a concentrated sulfuric acid solution of 10,1

bianthronylidene in ice water produced a highly colored

28

recipitate The colored precipitate was shown to be identical

el

1

to the thermochromic form precduced in heated solutions by

- on dnrn 22 4
comparing electronic spectra aaca. v

©

vy often the color is
eradicated and the original compound (normal form) recovered

unchanged eithexr by bringing the sampie to room temperature or,



in the case of pilezochromism or the sublimed solid, by dissolving
the product in an organic solvent at room temperature. A racent
history of the experimental studies of these systems has been

siven

U]
o*

o
[
(@]
w
rf
®
}_J
D
(D
]

In the case of 10,10'-bianthronylidene, thermochromism in

the solid was shown to be due to the presence of 1mour1f1es.73

[

The thermo- and photochromic forms which are produced in solution
are considered to be the same on the basis of the identity of the
wavelengths and shape of the long-wave length band maxima at

680 nm (1.82 ev),5 The photochromism of 10,10'-bianthronylidenea

5’26; its photolysis

has been investigated at low temperatures
at ambient temperatures has also been Studied..l1 The situation i1
complicated by the fact that upon irradiation in solution at
room temperature permanent photoproducts are formed. Flash
i1

photolysis studies indicated that helianthrone (shown above)

formed from an excited singlet state (not the photochromic
state) of 10,10'-~bianthronylidene and mesonaphthobianthrone
(Fig, 9-C) was similarly formed from helianthronz. A general
raaction scheme which represents reversible and irreversible
wemistry of

changes that are more or less justified in the photoct

10,10 ~bianthronviidene has been presented by Becker and Eachart.

O-‘-
41 H : 11
bixanthenylidene™ are known tc be "doubly-bent' structures with
an angle of 40° between the central rings which ars in a 'boat”

is]
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conformation, Proposed structurss for tha



include:

(1) The conformer of the normal form with the cantral rings in a

il 1 25

chair" conformation has been proposed by Kortum and coworkers.
(2) A betaine-like structure (Fig. 5-C) which is characterized
by the opposite ionic charges in each half of the molecule has not

/
18,54 It was shown that the rate at which

gained wide acceptance,
the color is eradicatad on irradiation by long wave length light

was the same in either neutral or acid medium.18

(3) A saturated bridge structure (shown below) which is a valence

isomer of the mormal form has apparently gained popularity among

1,5,11,34,52

workers in the field. The analogy between the
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formation of this bridged species and the dihydrophenanthrene
intermediate (shown below) which is formed when cis-stilbene
is photocyclized to phenanthrene has been made by various

35,52

authors.

A continuing problem associated with the chromism in
is the lack of knowledge about the exact nature of the colorad

forms, The PP?P method is valuable in calculating pi-excitation

gies, and the colors produced are believed to be due to this

:ype of transition in the visible region of the absorption

spectrum. Since this is a low energy region, th

0]

lowest energy

excitations predicted are most important. If a compound absorbs
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to that which is absorbed, as follows:

Absorbed ‘Absorbed Absorbed
Color Wavelength (A) " Energy (ev) Visual Color
Violet 4200 3.0 Yellow
Blue 4900 2.5 Orange
Green 5300 2.3 Red
Yellow 5900 2.1 Vicolet
Orange 6500 1.9 Blue
Red 7500 1.6 Green

The calculations indicated that the bridged structure was
a probable structure for the colored form of a thermochromic
ethylene. For example, the bridged isomer of 10,10°'-bianthronylidene
theoretically possessed a low energy excitation at 1.68 ev.

Some thermochromic compounds are often referred to as over-
crowded molecules since, for example, the hydrogen atoms in the
1

hindered positions 4,5,4', and 5° of 10,10"-bianthronylidene are in

close proximity.4l The MR spectrum of the normal form in CDClB
solution indicated that the hydrogen atoms do not interfere witi

each other since their chemical shift was not in a position down~-

L3 /i

field relative to the others on the outer rin

02
4]
s
[
w

.t

3
n
0}
(=X
]

1
h

contrast to the chemical shift data reported for the hindered

h

.

7 opm

protons of bifluorenylidene (Fig. 7-A) which were 0

f=

downfield from resonance lines due to protons elsewhare in the

45

Bifluorenylidene is colored red in the crvstalline

40

molecule.

ts solutions are the sama color. In the red

[=h

form and



crystalline state the angle between the middle rings is only 10°

and it has been suggested that it naturally exists in the solid

state and in solution in a "thermochromic form."23:25 The above
results from NMR data invited us to pursue similar investigations

of other over-crowdad ethylenes. Magnetic resonance studies
{MMR,ESR) of some signifance are vevported. These included:

(1) MMR spectra of 10,107 -bianthronylidene, 10,10'-bixanthenylidene

and diphenylmethyleneanthrone at ampient temperature in C'DCl3

(2) The ESR spectrum of the hydrvobianthrone radical (Fig. 11-B)
was obtainad when a pyridine solution of 10,107~bianthranyl

(Fig. 10-A) was refluxed, producing 10,10'-bianthronylidene in

the process.

-

(3) The formation of the bridge bond on the valence isomer of the
gzround state of 10,10'-bianthronylidens was predicted to occur in

tha process of quenching a highly colored conc. sulfuric acid



VIT. TEEORETICAL METHOD

The thermochromic compounds which are of principal interest
in this study belong to a much larger class of organic substances

irely or largely in terms

J,

whose classical formulas are written ent

of alternating single and double C-C bonds. Such molecules are
referred to collectively as conjugated molecules. The valence
electrons of these molecules have been classified intg two distinct
sets, the sigma-electrons and the pi-electrons. The pi-electrons
are viewed as being highly delocalized over the carbon skeleton

which defines a nodal ‘'surface' for the molecular orbitals

(D

describing these electrons. The pi-electron systems are believed

. 4
conjugated molecules.

h

to pertain closely to the properties o

A semiempirical method of computing molecular electronic

wave functions which has proven to be quite helpful in interpreting
1 P B 2

experimental data such as that obtainad from MMR and ESR spectroscopy

and electvronic absorption spectra is the Pariser-Parr-Pople (PPP

s

ethod. An outline of the theory is found bzlow. A thorough

5|

discussion can be found in the original papers dealing with the

. L3 Lh L
subject and elsevhere,43544,47,53
A. The Flectrouic Energy

Heglecting spin-orbit, spin-spin, and relativistic effects,
the electronic Hamiltonian ,H, for n electrons in a molecule

containing N nuclei is defined in the Born-Oppenheimer
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approximation as

H=h; +V (L)

where hi; is a sum of monoelectronic operators:

n 5 n N
hy == 1/2LV; -1 zk(rik)"l (1a)
i ik

and V is the potential-energy operator for nucliear repulsions and

electronic repulsions:

N n 1
V= I z_zt(rkt)“l.+ Zo(rgy) (1b)
k<t i<y ~

The above equations are given in atomic units. Since the nuclear

repulsion term is a constant, it can be disregarded in the

3

a.

i

calculation of electronic spect
The electronic energy of the system is obtalned from the

solution to the relevan

~~
N
p—g

It

En ()Y (R, 1)

R, N

When the nuclear coordinates, are fixad, E (R) is the



energy of the electrons moving in the field of the nuclei.

The wave function is taken as a finite linear combination of

antisymmetrized product functions ,d, consisting of molecular

spinorbitals, ¢:

K
= & B (q
¥y AL (3)
w
with
= det|d ¢ _,———d 3a
% lémlvmz P (32
Application of the variation principle to the total energy
expression yields a set of linear equations for determining the
coefficients Aﬁ:
L
<
1 - B) = = 1.--=K A
z Am(dmn Smnu) 0 n 1, K (4)
m

and a secular equation for E:
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where
S = [0 6 dt 5a
mn mn (3a)
and
H = [0 HO dr !
“mn mn (5b)
The numbar ,¥, in equation (4) is the number of configurations,
¢, employed in the configuration interaction treatment.
Tn many molecules with an even number (2n) of electrons the
most important contribution to the ground state wave function
arises from one determinant in which the electrons are grouped in

pairs. The number of spinorbitals ,¢, in equation (3a) will be an

evan number.

[l

given pair of elecirons hav:
different spin functions, o

e

it

il

The two spinorbi

tals (e.g., ¢1 and ¢p) describing a

the same spatial function ,¥, and
or 8:
bpo, 8y = BB
boor, by = Uy8
|
|
i
1
N
lr[)QOL7 ¢211 Lfn.B
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The 2n electrons doubly-occupy the n lowest energy levels. This
is called the "closed shell" case. With the spatial orbitals
doubly occupied, the determinantal wavefunction becomes:

I X e F L L

which represents the singlet ground state. The bar over a

molecular orbital refers to B spin, unbarred vefers to o sp

=

.

8

The ground configuration is given zero energy in the configuration
interaction calculation.

The concept of molecular orbitals, referred to as the
independent particle picture, is used to gain information abouk
the ¢'s contributing to the 0's. It is assumed {ltal cachy ¢lectron
moves independently of the other electrons and in an effective

field arising from the nuclei and the other electrons. When

electron repulsions are neglected, the Hamiltonian is given by:

2n
H = T H _.(di
o] ) eff( )
i
1 1 1 - - - - ]
where H,rg has the same form for all electroms. 1In this case

there is only one representative eigenvalue problem to solve
P g >

the =sigenfunctions of which are obtained as an orthogonal set:

Heffq’i - €iwi (6)



To account for electron repulsions, Toff is replaced by thas

43

w

Hartrea-Fock self-consistent-field operator:

Fo=H o) + G(1) (7)

where the G{i) operator

=

epresents an average electronic repulsion

field. Once the ¢. are known the integrals S and I are
g
i mn Tn

expressible in terms of the following integrals:

Jda

Siy = Jo504dT, (7a)

- 1 - P .
Iy = JéHoore14Ts (7b)
and
PR U “ -1 . : B .

7 1

The dzterwinants are constructed from the iartres-Fock
1.

orbitals. Virtual orbitals (not cccupied in the ground state

are used in representing excited states., Singly excited

the ground state by one spinorbital,
doubly excited configurations by two spinorbitals, and so on,

For example, if one 2lectron is promoted from the occupnied
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inglet state

orbital ,¥., to the virtual orbital »¥p» the
te = 272 g g = [ g e 0 D
ate
Rt D

and the triplet st
— U == U UV, -l
Y5¥% I'bn(’)nl ll’lel Y5¥

]

= /2.,

1
3@L
The ground

arise for this singly excited configuration.
This
different

determinant will not wmix with singly excited states when the two
determinants are constructed from Hartres-Fock orbitals.

44 .

Five

restriction arises frem Brillouin's theorem.
singlet state wavefunctions arise from exciting two electrons

e
gsimultaneously. These are:

kk 1-1- Te - 1, 1

l(:Dz(L , 1®L\. , l@.(u’l , l{a“m(]_), and l@hzn(z).
ss st S st : st
for these configurations can be
2

38 (a) no orbitals

Determinantal wavafunctions
three classes

written for each of

containing one electron:
= W Wy~ W
l U_L pl 'jk r)k Lr'n\)n >

3

1 kk
S
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(b) two orbitals containing onz electron:

1.kk _ ~1/? | ]
= 1 — -y Y R R - —_—
(ld lb w U] V}‘"k v n| Y] J- Jsvtwlw w w DR

and

1.km -1/2
o G NI R e I B o R e IR I D)
ss \Ivl’l 'm 'n‘n‘ |'l'l "k /npnl >

and (c) four orbitals containing one electron:

1:km _ sl o ¥ g ) ;
A B A A e BN R 2 T AN AN

~lw. o, —-—w b ot 1 - oL v, - —_— i
lwl#l Jsvt¢kvm $nwn| i 191 P ¢ U U Uﬂljs

o
e
&N

e
O oy
~
e
=1
~
N
~
1l

————— {2y vy B b, b
7(3) -1/2 £tk n'n

+i¢l¢l““m V. JLw ﬂuu g I]




There is interaction between these configurations (doubly
excited-doubly excited CI), and also between them and the mono-
excited configurations (singly excited-doubly excited CI) and
the ground configuration (doubly excited-ground CI). These
considerations extend the configuration interaction comnsiderably.
Ceneral formulas for the appropriate matrix elements have been
given by Cizek.9

Molecular calculations are often made for a single value of
the geometric parameters taken from experimental information.
However, it is incorrect to assume that identical arvangements of

-

the atoms persist when considering both the ground states of
molecules and the excited states.zo In fact the excited states
of a single compound corresponding to different transitions may
1 ] - N 2. -

have a different geometry. At room temperature, molecules are

predominantly in the lowest vibrational level. Thus, the spacings

rt

of vibrational energy levels of the ground state do not appear very
o =) b= 4

prominently in the spectra. Since electronic excitation can end

—

in many vibrational levels of the excited state, the vibratioms of

hY
=3
o
W

°)

g

()]

H

)

ot
I.J

(e}

9]

the excited state appear prominently in the spectr
of the Franck-Condou principle is of prime importance since it
specifies the particular vibrational energy levels accessible from
the ground state by vertical excitation. Even when the gross
geometry of a molacule remains unchanged upon excitat

a=

changes in bond distances may generally be expected. These
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considerations were not included in the method used in this study.

B. The LCAO Approximation

The molecular orbitals are made up of a linear combination

of atomic orbitals (XV):

Y., = % Cf X (8)

Applying the variation principle to determine the coefficients

Civ leads to equations similar to (4) and (5):

eff _
by Ciu(Huv - suv;i) =0 (9)
u
and
det |5t 5 o] =0 (10)
< L}J\) U\) i 2 AW,

where Higf and Suv are defined as integrals over atomic orbitals:

% -
Spv = fx“ XVdT; ' (102)
P el % .off ENaY
nefL = sy, "refty dx (10b)
- . . . £ o s . o
The effective Hamiltonian, HEf*, corresponds to the Hartree-Fock
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operator ,F. The solutions to these equations are unique if the

i

atomic basis set is complete. In practice one must utilize a
rather limited number of atomic functions referred to as a
truncated basis s=t and then attempt to find those particular
functions which lead to the wminimum energy.

For the closed shell case:

F = Heope + ? (235 - K1) | (11
1
where .
I (MW, (1) = Fu3%(2)4 (2) (r12) "Ly, (1) (11a)
and
Ky (1) %y (1) = S3%(2)x,(2) (r32) Loy (1) (11b)

the total energy of on2 configuration can be written as:

P (utore L ¢ . (12)

)
o
[¢]
wn
©
'._l
n

The density matrix ’Puv’ the core matrix ,Hﬁgre: and
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consistent~field matrix ’Fuv’ have the following meaning:

occ ,
. ¥
= 3 r‘o
Puv 2 ? Cl noiy e
1
core *
H ore _ qu Hcorex\)dT,

and

+ R [vlao) - 1/2(uo|qv)]
a,0

1

with

(wolao) = 7, (D (2) (r9) T, (D xg (2)drydr,.

C. The Pi-Electron Approximation

]

Tha wave functions of the molecule are assumed to meet the
conditions of sigma-pi separability and consequently only the
pi-electrons ¢f carbon (or hetero) atoms are explicitly taken
into consideration. The sigma-system is treated as a non-

polarizable core and its effect is included in H,g,.o. Further

basic assumptions of the Pariser-Parr—-Pople method are:

centers, S, = 5uv°

(12a)

(12b)

(1248)



(2) The potential due to the core of an atom which contributes
pi-electrons is replaced by the potential of the corresponding
neutral atom plus that due to the appropriate number of pi-holes.
The potential of the neutral atom is neglected.
(3) The atomic orbitals are assumed to be eigenfunctions of an
appropriate one-electron Hamiltonian, (T + UU)Xu = wuxu, whera
wu is an atomic valence state energy.
(4) The resonance integral, Buv = Hggre, u#v, is zero for the
case where U and v are non—neareét neighbors.
(5) Total zero-differential overlap is assumed for electronic
repulsion integrals, (uv]qc) = (uuqu)ﬁquQG.
This reduces considerably the number of integrals of this type
that are evaluatad.

Tn addition to the above, one of Pople's basic assumptions
is invoked, namely, that the potential of a neutral atém without
pi-electrons, e.g., a H-atom, is not considered.

With theses assumptions the diagonal core element becomes

«Core _ ¢ 3 . :
B = Wy - I Z\)(m—‘l\’\)% (13)
VEU

where 7Z is an effective core charge. The elements of the

-y

Hartree~Fock operator may be rewritten as:

Fp = W, + l/ZPUU(pu|uu) + I (va“zv)<UUlVV) (14)
V7~ U
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o
5
o~

Fuv = Buv - l/ZPuv(uulvv),(u#v) (15)

The total 2lectronic energy can then be formulated as:

E=3P [W +1/&
LRI+ /e Gufud] + TP 8
2 HsY
HFV .
(16)
+1/2 % i -z - - 1/2p - ‘
1/2 [Cu = 20 @y, -2 - 1/2R | ~ 2.2 (o)
U,V
u#v

D. The Basic Parameters

The remaining quantities to be determined are listed below
along with a method for obtaining them.
(1) The vesoconance integrals (Buv) were chosen smpirically

(one for each unique bond). They were adjusted for atomic

distances by assuming that they are proportional to the overlap
5

"
J

O
=n
w
b
3
&

-
)

r 2p_ orbitals.
Py

(2) Values for the atomic valence state ionization poteantials of

- th o . . e

the u== atom (—Wu) waere usually taken from the report by Hinze
15

and Jaffe.,™

(3) Values forx Yyu = (upluu) were taken as an atomic property

5
R

set equal to the differencs of ionization potential and electron
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affinity found again in the report by Hinze and Jaffe. 10
(4) Valuess for Y v = (uu|vv) were evaluated by using the

following approximation of Mataga and Nishimoto: 30

= 2 - -~ 2 N, Y3 -]- "l
Yuv = e [Luv + 2e ((m1 + ’vv) ]
In this expression ruv is the distance between the ugu and th

atoms.



VITT. THEORETICAL CALCULATIONS: HYDROCARBONS, QUINONES

Compounds containing pi-electrons which are delocalized over
a carbon skeleton (hydrocarbons) were treated extensively.
Adjustments in the carbon-carbon bond resonance integral (g..) and

t

»

e one-center repulsion integra (y ) were made in order to find

1.

agreement bstween the predicted electronic spectra and the
exparimentally observed spectra. In some cases it was necessary

to use different seis of parameters. It was possible to obtain

good results (average deviation was 0.17 ev for 12 tramsitions) for
four structures by employing an unusually low value for Yoo (7.90 ev
or 7.40 ev). The four compounds were benzene, naphthalene, anthracens,
and trans-stilbene (Fig. 3-A).

The quinones and anthrone are carbonyl compounds. The oxygen
atom was treated theoretically by introducing the varameter (6WO)
wnich is the difference betwesen the valence state icnization potential

14
of the oxygen atom and that for carbon. The one-ceanter repulsion
integral (YOO) was also usad to characterize the oxygen atom. The

magnitude of the carbonyl bond resonance integral (3 o) can be

different from that of B for equal bond distances.

ccC

djusted to find agreement with observed spectra.

were again

j\S)

In carrying out the calculations, special attention was deveoted
to the effect of the extent of configuration interaction on the
alculated excitation energies. Comparisons were made betwsaen
results obtained using mono-excited ceonfiguration in action (YCL)
with those including doubly excited configurations (DCI) as well as

i~
[ee]
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results where the relative amounts of each type of configuration
were varied.

Oscillator strengths were also calculated. In the tables
containing these data, cited values were not given when they agread
very closely with those already reported in the previous column of
data. Since a large number of excitation energiss is predicted,
only those transitions (except the lowest) which ﬁave a non—-zero
oscillator strength and fall in the range of the observed spectral
values were listed. Therefore, for each calculated excitation
energy, the energy level to which the transition is being made from
the singlet ground state (reference level) was indicated. A zero
oscillator strength does not necessarily mean that the transition
is not going to be observed. Molecules possess, in addition to
electronic 2nergy, vibrational and rotational energy. Changes in
these energies accompany the changes in electronic energy and give
rise to the familiar band spectra. Forbidden bands are frequently
observed because of vibrational interaction. Molecules are
constantly undergoing vibrations. The symmetry of a molecule will

be distorted by

<

G

vibrational modes which are not symmeiric. Since

electronic phenomena are vasily more rapid than the wmotions of

m
0]
’—-l
h

nuclei, the sample behaves with respect to light absorption
it were a mixture of different wolecules. Depending on the
vibrational states, some molacules have symmetry, but others are

vibrationally distorted. The electronically forbidden transitions

remain relatively lowv in intensity, however,
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A. Hydrocarbons

cis-stilbene (Fig. 3-B), and dihydrophenanthrene intermediate

o " . . . . . . 4
(Fig. 3~C) were studied. With the exception of cis-stilbenz  and
probably dihydrophenanthrene intermediate, all of these molesculas

axr

®

planar. The structure of cis-stilbene and dihydrophenanthrens
intermediate is not known. The electronic absorpticn spectra of all
of these compounds are known. The geometry of the molecule, the

repulsion integral ( ) and the resonance integral (BCC) were

Tee
parameters to be specified in each case.

The configuration interaction (CI) matrix was set to hold eighty
elements, however, when doubly excited configurations (DCI) were
1 meno-excited configurations (MCI), the total

sible exceeded eighty. Benzena was an

w

number of configurations po
exception.
1. Benzene
Numerous calculations of the singlet spectrum of benzene
were compared with the observed spectrum to determine the set(s) of

parameters that would give satisfactory agreement. All bond lengths

parameters to be adjusted.

Lt

The observed spectral energies, = alonzg with the results of

o)

three calculations which involved only the nine singly excited

states in the configuration interaction (MCI), are given in Table I.
S 2 b



The choice of parameters was suggested by the references cited in
the table. It is moteworthy that all of these results were in close
agresment with the expevimental spectrum. The average deviation
was 0.12 ev (968 cm~l). The excitation observed at 6.14 ev was

predicted to be due to the A

-lg——~e» By transition.

The character of the calculated spectrum changed on including
the 45 doubly excited states in the configuration interaction (DCI).
The results shown in Table II, colummn 1, indicate that not only did
the excitation energies change by as much as 1.8 ev but the order
of the states Elu and EZg was reversed. A comparison of the data

given in columns 2 and 3 of Table II show that lowering the value

of the resonance integral will tend to bring the E, state closer
“35

to the E, state when the repulsion integral is 10.50 ev. Column 4

1iu
of Table II (where the repulsion integral has been lowered to

.

9.00 ev) gives results which are qualitatively the same as those

1

reported in Table T for the singly excited configuration interaction

0]

calculations. The ef

ih

ects of and .. oun the calculated energy

Yee
levels of benzene are shown grapnically in Figs. 1 and 2,

respectively. Numbers shown in the figures do not correlate with

~n

those given in Table II since the energy levels are not referred

to the ground state (Al,) as the zero of energy. Over the largas

affected the least (0.28 2v); the B7u and I, states vere changed
2 2¢g
the most (~1.25 ev and -1.26 ev, respectively). The depression of
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when the smaller wvalues of Yoo Were employad. Changing the

resonance integral (BCC) affected the E2n state the most and the
o

ground state the least. All of the states were increased in

B and 3B states vere affecred

= > 1w’ 2u

energy on lowering Bcc. the Elu’
to about the same extent.

The effect of the choice of parameters on the order of the
calculated energy levels for benzene when changing the type of states
used in the configuration interaction has been the subject of two

papers by Koutecky and coauthors. 22230

Changes in the charactex
of the calculated spectrum similar to those described above wers
found, however, no attempt was made to find a set of parameters

RIS PR : P + 29,30
which would give numerical agreement with experiment.

The sets
of parameters given in columms 4, 5, and 6 of Table II result in
spectra that show at least some agreement with the observed spectrum
and will be used for larger molecules. If one accepts the excitation
obsexrved at 6.14 ev to represent Alg~—~%m Biu» then the yalues for
Yoo = 7-40 ev and Bcc = ~2.60 ev (column 6, Table II) give an
excellent calculated spectrum.

It will become apparent that in comparison with the other

hydrocarbons treated theoretically, benzene ( the smallest member of

interaction used.
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2. Naphthalene and Anthracene

he bond lengths and bond angles used were all assumed

to ba 1.395A and 120°, respectively.
Naphthalene has ten pi-electrons and there were ten calculated
molecular orbitals; five orbitals were doubly occupied in the ground

configuration and five were virtual orbitals. This led to a total

of 25 singly excitad configurations which could be included in the
configuration interaction. The resulis of two calculaticns with

all singly excited states included are presented in Tablea III along
with the obsexved energies. Oscillator strengths (f) which have

been determinad both experimentallylg and theoretically are also
shown. The results of the third calculation shown in Table IIT
indicated that one can reduce the amount of configuration interaction

to 15 states without affecting most of the calculated spectrum. The

corrasponding results for anthracene are given in Table IV.

naphthalens and anthracen2 shown in Tables IIT and IV, respectively,
deviated on the average from the observed values by 0.17 ev. Ito

and I'Havas have concludad that
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calculacions. The results are given in Tables V and VI with a tota

of 54 excited states wixed in. It was found that lowering the valus
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of

the repulsion integral was necessary to obtain results comparable
to those when all of the singly eﬁcited states were used. The best
results for naphthalene were obtained using Yo = 7.90 ev.

Tables V and VI also show results of calculations where thea
total number of excited states included has been increased to 79
and the relative amounts of each type varied. 1In general, the
predicted spectra were insensitive to the relative amounts of
singly‘and doubly excited states when the total number of states
was large.

It was apparent from the changes in the oscillator strengths
for the first and second transitions that a reversal in symmetry
may occur when including doubly excited configurations. This was
seen in the case of naphthalene when Yoo WS low (7.40 ev). Also,
with Voo = 11.13 ev, a new low-lying state appeared in the anthracene
spectrum which was forbidden.

3. Trans-Stilbene and Cis-Stilbene

The relative orientation of the two phenyl rings was the

only geometric difference between cis- and trans-stilbene since both

were taken to be planar molecules (Figs. 3-A and 3--B, respectively).
All bond angles in each molecule were assumed to be 120°. The
appropriated bond lengths are indicated in Fig. 3-8. Table X¥II
can be consulted for the values of the resonance integrals used.
When the C-C bond distance used in the calculaticns was different
from 1.395A, the Bec value was determined by making it proportional

53

to the pi-bond overlap integrals.
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Table VII shows the results of a number of calculations for
trans-stiibene and cis-stilbene. All of the results were not
rewarding in that for a given set of parameters they did‘not reproduce
the experimental fact that the lowest singlet transition of
trans-stilbene (3.9-4.2 ev)6>33 lies lower than the correspoanding
one for cis-stilbene (4.4 ev).33 The lowest singlet transition of
trans-stilbene was consistently predicted to be about 0.2 ev higher
than the lowest singlet transition for cis-stilbene. A low value

of .was preferred in the case of trans-stilbene. Cis~stilbene

Yec
was represented correctly by simply introducing the doubly excited
states into the CI procedure with Yee = 11.13 ev.

In contrast to the data shown fcor benzene, the calculated
egcitation energies did not vary appreciably for different sets of
parameters when a combination of singly and doubly excited
configurations in the CI matrix was used. This was due partly to the

case of the stilbene the depression of the ground

T
I
g
f
T
®
t
4
o]
rr
e
]

state was relatively insensitive to the choice of parameters;
whereas, with benzeanz the values ranged over 0.9 ev, ‘A check on
whethey configurations of sufficiently high energy were being
included in the CI calculation ko obtain consistent results was done

by comparing the calculation containing 58 doubly excited

configzurations (starting with those of lowest enexgy) to the

calculation obtained using the same total number of configuratiomns
but containing none greater than 12.0 ev. This changed 16 of the

first 58 configurations found in the former calculation. The
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resulting transition energies were not changed by more than 0.04 a2v.

37

A similar type of result has been reported for C,, amines.

The ground state of c¢is-stilbene lies 5.7 kcal/mole above the

'35 A . -~ 1

ground state of trans-stilbene. calculation of the pi-binding

o

nergies using SCF orbitals showed cis-stilbene to be more stable
(larger value) by 0.02 ev which is a negligible difference.

(lev = 23 kcal/mole). Cis-stilbena raises the main question as

to what extent the approximations characteristic of the PPP method
are valid in a non-planar system. The long wavelength band of
cis-stilbene is a structureless, broad band of lower intensity than

that of its isomer. Moderate crowding within a molecule can result

1
rt

in both a hypochromic effec

[]

(decrease in inteunsity) and a

hyosochromic shift (hi

GQ

her energy) relative to the spectrum of a

20 . s . . .. . .
planar model. Thus steric crowding which is not considered in the

[e]
b
-
O

.culation of the pi-binding energy can account for the higher

ground state energy of cis-stilbene. Renorted results showed that

the effect of introducing a corrsctioa for nmon-planarity bv varying

- . . L:_'I"V
bond angles was negligible for computing transition ensrgies. 229

4. Dihydrophenanthrene Intermediate

1

The structural formula for dihydrophenanthrene is shown in

IS

(e}

-

Fig. 3-C. It is tha posed intermediate in the photocyclizatior

©

of cis-stilbene to phenanthrene in the presence of a sultable oxidant
such oxygen, and it presumably caused the yellow-orange color due to
i

a very broad absorption baad which extended to 2.2 ev (maximum

near 2.7 ev).35 This was also produced on the irradiation of a



degassed solution of pure cis—stilbene.35 A review of the

52 e

photocyclization of stilbene has been presented by Stermitz.
coacluded that the identification of the yellow color with this
iihydrophenanthrene intermediate was most convincing since it
explained and correlated all of the observed data from spactral
and kinetic studies and did not conflict with any of the data.52
Thus the absorption band near 2.7 ev for this species was used as a
test of the configuration interaction method for obtaining molecular
energy levels within the framework of the PPP method.

Dihydrophenanthrene intermediate was treated theoretically by
omitting the two carbon atoms which now appear saturated along with
the corvesponding rescnance integrals withh their nearest neighbors
from the calculation of the cis-stilbene spectrum. The system now
contained 12 pi-electrons instead of 14. The results ave given in
Table VIII.

In both calculations where all of the singly excited states

"

(35) were used, the predicted absorption band was too low in energy.
Evidently when a combination of singly and doubly excited

configurations vere used, the lowest lying excitations which were

of this tvpe of saturated bridge species. A CI matrix using both

types of configurations was preferred. For example, using a value

——
s}
(0
[}
[my
-

wan 9.00 ev for y.. would give a value close to 2.7 ev for
a non—-forbidden excitation energy. The calculations supported the

iihydrophenanthrene intermediate is yellow-orange
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and were very satisfying in this respect. In comparing the predicte
absorption spectra of dihydrophenanthrene with that of cis-stilbene,

the former was predictad to have a non-forbidden excitation energy

[}

d

about 1.6 ev below that of the latter. Experimentally the difference

35
was about 1.6 ev.

A calculation of the pi-binding energy indicated that this
model, as a reasonably stable intermediate in the cyclization, was
poor since with respect to cis-stilbene it was unstable by 225
kcal/mole. Calculations based on an extended Hess's law summaticn
resulted in a ground state energy for the intermediate of 33.3 10
35

Lkcal/mole above cis-stilbene.

B. p-Quinones and Anthrone

’

The compounds p-benzoquinone (Fig. 4-A), p-naphthaquinone

(Fig. 4-B), 9,10-anthraquinone (Fig. 4-D), and anthrone (Fig. 4-C)
were treated. The oxygen atom of each carbenyl group was considered
to contribute one vi-electron as well as the carbon atom to winich it
is bonded. The one-center repulsion integral (Y§o> was assigned a

4 .
value of 15.23 ev.® These compounds which contain hetero-atoms

ization

¥

raquire that the difference between the valence state io

potential of the hetero~atom and that of carbon be specified. The
value for this quantity (6W,) was most frequently taken as -6.54 ev.
The carboayl bond resonance integral (B.,) was varied.

The fact that calculated energies for the p-—-quinones are

uniformly too high when one employs only singly excited

configurations in the CIL matrix will be illustrated. This problem

16
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. . . 2 2 .
has been pointed out previously. 2,31,32,39 The parameters used by
{lessinger 1 to fit the p-benzoquinone spectrum were found to give

the same result. It is the main reason the CI matrix was extended
to includa the doubly excited states. Thus the results for
calculations including the doubly excited configurations are of

general interest.

1. p-Benzoquinone

The bond lengths used are shown in Fig. 4-A. All bond

angles were taken to be 120°. The observed spectrum consists of a

i
o 12
very strong band at 5.07 ev and a strong band at 4.28 ev.

Values of were varied and the Bee values used can be

YCC

ascertained from Table XXII. The wvalue used for was always

Yoo
15.23 ev but Boo Was varied. All calculations resulited in one

non-forbidden transition out of the first three which agreed with

N
W
t
[
]

-y

the polari: n direction determined for the experimentally

observad transition at 5.07 ev, namely, along the sxis parallel to

1

the carbonyl bonds. The results of twelve calculations are given

in Table IX (two pages). The first six calculations wers all done
with y., = 11.13 ev. The carbonyl bond resonance integral was firs

including doubly excited states,
in order to obtain reasonable agreement. Note that the results for
six calculations (nos. 3,5,7,8,11, and 12) with 3. = =2.60 ev agr=

within 0.16 ev with the more intense band observed at 5.07 ev. It



40

was interesting to compare the three calculations (nos. 3, 4, and 5)
with Yoo = 11.13 ev and Bco = -2.60 ev (there were no variations
in Bcc)‘ Good results were obtained with‘DCI = 38 which became poor
on increasing DCL to 63. This was caused by a further depression of
the ground state (refervence level) by 0.42 ev, a consequence of the
added doubly excited configurations interacting with it. The third
energy level (f = 0.43) resulting from a total of 79 excited
configurations was actually calculated to be 0.30 ev lower than the
corresponding level calculated with a total of 54 excited states
included. This was corrected by omitting those configurations whose
diagonal CIL matrix elements had excitation energies of 15.0 ev or
more relative to the ground configuration. This reduced the total
to 59 excited configurations (DCI = 43). Now the predicted spectrum
is the bast of all (no.5). Similar effects were found for benzene.
The calculations attest to the noticn that including doubly
excited states in the CI calculation makes the PPP method more
versatile.

2. 9,10-Anthraguinone

The .structural formula and bond lengths used for this

compound are given in Fig. 4-D. All bond angles were taken to be

; . . 12 . - . .
120°. The observed electronic spectrum™ consists of two band rezions:

o

(1) a moderately strong band which has a well defined maxinum at
3.80 ev polarized in the w-divection, and (2) at least three strong

peaks from about 4.50 ev to 5.10 ev. Transitions at 4.53 ev
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(y-polarized), 4.70 ev (x-polarized), and 4.98 ev have been

identified within the second band region,lL In analyzing the
features of the calculated spectrum, it was noted that the separation
of the two regions is about 1.0 ev and the observed spectrum exhibits

hear 5.5 ev.

[\5)
<
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The results of eight calculations are shown in Table X (two

pages). Parameter valuzs were: = 15.23 ev, Yoo = 11.13 ev (one

Yoo
excepition), &W, = -6.54 ev (two exceptions). Values for Boe Can be
ascertained from Table XXII. Values used for ., are given in
Table X. In attempting to fit the observed spectrum it was noted

or &W _ the calculated

that generally by decreasing the value for co W,

&)

excitation enargies were improved. It is curious that the lowest

®

lying tranmsition was non~forbidden when doubly excited states were

cluded only when the value used for Wy had been decreased to

p

-7.00 ev. The best calculated results were obtained when values for
Bog = —2.20 ev and §W = -7.00 ev were employed (yee = 11.13 ev).
J re

1

nig

=3

The two lower lying transitions were calculated correctly.
result was of major imvortance since the extended CI procedura was
applied to some thermochromic ethyleves (section IX). The colors

associated with these compounds are due to low energy transitions.

Returning to the anthraquinone calculation, allowed transitions are

oredicted at 4.50 ev and 5.24 ev representing the second observed

N

The separation of the two regions was predicted to be

[

gbout 1.2 ev. Of the 43 doubly excited configurations included in

eight were of an energy atexr than 12.0 ev.

«©
g



Replacing these with configurations of energies lass than 12.0 ev
did not change the character of the spectrum and in general
transition energies changed only by 0.06 ev. Unfortunately a
reasonable spectrum was not obtainad by employing a valus of
Boo = —2.60 which gave such good results in the case of
p-benzodquinone.

Calculations which used various values of Yoo along with the
lower wvalue of Boo Were not significantly changed. Tramsition

energies resulting from a calculation employing 9.00 ev and

Yee

Bco = —2.30 ev with a total of 79 excited configurations did not

show any improvement.

3. p-Naphthaquinone and Anthrone

A limited number of calculations were dome on these
compounds. Bond lengths and angles were assumed to be the same as

those usad for anthraquinons except the C-C bond distance of 1.39%9A
was shortenad to 1.38A for p-naphthaquinone (¥ig. 4-B). Anthrone
(Fig. 4-C) was treated theoretically as a 14 pi-electron system

by omitting one carvonyl group and the corresponding resonance

integrals with its nearest neighbor C-atoms from the calculation of

the anthraquinone spectrum. Values for g, that were used can be

i,
[5
(9]
—
o
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The observed elecihronic absorption spectra of these compounds

= < 1

are similar to that of anthraquinone in that they show two strong

1

3]

hand regions. The p-napthaquinone spectrum is characterized by a

strong peak at 3,71 ev and a very strong band from 4.80 ev to 5.00 ev.



The higher energy band consists of three peak maxima and is
. . R s PR . ot 12 .
predominantly polarized in the y-direction. The anthrone spesctrum

consists of a strong peak at 4.00 ev and a very strong band nzar

)]

5.00 ev which is polarized in the y—direccion.49

The results of the p-naphthaquinone calculations with
vy = 11.13 ev, Yoo = 15.23 ev, and Wy = -6.54 ev ( one exception)
given in Table XI. The lowest four excitation energies are shown
and in each case the one with the largest calculated oscillator
strength was polarized in the y-direction. Thus its value was
comparad with the observed peak maxima near 4.90 ev.

est resulis shown in Table XI are those from calculations

o
9]

The

which employed a value of -2.30 ev for 3_ . These could be improved
o

@)

by decreasing B pernaps to -2.45 ev, Of the 53 doubly excited

co
configurations iuncluded in this calculation, 19 were of an energy

1

greater than 12.0 ev. Replacing these with configurations of

@

energies less than 12.0 ev did not change the character of the
spactrum and in general transition energies changed by only 0.07 ev.
he results of the anthrone calculations with Yoo = 11.13 ev,
Yoo 15.23 ev, and §W, = -6.54 ev ( one exception) are given in

Taple XII. The lowest four excitation energies are shown. None

T

of the rasults were satisfactory. he last two columns in Table XII
show results with somz imprevement over the others but the first
excitaiion energies were about 0.50 ev too high. In comparing the

predicted absorption spectrum of anthrone with that of anthraquinone,

—

a non—-forvidden excitation enaxrgy

[an

to

,_
o
<
)

the former was predicte
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about 0.8 ev above that of the latter. Experimentally the difference
was about 0.2 ev. As with anthraquinone, changing sy to ~7.00 ev
increased the oscillator strength for the first transition. The
higher energy band region appears to be predicted correctly.
C. Discussion

Six hydrocarbon structures and four carbonyl-containing compounds
were treated theoretically with the PPP method including doubly
excited configuration interaction. In order to evaluate the
reliability of this method and, it was hoped, establish some
guidelines for its use a number of different types of comparisons
were made. In the following paragraphs conclusions are drawn from
these comparisons.

The results of calculations which included all singly excited

igurations were given. Reasonable agreement for benzene,
naphthalece, anthracene, and p-benzogquinone was obtainad. The
pradicted transition energies deviated on the average from t
observed values by 0.15 ev. ’In order to obtain comparable results

with doubly excited

cenfigurations included, the basic parameters
had to be readjusted. For the three hydrocarbons agreement was

restored principaly by lowering the one-center repulsion int

[t

gral
on carbon (y..). This had the effect o changing all two cénter
integrals (Yuv) since Mataga's expression was employed throughout
(p. 27). Basically a low value for y.. suppresses the tendency o

the theory to over—-emphasize ionic structures, results in a more

covalent molecule and apparently reduces the nead for, or the
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influence of, CI.%43 With one set of parameters (th = 7.90 ev,
Bee = ~2.55 ev) reasonable agresment was obtained for benzene,
naphthalene, anthracene, and trans-stilbene. The predicted

transition energies de: rom the observed values

f.)

viated on the averagas
by 0.17 ev. Three-fourths of these energies agreed within 0.09 ev.
In order to obtain agreement for the transition of symmetry B1y in

the case of

enzene, 23 stdtes out of the original 45 represented in
the CI matrix had to bz omitted. The remaining states were those
with excitation energies less than 15.0 ev.

The calculated results for cis-stilbene were improved by
including doubly excited configurations (ch = 11.13 ev). A value

for larger than 9.00 ev was preferred bescause it predicted

Yec

correctly the 2.7 ev spectral band of dihydrophenanthrene

e. It interssting that the spectra of these two

ot
w

cr

intermedia

1
i

hydrocarbons were more readily reproduced by using the extended CI

procedure and a more conveantional value for the one-center repulsion

1

integral (ch)' Although it has been pointed out that these
molecules are probably non-planar (p. 30), they wers treated as
‘planar systems. This seems to indicate that the inclusion of doubly

conclusion is perhaps prematura, howvever.
for the p-gquincass weare much better when

-

crus

was employed. This was particularly

2

for the lowest tvansition energy. Agreement was obtainad by

readjusting only the carbonyl bond resonance integral (gco). The



transition energies of p-benzoquinone (the smallest member of the
homologous series) were found to be the most sensitive to the
parameters used and the extent of CI emploved. Similar conclusions
were mada for benzene. The best results were obtained for
p-benzequinone by including all configurations less than 15.0 ev
partly because the rest of the doubly excited configurations
stabilized the ground state (reference level) too extensively.
Benzene and p-benzoquinone were the only two molecules whosa CI matrix
contained elements with an energy of at least 15.0 ev. Overall, the
predicted transition energies for the p-quinones deviated on the
avarage from the observed values by 0.16 ev. Minor adjustments in

Beco had to be made in order to accomplish this.
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The results for anthrone were unsatisfactor
band at 5.00 ev was predicted correctly, however., The geometry usad
in the calculations for anthrone also represent a planar model of

1

benzophenone (shown below). The pi-electron systems of these two




molecules are identical. The experimental absorption spectra of
. " . . 49 L.

anthcone and benzophenone are quite similar. The higher energy
band region in each case is near 5,00 ev. The lower energy band

region for benzophenone occurs at a higher energy (4.34 ev) than

, . , 49 .
that for anthrone {4.00 ev). Employing the set of parameters
which gave the best vesults for anthraquinone produced calculated
results which were better for benzophenone than anthromne (Table XII,

column 4). Anthrone (Fig. 4-C) is constrained by the CH, bridge,

2
and hence the rings certainly must zapproach coplanarity more closely
than in bznzophenone,

Generally, the calculated transition energies were less sensitive
to the choice of parameters when the extended CI treatment was used,.
Consistent results were obtained particularly when the total number

of configurations was increased to 80. It was shown that the

relative amounts of each type of excited configuration did not

oY
a
3
8}
(]
@]
)
[»)
}~
@
0
n
it}
()
(e}
rt
o
iy
()
0O
()
,—l
0
}_-J

ated spectra for a given set of
parameters with MCI + DCI = 79. The reason for this can be seen if

fod 1

ices foc¢ the complete

culation are compared,

-

In the lotter case the maxima appears among the doubly excited states.

For ths compounds except benzean2 and p-benzoquinone the maxima which
tanged from 11.4 — 14.7 ev differed by 1.4 ev at the most. TFor

that compound, anthracenes, the DCI matrix contained 3 states with
cnevgies from 5.0 - 7.0 ev, 35 states with energies from 8.0 - 11.0

ev, and 13 states with energies from 11.0 - 13.0 ev., The complete

CLet



MCI matrix contained 12 states with energies from 3.0 - 7.0 ev, 29
states with energies from 7.0 ~ 11.0 ev, and 8 states with energies
from 11.0 ~ 14.0 ev. Since only one of these 8 states with ensrgies
from 11.0 - 14.0 ev preceded a state of energy outside this range,
one could obtain a total of 78 states with energies up to 11.0 ev
by using a CI matrix of 92 elements. This was typical of the CI
matriczs that were used. For example, the CI matrix in the
anthraquinone spectrum which gave the best results contained 71 out
of 79 states with energies up to 11.0 ev; 36 were singly exzcited and
35 were doubly excited. Evidently a large number of states with
energies up to 11.0 ev with one half of them in the CI matrix from
each type represented a desirable combination. This was further
substantiated by results reported for trans-stilbene, anthraquinone,
and p-naphthaquinone which showed that spectral energies were not
noticeably changed when CI matrix elements above 12.0 ev were omitted.
It is felt that the method employed should be used when wmolacules
contain hetero-atoms. The results for the p-quinones and those

. e . 17 . .
reported earlier by Hirotfa and Nagakura for pyridins, phanol,

o

aniline, pyrrole, and furan point out the importance of including DCI.

5]

bt}

cr the compounds which have a seemingly more direct relationshiv
to the thermochromic ethylenes, reasonzble agresment was acheived
with the larger valua for y... These compounds were cis-stilbene,
dihydrophenanthrene intermediate, and the p-quinones (particularly
anthraguinone). Therefore, a value of 11.13 ev for

the thermochromic ethylenes (szction IX).



I¥. THEORETICAL CALCULATIONS: THERMOCHROMIC ETHYLENES

The Pariser-Parr-Pople method inéluding configuration interaction
was used to calculate pi-electronic transition energies of a number
of large molecules. Organic compounds, sach with an "ethylenic’
linkage between carbon atoms bonding the two halves of the molecule
together, were treated extensively. For example, 10,10-
bianthronylidene (Fig. 5-A) was studied by employing the CIL procedure
including only singly excited states (MCI), and by using a CI matrik
containing a combination of singly and doubly excited states (DCI)
for comparison. The results obtained from each type of calculation
differed by only 0.11 ev for the lowest lying transition energy.

This difference of 0.11 ev for the lowest transition energy was

indicative of the results obtainzd for all six compounds containin

o
(=}

"

the "athylenic” linkage. These compounds wsre: 10,10'-

bianthroaylidena (Fig, 5-A), 10;10'-bixanthenylidene (Fig. 6-A),

diphenylmettileneanthrone (Fig. 7-A), biflucrenylidene (Fig. 8-A),

helianthrone (Fig. 9-A), and mesonaphthobianthrone (Fig. 8-C). The

first three compounds are thermochromic ethylenes. The calculations

the ground form. Only in the case of bifluorenylidene is this
expected to be nighly colored since the solid is red.

Calculations were also done on bridged structures (:igs. 5-3B,
5-B, 7-B, 8-8B, and 9-B) and betains-like structures (
6~). For the thermochromic ethylenes, these structures have bzen

£
i

propos2d for Lhe colored form produced, e.g., on heating solutions o



the appropriate compound. The MCI and DCI procedures were usaed. On
the average, the results from the two calculations for each structure
differed by 0.32 ev when the lowest lying transition energies were
compared, This did not change the final.conclusion that the bridged
structure was the more probable structure for the colored form of a
thermochromic ethylene.

Wnich of the two configuration interaction procedures (MCI or
DCI) was the better method for studying these large molecules was
not established. When the results obtained by the two methods were
further compared, two general features became apparent. The
theoretical oscillator strengths were smaller when DCI was employed.

This is typical of ths DCI treatment.2’17

This has been attributed
mainly to the fact that the CI matrix included many doubly excited
configurations having zero transition moments from the ground

. . 17 o s . . .
configuration. Also, with the addition of excited states to the
CI procedure, more states with predicted transition energies in the
vltraviolet-visible spectrum range avpeared.

The following general points refer to all calculations in this

(1) Results were obtained for MCI, and for a combination of MCI and

(2) The 8., values can be found in Table XXII.

(3) All bond angles except in bifluorenylidene were 120°.

(4) When oxygen contributes one pi-electron, Yoo = 15.23 ev;

~

W, = =6.5

» ev for MCI, 38U, = ~7.00 ev for MCT - DCI.



(5) When oxygen contributes twe pi-electrons, 18.78 ev and

Yoo

(7) 8., = -2.793 ev for MCI, Beo = -2.06 ev for MCI - DCI.

A. Compounds and Bridged Structures

Tue thermochromic compounds treated theoretically were 10,107~
bianthronylidene (Fig. 5-A), 10,10'-bixanthenylidene (Fig. 6-A), and
diphenylmethyleneanthrone (Fig. 7-A). Bifluorenvlidene (Fig. 8-A)
was also investigated since its structure does contain an “ethylenic
linkage between the two halves of the molecule although it is not

C | L i ha : . 25 i B - -~
considered to be tharmochromic. The structure for z2ll four of

these compounds which contain a single saturated bridge bond betwean

(@]
—

two carbon atoms in ose proximity analogous to the
1wvdrophenanthrene saturated bond were also considered. The bridged
structure has not been unequivocally identiiied but is a prcposed
intermediate leading to cyclization in this type of compound and
presumably is the colored species produced in solution.”?? It was

treated theoretically by omitting the two carbon atoms which now

appear saturated and the covresponding resonance integrals to their

T - . -
ne structura.
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compound 10,10"-bianthronylidene and its bridged si

A

in Figs. 5-4 and 5-B, respectively. Table XIIT shows the results o
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the calculations and three predominant absorption maxima in ths
observed spectrum of the compound. Predicted transitions with very
small oscillator strengths (<0.001) were omitted. Neither
calculation for the compound predicted a transition near 3.7 ev
where the observed spectrum exhibits a ‘'valley'. The colored species
absorbs strongly near 1.8C0 ev and thus appears blue—green.ll’26
Both calculations predicted the bridged structure to be cclorad.
The calculation employing 66 singly excited states predicted
absorption at 2.42 ev where none is observed.

Calculated oscillator strengths for the bridged structure were

m

decidedly lower than those calculated for the compound itself. This
was particularly true for the DCI results. A direct comparison can
be made using the first transition. The reason for this can be seen
if the ensrgies appearing in the CI matrices are compared. Although
the energies were quite éimilar for the singly excited states in
each matrix, for the compound only 8 doubly excited states had
enérgies from 5.0 - 8.0 ev. The remaining doubly excited states (43)
had larger excitation energies. However, the bridged structure had
45 ddubly excited states with energies ranging from 2.0 ~ 8.0 ew,
These lower matrix elements lowered the predicted oscillator
strengihs.

When the MCI treatment was used, the triplet spectra were also
calculated. The bridged structure was predicted to have a triplet

ground state by 0.019 ev. Therefore, the triplet state of the

brid

2
o

;
ed

tructure could be contributing to the observed color

<
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phienomena.

2. 10,10"-Bixanthenylidene

The structural formulas and bond distances chosen for the

compound 10,10"-bixanthenylidene and its bridged structure are shown

in Figs. 6-A and 6 respactively. The oxygen atom now contribuies
two pi~elactrons to the system. Table XIV shows the results of the
calculations and two predominant absorption maxima in the observed

pectrum of the "colorless” compound. Predicted transitions with
very small oscillator strengths (<0.01) were omitted. Both
calculations for the compound were very good. Tha colored speties
- 24 -

absorbs strongly near 1.95 ev and also near 3.9 ev. These two -
bands are the distinguishing features of the spectrum of the colored
form. Both calculations (MCI and MCI - DCIL) predicted the bridged
structure will absorb in the visible.

3. Dipheaylmethyleneanthrona

The structural formulas and bond distances for the compoun

[

diphenylmethyleneanthrone and its bridged structure are shown in

Figs. 7-A and 7-B, respectively. Table XV shows the results of the

1

sevyved absorption band waxima for the

o

calculations and three o

compounid, The lowest energy excitation for the compound was not

GQ

&

predicted correctly. The calculated values were 0.45 ev too low.
This might be a consequence of the fact that the compound is non-
e ohenyl groups out of the plane of the anthrone
moiety. Although the other related cowpounds are non-planar, this

2

is the only compound with six-membered rings which do not belong to
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a fused ring system.

Considering the planar structures, this compound bears the
same relationship to 10,10'-bianthronylidene as anthrone does to
anthraquinone from the standpoint of the pi-electrons. If the lowest
lying excitation had shown an increase over the value of that
calculated for 10,10'-bianthronylidene, then the agreement would bz
better. It did in the case of anthrone vs. anthraquinone but by too
mucil,

The colored form of this compound has been described as being
red—orange.14 This means that it could be absorbing near 2.4 ev,
1.0 ev lower than the longest wavelength band of the compound itself.
The calculations for the bridged structure predicted an absorption
band 0.8 - 1.2 ev lower than the longest wavelength band predicted
by the corresponding calculation on the compound. Consaquently the

transition energies were tooc low.

1o

Vo additional band in the visible part of the spectrum was
12

14 .
+*  Since the

obsexrved on heating this compound in decalin to 153°C.
area under the extinction curve did not change with temperature,
Grubb and Kistiszkowsky concludad that the therwochrowmism was due to
the broadening of a near-ultraviolet absorption region by the

changing distribution of molecules among vibrational state:

0]
¥
=
©
P
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data show the hot solution absorbing down to only 2.94 ev., It is
curious that the heated samples of this compound appear so red.

/, n4

L, Bifluorenylidene

+

The structural formulas and bond distances chosen

M
Q
-
t
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compound bifluorenylidene and its bridged structure are shown in

Figs. 8-A and 8-B, respectively. Geometrically the five and six-

memberad rings were regular. The crystalline solid and solutions
X . 40,45 .

are reported to be red. The results of the calculations are

shown in Table XVI. The unbridged compound was predicted to be

yellow and the bridged structure was predicted to be red.

B. Other Structures

A number of other structures ware treated: (1) helianthrone
(Fig. 9-A), which is produced irreversibly in the photochemistry of
IO,lO’wbianthronylidene,7 (2) dihydrobianthrone (Fig. 11-A), which

1

is probabls

~3

involved in the mechanism leading to paramagnetic
. 1,4 .. . .
species,” (3) a doubly bridged structure, and (4) protonated

ted in the intensely colored acid solutions which
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have been obsearved. The acid solutions were of particular interest
since theyv present a chemical method of preparing the thermochromic

me interesting results were obtained experimentally
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hroanz and Mesonaphthobianthrone

The structural formulas for the compound helianthrone and
its bridged structure, and mesonaphthobianthrone are shown in

Tigs. 9-A, 9-8, and 9-C, respectively. All of the types of parametexs
used in the calculations were identical to those chosen for 10,10'-
bianthronylidene. The observed spectra of helianthronz and
mesonaphthobianthrorne show the Jongest wavelength absorption maxima

- 26 ., . .
are near 2.79 ev and 3.04 ev, res ecLLVo_3.“ Calculations fox these



two compounds are given in Tables XVII and XVIII. Including doubly

a

excited states in the configuration interaction improved tha results

s}

but the lowest lying excitation was 0.3 ev too high in each case.
Becker and Earhart have suggested that the bridged structure of

helianthrone is ths photochromic form of this compound,5 It was

first proposed as an intermediate in the irreversible photochemistry

of helianthrone to mesonaphthobianthrone°7

No experimental
absorption bands were assigned to it. Both calculations in Table

RVII predicted the structure to be colored.

2. Dihydrobianthrone and Dihvdrohelianthrone

For these compounds each oxygen atom contributes two pi-
electrons. The carbon to oxygen bond length was taken to be 1.36A
= -1.53 ev for

with R -2.013 ev for the MCI calculations and

F

co
the calculations including DCI. In all other aspects of the
calculations these compounds were taken to be identical to 10,10'-
bianthronylidene and helianthrone, respectively. Ths calculated
spectra given in Table XVIII showad very little difference between
the two structures. Dihydrohelianthrone is known to cause a dee;
blue color in solution.7 An absorption band at 605 nm {2.04 ev) has
bzen assigned to the 2,7'-dimethyl devivative of this compound which
could cause a bluz coloration. Becker and Earhart refer to a green

coloration which can be trapped on cooling the solution to 77°%.°

The calculated spectrum of dihydrohelianthrone was in agreement with

the experimental evidence. Dihydvrobianthrone was also predicted to

have an absorption band near 2.0 ev. Experimentally this compound
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is not highlyv colored.’ Becker and Farhart have assi ened an
absorption band at 425 nm (2.9 ev) to the 2,7 -dimethyl derivative of
1n 5

this compound,

3. 10,10"-Bianthronylidensz Double Bridge Structure

This structure consisted of 26 pi-electrons and is
theoreti C“l1y handled by ignoring the pi-centers at the 4,4',5, and 5’
positions of 10,10'-bianthronylidene. The results are indicated in
Table XIX. The calculated singlet spectrum showed very long
wavalength transitions and thus does not agree with anything that has
" 34

been observed. Similar calculated results were obtained elsewhere.

4. Protonated Structures

These structures were studied because acid solutions of
10,107 -bianthronylidene and diphenylmethyleneanthrone are highly

colored. The acid solutions yield solid samples of the colored forn

when quenched on ice. ulfu acid solutions of 10,10'-
. . 4 s 28
bianthronylide are violet-red due to abscrption at 2.23 ev.
28 .
Baunds at 2.79 ev, 3.29 ev, and 4.28 ev are also observed.” The

dark green sulfuric acid solution of diphenyimethylenesanthrons
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?tion at 1.82 ev and 2.76 ev. The vesults of the
calculations shown in Tables XX and XXI indicated that the protonated
species in solutiorn is probably not bridged. The monoprotonated
species can ba used to rvepresent the colored form in each solution
of these compounds.

5. Betaiunes

Tonic structures (both positive and negative) were treated



with the PPP method including CI (both MCI and MCI ~ DCI) for
10,10"-bianthronylidene and 10,10'-bixanthenylidene. Each negative
ion was a 16 pi-electron system and each positive ion was a 14
pi-electron system. The lowest lying energy transitions ware
allowed and appeared at longer wavelengths than those of the
respective compounds. For 10,107 -bianthronylidene the values were:
(1) MCI; negative ion (2.66 ev), positive ion (2.44 ev), and (2)
MCI ~ DCI; negative ion (2.30 ev), positive ion (2.20 ev). For
10,10'~bixanthenylidene the values were: (1) MCI; negative ion

(2.47 ev), positive ion (2.71 ev), and (2) MCI - DCI; negative ion
(2.22 ev), positive ion (2.21 ev). Although these structures wevre
predicted to be colored, the colors cannot account for the observed
chromism. It is quite possible that the betaines represent
contributing resonance structurss for describing the chemistry of
these compounds particularly in polar solvents such as sulfuric acid.

C. Discussion

The PPP method including CI of types CI and MCI -~ DCI was
applied tb the calculation of electronic spectrum cf some
thermochromic ethylenes and structures known to pertain to such
systems. The interest in these compounds is as vivid as the colors
they produce upon treatment by a variety of methods. For éix of the
structures treated the longest wavelength absorptions ars
experimentally known., This absorption band for 10,10"-
bianthronylidene, 10,10'-bixanthenylidene, and dihydrohelianthrone

was predicted correctly. Helianthrone and mesonaphthobianthrone



results were fair. The results for diphenylmethyleneanthrone were
DoOT.

Five of the compounds treated were written structurally as a
valence isomer of the ground form by forming a single saturated C-C
bond between atoms in hindeved positioms. The bridged structure in
all cases appeared to have a long wavelength transition close to the
observed absorption band causing the color. Therefore it is believed
that the bridged structure is a probable form for the colored
species. Ionic structures (oacwvnas) could not account for the
observed colors. The double bridged structure of 10,107~
biantnronylidene was ruled out.
he intense colors of suliuric acid solutions were ekplained

theoretically with a simple monoprotonated structure and the

a

protonated bridge structure did not give reasonable agreemeunt. The

F)

colored form of 10,10'-bianthronylidene and diphenylmethyleneanthrona

can be formed by guenching thz acid solution in ice water. Although

i’
L

OL.

the hindared C-atom positicns of proionated 10,10"-bianthronylidane
"were calculated to have identical sli ghtly positive electronic
charge, the positions for protonated dihpenyimethylenean;hrone were
oppositely charged (+ 0.043, -0.007). The latter tyve of énarve
distribation indicates some tendency for bond formation betwesn thase

The pi-binding energies of 10,10"-bianthronylidene and its
bridged structure were calculated to be 53.7 ev and 45.6 ev,

respectively. This is a difference of 186.3 kcal/mole suggestiag

(“J
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that the bridged structure as a reasonably stable species is a poor
model. This was similar to the results obtained for

dihydrophenanthrene (p. 38). and no explanation for this is offerad.



X. EXPERIMENTAL

Magnetic resonance techniques (NMR and ESR) were used to study
10,10'-bianthronylidene (Fig. 5-A), 2,7'-dimethyl-10,10'"-
bianthronvlidene, 10,10'-bixanthenylidene (Fig. 6-A), and

diphenylmethyleneanthrone (Fig. 7-A). These compounds are

thermochromic ethylenes and when heated in solution produced

brilliant colors. Sulfuric acid solutions of three of these
1 1 . 22,28 . . w g
compounds, 10,10'-bianthronylidene and its dimethyl derivative

and diphenylmethyleneanthrone, were highly colored and produced =
olored precipitate when quenchad on ice. The colored precipitate
from the sulfuric acid solution of 10,10'-bianthronylidene has been

shown to bz identical to the thermochromic form produced in heated

N
N

olutions of this compound by comparing electronic spectra data
In each case {colored precipitate or heated sclution) the normal

form of 10,10 -bianthronylidene was regenerated by letting the sampla

Nuclear magnetic resonance (WMR) was used to study heated

sampies of each compound and the vesults were compared with MMR
specira cbhtained at room temperature of the corresponding
"colorless' meodification. Electron spin resonance (ESR) znd MR

re used to study sullfuric acid~d2 solutions and samples obtained
by guenching the acid in cold D,0. Similar investigations were
nursvad for the related compcunds aanthreone ( nraguinone

(Fig. 4-D), and 10,10'-bianthranyl (Fig. 10-A).

this section includes the results o
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experiment performed under the subsection headed by the name of the
compound of principle interest., All chemical shift data are given in
parts per million (ppm) downfield from the protom magnetic resonance

line of internal tetramethylsilane.

A. Spectra Simulator Programs

Proton magnetic resonance sgpectra were simulated with the NMR

spectrum calculator and plotter program described in raference 51

n

(appendix C). The chemical shift parameter, )}/, for each magnetically

ineguivalent proton and the protoun-proton coupling constants,J?b,

a1

are given whenever simulation of a particular spectrum was possible.
Electron spin resonance spectra were simulated with the SESR

plotter program kindly provided by Dr. Raymond E. Dessy of the

chemistry department of Virginia Polytechnic Institute and State

University. All simulations used 1007 Lorentzian line shape and

W
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are characterized by electron-protcn splitting constant
number of protons assigned to each constant given.

B. Instrumentation

Proton magnetic resonance spectra were recorded on a Japan
Electron Optics Laboratory Co. Ltd., C-60H NMR spectrometer

equipped with a proton JWM-C-50H variable temperature prohe. The
e X

temperature was adjusted with a JEQLCO JES-VT-3 temperature
RS 1 e wn g Of"
controller (max. 300°C).
Elesctron spin resonance spectra ware recorded on a Varian

Associates E-12 spectrometer equipped with a VFR 2503 magnet power

supply, F-101 microwave bridge, and E-231 cavity. Low temperature
9 o3 7



was accomplished by boiling liquid nitrogen through a standard
Dewar sleeva which fits into the cavity and holds the sample tube.

.

C. Materials and Purification

10,10"~Bianthronylidene, diphenylmethyleneanthrone, and

xabromobenzene were purchased from the Aldrich Chemical Company,

-y
ry

2
Inc., Cedar Knolls, New Jersey. These compounds were
recrystallized from nitrobenzene. The lO,lO’—bianthronylidene was
further purified by recrystallization from chloroform. It
decomposed on heating to about 320°¢ showing no thermochromism in
the solid. Diphenylmesthyleneanthroges was further purifiéd by

recrystallization from carbon tetrachloride. It was then dissolved
in chloroform and passad over a neutral alumina column (10 cm); the
first fraction of eluent was collected and evaporated to dryness.
This compound melted reversibly red at 207-209°C. The

hexabromobenzene was washed with chloroform. TIts melting point was

bianthronylidene were purchased from Chemicals Procurement

Laboratories, Inc., Coliege Point, Mew York. Both compounds were

m

recrystallized from nitrobenzene. 10,10"'-Bixanthenylidene was

further purified by vecrystallization from chlovoform. The white
o - D0 (\O t

blue-grean at about 300 C and

solid turnsd yellow on heating

S

-

. o O, .. . . .
melted to a nurple liquid at 3127C which froze on cooeling to give 2
vellow solid., 2,7"-Dimethyl-10,10"-bianthronylidene was further

purified by recrystailization from carbon tetrachloride. It
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decomposed on heating to about 223°C and showed no thermochromism
in the solid.

Anthraquinone and p-xylene were purchased from Fast Kodak-
Eastman Organic Chemicals, Rochester, New York. The anthraquincne
was purified by dissolving in chloroform and passing over a neutral

alumina column (30 cm); the first fraction of eluent was collected
and evaporated to dryness.

Anthrone, nitrobenzene, and neutral alumlna Brockman
Activity I) were purchased from Fisher Scientific Company, TFair
Lawn, New Jersey. The anthrone was purified in the same manner as
the anthraquinone. The nitrobenzene was redistilled.

Chloranil (tetrachloro- D~benzoqﬁlnone) was purchased from
Matheson Coleman and Bell, Fast Rutherford, New Jersey and

recrystallized from nitrobenzene,

Chloreform-d, (99.87 isctopic purity), sulfuric acid-d,

Diaprep,

(99.5% isotopic purity) and water—d? were purchased from

Inc., Atlanta, Georgia

10,10"-Bianthranyl was synthesized from anthrone as describe

(=9

D. Anthrone

The structural formula for anthrone is shown in Fig. 4-C and

kL RIS
-5

the NMR spectrum is discussed in reference 51, page 16

Neither a solution of anthrone in chlorvoform nor a 0.72M
solution in conec. sulfuric acid gave an ESR signal, Irradiati £

these solutions at vroom temperature with an ultra-violet lamp did
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not produce a signal.
When this compound was dissolved in sulfuric acid—dz,

deuterium exchange occurred with the methylene hydrogens. The

V=

MR spectrum of a 0.64M solution is given in Fiz. 12. The

aromatic protons show intenses resonance lines; the meathylene

Y

protons (-4.31 ppm) show only a weak signal. A 0.51M solution

pared and after three minutes quenched on cold DZO' The

<
®
17
e}
81
{0

92}
+n

precipitate wa iltered and dried. The NMR spectrum in

chloroform-d, showed by its integration curve of the methylene

-

protons relative to the avomatic protons that 547% exchange had

.
i

@)

Al

'his partially deuteriated anthrone was redissolved

=1

occurred.
insulfuric acidfdz to form a 0.28M solution and after 30 minutes
quenched on cold DZO' NMR showed that 70% exchange of the
methylene hydrogens was accomplished., This indicates that in

anthrone the hydrogens bonded to the saturated carton atom are

relatively labile.

10,10'~Bianthranyl was prepared frem anthrone following the
. . 5 i0 c
procedure of Cohen, Millar, and Richards. A solution of
3.79g (1.54x%10 ~ moles) of chloranil in 80 ml of p-xylene was

. , Y .
3 the solution, 3.00g (1.54%10 ~ moles) of

zparad, While wa

anthrone were added in small portions and then the orange solution
was refluxed for one hour. On cooling, the desived product
precipitated and was washed with ether. The white solid decomposed
cn heating to about 263 °C. Experiments with this compound are

described in subsection G.



E. Anthraquinone

The structural formula for this compound is given in Fig, 4-D.
The proton magnetic resonance spectrum of a saturated solution of
anthraguinone in chloroform—dl is shown in Fig. 13. Simulation of
this spectrum was possible using the following set of parameters:
Vl = -8.356 ppm

V& = ~-7,84 ppm J 7.45 Hertz

il

12

Il

. - = 7 04 Terr
13 1.88 Hertz I3 7.96 Hertsz

14 0.20 Hertz J24 = 1,83 Hertz 334 = 7.45 Hertz

;% = -7.84 ppm J

]

= ~8.36 ppm J

X
I

where protons 1-4 are bonded to the corresponding carbon atoms
numbered 1-% on the structural formula (Fig. 13). This is ideatical
to the spectrum reported as bianthrounylidene-B in reference 51,

. . L 0 , :
page 22. Anthraquinone melt at 290°C gave the same vesolved MMR

spéctrum,

Anthraquinone did not give an ESR signal when dissolved in
conc. sulfuric acid. A 0.286M sulfuric acid—dz solution was
prepared and after two hours quenched on DZO' The precipitate was
collected and dried in a vacuum dessicator. No proton-deuterium
exchange occurred as shown by the MMR spectrum of a saturatad
solution of this precipitate in chloroform—dl. If exchange had
occurred, the over-all intensity of the vescnance lines would have
diminished in comparison with the original spectrum and probably
(L)A) and p% (1]3) would

. N N . )
the relative intensity of the lines for V.

have changed. These effects were not observed.
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F. 10,10'~-Bianthronylidene and

2,7'-Dimethy1-10,10'-Bianthronylidene

The structural formula for 10,10"'-bianthronylidene is shown
in Fig. 5-A. 1Its proton magnetic resonance spectrum in chloroform-—d1
is given in Fig. 14. Simulation of this spectrum was possible

using the following set of parameters:

Y

]

-8.09 ppm

7.90 Hertz

-7.41 ppm J

o=
il

5.30 Hertz

I

-7.16 ppmn J

1

1 rtz
1.80 Hertz J23

0.30 Hert=z Jq4 = 1,80 Hertz J
L

=
it

~7.09 ppm J = 6.30 Hertz

=~
i

}—L

™~

34

whera protons 1-4 are bonded to the corresponding carbon atoms

numbered 1-4 on the structural formula. This is the spectrum

reported as bianthronylidene-A in reference 51, page 24, and the
simulated spectrum is shown in Fig. 12 page 23 of that same

Solutions of these compounds exhibited vreversitle

trermochromis The ¥MR spectrum of 10,10'-bianthronylidene in
1] 0 . > m g od
cnioroform—dl at 70°C showed some line broadening. This effect

was so drastic in the case of the dimethyl compound that the

spectrum at 1357 C barely showed any absorption lines for the
methyl protons. Cooling the sample to roecm temperature reversad

this phenomenon. The broadening of the proton magnetic resonance

(U

ilines may be caused by the presence of paramagnetic spacies

whereby the larger inter SCtLOﬂ of the vuclear moment with the

-

electronic moment compared to nuclear magnetic moment iuter

)

1 C

cr
it
Q
=]
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0
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8 . .
will shorten the relaxation time. It is known that when these
compounds in solution are exposed to light an ESR signal develops

. . . 1,5,23
which increases on heating. 7’

The ESR spectrum has been
resolved and assigned to the hydrobianthrone radical in which the
cdd electron shows splittings from only one half of the
molecule.l’so The structural formula is shown in Fig. 11-B. 1In
all instances care was taksn not to expose the samples to direct
room light by working with red light bulbs. Nevertheless it was
‘not possible to obtain a sample free from at leasi a weak
unresolvable ESR signal of 20 gauss total width.

2,7'-Dimethyl~10,10"'-bianthronylidene was further purified
with a neutral alumina column. It decomposed to a red solid at
233°C.  The MR spactrum of this red solid dissolved in

chleroform—d, is shown

1

pte

in Fig. 15. The material svas not very
soluble but the two methyl peaks indicate that the sample may
contain primarily the 2,7'-dimethyl derivative of heliaathrone
(Fig. 9-4) din which the methyl groups are magnetically
ineguivalent. There is a noticeable shift of the aromatic proton
region downfield. The signal at -1.6 ppm was not identified but

was due to an impurity in the solvent.

10,10"-Bianthronvlidene was also passaed over a neutr al alumina

J

M

column. he s0lid material collected melted reversibly green at

Ft

.0 i , . -
265°C. The NMR spectrum showed that it had partially veacted on

l“‘

‘he column to form an appreciable amount of anthraquinone.

Theilacker, et. al,, indicate that on exposing a hot solution of
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10,10 ~-bianthronylidene to air the green color disappears rapidly
and anthraguinone is isolated as a product from the reaction with

54
molecular oxygen. It has been

eported that the active sites in
alumina involve molecular oxygen. The original material melted
reversibly green when mixed with anthraquinone, anthrone, or
hexabromobenzene. Apparently the depression of the melting point
to 300°C by an impurity caused the green droplets described by
Padova when this compound was first synthesized.42 MMR samples

of these melts turned black and the broad resonance lines were
unresolvable. No additional resonances were observed outside of
the arvomatic region.

A sample of 10,10'~bianthronylidene in colid chloroform—-dl

3

was irradiated with an ultra-violet lamp which caused the solution

-

to turn crimson red, then brown. The NMR spectrum of the
relatively inscluble material showed the same downfield shift in
<

the aromatic region as that previously noted for the dimethyl

devivative after meliting (red solid, Fig. 153). An additional

peak at ~1.23 ppm appesared which was not identified.
It 1s alsc known that when these co pounas are dissolved in

conc. sulfuric acid or a solution of hydrogen flucride in sulfur

dioxide, the acid solutions are highly colored (blood red or

purpiish red). When the acid solution is quenched in cold water

'T:)

or on ice a green precipitate forms which reverts to a yallowish
substance on standing at room temperature or when dissolved into

solution at room temperature. The acid solution can be queached
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in a cold organic solvent such as ethanol or the green precipitate
collected quickly and dissolved in the cold; in either case, a

green solution presumably containing just the thermochromic form in

. ; 22.51 .
high yield resulis. An attempt was made to cbtain an MMR
spectrum of such solution in chTOroform—ul formed from 10,107~
51 .

bianthrouylidene, and also from the dimethyl derivative but
either the solutions were not concentrated enough due to the low
temperature (—SOOC and —7OOC, respectively) for a characteristic
spectrum or possibly the samples contained enough paramagnetic
species to cause severe line broadening.

Solutions of 10,10'-bianthronylidene and its dimethyl
derivative in a liquid hydrogen fluoride-sulfur dioxide mixture
were prepared using Kel-F test tubes and dry ice-acetone slush
baths. The characteristic green solid was formed by quenching each

2

acid solution on ice; the precipitates were collected and dried.

3

hese samples turned yellow in the process. The first sample gave
an MR spectrum at room temperature of only regenerated 10,10'-
bianthronylidene but the dimethyl compound gave an intenss signal
at ~1.23 ppm in addition to regenerated 2,7'~dimethyl-10,10"-
bianthronylidene (¥ig. 16). This signal was not identified. The
dimethyl derivative still melted to give, on cooling, a red solid.

The MMR spectrum of the red solid at room temperature in

as before (Fig. 15)
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chloroform-d, show

-

and an intense signal at -1.23 ppm.

A major quintet of lines was obtained for the ESR signal
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observed by dissolving the green solid formed from 10,10'-
bianthronylidene and HF:502 in chloroform to which a small amount
of carbon disulfide had been added so that the solution would not
freeze in a dry dce-acetone bath (Fig. 17). Simulation of this
spectrum was possible using four splitting constants (3.297 gauss,
2.951 gauss, 0.853 gauss, 0.665 gauss) and assigning each constant
to two protons; the line width was 0.635 gauss. These parameters
are identical to those found for the hydrobianthrone radical.
However, a solution of 10,10'-bianthronylidene in chloroform gave

D

an unresolved ESR signal of comparable intensity. The

-

hydrobianthrone radical exists in the 10,10'~bianthronylidene and
the analagous radical in the 2,7'-dimethyl-10,10'-bianthronylidens
vsad in these studies

After ten minutes, a 0.096M solution of 10,10'-

bianthronylidene in sulfuric ac1d—¢2 was guenched on cocld DZO,

The precipitate was dried and dissolved in CDCl3. The MMR spectrum

showed that no hydrogen-deuterium exchange had occurred on any of
S

the protons around the rings. If at least partial exchange had

red for the protons in the hindered positions (4,5,4%,5"),

o]
0
0
c

or
=

£l
"

ould be evidence for 2 more labile

[y
2

type of hydrogen

&3]
[

n thi

m

nalogous to the exchange of th ethylene protons of

he bridged structure (Fig. 5-B).

o

lend support to t

G. 10,10"-Rianthranvl

This compound was prepared from anthrone and differs in its

e b

structural formula from 10,10'-bianthronylidene in that the
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"ethylenic" linkage is saturated with two hydrogen atoms (Fig. 10-A).
It does not exhibit an ESR signal when dissolved in chloroform or

[&]
pyridine at room temperature. The iunfra-red spectrum and the NMR
gpectrum (the bridge protons have a chemical shift of -4.75 ppm)

. 10 ;
agreed with those reported elsewhere. The resonance peak of the
bridge protons (-4.63 ppm) was quite narrow when 10,10'-
bianthranyl was dissolved in D7SO4 indicating that they did not

exchange in acid. Further evidence of this was obtained by

quenching the acid solution om cold D,0 and observing no difference

2
in the NMR spectrum of the precipitate as compared to that of the
original material.
Tt has been suggested that by boiling a solution of 10,10'-

bianthranyl in pyridine that enolization would occur forming

. . ) i 3 , . .
dihydrobianthrone (Fig. 11-A). It would be dinteresting to
observe the NMMR spectrum of this form because the "enolic' protons

may have a chemical shift near the -1.23 ppm signal observed with

various other samples (pgs. 69, 70, 70) which has not been

identified., After two hours of refluxing a solution of 10,107
bianthranvl in pyridine the solvent was vacuum distilled and a
brown solid remained. Part of this sample was washed with ether

"melting" point and MMR

id which by its
spectrum was identified as 10,10'-bianthronylidene. When the brown
solid was redissolved in pyridine the solution exhibited a well

resolved ESR spectrum of the hydrobianthrone radical (Fig. 18);

this was simulated using a liune width of 0.190 gauss (¥ig. 19).
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The splitting constants for this radical have been given on page 71.
An infra-red spectrum of the brown material showed no absorption
bands characteristic of an alcohol. It is possible that the ESR
signal assigned to the hydrobianthrone radical (Fig. 11-B) is due
to the bianthranyl radical (Fig. 10-B) since the odd electron could
be showing splittings from the part of the molecule which is

identical in each structure.

H. 10,10'-Bixanthenylidena

The structural formula of this compound is given in Fig. 6-4A.
The proton magnetic resonance spectrum of a 0.024M solution in
CDCL, is shown in Fig. 20. Sdimulation of this spectrum was

2

possible using the following set of parameters:

7.80 Hertz

It

= -56.85 ppm J = 1.45 Hertz J,

"3 13 23
- LA — ) . P — I P 3 - PR,
/z = ~7.16 ppm Jl& = 0,36 Hertz J24 = 1,75 Hertz J34 8,70 Hartz

where hydrogen atoms 1-4 ave tonded to the carbon atoms numbered
i~4 on the structural formula. The spectrum simulation is shown

. . _ o, N . .
Heating this sample to 120 C and then cooling back

=
s
=3
[y

49
N
}—.\
.
,
=

down to room temperaiure causad no change in the WMR spectrum,

In order to obtain complete solubility for a 0.056M solution
of 10,10 ~bixanthenylidene in decalin, the tempevature must te
relatively high, A well resolved MR spectrum was obtained at
1767C and is shown in Fig. 22. 1In comparison with tha room

1

temperature spectvum in CDC1,, if one assumes no shift in the

it
2
b
m

jomst
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spectrum, simulation can be obtained simply by changing p@, from
~7.16 ppm to ~7.23 ppm. This simulation is shown in Fig. 23. It
is not known whether this change is due to a concentration effect,
a temperature effect, or a solvent effect (CDCl3 vs. decalin).

It could be that the difference is connected with the fcrmation of
the blue-green color because a more planar configuration would
cause a downfield shift of the protons in the hindered position
(still magnetically equivalent). This would be analagous to the
downfield peak position of the hindered protoms in bifluorenyiidens
(Fig. 8-A) but these are shifted ten times as far,45 This is
consistent with the more planar geometry which bifluorenylidens
exhibits in the crystalline state where the angle betwesen the
middle rings is only 10° whereas in 10,10'~bixanthenylidene the
corresponding angle is nuch larger (400),15’40’41 Since the
bifluorenylidene is ved it has been suggested that it exists in a
"thermochromic form' as a solid and in solution and in fact it

] 25,27

s no thermochromic or photochromic properties.

M=
cr

axhib would

be interesting to see whether the MMR spectrum of bifluorenylidene
in solution is noticeably temperature dependent. Heating the
decalin sample of 10,10'-bixanthenylidene to a higher temperature
caused less resolved MMR lines due to broadening.

10,10'-Bixanthenylidene forms an orange solution in sulfuric
acid and in HF:SO2 soluticn. Quenching either of these acid

solutions on ice does not produce a colored form.

A mixture of hexabromobenzene and 10,10'-bixanthenylidene
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which melted reversibly purple at 277- 278°C did not give a resolved
NMR spectrum at 285°C but a single broad line.

Solid 10 10'~b1xapthenylidene did not exhibit an ESR signal.
After melting, the fused solid was crushed. The material gave a
single line ESR signal of 20 gauss total width and an NMﬁ spactrum
in CDBC1l, identical to that of the original compound.

1. DLpnﬁﬂv$metb7lenea1rHLone

The structural formula for this compound is shown in Fig. 7-A.

The NMR spectrum in CDCl3 is given in Fig. 24 and Fig. 25 (two

7idths). This spectrum is readily interpreted by assigning
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the downfield multiplet to the protons bonded on the positions
alpha to the carbonyl group. The remainder of the protons on the

three-fused ring system produce the upfield lines with the

o

intense lines which is due to the phenyl ring

)
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O
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exception of
protons. The phenyl ving protons show some splitting in Fig. 25
but they are comparatively eguivalent. This solution gave the same

. ] oo > .
MR spectrum at 113 C. o ESR signal was observed either before or

fter heating the sample or after exposing it to rocm light for
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obsarved and the limne width comparad well with the rocm temperature
spectrum in CDCL, of the same sweep width.
In decalin solution the NMR spectrum changed as shown in

Figs. 27 and 28 at 1007C and 180°C, respectively. The downfield
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mulitiplet for the alpha protons was observed in the same relative
position but is not shown. The obvious difference in these spectra
is the increase in splitting of the phenyl ring protons as the
temperature was increased; this phenomenon was reversible.
Diphenylmethyleneanthrone formed a green solution in sulfuric
acid due to an electronic absorption band at 6800A (1.82 ev).
An orange-red precipitate formed when the acid solution was
quenched in ice-water. Drying the sample in a vacvum dessicator
caused it to turn to a green-black color which reverted to the

orange color on exposing it to moist air for a few minutes. This

(]

procass could be repeated. The infra-red spectrum of this solid
which could be a colored acid-salt (4 >C—O0OH HSO&‘ ) did show
—l . . 5 \\ - -
a band at 1460 cm ~ characteristic of a saturated —->C—H bond.
Further investigations with this material should be pursued to
determine whether a saturated bridge structure has indeed formed.
J., Summary
This summary is a list of the important results obtainad.

The text can be consulted for the details of the experimental

51 . .
(1) MMR spectra of anthromne, anthraquinone, 10,107~

bianthronylidene, 1C,10'-bixanthenylidene, diphenylmethyleneanthrone,

10 , e e
and 10,107 -bianthranyl at ainbient temperature in LDCLB were

n
o

interpreted

{2) WNMR line broadening was obsarved for the spectra obtained by

CDC1l, solutions of 10,107 ~bianthronylidene and its dimethyl
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derivative, and by heating a decalin solution of 10,10'-
bixanthenylidene above 176°C.  Broad NMR lines were also observad
for the spectra obtained by melting mixtures of (a) 10,10'-
bianthronylidene and anthraquinone, and (b) 10,10'-bixanthenylidene

and hexabromcbenzene.

(3) Melted diphenylmethyleneanthrone gave no additional MMR signals
P : ¥ g :

and although the spectrum was nct well resolved, the line width was
comparable to that observed in the spectrum obtained at ambient

temperature in CDC1 The phenyl protons of

30

a heated decalin solution. The MMR spectra of 10,107-

bizanthenylidene obtained in CDCl3 at ambient temperature and in
. o, .

decalin at 176 C showed a slight difference.

(4) Sulfuric acid solutions of 10,10'-bianthronylidene, 2,7'-

dimethyl-10,10"-bianthronvlidene, and diphenylmethyleneanthrone

gave colored precipitates when quenched in ice water whereas the

acid solution of 10,10'-bixanthenylidene did not. 10,10'-
Bianthronylidene and its dimethyl derivative were regenerated

(=
vy

from the corresponding colored precipitate by simply dissolving
chloroform at ambient temperature. It is not known whether any

~

diphenylmethylensanthrone can be vegeneratad from its colore

-

-

cates

|-h

precinitete; an infra-red spectrum of the precipitate ind
hat saturated -ZC—H bonds are present. This red-orange
precipitate in an evacuated dessicator changed to a dark green

color {(the color of the acid solution) presumably because the sampl

Imethyleneanthrone showed increased splitting of NMR lines in
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was dried. FExposing it to air reproduced the red-orange color as
the material absorbed moisture.

(5) It was not possible to obtain an NMR spectrum in cold CDC13
of the colored precipitates formed on quenching the corresponding

. . ‘e . 51
acid solutions of 10,10'-biznthronylidene

and its dimethyl
derivative,

(6) Proton-deuterium exchange in DZSO4 was observed for the
methylene protons of anthrone. No exchange for any protons was
observed with anthraguinone, 10,10'-bianthronylidene, or

10,107 -bianthranyl.

(7) An unidentified sigral at ~1.23 ppm was observed in the MMR
spectra obtained when 10,10'-bianthronylidene in solution was
decomposed by ultra-violet light and when its dimethyl derivative
was regenerated after quenching tha acid solution in ice water.

{(8) Helianthrone was possibly formed when 10,10’-bianthronylidens
in solution was decomposad by ultra-violet light as indicated by the
is is known to occur as sﬁown by the
electronic absoxrption data.26 The dimethyl derivative of

resulting NMR spectrum. Th

helianthrone was possibly formed when 2,7'-dimethyl-10,10"~
bianthronylidene was melted and then refrozen (ved solid) as

indicated by the MMR spectrum of the red solid obtained in CDCL

5
(9) 10,10'~-Bianthronylidene formed some anthraquinone on a meutral
alumina column., The mixture melted reversibly green. Dimethyl-

10,10"-bianthronylidene did not decompose on a neutral alumina

- .. 1oz . . o,
column but its melting point was dncreased by 10°C.
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(10) The ESR spectrum of the hydrobianthrone radical was obtained
when a pyridine solution of 10,10'-bianthranyl was refluxed
producing 10,10'-bianthronylidene in the process. 1t seems that
this radical was always present in the 10,10"'-bianthronylidene and
the corresponding radical in the 2,7 '-dimethyl-10,10'-
bianthronylidene. An ESR signal was observed in the solid obtained
by first melting 10,10"-bixanthenylidene and then refreezing it.

- . . 4 . . 1
None was observed in a heated solution of 10,10'-bixanthenylidene.



XI. CONCLUS1ON

The Pariser-Parr-Pople method with configuration interaction
including singly excited and doubly excited states was used to
calculate the electronic spectra of a variety of molecules. It
was first applied to six hydrocarbons and four carbonyl compounds.

It was necessary to reduce the one-center integral on carbon (YCC)

to obtain good results for benzene, anthracene, naphthalene, and
trans—-stilbene. Relatively minor adjustments were made in parameters
for the other compounds. Good results were consequently abtained

for cis-stilbene, dihydrophenanthrene intermediate, anthraquinone,
and p-benzoquinone. Improved results over the MCI procedure were
also obtained for p-naphthaquinone, however, the results for anthrone
were puzzling.

Calculations of electrenic spectra of some thermochromic
ethylenes and structures found in such systems produced interesting
results. A‘single saturated bridge structufe was shown to ba a
probable form causing the vivid colors which are characteristic of
the photochemistry. It is believed that the color formed by other
means such as heating solutions is due to the same chemical species.

The bridged structure shown for 10,10"'-bianthronylidene in
Fig. 5-B would be expected to have a diffevent electronic charge
distribution as a result of the bridge in comparison to the normal
form of the molecule (Fig. 5--A). The calculations did show a
noticeable change in charge densities for the carbon atoms numbeared

1 and 3. The bridged structure was calculated to have 0.048 and
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0.021 units of negative charge less in thase respective positions
than the normal form. The charge densities at positions 8 (8') and
1 (1") were not identical. Neither were those at positions 7 (77)
and 2 (2%), or at positions 6 (6') and 3 (3') on the outer rings of
the bridged structure. The charge density at position 5 (5') was
different from the others. No results were given by the calculation
for position 4 or 4', since, when the bridge forms, these carbon
atoms are no longer in the pi-system.

The protons bonded to the carbon atoms which have different
charge densities would be magneti;ally inequivalent resulting in a
complex NMR spectrum with much hyperfine structure. The splitting
of NMR resonance lines as the bridged structure formed from the
ground state of the molecule could be at least partially causing
the NMR line broadening observed in various samples studied
experimentally. Paramagnetism can also contribute to NMR lines

being unresolved. Xortum and Koch have shown that the thermochromism

o]

and paramagnetism observed in solution are independeut of each

The intense colors of sulfuric acid solutions were explained
theoretically with 2 simple monoprotonated structure and the
protonated bridge stvucture was ruled out. Since the colored form
was produced on quanching the sulfuric acid solution on ice, the

bridge must form during this process. If the bridged form were the

a1

predominant form causing the color in acid, the bridge protons would

have appeared in the NMR spectrum of the deuteriated acid solution
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as in the case of 10,i07~bianthranyl. The bridge protons would not
have been observed if they exchanged with deuterium as in the case
of the methylene protons of anthrone. No deuterium exchang
observed in the 10,10"-bianthronylidene which was regenerated from
DZSO4 by quenching the solution in cold ﬁzﬂ, Resonance lines of

the bridge protons could have been severely broadened by paramagnetic

molecules, however, paramagnetism did not increase and/or was not

produced in acid solution.



TABLE T.

BENZENE CALCULATICNS; MONO-LEXCITED CI

Exp.44 Calculated
Symmetry Energy .(ev) Symmatry Energy (ev):; MCI = 9

Boy 4.89 “Boy 4.92 £.77 4,92
By, or E2g 6.14 By 6.21 6.06 5.88
Eiy 6.75 Elu 7.04 6.88 6.67

Log 8.53 8.30 8.38
Yee (ev) 11.13 11.08 9.40
Boo (ev) 2.395 2.319 2.405

ref. 43 21 48

€8



TABLE IT. BENZENE CALCULATIONS; DOUBLY EXCITED CI

Excitation Energies (ev)
Symmetry MCL = 9; DCI = 45 MCI = 9; DCIL = 22
1 2 3 4 5 6 7 8
B2u 4.15 4.18 4.63 4.57 4,78 4.94 4.03 4.57
By, 7.15 6.91 7.28 | 6.47 | 6.20 | 6.15 6.49 6.16
Eqy 7.47 7.26 7.67 6.94 6.71 6.67 7.42 6.96
EZg 6.75 6.77 7.45 7.26 7.54 7.76 6.83 7.38
Yee (ev) 11.13 10.60 10.60 9.00 7.90 7.40 11.13 9.00
Boo (ev) 2.395 2.388 2.610 2.50 2.55 2.60 2,395 2.50
-G* (ev) 1.145 1.239 1.141 0.74 0.50 0.40 0.71 0.40

" denotes ground state (Alg) depression




TABLE III.

NAPHTEALENE CALCULATIONS; MONO-EXCITED CI

Calculated Excitation Energies

Exp.1? MCI = 25 MCI = 15
(ev) -~ f* (ev) -~ f =~ transition (ev) - transition (ev) - transition
3.97 (0.002) 4.15  (0) 1 4.02 1 4.25 1
4,29 (0.18) 4.49  (0.25) 2 4.38 2 4.51 2
5.63 (1.70) 5.81 (2.05) 3 5.68 3 5.81 3
6.51 (0.20) 6.47 (0.60) 7 6.31 7 6.48 7
7.41  (0.6) 8.08 (0.99) 13 7.87 13 8.09 12
Yeoe (ev) 11.13 11.08 11.13
“Boc (ev) .2.395 2.319 2.395

" oscillator strength

G3



TARBLE IV. ANTHRACENE CALCULATIONS; MONO-EXCITED CI

Calculated Excitation Energies
fxp .+ MCI = 49 MCI = 15
(ev) {ev) - f* -~ transition (ev) - transition (ev) - transition
3.48 3.47 (0.390) 1 3.40 1 3.54
4.89s 5.0 (2.81) 6 4.97 6 5.15
5.64 6. 1! (0.002) 8 5.96 3 6.12
6.3 (0.27) 11 6.16 11 6.41
Yoo (€V) 11.13 11.08 11.13
B (ev) 2.395 2,319 2,395

1.
® oscillator
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TABLE V. NAPHTHALENE CALCULATIONS; DOUBLY EXCITED CI

MCI=19;DCI=60

MCI=25;DCI=54

e te
W

(ev) - £ ~ tr (ev) -~ tr| (ev) - £ ~ tr (ev) - £ - tx (ev) - £ - tr (ev) = tr
4,01 (0) 1] 4.20 1] 4.28 (0) 1 ] 4.30 (0.23) 1 | 4.18 (0) 11 4.19 1
4.91 (0.15) 2 4,52 21 4.35 (0.21) 2 4.36 (0) 2 4.43 (0.19) 2 4,48 2
6.10 (1.45) 5 | 5.78 415.62 (1.57) 3 | 5.59 (1.60) 3 | 5.78 (1.52) 4| 5.79 4
7.14 (0.31) 10 6.69 81 6.4% (0.40) 7 6.46 (0.41) 7 6.37 (0.37) 7 6.40 7
8.63 (0.89) 15 | 8.23 15| 8.05 (0.77)15 | 8.05 (0.76)15 | 8.20 (0.73)15 | 8.20 15
Yoo (€V) 11.13 9.00 7.90 7.40 9.00 9.00
“Bae (ev) 2.395 2,50 2.55 2.60 2.50 2.50
~G** (ev) 0.75 0.43 0.21 0.26 0.44 0.44

" oscillator strength
“* ground state depressicn

l . . 1
i transiticn number

L8



TABLE VI. ANTHRACENE CALCULATIONS; DCUBLY EXCITED CL

MCI = 15; DCI = 39 MCI=28; DCI=51 MCI=21; DCI=58

(ev) - £7 - ert (ev) — £ - tr |(ev) = tr |(ev) - tr |(ev) = £ - tr | (ev) - f - «tr

3.68 (0) 1 3.44 (0.24) 1 |3.28 11(3.23 1 (3.64 (0) 1 3.40 (0.19) 1

3.78 (0.20) 2 5.08 (2.09) 6 [4.96 6 {4.95 6 {3.73 (0.20) 2 5.07 (1.18) 6

5.30 (1.98) 5 6.16 (0.02) 10 |5.95 9 15.92 9 {5.29 (2.02) 6 6.16 (0.01) 11

6.59 (0.02) 10 6.48 (C.08) 12 6.35 12 16.35 12 |6.57 (0.02) 12 6.29 (0.08) 12
Yee (ev) 11.13 9.00 7.90 7.40 11.13 9.00
“Bee (eV) 2.395 2.50 2.55 2.60 2.395 2.50
% (ev)| 0.54 0.33 0.24 0.20 0.54 0.32

" oscillator strength
ground state depression

i transition number

88



VII. STILBENE CALCULATIONS

MCI = 49 MCI=21; DCI=58 MCI = 15; DCI = 39

(ev) - f* - tr# (ev) - £ - tr (ev) - £ - tx (ev) - tr (ev) - tr (ev) - tr
o 4.29 (1.19) ‘l 4.28 (1.03) 1 4.28 (1.04) 1 4.55 1 4.16 1 4,13 1
% 4.57 (0) 2 4.65 (0) 2 4.78 (0) 2 4,78 2 4.78 2 4,84 2
i 4,58 (0) 3 5.71 (0.51) 5 5.75 (0.61) 6 6.02 5 5.61 5 5.60 5
4.09 (0.43) 1 4.09 (0.36) 1 , 4.10 (0.37) 1 4.35 1 3.99 1 3.97 1
Eé 4.49 (0) 2 4.57 (0) 2 | 4.73 (0) 2 4.70 2 4. 74 2 4,79 2
4.55 (0) 3 5.40 (0.55) 4 5.50 (0.56) 5 5.75 5 | 5.37 4 5.36 4

Yee (ev) 11.13 9.00 9.00 11.13 7.90 7.40

-G** (ev) - 0.15 0.15 0.26 0.10 0.09

* oscillator strength

» 1 lowest singlet transition 4.4ev33

" ground state depression (CIS) 336
2 lowest singlet transition 3.9-4.2ev” "7

44 PR 4
T transition number

68




TABLE VIII. DIHYDROPHENANTHRENE CALCULATIONS
Exp. 35 MCI = 36 MCI = 36 MCI=21; DCI=58 | MCI=26; DCI=53 |MCI=33; DCI=46
(ev) (ev) - £% - et (ew) - f - tr (ev) - f - tr (ev) = f - tr (ev) ~ tr
2.7 2.23 (0.55) 1 2.01 (0.52) 1 1.95 (0) 1 2.03 (0) 1 2.03 1
2.96 (0) 2 2.94 (0) 2 2.77 (0) 2 2.41 (0.35) 2 2.43 2
3.97 (0) 3 3.88 (1.05) 3 2.90 (0.32) 3 2.98 (0) 3 3.04 3
4.15 (1.08) 4 3.98 (0) 4 3.90 (0) 4 3.72 (0) 4 3.73 4
YCC(QV) 11.13 9.00 11.13 9.00 9.00
-G** (ev) - - 1.069 0.67 .67
* oscillator strength

Ja 2

" ground state depression-

/] 0 .
# transition number

06



TABLE IX.

_Pp~BENZOQUINONE CALCULATIONS

1 2 3 4 58 6
Exp.lz MCI = 16 MCI =.16; MCI=16; MCI = 16; MCI = 16 © MCI = 16;
DCI = 38 DCI=38 DCI = 63 DCI = 43 DCI = 63
(ev) (ev) - £* (ev) ~ £ (ev) (ev) - £ (ev) - f‘ (ev) - £
4.28s 4.49 (0) 4,79 (0) 4.37 4.62 (0) 4.20 (0) 3.63 (0)
5.07vs 5.16 (0.85) 5.50 (0) 4.43 4.74 (0) 4.30 (0) 4.14 (0)
7.09 (0) 5.74 (0.,60) 5.23 5.35 (0.43) 5.03 (0.76 4.49 (0.41)
Yee (ev) 11.13 11.13 11.13 11.13 11.13 11.13
Beo (eV) 3.145 3.145 2.60 2.60 2.60 2.30
-G (ev) - 1.00 1.09 1.51 0.96 1.25

“ oscillator strength

ground state depression

cut off at 15.0 ev

T6



TABLE IX.

p-BENZCQUINONE CALCULATIONS (cont.)

7 8 9 108 11 12
MCI = 16 1C1=16 UCI=16; MCI=16; MCI=16 MCI=16;
DCI = 3¢ DCI=63 DCI=63 DCI=50 DCI=38 DCI=38
(ev) ~ £ (ev) (ev) (ev) (ev) (ev)
3.88 (0) 4.00 3.81 3.68 3.67 3.58
4.39 (0) 4.60 4.53 4.38 4.43 4,49
5.13 (0.68) 5.15 5.06 5.05 5.11 5.12
Yoo (eW) 9.00 9.00 9.00 9.00 7.90 7.40
~Bop (V) 2.60 2.60 2.50 2.50 2.60 2.60
-G** (ev) 1.02 1.26 1.30 1.13 1.00 1.02

A

oscillater strength

* ground state depression

cut off at 15.0 ev



TABLE X.

ANTHRAQUINONE CALCULATIONS

Exp.12 MCI = 64 MCI=15; DCI=39 MCI=21; DCI=58 MCI=28; DCI=51
(ev) (ev) - f* -t (ev) - £ - tr (ev) - £ - «tr (ev) = £ - tr
3.80ms 4,29 (0.1%x) 1 3.92 (0) 1 3.96 (0) 1 3.90 (0) 1
4.53s 4.38 (0) 2 4.03 (0.25%x) 2 4.12 (0.23x) 2 4.10 (0.24x%) 2
4.70s 4.42 (0) 3 4.17 (0) 3 4.29 (0) 3 4.21 (0) 3
4.98s 4.94 (0.47y) 4 4.70 (0.54y) 4 4.55 (0.50y) 4 4.53 (0.49y) 4
5.44 (0.92x) 5 5.57 (0.94x) 5 5.54 (0.68x%) 6 5.54 (0.69x) 7

Yee (ev) 11.13 11.13 11.13 11.13

~8. (ev) 3.12 2.30 2.30 2.30

~G** (ev) - 0.29 0.41 0.39

" oscillator strength

|
i transition number

ground state depression

€6



TABLE X.

ANTHRAQUINONE CALCULATIONS (cont.)

MCI=36; DCI=43 MCI=28; DCI=51 MCI=36; DCI=43 MCI=28; DCI=51

(ev) - £ - tr# (ev) = £ - tr (ev) - £ - tr (ev) - f = ¢r

3.81 (0) 1 3.71 (0.20x) 1 3.72 (0.22x%) 1 3.75 (0) 1

4.01 (0.23%) 2 3.93 (0) 2 3.78 (0) 2 4.23 (0.22%) 2

4.07 (0) 3 4.06 (0) 3 3.98 (0) 3 4.30 (0) 3

L.68 (0.47y) 4 4.61 (0.50y) & 4.50 (0.47y) 4 4.4 (0.51y) 4

5.41 (0.71x) 6 5.34 {0.62x%) 5 5.24 (0.67x) 5 5.53 (0.68x) 8§
Yoo (8V) 11.13 11.13 11.13 9.00
2oy (e) 2.30 2. 30" 2.20% 2.30
6™ (ew) 06.30 0.24 0.19 0.38

" oscillator strength N
i 8W, = -7.00 ev
" ground state depression

4 . .
T transition number

76



TABLE XI.

Pp-NAPHTHAQUINONE CALCULATIONS

Exp. 2 MCI = 36 MCI=15; DCI=39 | MCI=15; DCI=39 | MCI=15; DCI=39 | MCI=26; DCI=53
(ev) (ev) - £ {ev) - f (ev) - f (ev) - f (ev) - £
3.71s 4.28 (0.008y) | 4.39 (0.057x) | 4.20 (0.060x) | 3.78 (0.053x) | 3.64 (0.063x)
4.80- 4.24  (0.099x) | 4.60 (0.020y) | 4.41 (0.018y) | 4.08 (0.023y) | 3.87 (0.00ly)
5.00vs 4.95 (0.64y) 5.43  (0.52y) 5.16 (0.54y) 4.59  (0.53y) 4.54  (0.52y)
5.42  (0.20x) 5.94  (0.16%) 5.80 (0.16%) 5.02  (0.045x) | 4.97 (0.049%)
Yoo (eV) 11.13 11.13 11.13 11.13 11.13
~Boo (V) 3.12 3.12 2.81 2.30 2.308
~G" (ev) - 0.60 0.59 0.61 0.61

oo

" oscillator strength

“* ground state depression

Bsw, = -7.00 ev



TABLE XII.

ANTHRONE CALCULATIONS

Fxp. 0 MCI = 49 MCI=15; DCI=39 | MCI=15; DCI=39 | MCI=28; DCI=51 | MCI=28; DCI=51
(ev) (ev) - § (ev) - 1 (ev) =~ f (ev) - £ (ev) - £
4.00s 4.67  (0.026x%) 4.96 (0.04%%) 4,74 (0.082x) 4.57 (0.27x) 4,61 (0.23%)
5.00vs 4&.67 (0.011y) 5.14  (0.001y) 4.82  (Oy) 4.66 (0.012y) 4,70 (0.012y)
5.08 (0.47x%) 5.35  (0.44%) 4,96  (0.43x) 4,72  (0.18x) 4.77  (0.22x)
5.40 (0.18y) 5.78 {0.22y) 5.00 (0.25y) 5.17 (0.22y) 5.23 (0.21y)
Yee (ev) 11.13 11.13 11.13 11.13 11.13
By (eV) 3.12 3.12 2.30 2.20% 2.308
~C*F (av) - 0.33 0.33 0.34 0.34

“ oscillator strength

** ground state depression

AW, = ~7.00 ev

96



TABLE XIII. 10,10'-BIANTHRONYLIDENE CALCULATIONS

Compound Bridged

Exp.26’28 MCL = 66 MCI = 28; DCI = 51 MCI = 66 MCI = 28; DCI = 51
(ev) (ev) - f£% - trif (ev) - f ~ «tr (ev) - f =~ tr (ev) - £ - tr
3.24 3.20 (0.80) 1 3.09 {0.72) 1 2.00 {(0.29) 1 1.68 (0.03) 1
4,24 (0.19) 3 4,12 (0.26) 4 2.42 (0.17) 2 2.13 (0.16) 2

4. 31 4. 34 (0.18) 5 4,19 (0.28) 5 3.23 (0.99) 3 3.16 (0.14) 3
4. 84 4.74 (0.35) ) 4.35 (0.15) 7 3.43 (0.21) 4 3.30 (0.37) 4
5.12 (0.06) 12 4.64 (0.14) 9 3.82 (0.19) 5 3.37 (6.08) 5

5.33 (1.05) 14 5.25 (0.06) 12 3.96 (0.13) 7 3.56 (0.01) 6

5.59 (0.02) 15 5.51 (0.32) 16 4.34 (0.23) 10 3.93 (0.32) 7

5.70 (1.11) 18 5.51 (0.12 17 4.36 (0.24) 11 4.07 (0.06) 10

5.70 (0.01) 19 5.54 (1.33) 19 447 (0.26) 12 4,12 (0.37) 11

* cscillator strength

# transition number

L6




TARLE ¥iV. 10,10'-BIXANTHENYLIDENE CALCULATIONS
Compound Bridged
MCL = 45 MCI = 28; DCI = 51 MCI MCI = 28; DCIL
(ev) -~ % -~ tr# (ev) - tr (ev) tr (ev)
3.31 (0.64) 1 3.46 .56) 1 2.09 (0 1 1.89 (0.
4.56 (0.04) 2 4. 60 .02) 3 2.69 (0. 2 2.44 (0.
4.67 (0.17) 7 4.61 L13) 4 3.45 (1. 3 3.04 (0.
5.13 (0.53) 9 4.69 .01) 7 3.79 (0. 4 3.69 (0.
5.16 (0.46) 10 5.14 .63) 9 3.97 (0. 5 3.90 (0.
5.39 (0.50) 13 5.21 .48) 11 4.20 (0. 6 4.13 (0.
4.31 (0. 8 4.25 (0.
* oscillator strength
4.54 (0. 10 4 .49 (0.
# transition number :
4,59 (0. 11 4,77 (0.
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TABLE XV.

DIPHENYLMETHYLENEANTHRONE CALCULATIONS

Compound Bridged
Exp. MCI = 66 MCI = 28; DCI = 51 MCI = 66 MCIL = 23; DCI = 51
(ev) (ev) - f£* =~ tr# (ev) - £ - tr (ev) - f - tr (ev) - - tr
3.42 2.96  (0.70) 1 2.98  (0.60) 1 2.15  (0.23) 1 1.81  (0.04) 1
4.43 4.17 (0.06) 3 3.73 (0.10) 2 2.81 (0.11) 2 2.49 (0.13) 2
4,86 4,51  (0.15) 7 4.03  (0.16) 3 3.28  (1.10) 3 3.10  (0.29) '3
4.54  (0.23) 8 4.33  (0.06) 5 3.89  (0.07) 4 3.56  (0.43) 5
4.73  (0.12) 9 4.40  (0.14) 6 3.91  (0.43) 5 3.81  (0.09) 6
4,91 (0.34) 10 4.47  (0.02) | 7 4,02 (0.11) ‘6 4.09 (0.07) 8
5.11 (0.28) 12 |} 4.78  (0.20) 9 4,12 (0.04) 7 4,28  (0.68) 9
5.13 (0.74) 13 4.94  (0.03) 10 4,28  (0.36) 9 ‘4.51 (0.07) 10
5.15  (0.03) 14 5.04  (0.25) 11 4.43  (0.08) 10 4.65 (0.15) 12

* oscillator strength

# transition number

66



TABLE XVI. BIFLUORENYLIDENE CALCULATIONS

Compound Bridged
Ty . 0 MCT = 45 MCI = 28; DCT = 51 MCT = 45
(ev) (ev) - f£% =~ tri (ev) - £ - tr (ev) - £ - tr
2.43 2.86 (0.99) 1 2.96 (0.79) 1 2.21 (0.31) 1
3.08 (0.07) 3 2.99 (0.03) 3 2.57 (0.12) 2
4.01 (0.13) 4 3.90 (0.15) 5 3.12 (0.17) 3
4,51 (0.09) 7 4.50 (0.02) 7 3.33 (0.03) 4
4,99  (0.33) 9 4,89 (0.03) 10 3.44 {(1.11) 5
5.14 (0.41) 11 5.20 (0.37) 12 3.86 (0.19) 6
4.19 (0.07) 8
* ogcillator strength
4.51 (0.05) 10
# transition number
4,52 (0.52) 11

00T



TABLE XVII. HELIANTHRONE CALCULATIONS

Compound®#* _ Bridged

MCI = 45 MCI = 28; DCI = 51 MCI = 45 MCI = 28; DCI = 51
(ev) == f£*% ~ tr# (ev) - £ - tr (ev) - f - tr (ev) - f - «tr
3.21 (0.85) 1 3.12 (0.75) 1 2.01 (0.29) 1 1.63 (0.04) 1
3.66 (0.16) 2 3.46 (0.11) 2 2.44 (0.23) 2 2.11 (0.17) 2
4.12 (0.19) 3 3.77 (0.21) 3 3.27 (1.07) 3 3.10 (0.15) 3
4.34  (0.11) 6 4.05 (0.06) 4 3.33 (0.17) 4 3.30 (0.51) 4
L.46  (0.06) 7 4,10 (0.12) 5 3.64 (0.07) 5 3.72 (0.07) 7
4,71 (0.08) 8 4.16 (0.02) 6 3.86 (0.05) 7 3.94  (0.56) 9
4.88 (0.78) 10 4.64 (0.07) 8 4.00 (0.51) 8 4.00 (0.09) 10
5.13 (0.42) 12 4.73 (0.28) 10 4.32  (0.05) 10 4.27 (0.06) 11
5.16 (0.18) 13 5.01 (0.38) 11 4,49 (0.24) 12 4,37 (0.12) 12
% oscillator strength =~ *% lowest singlet transition 2.79 ev26

# transiticn number

10T




TABLE XVIIIL.

DIHYDROBIANTHRONE, DIHYDROHELIANTHRONE, AND MESONAPHTHOBIANTHRONE CALCULATIONS

Dihydrobianthrone Dihydrohelianthrone Mesonaphthobianthronel
MCI = 45 MCI=28; DCI=51 MCI = 45 MCI=28; DCI=51 MCI = 45 MCI=28; DCI=51
(ev) — f£* — trf (ev) = f - tr (ev) = £ - tr {ev) = £ - tr (ev) - £ - tr {ev) - £ - tr
1.99 (1.19) 1 2.00(0) 1 112.00(1.16) 1 | 1.97(0) 1 [(3.48(0.87) 1 3.34(0.86) 1
3.34 (0.05) 3 2.49(0.66) 2 [13.34(0.05) 4 | 2.46(0.66) 2 3.56(0.26) 2 3.39(0.33) 2
3.74 (0.04) .7 3.56(0.02) 4 }13.48(0.02) 6 | 3.56(0.01) 4 |{}4.68(1.37) 8 4.18(0.02) 6
4,18 (0.23) 11 3.90(0.01) 6 3.57(0.01) 7 | 4.06(0.01) 8 }]4.82(0.13) 9 4.68(0.89) 9
4,41 (0.01) 12 4.40(0.27) 12 |14.17(0.06) 10 | 4.46(0.83) 12 |{5.14(1.02) 12 4.86(0.21) 11
4,42 (1.73) 13 4.54(0.75) 13 [{4.40(1.92) 11 | 4.75(0.01) 13 |{5.30(0.07) 13 5.19(0.19) 13
4.80 (0.02) 16 4.67(0.01) 14 |{4.58(C.10) 13 | 5.07(0.44) 17 |[5.31(0.73) 14 5.19(0.18) 14
% oscillator strength 1 lowest singlet transition 3.04 ev26
# transition number

0T



TABLE XIX. DOUBLLE BRIDGE STRUCTURE OF 10,10'-BIANTHRONYLIDENE

MCI = 45 MCI = 28; DCI = 51
(ev) - f£% - «tr# (ev) - £ -~ tr
1.04 (0.49) 1 1.03 (0) o1
1.30 (0) 2 1.25 (0) 2
1.63 (0.19) 3 1.45 (0.07) 3
1.91 (0) 4 2.25 (0.02) 4
2.60 (0.47) 5 2.77 (0.01) 5
2.84 (0.34) 7 3.04 (0.73) 9
2.85 (0.95) 8 3.54 (0.02) 10
3.72 (0.04) 11 3.61 (0.14) 11
4,08 (0.02) 14 '3.87 (0.29) 13
4.40 (0.20) 16 : 3.93 (0.02) 14
4.56  (1.36) 18 4,14  (0.01) 16

" oscillator strength

i

transition number

€0T



TABLE ¥X.

PROTONATED COMPOUNDS

1. 2. 3.

MCI = 45 MCI=28; DCI=51 MCI = 45 MCI = 45 MCI=28; DCI=51
(ev) - £7 - et " (ev) - f ~ tr (ev) - £ - tr (ev) - £ - tr (ev) - £ - tr
2.18 (0.61) 1 2.07 (0.63) 1 2.07 (0.57) 1 2.13 (0.64) 1 1.98 (0.56) 1
3.02 (0.01) 2 2.59 (0.03) 2 2.79 (0.01) 3 3.17 (0.02) 2 2.91 (0.15) 2
3.09 (0.02) 3 2.73 (0.01) 3 2.99 (0.73) 5 3.32 (0.15) 3 3.02 (0.01) 4
‘3.17 (0.24) 5 2.80 (0.11) 4 4.11 (0.42) 10 3.33 (0.41) 4 3.14 (0.01) 5
3.24 (0.39) 6 3.10 (0.12) 5 4.16 (0.44) 11 3.35 (0.05) 5 3.16 (0.17) 6
3.71 (0.03) 7 3.22 (0.35) 6 4,21 (G.45) 13 3.36 (0.14) 6 3.31 (0.23) 7
4.05 (0.10) 8 3.46 (0.05) 7 4.27 (0.01) 14 3.84 (0.03) 7 4.06 (0.04) 8
4.58 (0.22) 9 3.91 (0.06) 8 4.71 (0.01) 15 3.97 (0.01) 8 4,69 (0.02) 11
4.64 (0.10) 10 4,35 (0.18) 9 5.13 (0.01) 16 4.60 (0.15) 9 4.73 (0.09) 12
4.76 (0.02) 12 4.66 (0.15) 12 5.22 (0.08) 18 4.74 (0.31) 10 4.75 (0.41) 13
1. Monoprotonated 10,10'-Bianthronylidene .

" oscillator strength
2, Diprotonated 10,10'-Bianthronylidene
- # transition number
3.

Monoprotonated Diphenyimethyleneanthrone
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TABLE XXI. PROTONATED BRIDGE STRUCTURES

1. 2,

MCI = 45 MCI = 28; DCI = 51 MCI = 28; DCI 51
(ev) -~ f% -~ tri (ev) =~ f =~ tx (ev) f - tr
0.91  (0.06) 1 0.54 (0.04) 1 0.45 (0.04) 1
2,24 (0.26) 2 ~1.80  (0.07) 2 1.93  (0.03) 2
2.40  {0.41) 3 2.24  (0.02) 3 2.35 (0.41) 3
3.00  (0.20) 4 2.30  (0.43) 4 2.41  (0.12) 4
3.11  (0.08) 6 2.71  (0.09) 6 2.91  (0.06) 6
3.23  (0.21) 7 2.92  (0.08) 7 3.08  (0.02) 7
3.50  (0.28) 8 3.06 (0.05) 8 3.45 (0.25) 9
3.62 (0.35) 9 3.33  (0.28) 9 3.61 (0.06) 10
3.82  (0.13) 11 3.50 (0.03) 10 3.74  (0.07) 11
3.94  (C.39) 12 3;68 (0.16) 12 3.98  (0.02) 12
4.346  (0.48) 13 4.18  (0.54) 16 4.08  (0.49) 13
1. Protcnated 10,10'-Bianthronylidene Bridge * oscillator strength

Protonated Diphenylmethyleneanthrone Bridge

# transition number

SOT



TABLE XXIT.

BOND RESONANCE INTEGRAL VALUES (ev)

C-C Bond Yee values determine the set of B's used

Distance
A 11.13 ev 9.00 ev 7.90 ev 7.40 ev
1.478 ~2.047 -2.14 ~-2.138 -2.22
1.477 ~2.057 -2.15 ~-2.19 -2.23
1.45 -2.173 -2.27 -2.31 -2.36
1.40 -2.376 - - -
1.395 -2.395% -2.50% -2.55% ~2.60%
1.39 -2.405 -2.51 -2.56 -2.¢61
1.38 -2.463 ~2.57 -2.62 -2.67
1.33 -2.675 -2.79 ~2.85 -2.90
1.31 ~2.801 -2.92 -2.98 -3.04

all other values proportional to

pi-bond overlap(s)53
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Figure 6.

10,10"~-Bixanthenylidene Structures.
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Figure 7.

Diphenylmethyleneanthrone Structures.
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Figure 10. 10,10'-Bianthranyl and 10,10'-Bianthranyl Radical.
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Figure 11. Dihydrobianthrone and Dihydrobianthrone Radical.
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ELECTRONIC STRUCTURE OF PI-ELECTRON

MOLECULES: HYDROCARBONS, QUINONES,

THERMOCHROMIC ETHYLENES (NMMR, ESR).
by
Peter Jeremy Schultz
(ABSTRACT)

The Pariser-Parr-Pople (PPP) method with configuration
interaction including singly and doubly excited states (DCI) was
used to calculate the electronic spectra of a variety of conjugated
compounds. This method (PPP) of computing electronic wave functions
has proven to be quite helpful in interpreting experimental data
obtained from electronic absorption spectra. The wave functions of
each molecule were assumed to meet the conditions of ‘sigma-pi
separability. Only the pi-electrons of carbon (or hetero) atoms were
explicitly teken into consideration.

The configuration interaction procedure commonly includes

nteractions among singly excited configurations (MCI). The number

e

of states increases formidably on including the doubly excited

states, Cenerally it was impossible to include all the

configurations. Several molecules with known electronic absorption
spectra were analyzed to halp determine how many cenfigurations are
needed and how they should be distributed betwean singly and doubly
excited states. Consistently veasonable resulis were obtainad when

otal number cf configurations was 80. A desirable combination

(w3
e
m

it

of states was found to be about a 1:1 ratio of singly excited to



doubly excited states; furthermore, it was determined that
configurations with more than 11.0 ev excitation energy do not have
to be included.

Six hydrocarbons and four carbonyl compounds were treated.
Agreement with experiment for benzene, napthalene, anthracene, aad
trans-stilbene required an unusually low value for the one-center
repulsion integral omn carbon. The results for a series of p-quinones
indicated that the inclusion of doubly excited states can
substantially improve predictions when heteroatoms are present,
Relatively wminor changes in parameters were necessary in order to
obtain reasomable agreement with experiment for p-benzoquinone,
anthraquinone, p-naphthaquinone, benzophenone, cis-stilbene and
dihydrophenanthrene intermediate.

The compounds 10,10'-bianthronylidene, 10,10'-bixanthenylidene,
and diphenylmethyleneanthrone which are thermochromic ethylenes
were also treated. The interest in these compounds is as vivid as
the colors they produce upon treatment by a variety of experimental
procedures. Results were also obtzined for a number of

structures known to pertain to these systems. Which of the two

configuration interaction procedures (MCI or DCI) was the better
method for studying these large molecules was not established.
Qualitatively, the results obtained b? each procedure were the
same., The calculations indicated that a single saturated bridge
structure which is a valence isomer of the normal form was a

probable structure for the colored form of a thermochromic



ethylene. The intense colors of sulfuric acid solutions were
explained theoretically with a simple mounoprotonated structure.
Magnetic resonance studies (NMR, ESR) were pursued to further
investigate the thermochromic ethylenes. The studies involving
acid solutions of the various compounds were particularly fruitful.
The ESR spectrum of the hydrobianthrone radical was obtained when a
pyridine solutioun of 10,10'-bianthranyl was refluxed. The
formation of the bridge bond on the valence isomer of the ground
"state of 10,10'-bianthronylidene was predicted to occur in the

process of quenching a conc. sulfuric acid solution on ice.
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