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VI. TNTRODUCTION 

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

to the calculation of ground and excited state properties of 

le] t.-7 53 hydrocarbons with pi-·electron systems. ' 'T ' The extension to 

molecules containing heteroatoms has received increasing 

attention. 17 , 43 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, 

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

in predicting a number of properties, e.g., charge distributions, 

ionization potentials, and pi-electron excitation energies for 

substituted benzene compounds. 48 However the method has failed 

seriously ·when widely differing molecules were considered~ e.g.,· 

the pi-electron excitation energies of conjugated carbonyl 

compounds were uniformly too high. 12 

Inherent within the method is the use of configuration 

interaction (CI) in representing the electronic states of a 

particular molecule. Basically, the CI treatment is a means 

introducing electron correlation into the molecular orbital 

. .c 
OL 

wavefunction. The importance of configuration interaction has 

been reviewed and further studied by Allinger and Stuart. 2 

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 

1 
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since the n:athematical 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. For example, 45 doubly excited 

states are included for a six pi·-electron system such as benzene 

uhereas only nine singly excited states are possible. In the 

present ~ark molecules with from 10 to 30 pi-electrons (e.g., 

naphthalene and 10,10 1 -bianthronylidene, respectively) were 

studied using singly and doubly excited states and it was impossible 

to include all of the configurations. Consequently several 

molecules with kno-;m electronic absorption spectra were analyzed to 

help determine how many configurations are needed and how they 

should be distributed between the singly and doubly excited states. 

This was necessary in order to confidently predict spectra Hhich 

are not known experimentally or to gain information about observed 

absorption bands T.'7hos2 assigmr.ents are in doubt. A CI matrix with 

80 total configurations of excitation energies up to 11.0 ev, 

one·-half of theill representing each ty;;ie, was found to be satisfac.:tory. 

Re;:iorts of calculations involving doubly excited states have 

concentra.ted on their effects but have not studied the method 

particularly frorn ti12. standpoint of fitting calculated results 

to experiment, e.g., in the case 29 30 of benzene. ' Good results 

have been obtained for benzene, naphthalene, and anthracene with 

the PPP method ~~en only singly excited states were usect. 43 

These compounds were studied with the extended CI procedure to 
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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 

. ~ d b 1 d . . h . 46 is roun to e t 1e groun state in agreement wit. experiment. 

The calculation including only singly excited configurations 

46 produced a triplet ground state. 

(2) Improved coincidence between the theoretical and observed 

values for the transition energies and transition moments of 

pyridine, phenol, aniline, pyrrole, and furan was obtained by 

Hirota and Nagakura. 17 After selecting optimized values for the 

parameters employed. in the PPP method, they made comparisons 

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 

. . h 17 containing eteroatoms. 

(3) The character of the singlet spectrum of benzene changed 

significantly on including higher excited configurations. 29 

(4) Allinger and Stuart reported that it is not necessary to 
7 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 

affecting the resulting transition ern.:rgies by more than 0. 2 ev. 
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This '>rnuld still require a large number of doubly excited 

configurations (e.g., over 200 for naphthalene) which presents 

a grave problem even for the large, high-speed computer. 2 

The interest in extended CI calculations arose from our 

studies of thermochrooic ethylenes. The compolmd which h2s 

received the most attention is 10,10 1 -bianthronylidene which is 

shown below. 

)fo:~t of th';; :structures studies are sho>.m in "Figures 3-11 

(pgs. 109 117 ) , Significa.nt relationships bet'>Teen t~1e.:n will be 

pointed out and they are referred to frequently throughout the text. 

(?:Lg. 6--A), and diph2ny1methyleneanthr.'one (f:Lg. 7-A) are 

.therrnoch-l::-or:1ic e.thy1e112s i:·1l1ich on 11eati11g in solution produce gre.e.rt 3 

bl·1.J2-gre.en~ 3nd red-orar1g2 colors, respecti"'"·lely ~ These. co1npou.r1ds 

concain a.11 11ethylenicn lin.Tcage c() j air.in.:; aromatic 
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six-me;nbered ring systems. 10~10 1 -Bianthronylidene and related 

structures such as helianthrone, which is shown below, are quinone.s. 

II 
0 

Calculated results of the absorption spectra employing only singly 

excited configurations in the CI procedure were poor for smaller 

quinones 12 such as anthraquinone (Fig. 4-D). Thus it 1;-;as felt that 

it would be inappropriate to apply that technique to the more 

complicated systeD.s. In addition, the thernochromic ethyle-:i.es 

~>tudied e.re fused stilbenes5 2 containing struct1.iral units ident:Lcc..l to 
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cis-stilbene which is shown below. Trans-stilbene (Fig. 3-A) and 

cis-stilbene have been treated theoretically, with and without 

. . . . l, 33 configuration interaction. ' Neither calculation reproduced the 

experimental fact that the lowest singlet transition of trans-

stilbene a~pears at a longer wave length than the corresponding 

transitiorr of the ~.is-isomer; the results for cis-stilbene were 
/., 

even less satisfactory. ' Basically, the disagreement between 

theory and experiment described above for the quinones and c.i~--

stilbene is undesirable when one wishes to study the absorption 

spectra of relatecl structures, namely, the therrnochromic ethylenes. 

'fii.e extended CI method applied to the thermochromic ethylenes 

gave good results for anthraquinone and ci_~-stilb2ne. 

The therrwchro11'.ic ethylenes are very intei·es U.ng compourids 

because of the revGrsible color chan;:;es which can be produced. 

Ti:1(~:re 2J::2 three phenomena to b.2 considered which c.ertain compou:1ds 
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exhibit: thermochromism, piezochromism, and photochrortlsm; the 

reversible change in color brought about by change in temperature 

and in pressure and by irradiation, respectively. Colored 

modifications have been observed by using a nunilier of different 

procedures depending on the compou1"'1.d UJ.1der investigation. These 

included: 

(1) Diphenylmethyleneanthrone formed a ruby red liquid when 

" d 14 me.i.te • 

(2) 10,10'-Bianthronylidene41 formed a green modification and 

10, 10 1 -bixanthenylidenelfl formed blue-green crystals when their 

respective solids were sublimed onto a cold surface. 

(3) Vivid colors were produced by heating solutions of the 

, h . . h " l!+,24,5Lf tnermoc romic e~ ~ienes. 

( 4) Solid 10, 10 1 -bianthronylid·:=ne became green when it was 

27 subjected to high pressures. 

(5) 
26 

Solutions of 10, 10' -bianthronylidene and. 10, 10' ·-

b . , i · ' 2Lf 1 b 1 1 1 d ixantneny iaene at ow temperature ecame aeep y co_ore upon 

irradiation with ul~raviolet light. 

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

bianthronylidene in ice water produced a highly colored 

precipitate. 28 The colored precipitate was shown to be identical 

to the thermochromic form produced in heated solutions by 

. , .~ 22 comparing electronic speccra aaLa. Very often the color is 

eradicated and the original compourrJ. (norIC.al form) recovered 

unchanged either by biinging the sample to room tenperature or, 
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in the. case of piezochromism or the sublh~ed solid, by clissol ving 

the product in an organic solvent at room temperature. A recent 

history of the experimental studies of these systems has been 

given by J. C. Steichen.51 

In the cc.se of 10,10 1 -bianthronyliclene, thermochromism in 

tne solid 1:-1as shown to be due to the presence of impurities. 23 

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 
c; 

680 nm (l.82 ev).J The photochromism of 10,10 1 -bianthronylidene 

' b . . . _] 1 5 ) 26 . h 1 . nas een inves-i:igateo. at O'W temperatures · ; its pi oto ysis 

at ambient temperatures has also been studied. 11 The situation is 

complicated by the fact that upon irradiation in solution at 

room temperature permanent photoproducts are formed. Flash 

photolysis studie.s 11 indicated that helianthrone (shovm above) 

~.;ras formed from 2-'1 excited singlet state (not the photochromic 

state) of 10,10 7 ·-bianthronyliclene and mesonapb.tb.obianthrone 

(Fig. 9-C) was si:nilarly formed from helianthrone. A general 

reaction scheme which represents reversible and irreversible 

c.I1a·nges that c.re more or les.s justi:Ei.ed irt th.e photochern_is:~ry of 

10,lO'~bianthronylidene has been presented by Becker a~d Earhart. 5 

The ground states of 10,.10 1 -bianthronylidene15 and 10,10'--

bixanthc:nylide.ne1+1 are knmm to be '\loubly--be;:it" structures Fith 

conformation. Proposed structures far the photochromic form 
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include: 

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

"chair 11 conformation has been proposed by Kortum and coworkers. 25 

(2) A betaine-like struc::ure (Fig. 5-C) which is characterized 

by the opposite ionic charges in each half of the molecule has not 

gained i:v-ide acc:!ptance. 18 , 54 It was shmm that the rate at which 

the color is eradicated on irradiation by long i:·mve length light 

was the same in either neutral or acid medium.18 

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

0 
II 

is·:nner of the norBal form has apparently gained popularity among 

~1·)·rker- i"r1 Ll1° t-J·e1~ l,S,ll, 34 •52 
, I.. , ••• ~ ~ - L ...... - - ....t. • The analogy between the 
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formation of tl1is bridged species and the dihydrophenanthrene 

intermediate (shown below) which is formed wh2n cis-stilbene 

is photocyclizecl to ;ihenanthrene has been T:lade by various 

allt-1l{)~c 35, 5 2 
t...- ,...._ J_.::> .. 

A continuing problem associated with the chromism in general 

is the lack of knowledge about the exact nature of the colored 

forms. The PPP method is valuable in calculating pi-excitation 

en,:=rgies, and the colors produced are believed to be due to this 

type of transition in the visible region of the absorption 

sr)ectrum .. Since this is a low energy region, the lowest energy 

excitatio11s pre.dic.ted are rno~;.;t i~nportant~ If a coF,pound absorbs 

ir1 tl1e -.risi~le .. it is colo:red, possessing a color comple1nefl_tar~r 
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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 Yellmv 

Elue 4900 2.5 Orange 

Green 5300 2 .. 3 Red 

Yellmv 5900 2.1 Violet 

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 ismr.er of 10,10 1 -bianthronylidene. 

theoretically possessed a low energy excitation at 1.68 ev. 

Some thermochromic compoUi.1.ds are often referred to as over-

crowded molecules since, for example, the hydrogen ato1;is in the 

hindered positions 4,5,4 1 , and 5 1 of 10,10 7 -bianthronylidene are in 

close proximity. 41 The HUR spectrum of the normal form in CDC1 3 

solution indicated that the hyd·rogen ato;ns do not intei-fere with 

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

field relative to the others on the outer rings. This was in 

contrast to the ci1e~ical shift data reported for the hindered 

protons of bifluorenyliclene (Fig. 7--A) 'irh:Lch were 0. 7 ppm 

do'.·mfield from resonance lines due to protons elsewh2:r2 in the 

f,5 mo le --1,le · L ~ .l.......J. '° Bifluorenylidene is colored red in t'.1e crystalline 

fortn and its 1 . } ' 11.Q so utions are L1e sam2 co.Lor. In red 
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crystalline state th•2 angle between the sicldle rings is only 10° 

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

S ~L,,,L-p "'nd i'·.". sol'·~i·o- i·n a "the~ r' r ·r f n23,25 ~ - "'" "· " _uL LL L ,- _ ,_mo_n_omi_ ... orm. The above 

results from NNR data invited us to purs~ie similar investigations 

of other over-crowd•2cl ethylenes. Hagnetic re.sonance studies 

(NHR,ESR) of some signifance are renorted. These included: 

(1) mm spectra of 10'10 1 --bianthronyliclene' 10; 10 1 -bixanthenylidene 

and diphenylmethyleneanthrone at ambient temperature in CDC13 

were interpreted. 

(2.) The ESR spectrum of the hydrobianthrone radical (Fig. 11-B) 

was obtain~d when a pyridine solution of 10, 10 1 --bianthranyl 

(fig. 10-A) Has refluxed, producing 10,10 1 -bianthronylidene in 

th2 process. 

(3) The formation of the bridge borrd on the valence isomer of ths 

:::;rolm.d state of 10,10 1 -·bianthronylidene '.·iaS predicted to occur in 

th2 proce.ss of quenc~ing a highly c.olored cone. sulfuric acid 

solution on ice. 



VII. THEORETICAL ~{E'"CHOD 

The thermochromic compounds which are of principal .interest 

in this study belong to a much larger class of organic substances 

whose classical formulas are written entirely or largely in terms 

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 into t",70 distinct 

sets, the sigma-electrons and the pi-electrons. The pi-electrons 

a:ce viewed as being highly delocalized over the carbon skeleton 

which defines a nodal 11 surf acen for the molecular orbitals 

describing these electrons. The pi-electron systems are believed 

47 to pertain closely to the properties of conjugated molecules. 

A semiempirical method of computing molecular electronic 

wave functions which has prov-en to be quite helpful in inter;:n:-.eting 

experimental data such as that obtained frocn N?:IR and ESR spectroscopy 

and electronic absorption spectra is the Pariser-Parr-Pople (PPP) 

Ii',ethod, A..--i. outline of the theory is found below, A thorough 

discussion can be found in the original pauers dealing with the 

subject and elsewhere.L;J,4lf,47,53 

A. The Electronic_Energy 

Neglecting spin-orbit, spin-spin, and relativistic effects, 

the electronic Hamiltonian r .. J ,u, for n electrons in a molecule 

containin~~ N nuclei is defined in the Born-0IJpenheimer 

13 



approximation as 

14 

H = h. + V l 

where hi is a sum of monoelectronic operators: 

h. 
J. 

n 
- 1/2 t: v? 

l 
i 

n N 
l: l: Zk( ru) ·· l 
i k 

(1) 

(la) 

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

electronic rapulsions: 

v 
N 
t: zkzt(rkt)-1 + 

k<t 

n 
-1 l: (ri.) 

i<j - J 
(lb) 

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

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

calculation of electronic spectra. 

The electronic energy of the system is obtained from the 

solution to the relevant eigenvalue equation: 

T.."1(" ··)t!I (') ·) • "'·i·,riJ ·n h,r l\ .. 

When the nuclear coordinates, R, are fixed, E (R) is the n 

(2) 
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energy of the electrons moving in the field of the nuclei. 

The wave function is taken as a finite linear combination of 

antisyrnmetrized product functions ,0, consisting of molecular 

spinorbitals, ¢: 

(3) 
m 

with 

detl¢ ¢ ---0 I ml m2 · rr::1 
(3a) 

Application of the variation principle to the total energy 

e?..-pression yields a set of linear equations ~or determining the 

coefficients ~ . c. • m 

K 
I A (H - S E) rn mn nm 0 n 1,---K (!+) 
m 

and a secular equation for E: 

de t I H n - s,,,rlE I m., "" 0 (5) 



where 

and 

The number v ' ... \.) 

s mn 

16 

in equation (4) is the numb~r of configurations, 

~m' employed in the configuration interaction treatment. 

In many molecules with an even number (Zn) of electrons the 

most important contribution to the ground state wave ftmction 

(Sa) 

(Sb) 

arises from one deterr:iina..'lt in which the electrons are grouped in 

pairs. The number of spinorb:Ltals ,<!>, in equation (3a) will be an 

even number. The two spinorbitals (e.g., 91 and ~z) describing a 

given pair of electrons have the same spatial function , 1µ, and 

different spin functions, a or S: 

91 1/J1c•, 92 ::;: 1~ 1 B 

cb 'i 1/!za, Q i)JzS . .) ·4 
I I 
I I 
I I 

I 

<Pzn-1 1/Jna, <P2n tl: s .n 
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The 2n electrons doubly-occupy the n lowest energy levels. This 

is called the 11closed shell" case. With the spatial orbitals 

doubly occupied, the determinantal wavefunction becomes: 

which represents the singlet ground state. The bar over a 

molecular orbital refers to S spin, Tu1barred refers to a, spin. 

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 about 

the ~'s contributing to t~e ~'s. 

moves independently of the other electrons and in an effectiv·2-

field arising from the nuclei and the other electrons. When 

electron repulsions are neglected, the Hamiltonian is given by; 

2n 
I H .cf(i) eL· 
i 

where Heff has the same form for all electrons. In tl-1is case 

there is only one representative eigenvalue problem to solve, 

the e.igenfu:i.ctions of which are obtained as an orthogonal set: 

H ff-~J. e :i. 
E. ~!. 

l l (6) 
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To account for electron repulsions, Heff is replaced by the 

Lf 3 Hartree-Fock self-consistent-field operator: 

F F (-;) + G(i) ·'core ~ (7) 

where the G(i) operator represents an average electronic repulsion 

field. Once the ¢i are known the integrals S and E are mn mn 

expressible in terms of the following integrals: 

I.. 
l] 

s .. lJ 

The tleterminants are constructed from the Hartree-Fock 

orbitals. Virtual orbitals (not occupied in the ground state) 

are. "Ltsed in represe.nting excite.cl states-· Singly· e:zc.ited 

con figurations diffr2r fror:i the ground state by one. spinorbital, 

doubly excited configurations by two spinorbitals, and so on, 

For e:irnmple, if one electron is promoted from the occupied 

(7a) 

(7b) 

(7c) 
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orbital '~j' to the virtual orbital ,~k• the singlet state 

l~~ = z-1/2c1,h ili --d1.d1 --ili .h 1-lili ili --ili.~ --ili ~ j) J .,.1.,.1 T'JT'k T'n'i'n ·1.,.1 '] 'k rn"n 

and the triplet state 

3~k = z-112c1~ ~ --~ ~ --~ ~ l+I~ ~ --~.~ --~ ~ I> - j 1 · 1 j k · n n 1 1 J · .<. n n 

arise for this singly excited configuration. The ground 

determinant will not mix with singly excited states when the two 

determinants are constructed from Hartree-Fock orbitals. This 

. . . f B "11 . ' +-h 44 restriction arises rom ri ou1n s ~ eorem. Five different 

singlet state wavefunctions arise from exciting two electrons 

simultaneously. 

Lkk cp 
SS 

These are: 

Determinantal wavefu..D.ctions for these configurations can be 

written for each of three classes; 38 (a) no orbitals 

containing one electron: 

l,;;,kk 
SS 

l ,h_,,,· ---~· i'' ---ili 1h 1 .,.lo/l Pk"k .,.n.,.n ' 
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(b) two orbitals conta.in,ing one electron: 

a.nd 

l.km 
9 

SS 
2-112<1~ ~ --~ ~ --~ ~ I + 1~ ~ --~ ¢ --~ ~ j), 1 1 k m n n 1 1 m k n n 

and (c) four orbitals containing one electron: 

-l~-0 --~ ,h ,h 1p --~ ,h 1 - 1.b_ 0 -~& ;h .1~ d, --1h 0 11 •i·l ·sytyk m ynyn 1 Yl·l 's't~Kym Yn·n ' 

+i0 ~- --0 ¢ ~ ~ --~ ~ 11 ·l 1 ·s t k rn n n 
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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 considerably. 

General 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 a:r.-r2.ngements of 

the atoms persist when considering both the ground states of 

molecules and the excited states. 20 In fact the excited states 

of a single compound corresponding to different transitions may 

have a different geometry. At room tem?erature, molecules are 

predominantly in the lm-1est vibrational level. Thus, the spacings 

of vibrational energy levels of the ground state do not appear very 

prominently in the spectra. Since electronic excitation can end 

in many vibrational levels of the excited state, the vibration3 of 

the excited state appear prominently in the spectra. The operation 

of the Franck-Condon principle is of prime importance since it 

specifies the particular vibrational energy levels accessible from 

the ground state by vertical excitarion. Ever1 ·when t11e gross 

geometry of a molecule remains unchanged upon excitation, minor 
20 

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

B. The LCAO App-coximation 

The molecular orbitals are made up of a linear combination 

of ato~ic orbitals (x ): 
\) 

L: c. x 
1 .. \) \) 

\) 

Applying the variation principle to determine the coefficients 

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

L: C. (He ff - S e.) 
i ]..t µv ]..t\J i 

0 
µ 

and 

I p.C.C I <let H-L.t. - S e. 
µv µv i 

0 

(8) 

(9) 

(J.O) 

where He :Ef and c d f - l · t 1 · · ' · · 1 'µv _ oµv are e inec as in egra s over acomic or81ca s: 

(10a) 

fx *ueffX d-µ ,, \) l (lO'o) 

The effective Hamiltonian, Reff, corresponds to the Hartree-Fock 
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operator ,F. The solutions to these equations are unique if the 

atomic basis set is complete. In practice one must utilize a 

rather limited number of atomic functions referred to as a 

truncated basis set and then attempt to find those particular 

functions which lead to the minimum energy. 

where 

and 

For the closed shell case: 

n 
Heare + ~ (2Ji - Ki) 

i 

the total energy of one configuration can be written as: 

n 
E 1/2 E p (Heare+ F ). 

i,.1v µv µ\J 
µ '\) 

The densit·1· matrix ,P 11 v, the. core matrix Hcore and the self·--,_. ,.]J\), 

(11) 

(lla) 

(llb) 

(12) 



24 

cons is tent-field matrix "' have the following mea..'1.ing: 
,~µv' ~ ~ 

and 

with 

F 
]l\J 

Cii\) I qa) 

p· 
µv 

ace 
2 * I' 2: Ci i1"iv, 

i ' 

! " i<HcoreX d-
AJ.l · \) l> 

C. The Pi·-Electron Approximation 

The ~·rave functiorls of the molecule are assumed to meet the 

conditions of sigma-pi separability and consequently only the 

p5_-electrons of carbon. (or hetero) atoms are explicitly t.cLk.en 

i11to coI1sideration. The sigma-system is treated as a. non-

polarizable core and its effect is included • n in r~core, Further 

basic assumptions of tl1e Pariser-Parr-Pople method are: 

(12a) 

(12b) 

(12c) 

(12d) 

(1) The overlap integral is neglected for orbitals on different 
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(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 

ao. u. rop_ riate one-electron Hamiltonian, (T + U ) x = H x where 
]J ]1 ]J'].J' 

WJ.1 is an atomic valence state energy. 

(L}) The resonance integral, Sµv = H~~re, µ;6v, is zero for the 

case where µ and \! are non-nearest neighbors. 

(5) Total zero-differential overlap is assumed for electronic. 

repulsion integrals, (µvjqcr) = (µµjqq)oJ.1\!8qc. 

This reduces considerably the number of integrals of this type 

that are evaluated. 

In addition to the above, one of Pople's basic assumptions 

is invoked, namely, that the potential of a neutral atom without 

pi-electrons, e.g., a H-atom, is not considered. 

\ilith these assumptions the diagonal core element becomes 

wµ - ~ Zv(µµlvv), 
vi:µ 

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

Hartree-Fock operator may be rewritten as: 

w f-1 (P -Z )(uµlv\>) \)\) \} . 

(13) 

(14) 
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and 

Th2 total electronic en2rgy can then be formulated as: 

E I: p [W µµ it p s 
]JV ]JV 

)l 

+ 1/2 z 
µ '\) 
irlv 

[(PU'' - Zµ)(P - z) - l/2P - z z ](µµjvv) 
. ,., \JV v µ v \l \) 

D. The Basic Parameters 

The. remaining quantities to be d2te.rminecl are listed below 

along with a method for obtaining them. 

(1) The rc=sonance integrals (8µ) were chosen empirically 

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

distances by assuming that they are proportional to the overlap 

S" of Slater 2o orbitals. ~ 
' Ti 

(15) 

(16) 

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

tb µ-~ atom (-Hii) were usu.ally taken from the report: by Hinze 

d T rf 16 an , a:c e, 

(3) 

set equal to the difference of ionization potential and electron 
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affinity found again in the report by Hinze and Jaffe.16 

(4) Values for y = (µµjvv) were evaluated by using the 
)JV 

following approximation of :Mataga and Nishimoto:36 

Y e2[~ + 2e2('( + v )-l]-1 
)JV ~)JV )J \l 1 \)\! 

In this expression r is the distance between the µth and vth 
)JV 

atoms. 



VIII. THEORETICAL CALCULATim!S: HYDROCARBO:-TS' QUINmms 

Compounds containing pi-electrons which are delocalized over 

a carbon skeleton (hydrocarbons) were treated extensively. 

Adjustments in the carbon-carbon bond resonance integral ( &c) and 

the one-center repulsion integral ( ycc) were made in order to find 

agreement between the predicted electronic spectra and the 

experimentally observed spectra. In some cases it was necessary 

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

good results (average deviation was 0.17 ev for 12 transitions) for 

four structures by employing an unusually low value for y (7.90 ev cc 

or 7.40 ev). The four compounds were benzene, naphthalene, anthracene, 

and trans·-stilbene (Fig. 3-A). 

The quinones and anthrone are carbonyl compounds. The oxygen 

atom was treated theoretically by introducing the parameter (oW ) 
0 

·which is the difference between the valence state ionization potential 
16 

of the oxygen atom and that for carbon. The one-center repulsion 

integral (Y00 ) was also used to characterize the oxygen atom. The 

magnitude of the carbonyl bond resonance integral (3c 0 ) can be 

different from that of Sec for equal bond distances. 53 Parameters 

were again adjusted to find agreement with observed spectra. 

In carrying out the calculations, special attention was devoted 

to the effect of the extent of configuration interaction on the 

calculated excitation energies. Comparisons were made between 

results obtained using mono-excited configuration interaction (MCI) 

·1.;:i.th those including doubly excited configurations (DCI) as well c.s 

28 



29 

results whe.re 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 ~.f~en they agreed 

very closely with those already reported in the previous column of 

data. Since a large number of excitation energies is predicted, 

only those transitions (except the lowest) which have a non-zero 

oscillator strength and fall in the range of the observed spectral 

values were listed. Therefore, for each calculated excitation 

energy, the ener.gy level to which the transitlon is being made from 

the singlet ground state (reference level) was indicated. A zero 

osc_illator strength does not necessarily mean that the transition 

. 6 is not going to.be observed. Molecules possess, in addition to 

electronic energy, 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 vibrational modes which are not symmetric. Since 

electronic phenomena a.re vastly more rapid than fhe motions of 

nuclei, the sample behaves with respect to light absorption as if 

it were a mixture of different molecules. Dep_ending on the 

vibrational states, sone molecules have symmetry, but others are 

vibrationally distorted. The electronically forbidden transitions 

renai.n relatively low in intensity, however. 
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A. Hydrocarbons 

Benzene, naphthalene, anthracene, trans-stilbene (Fig. 3-A), 

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

(Fig. 3-C) were studied. L With the exception of cis--stilbene .; and 

probably clihydrophenanthrene intermediate, all of these molecules 

are planar. The structure of cis-stilbene and dihydrophenanthrene 

intermediate is not known. The electronic absorption spectra of all 

of these compounds are known. Tl1e geometry of the molecule, the 

repulsion integral (Yee) and the resonance integral ( f3 ) i:.;rere cc 
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 

included along with mono-excited configurations (MCI), the total 

number of configurations possible exceeded eighty. Benzene wa3 an 

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 bend lengths 

were assum.e<l to be 1. 395A and bond an::?;les, 120°. The resonance 

integral (Sec) and the repulsion integral (Yee) were the remaining 

parameters to be adjusted. 

. Lf4 The observed spectral energies, along with the results of 

three calculations which involved only the nine singly excited 

states in the configiiration interaction U1CI), are given in Table l-
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The choice of parameters was suggested by the references cited in 

the table. It is note,vorthy that all of these results i:vere in close 

agreement with the experimental spectrum. The average deviation 

was 0.12 ev (968 cm-1). The excitation observed at 6.14 ev was 

ore.dieted to be due to the A1 - B1 transition. • _g u 

The character of the calculated spectrum changed on including 

the 45 doubly excite.cl states in the configuration interaction (DCI). 

The results shown in Table II, column 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 E2g 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 Ery state closer .!...g 

to the E1 state when the repulsion integral is 10. 60 ev. Column Lf u 

of Table II (~1ere the repulsion integral has been lowered to 

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

reported in Table I for the singly excited configuration interaction 

calculations. The effects of y and B c on the calculated energy cc c -

levels of benzene are shmm graphically in Figs. 1 and 2, 

respectively. Numbers shown in the figures do not correlate with 

tt1ose gi•.;-en i11 Table II since the energy le·vels are r1ot referred 

range of values of Yee used (7.40 ev-11.13 ev) the Elu state was 

affected the least (O. 28 ev); the B2 and E? states ,.;ere changed u ~g 

the most (-1.25 ev and -1.26 ev, respectively). The depression of 

the grou:id state was t(1e least and was affected the lea.st by y cc 
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when the smaller values of Yee were employed. Changing the 

resonance integral CB ) affected the E2.;. state the most and the cc 0 

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

energy on lowering Sec; the Elu' Blu' and B2u states were affected 

to about the same extent. 

The effect of the choice of parameters on the order of the 

calculated energy levels for benzene when cnanging the type of states 

used in the configuration interaction has been the subject of two 

papers by Koutecky and coauthors. 29 , 3o Changes in the character 

of the calculated spectrum similar to those described above ·were 

found, however, no attempt was made to find a set of parameters 

which would give numerical agreement with experiment. 29 , 3o The sets 

of parameters given in columns 4, 5, and 6 of Table II result in 

spectra that show at least some agreement ~·l'ith the observed spectrum 

and will be used for larger molecules. If one accepts the excitation 

obse.rved at 6 .14 ev to represent A1 ->- B1 , then the values for g u . 

Yee= 7.40 ev and Sec= -2.60 ev (column 6, Table II) give an 

excellent calculated spectrum. 

It will become apparent that in conparison with the other 

hydrocarbons treated theoretically, benzene ( the smallest m~r.i.ber of 

the homologous series) was the most difficult in that the spectrum 

was most sensitive to the parameters and the extent of configuration 

interaction used. 
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The bond lengths and bond angles used were all assumed 

to be l.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 excited configurations which could be included in the 

configuration interaction. The results of two calculations with 

all singly excited states included are presented in Table III along 

with the. observed energies. Oscillator strengths (f) which have 

b2en d2.termin2d both e:x:pe.rimentally19 and theoreticall~l are also 

shoi:vn. The results of the third calculation shmm in Table III 

indicated that one can reduce the amount of configuration interaction 

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

corre:sponding results for anthraceLJ.e are given in Table IV. 

11.08 ev, the predicted excitation energies for 

naphtlnlene and anthrac;~ne. shown in T~tbles III and IV, respectively, 

deviated on the average from the observed values by 0.17 ev. Ito 

<cLJ.d I 1 Eaya have conc:luded that for naphthalene it \iould be sufficie.nt 

to take into acco1_1nt o;:ily si.n.gl.y excited configuratio11s i:, • .1hen 

calculating the low-lying energy , " 19 .Levels. is interesting 

to see how the sets of parameters used for benzene traLJ.sfer to these 

compounds 1·:hen including some doubly excited sta.tes in the 

calculations. The results are given in Tables V and VI with a total 

of 54 excited states ndxed in. It was found that lo~ering the value 

j 
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of the repulsion integral was necessary to obtain results comparable 

to those when all of the singly excited states were used. The best 

results for naphthalene were obtained using y = 7. 90 ev. 
cc 

Tables V and VI also show results of calculations where the 

tota1 number of excited states included has been increased to 79 

and the relative amounts of each type varied. In general, the 

predicted spectra ·were insensiti·ve to the relative amounts of 

singly and doubly excited states wherr 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 w~en including doubly excited configurations. This was 

seen in the case of naphthalene when y ·was low (7. 40 ev). Also, cc 

with ycc = 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 molec:iles (Figs. 3-A and 3-·B, respectively). 

All bond angles in each molecule were assu:ned to be 120°. The 

appropriated bond lengths are indicated in Fig. 3-B. Table XXII 

can be consulted for the values of the resonance integrals used. 

When the C-C bond distance used in the calculations was different 

from 1. 395A, the S value was determined by making it proportional cc 
. 53 to the pi-bond overlap integrals. 
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Table VII shows the results of a number of calculations for 

trans-stilbene 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 corresponding 

one for cis-stilbene (IL 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 Yee .was preferred in the case of _trans-stilbene. Cis-stilbene 

was represented correctly by simply introducing the doubly excited 

states into the CI procedure with y = 11.13 ev. cc 
In contr~st to the data shown for benzene, the calculated 

excitation energies did not vary appreciably for different sets of 

parameters when a combination of singly and doubly excited 

co-o.:Eigurations in the CI matrix was used. This ~-ras due partly to the 

fact that in the case of the stilbene the depression of the ground 

state was relatively insensitive to the choice of parameters; 

whereas, with benzene the values ranged over 0.9 ev. A check on 

whether configurations of sufficiently high energy were being 

included in the Cl calculation 1:0 obtain consistent results was done 

by compm:-ing the calculation cont2.ining 58 doubly excited 

configurations (starting with those of lowest energy) to the 

calculation obtain,:2d using the sarne total number of configurations 

but containing none greater than 12.0 ev. This changed 16 of the 

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

A • • l t f lt • ' . t l f C • 37 •• simi ar ype a· resu nas oeen repor ec .·or 14 amines. 

The ground state of ·cis-stilbene lies 5.7 kc2l/mole above the 

ground state of trans-stilbene. 35 A calculation of the pi-binding 

energies 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-stilbene raises the IT!ain 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 them 

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

in both a hypochromic effect (decrease in intensity) and a 

hypsochromic shift (higher energy) relative to the spectrum of a 

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

calculation of the pi-binding energy can account for the , - ' nigner 

ground state energy of cis-stilbene. Re9orted results showed that 

the effect of introducing a correction for non-planarity by varying 

0 .·,,, 4,33 bond angles was negligible for computing transition en.:.-rgi""s. 

4. DihyE_rophenanthrene Ir_:i.termediate 

The structural formula for dihydrophenanthrene is shown in 

Fig. 3-C. It is th.?. proposed intermediate in the photocyclizatiort 

of cis--stilbene to phenanthrene in the presence of a suitable oxidant 

such oxygen, and it presumably caused the yel1ow-orange color clue to 

a Vi.:.:.ry broad absorption b::;.nd which extended to 2. 2 ev (maxin;um 

near 2.7 ev).35 This was also produced on the irradiation of a 
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degassed solution of pure cis-stilbene. 35 A review of the 

photocyclization of stilbene has been presented by Stermitz.52 He 

concluded that the identification of the yellow color with this 

dihy<lrophenanthrene intermediate was most convincing since it 

explained and correlated all of the observed data from spectral 

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 corresponding resonance integrals with their nearest neighbors 

from the calculation of the cis-stilbene spectrum. The syster:.1 now 

contained 12 pi-electrons instead of 14. The results ;rre given in 

Table VIII. 

In both calculations where all of the singly excited stat,:;:s 

(36) were used, the predicted absorption band was too low in energy" 

Evidently when a combination of singly and doubly excited 

configurations \,Te.re userl, the lowest lying excit2tions which were 

forbidden clid not have to be considered when predicting the spectrum 

of this type of saturated bridge species. A CI matrix usiug both 

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

higher than 9.00 ev for Yee would give a value close to 2.7 ev for 

a non-forb:Ldcien excitation energy. The calculations supported the 

postulate that the dihydrophenanthrene intermediate is yellow-orange 
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and we.re very satisfying in this respect. In comparing the predicted 

absorption spectra of dihydrophenanthrene with that of _cis-stilbene, 

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

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

was about 1.6 ev. 35 

A calculation of the pi-binding energy indicated that this 

model, a.s a reasonably stable intermediate in the cyclization, W2.S 

poor since with respect to cis-stilbene it was tmstable by 225 

kcal/mole. Calculations based on an extended Hess 1 s law summation 

resulted in a ground state energy for the intermediate of 33.3 10 

1 1/ 1 ' . . 1 b 35 _;:ca ,-r,o e aoove cis-sti_ ene. 

B. p-Quinones and J\nLhrone 

The compounds p-benzoq uinone (Fig. Lf·-A), :e_-naphthaquinone 

(Fig. 4-B), 9,10-anthraquinone (Fig. 4-D), and anthrone (Fig. 4-C) 

were treated. The oxygen atom of each carbonyl group was considered 

to contribute one Di-electron as i;,1ell a::; the carbon atom to which it. 

is bonded. The one--center repulsion integral (y 0 0 ) was assigned a 

value of 1.5.23 ev.16 These compounds which contain hetero-atoms 

require that the difference between the valence state ionization 

potential of the hetero-atom and that of carbon be specified. The 

value foi: this quantity (5H0 ) was most frequently taken as -6.54 ev.16 

The carbonyl bond resonance integral (Sc0 ) was varied. 

The fact that calculated energies for the p_-quinones are 

uniformly too high when one employs only singly excited 

configurations in the CI matrix will be illustrated. This problem 
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lias been pointed out previously. 12 ,Jl, 32 , 39 The parameters used by 

K 1 • 21 . f. t th b . ~ f d . '-~er~singer t:o 1. .e E_- enzoquinone specLrum were otm, to give 

the same result. It is the main reason the CI matrix was extended 

to include the doubly excited states. Thus the results for 

calculations including the doubly excited configurations are of 

gener_al in.teres t. 

1. p_.::-B~nzoquinone 

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

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

l? very strong band at 5.07 ev and a strong band at Lf.28 ev. -

Values of Yee were varied and the Sec values usr~d can be 

ascertained from Table X..XII. The value used for Yoo was always 

15.23 ev but Seo was varied. All calculations resulted in one 

non-forbidden transition out of the first three whL:h agreed with 

the polarization direction determined for the experimentally 

observed transition. at 5 .0 07 ev, i1an1ely, along t11e a:<is parallel to 

the carbonyl bonds. The results of twelve calculat:lons are given 

in Table IX (two pages). The first six calculations were all done 

with y cc = 11.13 ev. The carbonyl bond resonance integral was first 

adjusted to a value of -J.145 ev using only sing1y excited CI to 

obtain agreernent \·lith tI1e obser .. J"ed spectral energies o L\fter 

includi!J.,'-~ doubly eo-cci 1··:.d st"'°t''"" S i:nd to be increased to -2.60 ev "" - -- - ~ c: a -"~ ' CO - c: 

:Ln order to obtain reasonable agreement. Note that the results for 

six calcFlations (nos. 3,5,7,8,11, and 12) with Bea ·-2. 60 ev agreed 

Hiti1in 0,16 ev with the more intense band ob.served at 5.07 ev. It 
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was interesting to compare the three calculations (nos. 3, 4, and 5) 

with y = 11.13 ev and S = -2.60 ev (there were. no variations cc . co 

in ~cc). Good results were obtained with DCI = 38 which became poor 

on increasing DCI to 63. This was caused by a further depression of 

the ground state (reference 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 CI 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 best of all (no.S). Similar effects were found for benzene. 

The calculations attest to the notien that including doubly 

excited states in the CI calculation m<:tkes the PPP method more 

versatile. 

2. 9,10-Ant.hraquinone 

The.structural formula and bond lengths used for this 

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

120°. "!? The observed electronic spe.ctrum-- consists of two band regions~ 

(1) a moderately strong band which has a well defined maximum at 

3.80 ev polarized in the x-direction, and (2) at least three strong 

peaks from about 4.50 ev to 5.10 ev. Transitions at 4.53 ev 



(y-polarized), 4.70 ev (x-polarized), artd 4.98 ev have been 

identified within the second band region.11 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 

2 nvalley" near 5.5 ev. 

The results of eight calculations are shown in Table X (two 

pages). Para~eter values were: y = 15.23 ev, y = 11.13 ev (one 
00 cc 

exception), f8 0 = -6.54 ev (two exceptions). Values for Sec can be 

ascertained from Table X .. X:II. Values used for Seo are given in 

Table X. In attempting to fit the observed spectrum it '\TaS not2d 

that generally by decreasing the value for Seo or oWO the calculated 

excitation energies were improved. It is curious that the lowest 

lying transition was non-forbidden when doubly excited states were 

included only when the value used for 0W0 had been decreased to 

-7.00 ev. The best calculated results were obtained when values for 

Seo -2o20 e.v and oW0 "~ -7.00 e.v were employed (Yee= 11.13 ev). 

The tuo loi·re.r lying transitions were calculated correctly. This 

result ;:-.;as of :c:aj or j_f:ll)Ortance since the extended CI procedure was 

~pplied to so;n2 thenr~ochromic ethylenes (section IX). The colors 

associated ~·1ith thes2 coE1pou_uds are due to lovJ er1(:~rgy transitio11s,. 

Returning t~ the anthraquinone calculation, allowed transitions are 

predicted at 4.50 av and 5.24 ev representing the second observed 

band re;1on. The separation of the two regions was predicted to be 

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

th.is c,:::Jcu.l.atiot1J t:~ight \,,:-ere of an energy gre2,ter than 12 .. 0 ev. 



Replacing the.se ~-Tith configurations of energies less than 12. O ev 

did not change the character of the spectrum and in general 

transiti.on energies changed only by 0. 06 ev. Unfortunately a 

reaso:no.b1e spectrum was not obtained by employing a value of 

i3co = -2.60 which gave such good results in the case of 

p-bern;.ocL uinone. 

Calculations which used various values of 'f along with the 
00 

lower value of Pco were not significantly changed. Transition 

enerzies resulting from a calculation employing Yee = 9.00 ev and 

Seo = -2.30 ev with a total of 79 excited configurations did not 

show any improvement. 

3. p-·Naµb~haquinoI1e and 1\....rithrone 

A limited nu:nber of ca1.ci_1lations were done on these 

compounds. Bond lengths and angles were assumed to be the san:e as 

those used for anthraqu:Lnone except the C-·C bond distance of l. 39A 

was short;::nE-:cl to L 38A for J2_-naphthaquinone (Fig. 4-B). Anthron2 

(Fig. 4-C) was treated theoretically as a 14 pi-electron system 

by omitting o;:i.e carbonyl group and the corresponding resonance 

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

tne ant.I1raq ui11one s;_:Jec.t rum .. 

found in Table XXII. 

Values for a that were used can oe ·- 1-'cc 

The observed e:Leci:ronic absorption spectra of these compounds 

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

The 2-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. 
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The higher energy band consists of three pec.k maxima and is 

predominantly polarized in the y-direction. 12 The anthrone spectrum 

consists of a strong peak at lf. 00 ev and a very strong band near 

5. 00 ev which is polarized in the y-direction. L,9 

The results of the .E_-naphthaquinone calculations with 

v = 1Ll3 ·ev, y = 15.23 ev, and C.W 0 = -6.54 ev ( one exception) 'cc oo .. 

are 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 

compared with the observed peak maxima near L;.90 ev. 

The best results shown in Table XI are those from calculations 

which ecnployed a value of --2. 30 ev for Seo. These could be improved 

by decreasing f\ .. o perhaps to -2.45 ev. 0£ the 53 doubly excited 

configurations included in this calculation, 19 were of an energy 

greater than 12.0 ev. Replacing these with configurations of 

energies less than 12.0 ev did not change the character of the 

spectrum and in general transition energies changed by only 0.07 ev. 

The results of the 2.::ithrone calculations with y cc == 11.13 ev, 

y00 15.23 ev, and 6W0 = -6.54 ev ( one exception) are given in 

T~3 . ."iJ1e X_II. The 101,.;est four excitation energies are sho~,rn .. l'Io-r1e 

of the results were satisfactory. The last two colunms in Table XII 

shm·T re,:;ults with some ir~o.prov2nent over the. others bLtt the first 

excitai.:.ion energies were about 0.50 ev too high. In corn?:.lring the. 

predicted absorption spectrum of anthrone with that of anthraquinone, 

the forrn2r v.ras predicted to 1-1a·,1e a n.on-forbidd2n '2-}:cit.a.tion energy 



about 0.8 ev above that of the latter. Experimentally the difference 

was about 0.2 ev. As with anthraquinone, changiug o~'lo to ·-7.00 ev 

increased the oscillator strength for the first transition. Th'"" 

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 do'.lbly 

excited configuration interaction. In order to evaluate the 

:celiability of this method and, it was hoped, establish some 

guidelines for its use a number of different types of·coEJparisons 

were. ':Ilade. In the following paragraphs coTlclusion.s are drawn from 

these comparisons. 

The results of calculations which included all singly excited 

configurations were given. Reasonable agreement for benzene, 

naphthalene, anthracene, and p-benzoquinone was obtainc"-d. The 

predicted transition energies deviated on the average from the 

observed values by 0.15 ev. In order to o~tain comparable results 

with doubly excited configurations included, the basic paraEteters 

had to be readjusted. For the three hydrocarbons agreement was 

restored principaly by lowering the one-center repulsion integral 

on carbon (Yee). This had the effect of changing all two center 

integrals ( Yµv) since Hataga 1 s expression was employed througi1·::iut 

(p. 27). Basically a low value for Yee suppresses the tendency of 

the theory to over-c.111phasi_zc ionic structures, results in a more 

covalent molecule and apparently reduces the need for, or the 
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Sec= -2.55 ev) reasonable agreement was obtained for benzene, 

naphthalene, anthracene, and trans-stilbene. The predicted 

transition energies deviated on the average from the observed values 

by 0.17 ev. Three-fourths of these energies agreed within 0.09 ev. 

In order to obtain agreement. for the transition of symmetry B1u in 

the case of benzene, 23 states out of the original 45 represented in 

the Cl matrix had to b'= omitted. The remaining states were those 

with excitation energies less than 15.0 ev. 

The calculated n:~sults for cis-stilbene were i!nproved by 

includiag doubly excited configurations (Yee = 11.13 ev). A value 

for Yee larger than 9.00 ev was preferred because it predicted 

correctly the 2. 7 ev spectn1_l band of clihydrophenanthrene 

inte:::mediate ., It is interesting that the spectra'of these two 

hydrocarbons were more readily reproduced by using the extended CI 

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

integral (ycc). Although it has been pointed out that these 

~olecules are probably non-planar (p. 30), they ~ere treated as 

planc:~r syste::1s. This seetr,s to indicate that the inclusion of dou'Jly 

excited states is irrrpDrtant when treating -· no:.i-.1..po.nar syste:_ns ~·Tith a 

pl2nar model. 

The. !:-esults obtained .for the E_-q 1Ji11ones -.;v·0re 1nuch better \ih .. e.11 

tlle extc~nded CI procedure was employed. This was pxrticularly true 

for the lowest transition energy. Agreement was obtain~d by 

readjusting only the carbonyl bond resonance integral (3c 0 ). The 



46 

transition energies of .E_-benzoquinone (the smallest me;nber of the 

homologous series) were found to be the most sensitive to the. 

parameters used and the extent of CI employed. Simil2.r conclusions 

were made for benzene. The best results were obtained for 

p_·-benzoquinone 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 E_-benzoquinone were the only two molecules whose CI matrix 

contained elements with an energy of at least 15.0 ev. Overall, the 

predicted transition energies for the E-quinones deviated on ti1e 

average from the observed values by 0.16 ev. Hinor adjustments in 

Seo had to be made in order to accomplish this. 

The results for anthrone were. unsatisfactory. The very strong 

band at 5.00 ev was predicted correctly, hovever. The geometry used 

in the calculations for anthrone also represent a planar model of 

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



47 

molecules are identical. The experimental absorption spectra of 

~· d b ' . . . 1 49 arn ... h.cone an enzopnenone are quite simi ar. 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 (Li .• 34 ev) b.'1au 

49 that for anthrone (4 .00 ev), Employing the set of parameters 

whi.ch gave the best results for anthraquinone produced calculated 

results which were better for benzophenone than anthrone (Table XII, 

column L,). Anthrone (Fig. L,-c) is cons trained by the CH2 bridge, 

and hence the rings c2rtainly must 2,pproach coplanarity more closely 

than in benzophenone. 

Generally, the calculated transition energies were less sensitive 

to the choice of parameters when the extended CI treatment was use.cl. 

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 

appreciably affect the calculated spectr2 for a given set of 

paramet:ers with i'.-ICI + DCI = 79. The reason for this can be seen ir: 

tt1e ma:.;:ill.\.rn1 energies appearing in the CI nu trices fo:c the complete 

HCI calcula>.:ion and the (HCI + DCI = 79) calculation are. compared. 

In the lo. tte:c cccse the ua.:drna appears among the doGbly excited states. 

For tb_~~ c.on1p·0unds <.~xc.ept beu.zene. and 12_-benzoqtJ.inone the 1naxiwa ~q"f1iel1 

rangeu from 11.f:. - 14.7 e.v differed by l.Lf ev at the nost. For 

that conpound, zmthra.cene, the DCI matrix contairted 3 states i:·1ith 

energies £:com 5"0 - 7 .O ev, 35 states Hith en2rgies from 8,.0 - lLO 

e.v, and J.3 state.s with energies from 11.0 -· 13 .0 ev. The c.0E1plete 
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i'ICI matrix contained 12 states with energies from 3.0 - 7.0 ev, 29 

states with energies from 7.0 - 11.0 ev, and S states with energies 

from 11.0 14.0 ev. Since only one of these 8 states with energies 

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 

matrices 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 excited and 

35 were doubly excited. Evidently a large number of states with 

energies up to lL 0 ev \vith one half of them in the CI matrix from 

each type represented a desirable combination. This \vas further 

substantiated by results reported for trans_-stilbene, anthraquinone, 

and .r_--naphthaquinone which showed that spectral energies '>Jere not 

noticeably changed when CI matrix elem2nts above 12.0 ev were omitted. 

It is felt that the method e;:;,ployed should be. used when molecules 

contain J.1etero-atoms. The results for the .r_-quinones and those 

a·~·l ',,-,·.,c,,,1,u.,,·a17 reported earlier by Hirota "~ .. n0c"~ ,_ for pyridine, phenol, 

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

For the compounds which have a seemingly more direct relationship 

to the. thermochromic ethylenes, reasonc.ble c.gre·2m2nt. •>1as ache:Lved 

i:vith tr1e larger valu2 for y cc. These coi;ipounds were c::_~-~-stilbene, 

dihydrophenanthrene intermediate, and the n--quinones (particularly -'- . 

anthraquinon2). Therefore, a value of 11.13 

the thermochrornic ethylenes (section IX). 

ev for v was used for 
'CC 



IX. THEORETICAL CALCUL.i\.TIONS: THERHOCHROMIC ETHYLENES 

The 1-'ariser-Parr-Pople I!'l.ethod including configuration interaction 

was used to calculate pi-electronic transition energies of a number 

of large molecules. Organic compounds, each with a:r1 nethylenici; 

linkage between carbon atoms bonding the two halves of the molecule 

together, were treated extensively. For example, 10,10-

bianthronylid~ne (Fig. 5--A) was studied by employing the CI procedure 

including only singly excited states (NCI), and by using a CI matrix 

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 loi:.vest lying transition energy. 

T~iis difference of 0.11 ev for the lowest transition energy was 

indicative of the results obtained for all six co~pounds containing 

the 11ethylenic11 linkage. These compounds we:ce: 10,10'-

bi.anthronyliclene (Fig. s-,.A), 10; 10 I -bixanthenylidene (Fig. 6-·A)' 

diphenylmethleneanthrone (Fig. 7-A), bif:luorenylidene (Fig. 8-A) , 

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

first three compounds are thermochromic ethylenes. The calculations 

reported for each compou1--id refer to the appropriate planar model of 

the grouri.d form. Only in the case of blfluorenylidene is this form 

expected to be highly colored since the solid is red. 40 

Calculations were also done on bridged structures (Figs. 5-B, 

6-B, 7-B, 8-B, and 9-B) and betaine-like structures (Figs. 5-C, and 

6-C). For the thermochromic ethylenes, these structures have been 

proposed for the colored form produced, e.g., on heating solutions of 
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the appropriate compound. The MCI and DCI procedures were used. 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. 

Wl1ich of the two configuration interaction procedures (HCI or 

DCI) was the better method for studying these large molecules was 

not establis.hed. 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 the 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 

configuration. 17 Also, with the addition of excited states to the 

CI procedure, more states with predicted transition energies in the 

ultraviolet-visible spectrum range appeared. 

The following general points refer to all calculations in this 

section: 

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

DCI. 

(2) The Bee values can be found in Table X:XII. 

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

(4) When oxvgen contributes one Pi-·electron, v = 15. 23 ev.: 
J- • '00 . 

8W0 = -6.SLf ev for l'lCI, 6H0 = -7.00 ev for NCI·- DCI. 
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(5) When oxygen contributes two pi-electrons, Yoo 18.78 ev and 

6W0 = --22. 92 ev. 

(6) '(cc 11.13 ev. 

(7) Pco -- -2. 793 ev for ~·[CI, f3co = --2.06 ev for. HCI ·- DCI. 

A. Compounds and Bridged Structures 

T~1e thermochromic compounds treated theoretically were 10,10 1 -

bianthronylidene (Fig. 5-A), 10,10 1 -bixanthenylidene (Fig. 6-A), and 

diphenylmethyleneanthrone (Fig. 7-A). Bifluorenylidene (Fig. 8-A) 

was also investigated since its structure does contain an nethylenic 11 

linkage between the t:;·10 halves of the molecule although it is not 

• l d . -b h ' . 25 consic,ere · ·co e t. e.rmocnromic. The structure for all four of 

these compounds which contain a single saturated bridge bond between 

two carbon atoms in close proximity analogous to the 

dihyclrophenanthrene saturated bond were also considered. The bridged 

structure has not been unequivocally identified but is a proposed 

intermediate leadir1g to cyclization :ln this type of conipound and 

presumably is the color2d species produced in solution. 52 It ·was 

treated theoretically by omitting the two carbon atoms which now 

appear saturated and the corresponding resonance integrals to their 

nearest neighoors from the calculation of the spectrum for the 

compound itself. Tl:J.is reduced the number of pi·-electrons by two. 

L iq2_10' ·-Biantctro:nylid2n2 

The struct.ural formulas aQd bend distances chosen :for the 

con~pound 10, 10 1 --bLmthronylidene and its bridged structure are shmm 

in Figs. S···A and 5·-B, respectively. Table XIII shows the results of 
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the calculations and three predominant absorption maxima in the 

observed spectrum of the compound. Predicted transitions with ve.ry 

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 

' 11 26 absorbs strongly near 1. 80 ev and thus appears olue-green. ' 

Both calculations predicted the bridged structure to be colored. 

The calculation employing 66 singly excited states predicted 

absorption at 2. Lf2 ev where none is observed. 

Calculated oscillator strengths for the bridged structure were 

decidedly lower than those calculated for the compound itself. Ti1is 

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 energies appearing in the CI matrices are compared. Although 

the energies were quite similar for the singly excited states in 

each matri:{, for the compound only 8 doubly excited states had 

energies from S. 0 - 8. 0 ev. The remaining doubly excited stat es ( Lf3) 

had larger excitation energies. However, the bridged structure had 

45 ddubly excited states with energies ranging from 2.0 - 8.0 ev. 

These lower matrix elements lowered the predicted oscillator 

strengths. 

~foen the :'.-ICI treatl'.'.ent \vas used, the triplet spectra were o.J_so 

calculated. The bridged structure was predicted to have a triplet 

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

bridged structure could be contributing to the observed color 
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phenomena. 

2. _10, 10 1 -Bixartthenylidene 

The structural formulas and bond distances chosen for the 

compound 10,10 1 -bixanthenylidene and its bridged structure are shmm 

in Figs. 6-A and 6-E, respectively. The oxygen atom now contributes 

two pi-electrons to the systern.. Table XIV shows the results of th•= 

calculations and two predominant absorption maxima in the observed 

spectrum of the 11colorless 11 compound. Predicted transitions with 

very small oscillator strengths (<0.01) were omitted. Both 

calculations for the compound were very good. The colored species 

26. absorbs strongly near 1. 95 ev and also near 3. 9 ev. · These two 

bands <lre the distinguishing features of the spectrum of the colored 

form. Both calculations (HCI and i'ICI - DCI) predicted the bridged 

structure will absorb in the visible. 

3. Diphenylraethyleneanthrone_ 

The structural formulas and bond distan.ces for the compoL:nd 

diphenylmethyleneanthrone and its bridged structure are shown in 

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

calculatio::is and three observed absorption band maxima for the 

compound. The lowest energy excitation for the compound -was not 

;:redicted correctly. The calculated values were 0.45 ev too low. 

This might be a consequence o:f the fact that the compound is non-

planar with the ;_Jhenyl groups out of the plane of the anthrone 

moiety. Althoegh the other related compounds are non-planar, this 

is the only co:npound with six-membered ring:-5 which do not bclo:1g to 
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a fuse<l 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 lm·Jest 

lying excitation had shm·m an increase over the value of that 

calculated for 10,10 1 ·-bianthronylidene, then the agreement would b2 

better. It did in the case of anthrone vs. anthraquinone but by too 

much. 

The colored form of this compound has been described as being 

lL.. red-orange. · This means that it could be absorbing near 2. !;. 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. Consequently the 

transition energies Here too lm,;. 

No additional band in the visible part of the spectrum was 

o"!Jserved on heating this compound in decalin to 153°c. 14 Since the 

area under the extinction curve did not change 1;.rith te:nperature, 

Grubb arid Kistiakowsky concluded that the thermochromism was due to 

the broadening of a near·-ultraviolet absorption region by the 

Th.eir 

data show th2 hot solution. absorbing dmm to only 2. 94 ev. It is 

curious that the. hent.c.d samples of this compound c~ppear so red. 

'llie structural formulas and bond di::~tances chosen for the. 
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compound bifluon:~nylidene and its bridged structure are shmm in 

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

membered rings were regular. The crystalline solid and solutions 

40 Lf5 are reported to be red. ' The results of the calculations are 

shmm 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 were treated: (1) helianthrone 

(:Fig. 9-A), which is produced irreversibly in the photochemistry of 

J.0,10 1 -·bianthroaylidene, 7 (2) dihydrobianthrone (Fig. 11-A), which 

is probably involved in the mechanism leading to paramagnetic 

. 1 ( ~) species, 5 a doubly brj_dged structure, and (Lf) protonated 

structures related in the intensely colored acid solutions which 

have been observed. The acid solutions were of particular interest 

since they present a chenical method of preparing the thermochromic 

for8, 22 2.nd some interesting results were. obtained experimentally 

(section X). 

1. Hel:i.anthrone. and He~onaphthobianthrone. 

Tl1e structural fonmlas for the compoUJ.J.d helianthrone and 

its bridged structure, and mesonaphthobianthrone are sho~m in 

Figs. 9-A, 9-B, and 9-C, respectively. All of the types of parameters 

used in the calculations were. identical to those chosen for 10,,10 1 ·-

bianthronylJ.clene. The observed spectra of helianthron-e and 

w2sonapltthobia'.1throne show the longest '.vavelength absorption ma:,::ima 

are near 2.79 ev and 3.04 ev, respectively. 26 Calculations for th2se 
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two compounds are given in Tables XVII and XVIII. Including doubly 

excited states in the configuration interaction improved the results 

but the lowest lying excitation was 0.3 ev too high in each case. 

Becker and Earhart have suggested that the bridged structure of 

hP.li.· anthron.' e is th"' uho~ochromi c ·"'arm of this compound. 5 It was _ '-•- • • L , - ll - .L • 

first proposed as an intermediate in the irreversible photochemistry 

of helianthrone to rnesonaphthobianthrone. 7 No experimental 

absorption bands ~·1ere assigned to it. Both calculations in Table 

XVII predicted the structure to be colored. 

2. Dihydrobianthrone and Dihydrohelianthrone 

For these compounds each oxygen atom contributes two pi-

electrons. The carbon to oxygen bond length was taken to be 1. 36A 

with Seo = -2.013 ev for the HCI calculations and Seo = -1.53 ev for 

the calculations including DCI. In all other aspects of the 

calculations these compounds were taken to be identical to 10,10 1 -

bianthronylidene and helianthrone, respectively. The calculated 

spectra given in Table XVIII shoued very little difference bet\·leen 

the t1vo structures. Dihydrohelianthrone is known to cause a deep 

·1 1 . 1 . 7 b_ue co. or in so ution. An absorption band at 605 n;u (2.04 ev) has 

b.sen assigned to the 2, 7 1 -dimethyl derivative of this compolmd which 

could cause a blue coloration. Decker and Earhart refer to a green 

coloration which can be trapped on cooling the solution to 77° K. 5 

The calculated spectrum of dihydrohelianthrone was in agreement with 

the experimental evidence. Dihydrobianthrone was also predicted to 

h2.ve an absorption band near 2, 0 ev. E:zperimentally this compound 
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is not highly c:olored.7 Becker and Earhart. have assigned an 

absorption band at L;25 nEl (2.9 ev) to the 2,7 1 -dimethyl derivative of 

this compound, 5 

3.. lO)lO'~Bianthronylidene Double Bridge Stru~ture 

This structure consisted of 26 pi-electrons and is 

theor2tically handled by ignoring the pi-centers at the 4,4' ,5, and 5' 

positions of 10,10 1 -bianthronylidene. The results are indicated in 

Table XIX. The calculated singlet spectrum showed very long 

wavelength transitions and thus does not agree with anything that has 

been observed.. Similar calculated results were obtained elsewhere. J4 

4. Protonated Structures 

These structures were studied because acid solutions of 

10,10;-bianthronylidene and diphenylmethyleneanthrone are highly 

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

when quenched on ice. Sulfuric acid solutions of 10,10 1 -

') 0 
b:lanthronylic!ene <~re violet-red due to absorption at 2. 23 ev. "- 0 

Bands at 2.79 ev, 3.29 ev, and 4.28 ev are also observed. 28 The 

dark gn!en sulfuric acid solution of diphenylmethyle!l.eanthrone 

showed absorption at 1. 82 ev and 2. 76 ev. The results of the 

calculations shown in Tables XX and X:XI indicated that. the protonated 

s~)ecieEJ in soluti01~. :Ls probably not bridged. The mcmoprotonated 

S?ecies can ba used to represent the colored form in each solution 

of these compounds. 

5. Hetaines 

Ionic structures (both positive and negative) were treated 



58 

with the PPP method including CI (both .MCI and NCI - DCI) for 

10,10 1 -bianthronyJ.idene and 10,10 1 -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 were 

allowed and appeared at longer wavelengths than those of the 

respective compounds. For 10,10 1 -bianthronyl:Ldene the-values were: 

(1) MCI; negative ion (2.66 ev), positive ion (2.!;4 ev), and (2) 

MCI - DCI; negative ion (2.30 ev), positive ion (2.20 ev). For 

10,10 1 -bixanthenylidene the values were: (1) NCI; negative ion 

(2.L~7 ev), positive ion (2. 71 ev), and (2) HCI - DCI; negative ion 

(2.22 ev), positive ion (2.21 ev). Although these structures were 

predicted to be colored, the colors cannot account for the observed 

chromism. It is quite possible that the betaines represent 

contributing resonance structures 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 r1ICI - DCI was 

applied to the calculation of electronic spectrum of 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 treatraent by a V<:!.riety of methods. }'or six of the 

structures treated the longest wavelength absorptions are. 

experimentally known. This absorption band for 10, 10 1 --

bianthronylidt~ne, 10, 10' -bixanthenylidene, and dihydrohelianthrone 

was predicted correctly. Helianthrone and mesonaphthobianthrone 
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results were fair. The results for diphenylmethyleneanthrone were 

poor. 

F'ive of the. compolmcls treated were written structurally as a 

valence isomer of the ground form by forming a single saturated C-C 

bo,J.d b8tween atoms in hindered positions. 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 (betaines) could not account for the 

observed colors. The double bridged structure of 10,10;-

bianthronylidene was ruled out. 

The intense colors of sulfuric acid solutions were explained 

theoretically '>lith a simple monoprotonated structure and the 

protonated bridge structure did not give reasonable agreement. The 

colored form of 10,10 1 -bianthronylidene and diphenylmethyleneanthrone 

can ~12 :formed by quenching the acid solution in :Lee ,,Ta.ter. Althougl1 

the. hindered C-atom positions of protonated 10, 10 7 -bianthronylide;ne 

·uere calculated to have identical slightly positive electronic 

charge, the positions for protonated dihpenylmethylcme2nthrone were 

oppositely charged (+ 0.043, -0.007). The latter type of charge 

d.istrib 1.tion. ii:i.dicates sorn.e tende:.1cy for bond formatiotL bet1,vee.11 th::;se 

2.tOIJ.S"' 

The pi~··birtcling e11e.rgie.s of 10~10 r -bia11t11ronylic1ene an.cl its 

bridged structure were calculated to be 53.7 ev and 45.6 ev, 

r23pective.ly. Tl1is is a differeuce of 186., 3 k.c:al/r1ole suggesti·ag 
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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. JB). and no explanation for this is offered. 



EXPERIMENTAL 

Magnetic resonance techniques (NMR and ESR) ~vere used to study 

10,10'-b:Lanthronylidene (Fig. 5-A), 2,7'-dimethyl-10,10'-· 

bianthronylidene, 10,10 1 -bixanthenyli<lene (Fig. 6-A), and 

diphe:iylmeti-iyleneanthrone (Fig. 7-A). These compounds are 

thermochr.omic ethylenes and when heated in solution produced 

brilliant colors. Sulfuric acid solutions of three of these 

d 1 0 lo I b • h J_ • d 22 ' 28 d ' d. h ., d • • compoun s, __ , - iant rony i ene an its imet, y.L erivatJ_ve, 

and diphenylmethyleneanthrone, were highly colored and produced a 

colored precipitate when quenched on ice. The colored precipitate 

from the sulfuric acid solution of 10,10'-bianthronylidene has been 

shown to be identical to the thermochromic form produced in heated 

?? solutions of this compound by comparing electronic spectra data.--· 

In each c<-:i.se (colored precipitate or heated solution) the normal 

form of 10,10 1 -bianthronylidene ·was regenerated by letting the samp12 

stand at room temperature. 

Nuclear magnetic resonance (i\Jl:lR) wa3 used to study heated 

samp.L2s of each compound and the results were compared with m·!R 

spectr2 obte.ined at roo1n tenrperature of the correspond:l11g 

L·c··,·ri" "'t·'' rrc1ri· (' ""Cl. r1--c1 o...J •• l - ·' ._, ~ _!... - - ~ <-• ·~- ~- 2 sol1Jtions .::.nd sarnples obtairted 

the acid in cold D 2o. Similar investigations were 

pursued for the related compounds anthrone (Fig. 4-C), anthraquinone 

(Fig. 4-D), and 10,10 1 -bianthranyl (Fig. 10-A). 

The research given in this section includes the results of onch 

61 



62 

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 proton magnetic reson2nce 

line of internal tetramethylsilane. 

A. Spectra Simulator Programs 

Proton magnetic resonance spectra were simulated with the J\TfvfR 

spectrum calculator and plotter program described in reference 51 

(appendix C). The chemical shift para.meter, Y , for each magnetic.ally 

inequivalent proton and the proton-proton coupling constants.) J ~b, 
c. 

are given whenever simulation of a particular spectrum was possible. 

Electror1 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 100% Lorentzian line shape and 

are characterized by electron-proton splitting constants with the 

number of protons assigned to each constant given. 

B. Instrumentation 

Proton magnetic resonance spectra were recorded on a Japan 

Electro-n Optics Laboratory Co. Ltd., C-60H NHR spectrometer 

equipped with a proton J0f>I-C-60H variable temperature probe. 'l'he 

temperature was adjusted with a JEOLCO JES-VT-3 temperature 

controller (max. J00°C). 

Electron spin resonance spectra were recorded on a Varian 

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

supply, E-101 microwave bridge, ~md E-231 cavity. Low temperature 
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was accomplished by boiling liquid nitrogen through a standard 

Dewar sleev:= which fits into the cavity and holds the sample .tube. 

C. Naterials and Purification 

10,10'-Bianthronylidene, diphenylmethyleneanthrone, and 

hexahrmnobenzene were purchased from the Aldrich Chemical Company, 

Inc., Cedar Knolls, Ne,,v Jersey. These compounds were 

recrystallized from nitrobenzene. The 10,10 1 -bianthronylidene was 

further purified by recrystallization from chloroform. It 

decomposed on heating to about 320°C showing no thermochromism in 

the solid" Diphenylirn::thyleneanth!:one. was further purified by 

:recrystallization from -c.arbon tetrachloride. It was then dissolved 

in chloroforrr: and passed over a neutral alt:mina 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 ,.;as washed with chloroform. Its melting point was 

324-3:25°C. 

10,10 1 -Bixanthenylidene and 2,7 1 -dimethyl-lO,lO'-

biarrthronyliclen2 w·ere p-urehased from CheE1icals Procurement 

Laboratories, Inc., College Point, New York. Both compounds were 

r2crys taLLized frmn nitrobenzene. 10, 10 7 -l\ixanthenylidene was 

further IJUrified by recrystallization from chloroform. The white 

solid turn2d yellow on heating, blue-green at about J00°c and 

yellow solid. 2,7 1 -Dimethyl-10,10 1 -bianthronylidene was further 

p~rified by recrystallization 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 East Kodak-

Eastman Organic Chemicals 9 Rochester, New York. The anthraquinone 

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 alumina (Brockman 

Activity I) were purchased from Fisher Scientific Company, Fair 

Lai:,m 9 New Jersey. The 2.nthrone was purified in the same manner as 

the anthraquinone. The nitrobenzene was redistilled. 

Chloranil (tetrachloro-.E_-benzoquinone) was purchased from 

Hatheson Coleman and Bell, East Rutherford, New Jersey and 

recrystallized fr~m nitrobenzene. 

Chloroform-d1 (99.8% isotopic purity), sulfuric acid-d 2 

(99.5% isotopic purity) and water-d 2 were purchased from Diaprep, 

Inc., Atlanta, Georgia. 

10,10 1 -Bianthranyl was synthesized from anthrone as described 

in subsection D. 

D. Anthrone 

The scructur2l formula for anthrone is shoi:m in Fig. Lf-C and 

t1-te frf:fl{ sp2c trt~To. is discussed in. ref e·.cenc2 51 ~ pcge 16. 

Neither a solution of anthrone in chloroform nor a 0.72M 

solution in cone. sulfuric acid gave an ESR signal. Irradiation of 

these solutions at room temperature with an ultra-v~colet lamp did 
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not produce a signal. 

\,fhen this compound was dissolved in sulfuric acid-d2 , 

deuteri12a exchange occurred with the methylene hydrogens. The 

mm spectrum of a 0.6411 solution is given in Fi;s. 12. The 

aromatic protons show intense resonance lines; the methylene 

protons (-L;. 31 ppm) show only a weak signal. A 0. 51H solution 

was prepared and after three minutes quenched on cold D2o. The 

precipitate was filtered and dried. The NMR spectrum in 

chloroform-d1 showed by its integration curve o:E the methylene 

protons relative to the aromatic protons that 54% exchange had 

occurred. This partially deu teriated an th-cone was redissolved 

insulfuric acid-c: 2 to form a 0.28i"1 solution and after 30 minutes 

quenched on cold D2o. NHR showed that 70/~ exchange of the 

methylene hydrogens was accomplished. This inclic.ates that in 

anthrone the hydrogens bonded to the saturated carbon atom are 

reJ.atively labile. 

10,10 1 -Bia~thranyl was prepared from anthrone following the 

. F C "h •r. 11 d R . . d 10 p-rocedure o~ 01,en, i·.J.., __ ar, an .• ichar s. A solution of 
-? 3. 79g (1, 51.fzlO - moles) of chloranil in 80 ral of p-xylene was 

prepared, ~hile warG~ng the solution, 3.00g (l.54xl0-2 moles) of 

anthrone were ndded in small portions and then the orange solution 

was refluxed for one hour. On cooling, the desired product 

precipitated and was we.shed with ether. The .;.1hite solid decompo:.:;ed 

Expe·rinents with this compound <:ire 

described in subsection G. 
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E. Anthraauinone 

The structural formula for this compound is given in Fig. 4-D. 

The proton magnetic resonance spectrum of a saturated solution of 

anth:r.aquinone in chlcn:oform-d1 is shmm in Fig. 13. Simulation of 

this spectrum was possible using the following set of paramete:r.s: 

vl = -8.36 ppm 

IJ2 -7,84 ppm Jl2 7.45 Hertz 

/J3 -7.84 ppm J13 1.88 Hertz J23 - 7. 96 tiertz 

~4 = -8.36 ppm Jl4 := 0.20 Hertz J24 1.83 Hertz J34 7 .L1S Hertz 

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

numbered 1-1:1: on the structural formula (Fig. 13). This is identical 

to the spectrum reported as bianthronylidene-B in reference 51, 

page 22. 0 Anthraquinone melt at 290 C gave the same resolved ~~iR 

spectrum. 

Anthraquinone did not give an ESR signal when dissolved in 

cone. sulfuric acid. A 0.26N sulfuric acid-d 2 solution was 

prepared and after two hours quenched on D0 0. The precipitate was 
L 

collected and dried in a vacuum dessicato;:-. No proton-deuterium 

e~-cchanse occurred as E~ho~m by the r:YP-fR spectrum of a saturated 

solution of this precipitate in chloroforB-dl. If exch;::.nge had 

occurred, the over-all intensity of th2 resonance lines uould have 

diminished in comparison with the original spectrum and probably 

the relative intensity of the lines for l/1 ( t}L) and j)2 ( V 3) would 

ha\re changed. These effects \Vere not obser\1ed .. 
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F. 10,10 1 -Bianthronylidene and 

2,7 1-Dimethyl-10,10 1 -Bianthronylidene 

The structural formula for 10, 10 1 -bianthronylidene is shmm 

in Fig. 5-A. Its proton magnetic resonance spectrum in chloroform-cl1 

is given in Fig. lL;. Simulation of this spectrum was possible 

using the following set of parameters: 

!./, -8.09 ppm 
-'-

Y2 -7.41 ppm Jl.2 7.90 Hertz 

Y1 -7.16 ppm T l.80 Hertz J23 6.30 Hertz ..... 13 

f}4 -7.09 ppm Jl4 0.30 Hertz T 1.80 Hertz J3. = 6.30 Hertz ...., 2L; lf 

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

numbered 1-L, on the structural formula. This is the spectrum 

:reported as bianthronylidene-A in reference 51, page 2l;, and the 

si1aulated spectrum is shmm in Fig. 12 page 23 of that same 

refe.rE~il.Ce" 

Solutions of these compounds exhibited reversibl2 

tr.ermochromism. The Nf'lR spectrum of 10, 10 1 -bianthronylidene in 

,-,..,-,10--<Jfo~----d -~,_ 7C·.0 c · d l' · d · '~1· ~~ _., .!- _ .cii, 1 "'-'- , si10':·-1e some _ine broa• ening. .L :1lS e:ciect 

wa.s so clrastic in the case of the dimethyl compound that the 

spectrum at 135° C barely showed any absorption lines for the 

rneth} .. _1 protons,, Cooling the s2.-mple to rocym tE:-mperature re.Versed 

this phenomenon. The br8adening of the proton magnetic resonance 

lines may be caused by the presence of paramagnetic species 

whereby the larger interaction of the nuclear moment witl1 the 

electronic moment compared to nuclear magnetic moment interactions 
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· 11 h h 1 . . 8 wi s,.orten t e re axa tJ_on time. It is known that when these 

compounds in solution are exposed to light an ESR signal develops 

h . h . h . 1,5,23 w ic increases on eating. The ESR spectrum has been 

resolved and assigned to the hydrohianthrone radical in which the 

odd electron shows splittings from only one half of th~ 

- lo . 1 1, 50 mo ._c.u_e. The structural formula is shown in :Fig. 11-B. In 

all instances care was taken 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 least a weak 

unresolvable ESR signal of 20 gauss total width. 

2,7 1 -Dimethyl-10,10 1 -bianthronylidene was further purified 

with a neutral alumina column. It decomposed to a red solid at 

233°C. The NMR spectrum of this red solid dissolved in 

c:hloroform-c11 is shown in Fig. 15. The material -;;as not very 

solubl;::: but the two methyl peaks indicate that the sample nay 

contain primarily the 2,7 1 -dimethyl derivative of he1ianthrone 

(Fig. 9-A) in which the methyl grol!ps are magnetically 

inequivalent.. The-ce is 2. noticeable shift of the aromatic proton 

region downfield. The signal at -1.6 ppm was not identified but 

was clue to an impurity in the solvent. 

10,10'-Bianthronylidene was also passed over a neutral alumina 

column. The solid raaterial collected melted revexsibly green at 

265°C. The :Nl'iR spectrum showed that it had partially reacted on 

the 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 1 -bianthronylidene to air the green color disappears rapidly 

and anthraquinone is isolated as a product from the reaction with 

54 molecular oxygen. It has been reported that the active sites in 

13 alumin2. 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 

~<2 Pa.dova when this compound was first synthesized. NJ'fR samples 

of these melts turned black and the broad resonance lines were 

unresolvable. No additional resonances were observed outside of 

the aromatic region. 

A sample of 10,10 1 -bianthronylidene in cold chloroform-d1 

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

to tm~n crimson red, then brown. The Nl'IR spectrum of the 

relatively insoluble material showed the same downf ield shift in 

the aromatic region as that previously noted for the dimethyl 

derivative after melting (red solid, Fig. 15). An additional 

peak at -L 23 ppra appea;:ed which was not identified. 

It is also known that when these compounds are dissolved in 

cor.c, sulfuric acid or a solution of hydrogen flew-ride in sulfur 

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

purplish red). When the acid solution is qUE!nChed in cold water 

or on ice a green precipitate forms which reverts to a yellowish 

substance on standing at roorn ternperature or i;vl1e-n dissoJ\red i.r1to 

soluU.on at roo1n temperature .. The acid so:Lution can quenched 
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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 

high yJeld results. 22 •51 An attempt was made to obtain an Nr'IR 

spectrum of ~mch solution in chloroform-d1 formed from 10,10 1 -

bianth:rnnylidene, 51 and also from the dimethyl de-civative but 

either the solutions were not concentrated enough due to the low 

temperature 0 0 (-50 C and -70 C, respectively) for a characteristic 

spectrum or possibly the samples contained enough paramagnetic 

species to cause severe line broaden:Lng, 

Solutions of 10,10 1 -bianthronylidene and its di~ethyl 

derivative in a liquid hydrogen f luoride-sulfu:r dioxide mixture 

were prepared using Kel-F test tubes and dry ice-acetone slush 

baths. The characteristic green solid was formed hy quenching each 

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

These samples turn.::d yellow in the process. The first sample gave 

an Ni1R spectrum at room temperature of only regenerated 10,10 7 -

bianthi·onylidene but the cUmethyl compound gave an intense sign2.l 

at --1.23 ppm in addition to regenerated 2,7 1 -·dimethyl-J0,10'-

bianthronylidene (Fig. 16). This signal was not identified. The 

dimethyl <lerivati'1e still melted to give, on cooling, a red solid. 

The Ni.'m spectrum of the red solid at room temperattffe in 

chloroform-cl. showed the same characteristics as before (Fig. 15) 
J. 

and an intense signal at -1. 23 ppm. 

A major quintet of lines was obtain2d for the ESR signal 
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obst~rved by dissolving the green solid formed from 10,10 1 -

bianthronylidene and HF:S02 in chloroform to which a small amount 

of carbon disulfide had been added so that the solution would not 

freeze in a dry ice-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. 1 

However, a solution of 10,10'-bianthronylidene in chloroform gave 

an unresolved ESR signal of comparable intensity. The 

hydrobianthrone radical exists in the 10,10 1 -bianthronylidene and 

the analagous radical in the 2,7'-dimethyl-10,10'-bianthronylidene 

used in these studies. 

After ten minutes, a 0,096N solution of 10,10 1 -

bianthronylidene in sulfuric acid-d2 was quenched on cold D20, 

The precipitate was dried and dissolved in CDC13 .. The NHR spectrum 

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

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

occurred for the protons in the hindered positions (4,5 1 4',5'), 

then this would be evidence for a more labile type of hydrogen 

analogous to the exchange of the methylene protons of anthrone and 

lend support to the bridged structure (Fig. 5-B). 

G. 10,10'-Bianthranvl 

This compound was prepared from anthrone and differs in its 

struct~ral formula from 10,10 1 -bianthronylidene in that the 



72 

11 ethylenic11 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 terr.perature. The infra-red spectrum and the Ni:rr\ 

spectrum (the bridge protons have a chemical shift of -4.75 ppm) 

agreed with those reported elsewhere. 10 The resonance peak of the 

bridge protons (-4.63 ppm) was quite narrow when 10,10 1 -

bianthranyl was dissolved in n2so4 indicating that they did not 

exchange in acid. Further evidence of this was obtained by 

quenching the acid solution on cold n2o and observing no difference 

in the }~fR spectrum of the precipitate as compared to that of the 

original material. 

It has been suggested that by boiling a solution of 10,10'-

bianth:L·anyl in pyridine that enolization would occur forming 

dihydrobianthrone (Fig. 11-A). 3 It would be interesting to 

observe the Nl\IR 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 10,10 1 -· 

bianthranyl in pyridine the solvent was vacuum distilled and a 

brown sol1d remained. Part of this sa!-;i.ple was washed with ether 

giving a yellow ;:~olid which by its "melting" point and NHR 

spectrm11 was identified as 10,10'-bianthronylidene. Hhen the brown 

solid was redissolved in pyridine the solution exhibited a well 

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

this was simulated using a line width of 0.190 gauss (Fig. 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'-Bixanthenylidene 

The structural formula of this compound is given in Fig. 6-A .. 

The proton magnetic resonance spectrum of a 0.024N solution in 

CDCL, is shown in Fig. 20. Simulation of this spectrum was 
..) 

possible using the following set of parameters: 

v1 -7.29 ppm 

V'2 - 7 ~ 2!+ ppm 

V3 -6.88 ppm 

I 1 -7.16 ppm !---' i; 

J12 

Jl3 

J .. ' _Lt.~ 

8.20 Hertz 

l.Lc5 Hertz J 23 

0.86 Hertz J 21} 

7.80 Hertz 

1.75 Hertz J~ 1 = 8.70 Hertz 
.)4 

where hydrogen atoms 1-4 2:re bonded to the carbon atoms numbered 

1-4 on the strm::tural formula. The spectrum simulation is shown 

in Fig. 'J -L..l. Heating this sample to 120°C and then cooling back 

do-i;vn to roo;.:i tE:rr~p2rature caused no cl1ange in t.he l<frlR. spectrum,. 

In order to ob ta.in complete solubility for a 0. 056N solution 

of 10,10'·-bixanth<~nyl:i..dene in <lecalin, the. ti::mperatL<re must be 

relativE:~ly· high, i\ v12ll resol\lecl llr .. U-~ spectrum """as obtained at 

1 7r-.°c• "'tld ·j <O c~rQ'•fil -1n "fl·i 0 ?? 
......... .. J • c~ ---=> .. __ t v ·- ..i.... ... __ -.:::i" ,._ ..... In comparison with the room 

temperat:n~'~ spect.nm in CDCL<, if one assumes no shift in the totaJ. 
.J 
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spectrum, simulation can be obtained simply by changing ~,, frow. 

-7.16 ppm to -7.23 ppm. This simulation is shoi;m in Fig. 23. It 

is not known whether this change is due to a concentration effect, 

a temperature effect, or a solvent effect (CDC13 vs. decalin). 

It could be that the difference is connected with the formation 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 protons in bifluorenylidenr~ 

(F . 8 A) ,_ h ' . f d · f Lf5 ig. - vut t ese are sni_te ten times as ·ar. This is 

consistent with the more planar geometry which bifluorenylidene 

exhibits in the crystalline state where the ang:Le between the 

middle rings is oDly 10° wheree.s i;:i_ 10,10 1 -hixanthenylidene the 

. 0 15 40041 corresponding angle is much larger (l.O ) o ' ' Since th.e 

bifluorenylidene is red it has been suggested that it exists in a 

"thermochromic formn as a solid and in solution arid in fact it 

. 25 27 exhibits no thermochromic or photochromic properties. ' It would 

be interesting to see whether the mm spectrum of bifluorenylidene 

in solut:i_on is noticeably temperature dependent. Hee.ting the 

decal in sac-tple of 10, 10 1 -bixanthenylidene to a higher temuerature 

caused less resolved mm lines due to broe.Jening. 

10,10 1 -Rixanthenylidene forms an orange solution in sulfuric. 

acid and in HF:so 2 solution. Quenching either of these acid 

solutions on ice does not produce a colored form. 

A mixture of hezabromobenzene and 10, 10 ·1 -bi.xanthenylide1~2 
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which melted reversibly purple at 277-278°c did not give a resolved 

:mLR spectrum at 285°c but a single broad line. 

Solid 10, 10 1 -bixanthenylidene 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 NNR spectrum 

in CDC13 identical to that of the original compound. 

I. Di-phenylmethyleneanthrone 

The structural formula for this compound is show-n in Fig. 7·-A. 

The NHP. spectrum in CDC13 is given in Fig. 24 and Fig. 25 (two 

s';-eep uidths). This spectrura is readily interpreted by assigning 

the doi:mfiel<l multiplet to the protons bonded on the positions 

alpha to the c2rbonyl group. The remainder of the protons on the 

three-fused ring system produce the upfield lines with the 

exceptio.l! of the most intense line which is due to the phenyl ring 

protons. The phenyl Ting protons show some splitting in Fig. 25 

but they are comparatively equivalent. This solution gave the same 

0 
spec tru.m at 113 C. No ESR signal was observed either before or 

after heating the sample or after exposing it to :coom light for 

eight ·hours .. 

The NHR spectrum of diphenylmethyleneanthrone melt (red) at 

230°c is shown j_n Fig, 26, No addit~Lonal resonanc.:.: peaks ·were 

observed and the line width compared well with the room temperature 

spectrum in CDC13 of the same s;-1eep width, 

In dec:aliu solution the "N1{R. spectrum changed as shoi;,rn in 

27 and 28 at l00°c and The downfie.ld 
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multiplet for the alpha protons was observed in the same relative 

position but is not shown. The obvious difference in these spect·ca 

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 

e>.cid 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 vacuum 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 minut•~s. This 

process could be repeated. The infra-red spectrum of this solid 

which could be a colored acid-salt ( + >c-OH HSol;- )- did show 

-1 h . . ,, a band at 1450 cm c aracteristic of a saturated 7C-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 obtaim~d. 

The text can be consulted for the details of the experim~mtal 

studies. 

(1) 1\nro c ,_ Sl 1 · · 10 - 0 1 r~c'.<~ spectra O.t. anturone, ant iraquinone, _ , l -

bianthronylidene, 10,10 1 -bixanthenylidene, diphenylmethyleneanth:r:one, 

I lo "LO' b'. J ··- ._,lO b" . cnr··· anc _ , . - iant :u:any-. at am ient temperature in ,,.L3 were 

interpreted. 

(2) NHR. line broadening was observed for the spectra obtained by 

heating CDC13 solutions of 10,10 1 -bianthronylidene and its diraet:hyl 
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derivative, and by heating a decalin solution of 10,10 1 -

bixanthenylidene above 176°C. Broad NMR lines were also observed 

for the spectra obtained by melting mixtures of (a) 10,10'-

bianthro".lylidene and anthraquinone, and (b) 10,10 1 -bixanthenylidene 

and hexa.bromobenzene. 

(3) Nelted diphenylmethyleneanthrone gave no additional NMR signals 

and although the spectrum was not well resolved, the line width was 

comparable to that observed in the spectrum obtained at ambient 

,_ ~ .. cnc1 LemperaLure in _; 3 . The phenyl protons of 

diphenylmethyleneanthrone showed increased spl:ltting of NMR lines in 

a heated decalin solution. The NMR spectra of 10,10 1 -

bixantbenylidene obt<Ll.ned in CDC1 3 at ambient temperature and in 

decalin at 176°c showed a slight difference. 

(4) Sulfuric acid solutions of 10,lOr-b:lanthronylidene, 2,7 1 -

dimethyl-10,10'-b:Lanthronylidene, and diphenylmethyleneanthrone 

gave colored precipitates when quenched in ice 'Water whereas the 

acid solution of 10,10 1 -bixanthenylidene did not. 10,10'-

Bianthronyli<lene and its dimethyl derivative were regenerated 

from the corresponding colored precipitate by simply dissolving in 

chloroform at ambient temperature. It is not' known ·whether any 

diphenylmethylene2nth-con2 can be regenerated f-com its colored 

prec:lpitate; an infra-red spectrum of th~ precipitate indicates 

tl1at saturated '-.. ..... ..., ""' ~,....C-rI bonds are present. This red-orange 

precipitate in an evacuated dess:Lcator changed to a dark green 

color (th(~ color of t:l:e acid solution) presumahly b2cause the san:ple 
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was dried. Exposing 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 CDC1 3 

of the colored precipitates formed on quenching the corresponding 

acid solutions of lO,l0 1 -bianthronylidene51 and its dimethyl 

derivative. 

(6) Proton-deuterium exchange in n2so4 was observed for the 

methylene protons of anthrone. No exchange for any protons was 

observed with anthraquinone, 10,10 1 -bianthronylidene, or 

10,10'-bianthranyl. 

(7) An unidentified sigr..al at -1. 23 ppm was observed in the NHR 

spectra obtained when 10,10 1 -bianthronylidene in solution was 

decomposed by ultra-violet light and when its dimethyl derivative 

was regenerated after quenching the acid solution in ice water. 

(8) Helianthrone was possibly forTied when 10)10 1 -bianthronylidene 

in solution was decomposed by ultra-violet light as indicated by the 

resulting NMR spectrum. This is known to occur as shown by the 

1 . . , . , 26 e ecrronic aosorption 0ata. The dimethyl derivative of 

helianthrone was possibly formed -when 2,7 1 -dimethyl-10;10 7 -

bianthronylidene was melted and then refrozen (red solid) as 

indic.ated by the NMR spectrum of the red solid obtained in CDCl'.). 
J 

(9) 10,10 1 -Bianthronylidene formed some anthraquinone on a neutral 

alumina column. The mixture melted reversibly green. Dimethyl-

10,10 1 -bianthronylidene did not decompose on a neutral alumina 

' b . . ·1 • • • • ] b 1 n° ., co~umn ut irs me-ring point was increasea y _ L. 
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(10) The ESR spectrum of the hydrobianthrone radical was obtained 

when a pyridine solution of 10,10 1 -bianthranyl was refluxed 

producing 10)10'-bianthronylidene in the process. It seems that 

this radical was always present in the 10,10 1 -bianthronylidene and 

the co:~responding racHcal in the 2, 7v-dimethyl-10,10 '·-

bianthronylidene. An ESR signal was observed in the solid obtained 

by first melting 10,10'-bixanthenylidene and then refreezing it. 

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



XI. CONCLUSI0}1 

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 (v ) 
~ •I CC 

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 .E_-benzoquinone. Improved results over the HCI procedure were 

also obtained for p-naphthaquinone, however, the results for anthrone 

were puzzling. 

Calculations of electronic spectra of some thermochromic 

ethylenes and structures found in such systems produced interesting 

results. A single saturated bridge structure i:vas shown to be 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. 5 

The bridged structure sho\m for 10, 10 2 -bianthronyLi..dene in 

:Fig. 5-B would be expected to have a different 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 numbered 

1 and 3. The bridged structure was calculated to have 0.0!;8 and 

80 
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0.021 units of negative charge less in these respective positions 

than the normal form. The charge densities at positions 8 (8 1 ) and 

1 (1 1 ) were not identical. Neither were those at positions 7 (7 1 ) 

and 2 (2'), or at positions 6 (6 1 ) and 3 (3') on the outer rings of 

the bridged structure. The charge density at position 5 (S') was 

different from the others. No results were given by the calculation 

for position 4 or 4 1 , since, when the bridge forms, these carbon 

atoms are no longer in the pi-system. 

The protons bonded to the carbon atoms vhich have different 

charge densities would be magnetically inequivalent resulting in a 

complex Nl:•m. spectrum with much hyperfine structure. The splitting 

of N~IR resonance lines as the bridged structure formed from the 

ground state of the molecule could be at least partially causing 

the N°c'lR line broadening observed in various samples studied 

~:xperimentally. Pa:::.-amagnetism can also contribute to NMR lines 

being unresolved. Kortum and Koch have shown that the. thermochromism 

and para;-nagnetism observed in solution are independent of each 

other, 2 3 

The intense colors of sulfuric acid solutions were explained 

theoretically with a sin~le monoprotonated structu~e and the 

protonated bridge structure was ruled out. Since the colored form 

was produced on quenching the sulfuric acid solution on ice, the 

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

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

have appeared in th2 tJ~lI\ spectrum of the deuteriated acid solu.t:ion 
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as in the case of 10,10 1 -bianthranyl. The bridge protons would not 

have been observed if they exchanged with deuterium as in the case 

of the methylene protons of an throne. :No deuterium exchange was 

observed in the 10,10 1 -bianthronylidene which was regenerated from 

n2so4 by quenching the solution in cold D2o. 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 I. BENZENE CALCULL\.TIONS; HQI\lO-EXCITED CI 

Calculated 
r 

Syr1metry Energy (ev) Symmetry Energy (ev); 

B2u !f. 89 . B2u 4. 92 4. 77 

L1 or Ezrr 6.14 B1u 6.21 6.06 
C> 

Elu l 6.75 E1u 7.04 6.88 

Ezg 8.53 8.30 

y cc (ev) 11.13 11. 08 

-Bee (ev) 2.395 2.319 

[ref. 43 21 

NCI = 9 

4.92 

5.88 

6.67 

8.38 

9.40 

2.405 

48 

I 

co 
w 



'l'ABLE II, BENZEl'lE C.t\LCULATIONS; DOUBLY EXCITED CI 

[ 1;----
1 ymmetcy I __ 

Fxc:Ltation Energies (ev) 

MCI == 0. DCI ·- 45 HCI = 9; DCI = 22 _,/ :. 

~-·---1 
--.------

I 2 3 4 5 6 7 8 9 

1:::: ___ ·-~--· -
.15 Lf. 63 L;. 5 7 4.78 4. 9Lf 4.03 4 .5 7 4.97 

• .15 7.28 6. Lf 7 6.20 G.15 6. L19 6.16 6.00 

_______ , __ 
4 

7 

7 , L17 7.26 7,67 6.94 6. 71 6.67 7. Lf2 6. 96 6.70 

6 . 75 6. 77 7. L1S 7.26 7.54 7.76 6.83 7.38 7.86 

.13 10.60 10~ 9.00 7.90 7.40 11.13 9.00 7.40 

. 395 2.388 

I 
2.610 2.50 2.55 2.60 2.395 2.50 2.60 

. lL1S 1. 239 1.141 l Q,74 0.50 0. L10 o. 71 0.40 0.23 i -l 

Y cc (ev) 

-Sec (ev) 

""-t'\ denotes ground state (A1o-) depression 
0 



TABLE III. NAPHTHALENE CALCULATIONS; MONO-EXCITED CI 

Calculated Excitation Energies 

Exp. 19 MCI == 25 :MCI = 15 I 

(ev) 
·/; - L (ev) - f - transition (ev) - transition (ev) - transition 

3.97 (0.002) 4.15 (O) 1 4.02 1 !+. 25 1 

4.29 (0.18) 4.49 (0.25) '/ 4.38 2 4.51 2 "-

I 
5.63 (1. 70) 5.81 (2.05) '"I 5.68 3 5.81 3 .) 

6.51 (0.20) 6. I+ 7 (0.60) 7 6.31 7 6. Lr8 7 
I I I 7. 41 (0.6) 8.08 (0.99) 13 I 7.87 13 

! 
8.09 12 

I Yee (ev) I 11.13 I 11. 08 11.13 

I -Bee (ev) .2.395 I 2.319 2. 395 

·i:: oscillator strength 



TABLE IV. ANTHRl\CENE CALCULATIONS; NONO-EXCITED CI 

L ~ 
E fj ·xp. 

(ev) 

4.89s 

5.M 

Yee (ev) 

-:3cc (ev) 

(ev) 

5.09 

6.11 

6.32 

·'· - £" ·-
-

(0.30) 

(2.81) 

(0.002) 

(0.27) 

11.13 

2.395 

* oscillator strength 

Calculated Excitation Energies 

MCI ;;,;:; L,9 
-

transition (ev) - transition 

1 3.40 1 

6 4.97 6 

8 5.96 0 
<) 

11 6.16 11 

11. 08 

2.319 

:MCI = 15 

(ev) -- transition 

3.54 1 

5.15 5 

6.12 8 

6. Lfl 9 
-

11.13 

2.395 



TABLE V. NAPHTHALENE CALCULATIONS; DOUBLY EXCITED CI 

I 

L MCI -- 15; DCI - 39 MCI=l9;DCI=60 HCI=25;DCI=54 

I (ev) - i: ',k;\· -- tr if I (ev) - tr (ev) - f - tr I (ev) - f - tr (ev) - f - tr (ev) - tr .L 

I- I -
14. 01 (O) 1 lf. 20 l lf. 28 (0) 1 L+. 30 (0.23) 1 4.18 (0) 1 4.19 l 

i 4.91 (0.15) 2 L,, 52 2 lf. 35 (0.21) 2 4.36 (O) 2 lf. 1.,3 (0.19) 2 L;, Lf8 2 

16 .10 (L Lf5) 5 5.78 4 S.62 (1. 5 7) 3 5.59 (L 60) 3 5.78 (1. 52) Lf 5.79 Li 

7. H (0.31) 10 6.69 8 6. Lf9 (0.40) 7 6.46 (0.41) 7 6.37 (O. 37) 7 I 6. lf0 7 

I 8. 63 (0.89) 15 8.23 15 8.05 (0. 77) 15 8.05 (O. 76) 15 8.20 (0. 73)15 I 8.20 15 
I ' 

I y cc (ev) 11.13 9.00 7.90 7.40 9.00 9.00 

I 
I 

-i3cc (e.v) 2.395 2.50 2.55 2.60 2.50 2.50 
-'~ ~t.. -c.(\ ,~ (ev) 0.75 0. Lf3 I 0.31 0.26 0. 44 0.44 

•/;; oscillator strength 

·/;.o..); ground state depression 

if trcmsition number 



TABLE VI. ANTHRACENE CALCULATIONS; DOUBLY EXCITED CI 

MCI = 15; DCI = 39 .MCI=28; DCI=51 

(ev) ·'· tr!! (ev) ·- f,. - - f - tr (ev) - tr (ev) -- tr (ev) - f - tr 

I 3.68 (0) 1 3. 4if (0.2!t) l 3.28 l 3.23 1 3.64 (0) 1 
I 
I 3.78 (0.20) 2 5.08 (2.09) 6 I+. 96 6 4.95 6 3. 73 (0.20) 2 

5.30 (1. 98) 5 6.16 (0.02) 10 5.95 9 ,5.92 9 5.29 (2.02) 6 

I 
6.59 (0.02) 10 6.48 (O. 08) 12 6.35 12 6. 35 12 6.57 (0.02) 12 

.. 

Yee (ev) 11.13 9.00 7.90 7.40 11.13 

-Bee (ev) 2.395 2.50 2.55 2.60 2.395 

·-G ·k1:~ (ev) 0. 5lf 0.33 0.24 0.20 0. 5i'f 

1': oscillator strength 

i'; ;'\ ground state depression 

il transition nu1nber 

HCI=21; DCI=58 

(ev) - f - tr 

3.40 (0.19) 1. 

5.07 (1.18) 6 

6.16 (0.01) 11 

6.29 (O. 08) 12 

9.00 

2.50 

0.32 

OJ 
OJ 



VII. STILBENE CALCULATIONS 

f MCI=21; DCI=58 MCI= 15; DCI = 39 
;'; ~t 

(ev) - f - tr"I (ev) - f - tr (ev) - f - tr (ev) - tr (ev) - tr (ev) - tr 

L>.29 (1.19) 1 4.28 (1.03) 1 4.55 1 1 4.13 1 

Li.57 (O) 2 4.65 (0) 2 Li,, 78 (O) 2 4.78 2 4.78 2 2 

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 
r-i 

Cf}I H u 
2 Lf.57 (0) 2 4.73 (0) 4.49 (O) 2 4.70 2 2 

Li.SS (0) 3 5.40 (0.55) 4 5.50 (0.56) 5 5.75 5 5.37 4 5.36 

0.15 0.15 

I y cc (ev) 

le** (ev) I 
11.13 9.00 9.00 11.13 7.90 

0.26 0.10 

7.40 

0.09 

'i'\ oscillator strength 
1 lowest singlet transition Lf. 4ev33 

*·k ground state depression (CIS) 
2 lowest singlet transition 3.9-4.2ev33 •6 

ff transition number 



TABLE VIII. DIHYDROPHENAi"JTHRENE CALCULATIONS 

Exp. 35 NCI = 36 MCI = 36 HCI==21; DCI=58 MCI=26; DCI=53 HCI=33; DCI=46 
-•- tr ff (ev) (ev) - f" - (ev) - f - tr (ev) - f - tr (ev) - f - tr (ev) - tr 

I 2.7 2.23 (0.55) 1 2.01 (0.52) 1 1. 95 (O) 1 2.03 (O) 1 2.03 1 I 

I 2.96 (O) 2 2. 9Lf (O) 2 2. 77 (O) 2 2.H . ( 0. 35) 2 2.43 2 

I I 3.97 (O) 3 3.88 (1. 05) 3 2.90 (0.32) 3 2.98 (O) 3 3.0L; 3 

I Lf.15 (1. 08) 4 3.98 (0) 4 3.90 (0) Lf 3. 72 (0) 4 3.73 4 

y (ev) 11.13 9.00 11.13 9.00 9.00 cc 

I -c''('~ (ev) - - 1. 069 0.67 0.67 

* oscillator strength 

** ground state depression 

ff transition number 



TABLE IX. g-BENZOQUINONE CALCULATIONS 

I 1 2 3 4 5!:. 6 

Exp. 12 rcr = 16 HCI = 16; J\ICI=l6; MCI ·- 16; HCI = 16; MCI = 16; 
DCI = 38 DCI=38 DCI = 63 DCI = Lf3 DCI = 63 

·'· (ev) (ev) - f" (ev) - f 

I 
(ev) (ev) - f (ev) - f (ev) - f 

4.28s 4.49 (O) 4.79 (O) 4.37 Li,. 6 2 (O) Lf. 20 (0) 3.63 (O) 

5.16 (0.83) 5.50 (O) 4.43 4. 7 l+ (O) I 4.30 (O) 4.14 (0) 5.07vs 

7.09 (O) 5.74 (0.60) 5.23 I 5. 35 (0.43) 5.03 (0. 76 4. Lf9 (0.41) 

y cc ( e.v) 11.13 11.13 11.13 11.13 11.13 11.13 

;ev) J -Bco 3.1Lf5 3.145 2.60 2.60 2.60 2.30 
-;':: -;'\ 

-G (ev). - l. 00 1. 09 1. 51 0.96 1. 25 
L 

'#'\ oscillator strength 

~·'.-: ·;/; ground state depression 

!:. cut off at 15.0 ev 



TABLE IX. _r-BENZOQUINONE CALCULATIONS (cont.) 

7 8 9 101'1 

i-'lCI = 16; NCI=l6; HCI=l6; .MCI=l6; 
DCI = 38 DCI=63 DCI=63 DCI=SO 

i ·'· (ev) - .L .1· .. (ev) (ev) (ev) I 1-

I 
! 

13· 88 (0) 4.00 3.81 3.68 

4.39 (O) 4.60 4.53 4.38 

5ol3 (0.68) 5.15 5.06 5.05 

y (ev) 9.00 9.00 9.00 9.00 'cc 

-Bco (ev) 2.60 2.60 2.50 2.50 
I 

-G~:r:'"i'= (ev) l 1. 02 l. 26 1. 30 l.13 
~· 

·lr: 
o~cillator strength 

·ki• ground state depression 

6 cut off at 15.0 ev 

11 

HCI=l6; 
I 

DCI=38 

(ev) 

3.67 I 

4. Lf3 

5.11 

7.90 I 
2.60 

1. 00 

12 

NCI=l6; 
DCI=38 

(ev) 

3.58 

4.49 

5.12 

7.40 

2.60 

1. 02 

I 

I 
I 

l.D 
Iv 



TABLE X. ANTHRAQUINONE CALCULATIONS 

I Exp.12 
I 

HCI = 64 H.CI=l5; DCI=39 MCI=21; DCI=58 MCI=28; DCI=Sl 
·'- - trlf (ev) (ev) - f" (ev) - f - tr (ev) - f - tr (ev) - f - tr 

3.80ms I Lf. 29 (0.19x) 1 3.92 (0) 1 3.96 (O) 1 3.90 (O) 1 

I 4.53s 4.38 (0) 2 Lf. 03 (0.25x) 2 4.12 (0.23x) 2 4.10 (0.24x) 2 I 
4. 70s 4.42 (O) 3 L, .17 (0) 3 4.29 (O) 3 4.21 (0) 3 

4.98s 4.94 (O. Lf7y) !~ 4. 70 (O. 54y) 4 4.55 (0.50y) 4 Lf. 53 (0.49y) 4 

bev) I 5.44 (0.92x) r.: 5.57 (0.94.x) 5 5.54 (O. 68x) 6 5.54 (0.69x) .., 
.J I 

11.13 11.13 11.13 11.13 

l -Seo (ev) 

I 
3.12 2.30 2.30 2.30 

-c*i'' (ev) - 0.29 0.41 0.39 
I 

-J~ oscillator strength 

i'~··i~ ground state depression 

# transition number 



T.ABLE X. ANTHRAQUINONE CALCULATIONS (cont.) 

I HCI=36; DCI=43 

I ~- .fl r: ~o: -tru 

1 

(0.23x) 2 

J Lf. 07 (O) 3 
I 

I Lf. 68 (0.47y) 4 

I 5.41 (0. 71x) 6 

y cc (ev) 11.13 

-s co (cv) 2.30 
.. 1 .... 1 .. 

I -G"" (ev) 0.30 

-;< 
oscillator strength 

·k""J': ground state depression 

fj . . , transition numoer 

NCI=28; DCI=Sl 

(ev) - r - trl 

3.71 (0.20x) l 

3.93 (O) 2 

4.06 (0) 3 

Lf, 61 (0.50y) Lf 

5.34 (0.62x) 5 

11.13 

2.30.6 

0.24. 

flow - -7.00 ev 
0 

l1CI=36; DCI=!.f3 

(ev) - f - tr 

3. 72 (0.22x) 1 

3.78 (O) 2 

3.98 (O) 3 

4.50 (0.47y) 4 

5.24 (0.67x) 5 

11.13 

2.20.6 

0.19 

MCI=28; DCI=51] 

I (ev) - f - tr I 
3. 75 (0) 1 

4.23 (0.22x) 2 

4.30 (O) 3 I 

I 4.44 (O.Sly) 4 

5.53 (0.68x) 8 

9.00 

2.30 

0.38 



TABLE XI. _E-NAPI-ITHAQUINONE CALCULATIONS 

I 
Exp. 12 :MCI = 36 NCI=lS; DCI=39 MCI=l5; DCI=39 HCI=l5; DCI=39 HCI=26; DCI=53 

·'· -
(ev) (ev) - f" (ev) - f (ev) - f (ev) - f (ev) - f 

I 

3.7ls 4.28 (0. 008y) 4.39 (0.057x) 4.20 (0.060x) 3.78 (0.053x) 3.64 (0.063x) 

4.30- 4. 2Lf (0.099x) 4.60 (0.020y) 4.41 (0.018y) 4.08 (0.023y) 3.87 (O.OOly) 

5.00vs 4.95 (O. My) 5.43 (0.52y) 5.16 (0.54y) 4.59 (O .53y) 4.54 (0.52y) 

5.42 (0.20x) 5.94 (O .16x) 5.80 (0.16x) 5.02 (O. 045x) L:. 97 (O. 0Lf9x) 

I 
Yee (ev) 11.13 I 11.13 11.13 11.13 11.13 

-Seo (ev) 3.12 

I 

3.12 2.81 2.30 2.30Li 

I -G ~';;i'' (ev) - 0.60 0.59 0.61 0.61 I I 

{: 
oscillator strength 

-;,~~ ground state depression 



TABLE XII. ANTHRONE CL\LCULATIONS 

I ' Lf9 I I t-'!CI=lS; I E::~) I 
MCI = 49 DCI=39 NCI=l5; DCI=39 HCI=28; DCI=51 MCI=28; DCI=51 

·'- I 
I (ev) -- f '" (ev) ·- f (ev) - f (ev) - f (ev) - f 

I 

f 

i---

4.00s I i+. 6 7 (0.026x) 4.96 (O. 0Lf9x) Lf. 74 (0.082x) 4.57 (0.27x) L;. 61 (0.23x) 

5.00vs I 4.67 (O.Olly) 5. lL: (O.OOly) 4.82 (Oy) L1. 66 (O. 0::_2y) 4.70 (0.012y) 

5.08 (0.47x) '5. 35 (O. LfLfx) L;. 96 (0.43x) ' 4. 72 (0.18x) 4. 77 (0.22x) 

I 5. L,O (0.18y) 5.78 (0.22y) 5.00 (0.25y) 5.17 (0.22y) 5.23 (0. 2ly) 
I 

-
y cc (ev) 1L13 11.13 11.13 11.13 11.13 

_o 
f-Jco (ev) 3.12 3.12 2.30 2.206 2.306 

-G·);·k (ev) - 0.33 0.33 0.34 0.34 

;'c oscillator strength 
60w -7.00 ev 0 -:/i:.·}: ground state depression 



I 

L6 Exp. ,2s I 

(ev) r (ev) 

1 
3.2! f i J. 20 

I 4. 2L, 

L t,. 34 

4.84 4.74 

5 .12 

5.33 

5.59 

HCI == 66 

- f i~ -

(0.80) 

(0.19) 

(0.18) 

(0.35) 

(0.06) 

( 1. 05) 

(0.02) 

5. 70 (1.11) 

5. 70 (0.01) L 
* oscillator strength 

If tr2nsition number 

TABLE XIII. 10,10 1-BIANTHRONYLIDENE CALCULATIONS 

Compound Bridged 
-

IvICI = 28; DCI = 51 HCI = 66 MCI = 28; DCI = 51 

trl! (ev) - f ·- tr (ev) - f - tr (ev) - f - tr 
··-'----· 

f' 
1 3.09 (0. 72) 1 2.00 (0.29) 1 1.68 (O. 03) 1 

3 4.12 (0.26) L, 2. L,2 (0.17) 2 l 2.13 (0.16) 2 

5 4.19 (0.28) 5 3.23 (0.99) 3 I 3.16 (0.14) 3 

9 l.i. 35 (0.15) 7 3.43 (0.21) lf 3.30 (0.37) 4 

12 4.M (0.14) 9 I 3.82 (0.19) 5 I 3.37 (0.08) 51 
I 

lLr 5.25 (0.06) 12 I 3.96 (0.13) 7 3.56 (0.01) 6 

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

18 5.51 (O .12) 17 4.36 (0.24) 11 I 4.07 (0.06) 10 

19 5.54 (1. 33) 19 4.47 (0.26) 12 ! lf .12 (O. 37) 11 



TABLE XIV. 10,10 1-BIXANTHENYLIDENE CALCULATIONS 

I 
Compound Briclged 

~ 
I-
I 

I 

-v1 Tl',1CI xp. HCI = L,5 = 28; DCI = 51 HCI = L,5 MCI = 28; DCI = 51 

(ev) I (ev)_ 
-- f~" - tri! I (ev) - f - tr (ev) - f - tr (ev) - f - tr I 

3.(H 3.31 (0.6L,) 1 3.46 (0.56) 1 2.09 (0.LfO) 1 1. 89 (0.01) 1 
I 

4. l+S I 4.56 (0.04) 2 4.60 (0.02) 3 2.69 (0.08) 2 2. Lf I+ (0.27) 2 
I 
I lf. 6 7 (0.17) 7 4.61 (0.13) 4 3.45 (1. 53) 3 3. 0Lf (0.04) 3 

5 .13 (0.53) 9 Lf. 69 (0.01) 7 3.79 (0.01) 4 3.69 (O. 23) 4 

~ (0.46) 10 5.14 (O. 63) 9 3.97 (0.09) 5 3.90 (0.51) 5 

(0.50) 13 I 5.21 (O.L18) 11 L1. 20 (0.16) 6 4.13 (0.29) 6 

4.31 (0.02) 8 4.25 (0.17) 7 
·k oscillator strength 

L,. 5L1 (0.14) 10 4.49 (0.03) 8 
II transition number 

4.59 (0.11) 11 4. 77 (0.15) 12 



TABLE XV. DIPHENYLMETHYLENEAJ.\ITHRONE CALCULATIONS 

Compound Bridged 

Exp. MCI = 66 MCI = 28; DCI = 51 MCI = 66 MCI = 28; DCI = 51 

(ev) (ev) - f* - trtl (ev) - f - tr (ev) - f - tr (ev) - f - tr 

3. L12 2.96 (0.70) 1 2.98 (0.60) 1 2.15 (0.23) 1 1. 81 (O. 04) 1 

Lj .• L13 L1 .17 (0.06) 3 3.73 (0.10) 2 2.81 (0.11) 2 2.49 (O .13) 2 

4.86 L1. 51 (0.15) 7 L1. 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 (O .L13) 5 

I 
4. 73 (0.12) 9 4.40 (0.14) 6 3.91 (O. 43) 5 3.81 (0.09) 6 

4.91 (0. 3L1) 10 4.47 (0.02) 7 4.02 (0 .11) 6 

I 
4.09 (O. 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 l1. 94 (O. 03) 10 4.28 (0.36) 9 !+ .51 (0.07) 10 
J 

5 .15 (0.03) 14 5.04 (0.25) 11 4.43 (0.08) 10 I lf. 65 (0.15) 12 
I 

* oscillator strength 

If transition number 



TABLE XVI. BIFLUORENYLIDENE CALCULATIONS 

Compound 

I Exp. 6 MCI = Lf5 NCI 28; DCI = 51 = 

(ev) (ev) - f ~·- - trff (ev) - f - tr 

2.43 2.86 (0.99) 1 2. 96 (0.79) 1 

3.08 (0.07) 3 2.99 (O. 03) 3 

4.01 (O .13) Lf 3.90 (0.15) 5 

4.51 (0.09) 7 4.50 (0.02) 7 

4.99 (O. 33) 9 4.89 (0.03) 10 

I 5.14 (O.L,l) 11 5.20 (O. 37) 12 

i'; oscillator strength 

JI 
1r transition number 

(ev) 

2.21 

2.57 

3.12 

3.33 

3.44 

3.86 

4.19 

Lf. 51 

4.52 

Bridged i 
MCI = Lf5 

- f - tr 

(O. 31) 1 

(0.12) 21 

(O .17) ') 
.J 

(O. 03) 4 

(1.11) 5 

(0.19) 6 

(0.07) 8 

(0.05) 10 

(0.52) 11[ 

I-' 
0 
0 



TABLE XVII. HELIANTHRONE CALCULATIONS 

Compound""~ 

MCI = 45 

(ev) - f·}, - trll 

3.21 (0.85) 1 

3.66 (0.16) 2 

4.12 (0.19) 3 

4. 3Lf (0.11) 6 

4.46 (0.06) 7 

4. 71 (0.08) 8 

4.88 (0.78) 10 

15.13 (0.42) 12 

(0.18) 13 5.16 

* oscillator strength 

fl transition number 

MCI = 28; DCI = 51 MCI = 45 

(ev) - f - tr (ev) - f -
3.12 (0.75) 1 2.01 (0.29) 

3.46 co .11) 2 2.44 (O. 23) 

3. 77 (0.21) 3 I 3.27 (1. 07) 

4.05 (0.06) 4 3.33 (0.17) 

Lf, 10 (0.12) 5 3.64 (0.07) 

4.16 (0.02) 6 3.86 (0.05) 

4.64 (0.07) 8 4.00 (O. 51) 

4.73 (0. 28) 10 4.32 (0.05) 

5.01 (0.38) 11 4.49 (0.24) 

26 
,·o-~ lowest singlet transition 2. 79 ev 

Bridged 

MCI = 28; DCI = 51 

tr (ev) - f - tr 

1 1. 63 (0.04) 1 

2 2.11 (0.17) 2 

3 3.10 (0.15) 3 

4 3.30 (0.51) !f 

5 3. 72 (0.07) 7 

7 3.94 (0.56) 9 

8 4.00 (0.09) 10 

10 4.27 (0.06) 11 

12 4.37 (0.12) 12 



TABLE XVIII. DIHYDROBIANTHRONE, DHlYDROI-IELIAi\lTHRONE, AND MESONAPHTHOBI1\.NTHRONE CALCULATIONS 

Dihydrobianthrone Dihydrohelianthrone Mesonaphthobianthrone 1 

MCI = 45 IMCI=28; DCI==51 MCI = 45 MCI=28; DCI=51 
I 

MCI = 45 MCI=28; DCI=51 

I (ev) - f>'< ·- trlf (ev) - f - tr I (ev) - f - tr (ev) - f -- tr (ev) - f - tr (ev) - f - tr 

1. 99 (l.19) 1 2.00(0) 1 2.00(1.16) 1 1. 97 (0) 1 3.48(0.87) 1 3.34(0.86) 1 

3.34 (0.05) 3 
I 

2.49(0.66) 2 3.Jlf(0.05) 4 2.46(0.66) 2 3.56(0.26) 2 3.39(0.33) 2 

3.74 (O. Ol+) .7 3.56(0.02) L1 3.L18(0.02) 6 3.56(0.01) L1 Li.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 

I '· 4·· (0.01) 12 4. l10 (0. 2 7) 12 l+.17(0.06) 10 4.46(0.83) 12 5.14(1.02) 12 Li.86(0.21) 11 .,. • J. 

4.42 (1.73) 13 Li.54(0. 75) 13 Li.40(1.92) 11 4. 75(0.01) 13 5. 30 (O. 07) 13 5.19(0.19) 13 

t,. 80 (0.02) 16 Li.67(0.01) 14 Lf.58(0.10) 13 5.07(0.44) 17 5.31(0.73) 14 5.19(0.18) 14 

* oscillator strength 1 lm1est singlet transition 3.04 ev26 

ti transition number 

!--' 
0 
N 



TABLE XIX. DOUBtE BRIDGE STRUCTURE OF 10,10 1 -BIANTHRONYLIDENE 

HCI = 45 HCI = 28; DCI = 51 

(ev) - f ,•.; - t ril (ev) - f - tr 

1. OL:. (0.49) 1 1. 03 (0) 1 

1. 30 (O) 2 1. 25 (0) 2 

I 1. 63 (0.19) 3 1. Lf5 (0.07) 3 

1. 91 (O) Lf 2.25 (0.02) 4 

2.60 (O.L17) 5 2. 77 (0.01) 5 

2.84 ( 0. 34) 7 3. O!f (0.73) 9 

2.85 (0.95) () 
() 3.54 (0.02) 10 

3. 72 (0.04) 11 3.61 (O. lLr) 11 

!+. 08 (0.02) lLf 3.87 (0.29) 13 

4. Lf0 (0.20) 16 3. 93 (0.02) 14 

Lf. 56 (1.36) 18 4.14 (0.01) 16 

oscillator strength 

Ii transition number 



TABLE XX. PROTONATED COJv!POUNDS 

I 
I L 2. 3. - - -

I HCI = 45 MCI=28; DCI=51 HCI = 45 MCI = Lf5 MCI=-=28; DCI=Sl 

(ev) ·'· .C" - .L - tr ff (ev) - f - tr (ev) ·- f - tr (ev) - f - tr (ev) - f - tr 
I 

2.18 (0.61) 1 r::(0.63) 1 2.07 (0.57) 1 2.13 (0.64) 1 1. 98 (0.56) 1 

I 3.02 (0.01) 2 (O. 03) 2 2.79 (0.01) 3 3.17 (0.02) 2 2.91 (0.15) 2 
I 

3.09 (0.02) 3 2. 73 (O. 01) 3 2.99 (0.73) 5 3.32 (0.15) 3 3.02 (0.01) 4 

I 3.17 (O. 2L:) 5 2.80 (0.11) Lf , 4.11 
I 

(0.42) 10 3.33 (0.41) 4 3.14 (0.01) 5 I 

3. 2L1 (0.39) G 3.10 (0.12) 5 L; .16 (0.44) 11 3. 35 (0.05) 5 3.16 (0.17) 6 

3.71 (0.03) 7 3.22 (0.35) 6 Lf. 21 (0.45) 13 3.36 (0.14) 6 3.31 (O. 23) 7 

I 4.05 (0.10) 8 3. 46 (0.05) 7 Lf. 27 (0.01) 14 3. 8Lf (O. 03) 7 4.06 (0.04) 8 

I 4.52 ·co.22) 9 3. 91 (0.06) 8 /,,. 71 (0.01) 15 3.97 (0.01) 8 4.69 (0.02) 11 

Lf. 64 (0.10) 10 4. 35 (O .18) 9 5.13 (0.01) 16 4.60 (0.15) 9 Lf. 73 (0.09) 12 

4.76 (0.02) 12 4.66 (0.15) 12 5.22 (0. 08) 18 lf. 74 (0.31) 10 4.75 (O.U) 13 

1. Monoprotonated 10,10 1-Bianthronylidene 
";'~ oscillator strength 

2. Di pro tonated 10, 10 1-Bianthronylidene 
ii transition number 

3. Monoprotonated Diphenylmethyleneanthrone 



TABLE XXI. PROTONATED BRIDGE STRUCTURES 

l 1. 2. 

I - -
MCI =: Lf5 l1CI = 28; DCI = 51 MCI = 28; DCI = 51 

-
(ev) -- f'/• - trlf (ev) - f - tr (ev) - f - tr 

0.91 (0.06) 1 0.54 (O. 04) l 0.45 (0.04) 1 

2.24 (0.26) 2 . 1. 80 (0.07) 2 1. 93 (O. 03) 2 

2.40 (0. Lfl) 3 2.24 (0.02) 3 2.35 (O. 41) 3 

3.00 (0.20) Lf 2.30 (0.43) 4 I 2. Lfl (0 .12) Lf 
I 
I 

3.11 (0.08) 6 2.71 (0.09) 6 
I 

2.91 (0.06) 6 

3.23 (0.21) 7 2.92 (0.08) 7 3.08 (O. 02) 7 

3.50 (O. 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 ·co.13) 11 3.50 (0.03) 10 3. 7Lf (O. 07) 11 

i 3.91+ ( 0' 39) 12 3.68 (0.16) 12 3.98 (0.02) 12 

I !f. 34 (0.48) 13 lf .18 (0.54) 16 4.08 (0.Lf9) 13 

1. Protonated 10,10 1-Bianthronylidene Bridge * oscillator strength 

2. Protonated Diphenylmethyleneanthrone Bridge II transition number 



TABLE XXII. BOND RESON/1NCE INTEGRAL VALUES (ev) 

I c-c Bond I y cc values determine the set of S 1 s use cl I 
I 

Distance 

~3 I A ev 9.00 ev 7.90 ev 7.40 ev 

I 1. 478 I -2.047 -·2 .14 I -2.18 -2.22 

I 1.477 --2.057 -2.15 I ·-2 .19 -2.23 

I 1. 45 -·2.173 I -2.27 -2.31 -2.36 

1.40 -2.376 -- - -

1. 395 -2. 395 ''' -2. 50'~ -2.55'~ -·2 '60''c 

1.39 -2. L,05 -2.51 -2.56 -2.61 

1.38 -2. Lf63 --2. 5 7 -2.62 -2.67 

1 •) ') •. J:) -2.675 -2.79 --2. 85 -2.90 

I 1. 31 -2.801 -2.92 -2.98 -3.04 I 
~ ---

* 53 all other values proportional to pi-bond overlap(s) 
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Figure 2. Effect of Bee on Energy Levels of Benzene. 
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Figure 3. Trg_ns-Stilbene, Cis-Stilbene, and Dihydrophenanthrene Intermediate. 
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Figure 4. 2-Quinones and Anthrone. 
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Figure 5. 10,10'-Bianthronylidene Structures. 
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Figure 6. 10,10 1 -Bixanthenyli<lene Structures. 
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Figure 7. Diphenylmethylene2nthrone Structures. 
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Figure 8. Bifluorenylidene Structures. 
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figure 10. 10,10 1-Bianthranyl and 10,10 1-Bianthranyl Radical. 
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Figure 11. Dihydrobianthrone and Dihydrobianthrone Radical. 
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Figure 17. ESR Spectrum of Hydrobianthrone ~adical in CHCl3 at -75°C; sweep width 40 gauss. 
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Figure 19. Simulation of ESR of Hyclrobianthrone. Radical; length 15. 535 ga11s.'>. 
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ELECTRONIC STRUCTURE OF PI-ELECTRON 

:MOLECULES: HYDROCARBONS, QUINO~TES, 

THERMOCHROHIC ETHYLENES (N11R, 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 experimer..tal 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 taken into consideration. 

The configuration interaction procedure commonly includes 

interactions among singly excited configurations (MCI). The number 

of states increases formidably on including the doubly excited 

states, Generally it was impossible to inclu<le all the 

configurations. Several molecules with knmm electronic absorption 

si;iectYa were analyzed to help determine how many configurations are 

needed and how they should be distributed betwe:=n singly and clou-bly 

s~cited states. Consistently reasonable results were obtained when 

the total number of configurations was 80. A desirable combination 

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, and 

trans-stilbene required an unusually low value for the one-center 

repulsion integral on carbon. The results for a series of -~-quinones 

indicated that the inclusion of doubly excited states can 

substantially improve predictions when heteroatoms are present. 

Relatively minor changes in parameters were necessary in order to 

obtain reasonable agreement with experiment for .E_-benzoquinone, 

anthraquinone~ .r.-naphthaquinone, benzophenone) cis-stilbene and 

dihydrophenanthrene intermediate. 

The compounds 10,10 1 -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 obts.i.ned 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 by each p:cocedure 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 monoprotonated structure. 

Magnetic resonance studies (NHR, ESR) were pursued to further 

investigate the ther;:nochromic ethylenes. The studies involving 

acid solutions of the various compounds were particularly fruitful. 

The ESR spectrum of the hydrobianthrone radical w-as obtained when a 

pyridine solution of 10,10 1 -bia.nthranyl was refluxed. The 

formation of the bridge bond on the valence isomer of the ground 

state of 10,10 1 -bianthronylidene was predicted to occur in the 

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