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ABSTRACT 

In 1961 Dewar published a paper applying 

Molecular Orbital Theory to the spectra of 

polycyclic aromatic hydrocarbon/1,3,5-tri

nitrobenzene complexes. The present investi

gation was undertaken to ascertain whether the 

spectra of complexes derived from 1,2-diar.yl

ethjlenes,l,4-diaryl 1,3-butadienes. and various 

n acceptors could be treated by the theor.y pro

posed by Dewar. The Huckel Molecular Orbital 

energy levels for the donors have been calculated 

and satisfactory correlations with the energies 

of the observed charge transfer bands have been 

found. 

The possibility of Diels-Alder adduct formation 

in some systems has been examined, subsequent to ob

serving the decay in the intensity of the charge 

transfer bands when certain donors and acceptors 

were mixed. The system 1,4-dipheny1-1,3-buta

diene/2,3-dich1oro-5,6-dicyano-1,4-benzoquinone 

has been investigated in some detail and the adduct 

isolated and characterised. The rates of the disap

pearance of both the 1,4-diphenyl-1,3-butadiene and 

of the charge transfer band have been measured in 

an attempt to determine whether the electron donor

acceptor complex is an intermediate in this particular 

example of the Diels-Alder reaction. These results 



are unfortunately inconclusive, and although the 

idea that the electron -donor-acceptor complex is 

an intermediate in this reaction is intuitively 

attractive, conclusive proof of this proposal 

must await a more detailed kinetic investigation 

of this particular system. 
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Part I. Introduction. 

a) 1:1 Electron Donor-Acceptor Complexes. 

In 1949 Benesi and Hildebrand (1) discovered a 

new absorption band in the ultraviolet spectrum of an 

iodine/benzene solution which was not present in either 

of the components. This suggested the presence of an 

iodine:benzene complex. The observation that the absorb

ance A = log (I
0

/ I) was proportional to ·che iodine con

centration indicated that the complex had the formula 

o6H6:I2~ A method was developed from this observation that 

allowed the calculation of both the equilibrium constant 

of formation and the extinction coefficient for the com

plex. This particular calculation is known as the Benesi-

Hilde ;brand plot. 

The existence of a wide variety of molecular com

plexes had been known for sometime prior to this (2,3), 

especially those formed between aromatic hydrocarbons and 

other organic compounds such as quinones, polynitroaromatics, 

and maleic anhydride. These compounds, in apparent violation 

of the usual rules of chemical bonding, could undergo additive 

combination. In some cases solid complexes could be obtained 

but in other cases the complexes were not sufficiently 

stable to be isolated and were detected by the changes in 

colour or other physical properties which resulted when 

their components were mixed in solution. Several theories 

were advanced to explain the nature of the bondi~g of these 

complexes (2,3,4,5,6,7,8,9), but it was not until . the dis

covery by Benesi and Hildebrand mentioned above that interest 

in the subject intensified. 
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Mulliken's interpretation of these obserVations 

e1o, 11, 12, 13) led to an extension of the Lewis Acid

Base theory e14) in a quantum-mechanical form, which 

provided the basis for the interpretation of a wide var

iety of phenomena associated with molecular complexes. 

The present introduction will be confined to 

molecular complexes of the donor-acceptor type in which a 

1\ electron is transferred from the donor to the acceptor. 

This introduction in no way purports to be an extensive 

review of this field: Briegleb's book e15) and Andrews 

and Keefer's e16) recent monograph provide an up to date 

review of the exper~ental and theoretical aspects of 

donor-acceptor complexes and both books contain numerous 

references. 

Mulliken's description e10, 11,12) of the donor

acceptor complex,which incorporates many of the ideas .of 

earlier theorists is now generally accepted. Mulliken con

siders a 1:1 donor-acceptor complex in the ground state N 

in terms of the wave function ~ N:-

- -± N ~ a f O (n,A) + b ± l en+ - A-) •••••••••• e1) 

where~ 
0

en, A) designates a 'no-bond' wave function, 

~ 1en+- A-) designates a dative wave function corres

ponding to the transfer of an electron from D to A result-

int in weak covalent bond formation, and a and b are co

efficients of the wave functions. Although b2/a2 can 

vary from zero to infinity, the ratio is usually small 

for a loosely bound molecular complex in the ground state. 

A complex of this type may be regarded as a resonance 

hybrid receiving a large contribution from the 'no-bond' 
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structure .and a small contribution £rom the dative structure. 

For the excited state E the wave function is:-

b • t 0 (D,A) (2) 

where a·~ a, b•!::' b, and a•2 >/ b•2 

The excited state, unlike the ground state, is largely 

dative in character. The excited state is attained by 

absorption of the appropriate wavelength radiation and 

the transition N-E corresponds to the trans£er of.an electron 

from the donor to the acceptor. The spectrum o£ the complex 

is called an 'intermolecular charge-trans£er' spectrum. 

Complexes of this type are o£ten designated 'charge

trans£er' complexes but are better re£erred to as 'donor

acceptor' complexes because in the ground state very little 

charge is actually transferred. The term 'charge-transfer 

is pre£erably reserved £or the actual spectral transition. 

In discussing the absorption o£ visible and ultra

violet light by a loosely bound donor-acceptor complex in 

terms of the charge-transfer theory of component inter-

~ action, Mulliken (11) noted that absorption bands character

istic of the £ree donor and acceptor as well as several 

charge-trans£er bands corresponding to the various excited 

states o£ n+and A- may be observed in the spectrum of the 

complex. The spectrum of a complex, which is generally 

dissociated to some extent in solution, is o£ten partially 

obscurred by the overlapping absorption o£ the free com

ponents. To obtain reasonably accurate charge-transfer 

maxima, it is necessary to have a system where the charge-
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transfer bands are sufficiently separated from the component 

absorptions so that very little overlap of the various 

bands occurs. Since the electron moves from the donor to 

the acceptor in a charge-transfer process, the charge

transfer transition energy should be a function of both the 

ionization potential (Ip) of the donor and the electron 

affinity (Ea) of the acceptor. Evidence for this is 

derived from the linear plots of ionization potentials of 

a series of aromatic compounds versus the energies of 

the charge transfer maxima (1?). The relationship between 

these parameters can be expressed quantitatively:-

(3) 

where 1 h 1 is Planck's constant, and 1 ~ ' is a term that 

includes any additional energy changes that may occur 

such as those induced by the interaction of the complex 

with the solvent. For non-polar solvents these interactions 

are relatively weak. The observation that good linear cor

relations are obtained between EaT and Ip suggests that ~ 

is not too sensitive to changes in the structure of the 

donor. s. H. Hastings et al (18) have reported that the 

relationship between EaT and Ip is better expressed as:-

I - a p + (4) 

where a and ~ are constants. This is the equation of a 

parabola rather than a straight line. 

Donor acceptor complexes can also be discussed 

from the molecular orbital rather than the valence bond 

approach. Dewar (19, 20' ) and Lepley (21) have treated 
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in this wa:y the spectra obtained from a series of aromatic 

donors and various ·rr -acids such as 1,3,5-trinitrobenzene, 

tetracyanoethylene, and 2,4,7-trinitro-9-fluorenone. The 

complex D.A. can be represented as a 7\ complex formed by 

the interaction of the ·1\ orbitals of the donor (D) and the 

acceptor (A). Since the interaction is small, perturbation 

theory (22) can be used. Murrell (23) has recently given 

a ver,y sophisticated M.O. Perturbation treatment of electron 

donor-acceptor interactions. The following treatment is 

that proposed by Dewar (19). 

Consider the orbitals of D and A (Fig.l), the 

interactions between the filled bonding orbitals of D and 

A yield no change in their total energy and no net trans

fer of charge between them. Interaction of the filled 

bonding orbitals of D with the empty orbitals of A depress 

the former and raise the latter, leading to a net stabil

ization with a simultaneous transfer of an electron from 

D to A. Interactions between the filled orbitals of A with 

the empty orbitals of D also yields a stabilization effect 

with a charge transfer in the opposite direction. These 

interactions are inversely proportional to the difference 

in energy between the interacting orbitals. Therefore, for 

complexes of this type a donor molecule with filled orbitals 

of high energy and an acceptor molecule with empty orbitals 

of low energy is needed. This leads to a transfer of an 

electron from D to A, as shown in Fig.l. 

The fact that the heats of formation of these 

complexes is at least an order of magnitude less than the 

lowest transition energy strongly suggests that the cha.t;ges 
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Figure 1. Schematic representation o~ the transitions 
possible in a donor-acceptor complex D.A 
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in energy of the orbitals in forming the complex are small 

compared with the spacing of the filled and unfilled orb

itals. Since the energies of the orbitals in the complex 

will be slightly different from those in the components, 

all the transitions possible in A and D should be observed 

in the spectrum of the complex, as well as the charge

transfer transitions. 

The molecular orbital treatment leads to con-

elusions similar to the valence bond approach and has the 

advantage that the appearance of multiple charge-transfer 

bands can be treated in a more direct manner. Multip1e 

bands can occur in two ways: firstly, transitions are pos

sible from several filled orbitals of the donor to a single 

unfilled orbital of the acceptor, and secondly, transitions 

may occur from the highest filled donor orbital to several 

unfilled acceptor orbitals. 

If the interactions between donor and acceptor 

are small, the transition energy~ Eij for the first (i.e. 

the longest wavelength) charge-transfer band should be 

equal to the value of h~ CT quoted in Equation 3· There

fore both the valence bond and molecular orbital methods 

lead to the same conclusions. 

In the Huckel Molecular Orbital approach the 

energy of the highest filled donor orbital may be considered 

equivalent to the ionization potential of the donor and 

tbe energy of the lowest unoccupied acceptor orbital may be 

considered equivalent to the electron affinity of the 

acceptor. 
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For the first charge-transfer band 6 Eij is 

the transition energy for the charge-transfer absorption 

involving the highest filled orbital i of the donor (energy 

Di) and the lowest unoccupied orbital j of the acceptor 

(energy Aj~. 

= h).)CT = A. - D. J l. 
(5) 

The energy of a filled orbital in the Ruckel M. 0. method 

is given by o/... + ~~ where ol.. is the Coulomb integral 

U for carbon,x1 is the eigenvalue calculated from the 

secular determinant for the ith orbital of the donor and 

~ is the carbon-carbon resonance integral. Equation 5 

may be rewritten as 

= (6) 

Therefore, since~ and Aj are constants 

(?) 

With a given acceptor and a series of donors a linear 

correlation may be expected between Xi (x-axis) and the 

energy of the charge-transfer transition ECT (y-axis). 

The slope gives a value for ~ and the int~rcept with the 

x-axis a value for Ea. Similar correlations should be 

valid when there is a series of acceptors with one donor. 

Few correlations of this type have been attemyted however, 

owing to the lack of the appropriate M. o. data. 
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Foster (2~) correlated the charge-transfer band 

energies for a series of donors with two acceptors and 

foun.d that they gave a straight line. Equation 3 pre

dicts that plots of this kind should be linear with a 

slope of unity. ~is type of correlation appears to eli

minate some disturbing factors apparent in the EcT versus 

X:1 correlation and brings points that deviate onto the 

line. Such a graph is useful in predicting the charge-

transfer transition energies of unknown complexes. 

The complexes of polycyclic aromatic hydrocarbom 

and~ -acid acceptors have been the subject of many· 

investigations, but except for stilbene, which has been 

reported to deviate from the theoretical line (l.7), very 

little work has been done with aromatic hydrocarbons with 

extra-cyclic double bonds, i.e. 1,2-diarylethylenes and 

1, 4-diaryl-1,3-butadienes. The present study was de

vised to ascertain if these compounds exhibit behaviour 

analogous to that shown by polycyclic aromatic hydro

carbons· without extracyclic double bonds. 

b) The Diels-Alder Reaction. 

Tlie Diels-Alder reaction,which consists of the 

addition of a compound with a double or triple bond (the 

dienophile) to the 1,4-positions of a conjugated diene 

system, was extensively developed by Diels and Alder (25) 

and others since its discovery. Their original synthesis 

involved the reaction between benzoquinone and cyclopenta

dienei-
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) (8) 

Studies connected with the mechanistic details 

of this reaction have attracted considerable attention 

since Wasserman's classical researches in this area 

(26). Various attempts have been made to distinguish be

tween stepwise and simultaneous formation of the two 

bonds that unite the diene and the dienophile. This aspect 

of the reaction mechanism has recently been probed using 

secondary hydrogen-deuterium isotope effects (~?, ~8~29)~ 

The appearance of transitory colours in Diels Alder 

reactions has been noted,and cited as evidence that donor

acceptor complexes are precursors of the adducts (30, 31). 

This part of the present investigation is concerned with 

this latter aspect of the Diels-Alder reaction. 

PART II. EXPERIMENTAL. 

All the melting points quoted are uncorrected 

and were made on a Fisher-Johns melting point apparatus. 

All ultraviolet, visible, and near infrared spectra 

were made using a Beckman DK-2A Ultraviolet Ratio-Recording 

Spectrophotometer. This spectrometer was initially cali

brated with a Beckman Mercury Lamp # 2260 and frequent 

checks of the calibration were made with a Holmium Oxide 

Standard. The limits of reproducibility quoted for this 

machine by the manufacturer are:-

U. V. region .:t 0.4 mr

Visible region .:t 1.5 m~ 

Near infrared region ± 8.0 m~ 
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Nuclear magnetic resonance spectra were meas

ured using a Varian A-60 cipectrometer with T. M. s. as an 

internal standard. 

Infrared spectra were obtained using a Perkin

Elmer Model 237B Grating In~rared Spectrometer. 

Analyses were carried out by Al~red Bernhardt 

Mikroanalytisches Laboratorium im Max-Planck Institut 

fur Kohlenfo~schung, . 433 Mulheim (Ruhr), Germany 

a) Preparation of electron donors. 

1) Trans-1, 2-diar,ylethylenes. 

The 1,2-diarylethylenes were prepared by a Grig

nard reaction between ArCH2"lg0l (Ar = Ph or 1 naphthyl) and 

the appropriate arylaldehyde. The resulting alcohol was 

then dehydrated with phosphorus pentoxide. 

General procedure. 

The Grignard reagents were prepared in the usual 

way under an inert atmosphere o~ dr,y nitrogen in a 3-neck 

round-bottom ~lask equipped with a dropping funnel, re

~lux condenser, and mechanical stirrer. Magnesium turnings 

and anhydrous ethyl ether were added to the nitrogen ~lushed 

~lask and an ether solution of either benzyl chloride or 

1-chloromethylnaphthalene was added in small portions over 

a period of 15 to 30 minutes. When necessary the reaction 

was started by the addition o~ several crystals of iodine 

and gentle warming of the ~lask. The reaction mixture was 

periodically cooled to prevent the ether from refluxing 

too vigorously. A saturated ether solution of the appro

priate arylaldehyde was then added slowly and the mixture 
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refluxed for 30 minutes. The magnesium complex was de

composed with a saturated solution of ammonium chloride. 

The ether layer was extracted, washed with a 5% solution 

of sodium bisulphi te to remove unreacted aldehyde, :.:1..nd 

finally washed with water. The ether solution was dried 

over anhydrous magnesium sulphate, filtered, and the fil

trate evaporated to dryness. The resulting crude alcohol 

was dissolved in benzene and phosphorus pentoxide added. 

The resulting mixture was refluxed over periods from 1 to 

5 hours and the solution filtered hot. The cooled filtrate 

was then passed through a column of acid alumina (80 to 

200 mesh) I cyclohexane,which was usually shielded from 

direct sunlight by wrapping with aluminum foil. Fractiom 

were collected and combined when this was appropriate. 

The product was then recrystallized from a suitable solvent. 

The yields from these preparations, while adequate for 

this particular problem, were generally poor, and the yield 

decreased rapidly as the scale of the reaction was increased. 

Stilbene. Magnesium (0.23 mole), Benzyl chloride (0.23 

mole), Benzaldehyde (0.20 mole), Phosphorus pentoxide (0.70 

mole). Recrystallized from ethanol I charcoal, then ethanol. 

Yield: 19.4 g. m.p. 123-124°0. Lit. 125°0. (?.2). 

1-Phenyl-2-(1-naphthyl)-ethylene: Magnesium (0.17 mole), 

Benzyl chloride (0.17 mole), 1-Naphthaldehyde (0.147 mole), 

Phosphorus pentoxide (0.70 mole). 

Multiple recrystallizations from low-boiling (40-60°) 

petroleum ether. 

Yield: 7.40 g. m.p. 69-69.5°0. Lit. 72°0. (3~). 
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1-PhepYl-2-(2-naphthyl)-ethylene: Magnesium (0.09 mole), 

Benzyl chloride (0.09 mole), 2-Naphthaldehyde (0.064 mole), 

Phosphorus pentoxide (0.35 mole). 

Recrystallized from ethanol twice. 

Yield: 0 6.63 g. m.p. 147.5 - 148.5 C. 

1-Pheayl-2-(9-anth~l)-ethylene: Magnesium (0.07 mole), 

Benzyl chloride (0.07 mole), 9-Anthraldehyde (0.049 mole), 

Phosphorus pentoxide (0.21 mole). 

Recrystallized twice from ethanol. 

Yield: 5· 20 g. m.p. 131°. Lit. 132°0. (34:) 

Analysis: Calc. C: 94.25, H: 5-75 

Found C: 94.~-3' H: 5.64 

1-Pheayl-2-(9-phenanthryl)-etbylene: Magnesium (0.028 

mole), Benzyl chloride (0.028 mole), Phenanthrene-9-alde

hyde (0.024 mole), Phosphorus pentoxide (O.lJ. mole). 

Multiple recrystallizations from low-boiling (40=60°C) 

petroleum ether. 

Yield: 2.llg. m.p. 0 115-116 c. 
Analysis: Calc. C: 94.25, H: 5.75 

(35). 

Found: C: 94.55, H: 5.75 

~-2-Di-(1-naphthyl)-ethylene: Magnesium (0.20 mole), 

1-Chloromethylnaphthalene (0.20 mole), 1-Naphthaldehyde 

(0.16 mole), Phosphorus pentoxide (0.49 mole). 

Recrystallized from ethanol I charcoal, then ethanol. 

Yield: 0.70 g. m.p. 159-160°0. Lit. 161°C. ('6-) 

1-(l-~~~~thyl)-2-(9-anthryl)-ethylene: Magnesium ~0.059 

mole), 1-Chloromethylnaphthalene (0.059 mole), 9-Anthra

ldehyde (0.047 mole), Phosphorus pentcxide (0.28 mole). 

Recrystallized twice from ethanol. 
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Yield: 2.96 g. 

Analysis: Calc. C: 94.51, H: 5.49, 

Found: C: 94.48, H: 5.69 

1-Phen.yl-2-(4-biphen.ylyl)-ethylene: m .• p. 222.5 - 223°C. 

Lit. 225°C. (~~). 

1-(1-Naphthy1)-2-(4-bipheny1y1)-ethy1ene: 0 m.p. 142.5-143.5 C. 

Lit. 136°C ('~). 

1,2-Di-(4-biphen.ylyl)-ethylene: 

303° (36). 

0 m.p. 303 , Lit. 302-

The last three olefins were obtained from Aldrich Chemical 

Co. in a 'puriss' state and were used without further 

purification. 

2) Trans, trans-1,4-diaryl-1,3-butadienes. 

The 1,4-diaryl-1,3-butadienes were prepared by 

the condensation of the appropriately substituted acetic 

acid with cinnamaldehyde in the presence of lead monoxide 

and acetic anhydride (39)o 

1 2 4-Diphenyl-1,3-butadiene: Phenylacetic acid (0.091 mo~), 

Cinnamaldehyde (0.082 mole), Lead monoxide (0.045 mole), 

Acetic anhydride (0.142 mole). The mixture was refluxed 

for 5 hours and allowed to cool. The product precipitated 

and was filtered. Recrystallized from ethanol I charcoal 

and then from ethanol. Yield: 6.44 g. 0 m.p. 150-150.5 C. 

Lit. 152.5° C. ·(!+0). 

1-Phen.yl-4-(1-naphthyl)-1,3-butadiene: 1-Naphthylacetic 

acid (0.134 mole), Cinnamaldehyde (0.134 mole), Lead monoxide 

(0.067 mole), Acetic anhydride (0.284 mole). The mixture 

was refluxed for 20 hours and allowed to cool. No pre-
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cipitate formed. The material was dissolved in chloro

form and washed with water and dilute base to remove the 

acetic anhydride. The solution was dried over magnesium 

sulphate and then evaporated to dryness. · 'The residue was 

dissolved in abs. ethanol and charcoaled. The mixture 

was then filtered and allowed to cool slowly. A white 

precipitate formed. The material was recrystallized from 

glacial acetic acid and then from cyclohexane. 

Yield: 1.82 g. m.p. 107°0. Lit. 109°0. (;9.). 

1-Phenyl-4-(2-napht&yl)-1,3-butadiene: 2-Naphthylacetic 

acid (0.054 mole), Oinnamaldehyde (0.054 mole), Lead mono

xide (0.027 mole), Acetic anhydride (0.1;6 mole). ~e 

mixture was refluxed for 22 hours and allowed to cool. 

The product precipitated and was filtered. Recrystallized 

three times from toluene. 

Yield: 7.6 g. m.p. 184-185°0. Lit. 172°. (4-I). 

1-Phenyl-4-(4-biphe~ylyl)-1,3-butadiene: 4-Biphenylyl-

i acetic acid (0.047 mole), Cinnamaldehyde (0.047 mole), 

Lead monoxide (0.024 mole), Acetic anhydride (0.071 mole). 

Mixture refluxed for 21 hours and allowed to cool. The 

product precipitated and was filtered. Recrystallized 

twice from a 1:1 ethanol I glyme mixture. Yield: 

( crude material) m.p. 209-210°0. Lit. 214-215° 

b) Preparation of electron accept_o£§.:. 

16.3 g 

(~). 

Bromanil: Prepared by the method of Ling (42). Reactants: 

Hydroquinone (0.55 mole), Bromine (2.2 moles), Cone. 

Nitric acid (2.0 moles). ~ecrystallized from benzene and 

then chloroform. Yield: 195 g. 
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?, 7, 8, 8-Tetracyanoguinodim.ethane (TCNQ): Prepared 

by the method of D. s. Acker and W. R. Hertler (43). 

1,4-cyclohexanedione (0.093 mole) was converted to 1,4-

bis-(dicyano-methylene)-cyclohexane by condensation with 

malononitrile. The 1,4-bis-(dicyano-methylene)-cyclohexane 

(0.048 mole) was converted to TCNQ by oxidation wi~h 

bromine and pyridine in acetonitrile. The crude TCNQ was 

first washed with acetonitrile and then recrystallized 

twice from the same solvent. 

Yield: 9.34 g. m.p. 287-288°0. Lit. 293-296 (~~)e 

Analysis: Calc. 0: 70.59, H: 1.96, N: 27.45 

Found. 0: 70.71, H: 1.93, N: 27.51. 

Chloranil: Obtained from Eastman Organic Chemicals. Re

crystallized from benzene. 

Fluoranil: An authentic sample was a gift kindly donated 

by Dr. W. G. Schneider, National Research Council, Ottawa, 

and was used without further purification. 

2,3-Dichloro-2L§~~i~yano-1,4-benzoguinone (HPQ): Obtained 

from ,Aldrich Chemical Co. Recrystallized twice from chloro

form. 

Tetracyanoethylene (TCNE): Obtained from . Aldrich Chemical 

Co. Recrystallized from chlorobenzene, and then sublimed. 

c) Preparation of 1:1 donor-acceptor comnlexes and 

the measurement of their charge transfer spectra. 

Solutions of the donor-acceptor complexes were 

prepared by weighing samples of the donor in volumetric 

flasks (3 ml) and making up the mixture with an acceptor 

solution of known concentration. The concentrations of the 

lD 
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donors and acceptors were adjusted to yield suitable inten

sities of the charge transfer bands. All the spectroscopic 

measurements were made with a Beckman DK-2A Ultraviolet 

Ratio-Recording Spectrophotometer, equipped with a temper

ature regulated cell holder. T.his was maintained at 25°0 

by water circulated from a constant temperature bath 

(25 ± 0.05°0) which was thermostated and pumped by a Bron

well Scientific unit. The solvent for the measurements 

was either Eastman spectrograde chloroform or Fisher 

spectrograde chloroform, both stabilized with apprax. 

0.75% ethanol. Glass-stoppered silica cells (1 em or 

10 em) were used and the spectrum of each complex was run 

from 360 mr out as far as was necessary to include the 

first charge transfer band (i.e. the longest wavelength 

charge transfer band) which extended to 1200 m~for some 

systems. The regions of the first charge transfer absor

ptions were usually free from appreciable donor or acceptor 

absorption. Charge transfer bands are generally broad and 

without fine structure. Consequently measurements of the 

exact absorption maxima werefrequently difficult, and an 

error of at least · :t 2 ~r is assigned to all measurements. 

For the longer wavelength bands in the near infrared this 

error is probably larger because the machine error is 

larger in this region. In the cases of the tetrahalogenated 

benzoquinones with 1,2-di-(4-biphenylyl)-ethylene the bands 

were very weak shoulders from which no maxima could be 

ascertained. In most cases at least three spectra were 

measured for a complex and it was during the second and 

third scans that the decay of the charge ·transfer bands was 

-------.. --.. ......... . ._..... .. .. . 
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detected. This observation led to the Diels-Alder re-

action investigation to be discussed later. 

The energies of the charge transfer bands were 

calculated using the Planck Equation:-

E h (9) 

where 'h' is Planck's constant, V CT is the frequency 

of the charge transfer band, and N is Avogadro's number. 

Substituting for V CT:-

E (erg/mole) = h. c(cm./sec.) .N 

/\ CT(cm.) 

where 'c' is the velocity of light, ~is the wavelength 

of the charge transfer band and N is Avogadro's Number. 

Consequently, E (Kcal./ mole) = 

I 

6.6242 x 10-27 erg sec. 
4.1840 x 10+10 erg/kcal. 

2.9979 x 10+~0 (em/sec.) • 6.02?xlo+23 
• 

E(Kcal./mole) ... 

).. (em.) 

28.591 x ~o+3 

)'. (mr-) 
(12) 

The conversion factor for kcal./mole to electron volts 

( ev) is:-

1 ev = 23.062 k cal./ mole (13) 

No attempt was made to determine the equilibrium 

constants for formation of the complexes or the extinction 

coefficients of the charge transfer bands since they were 

irrelevant to the main part of the present investigation. 
I 

~ 
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Figures 2-4 illustrate typical charge transfer 

spectra, and Tables 1 - 6 were prepared from the experi

mental data. 

In Tables 1-6 the symbols have the following 

meaning - • - Estimated value from shoulder, •• = shoulder, 

••• = saturated solution. 

The acceptors are given at the head of each 

table and the donors are numbered in the following manner: 

1) stilbene 

2) 1-phenyl-2-(1-naphthyl)-ethylene 

3) l-pheny1-2-(2-naphthy1)-ethy1ene 

4) l-phenyl-2-(4-bipheny1yl)-ethylene 

5) l-pheny1-2-(9-anthry1)-ethylene 

6) l-pheny1-2-(9-phenanthry1)-ethylene 

7) 1,2-di-(l-naphthyl)-ethy1ene 

8) 1-(l-naphthyl)-2-(4-biphenyly1)-ethylene 

9) l-(l-naphthy1)-2-(9-anthry1)-ethy1ene 

10) 1,2-di-(4-biphenylyl)-ethylene 

11) 1,4-diphenyl-1,3-butadiene 

12) l-phenyl-4-(l-naphthy1)-1,3-butadiene 

13) 1-phenyl-4-(2-naphthyl)-1,3-butadiene 

14) 1-phenyl-4-(4-bippeny1yl)-1,3-butadiene 

9-) An Investigation of the Ree.ction between 1,4- f 
Diphenyl· Butadiene and Iiigh ~otential Quinone. 

With the observation of decaying charge trans

fer bands a preliminary examination of one of the systems, 

1,4-diphenyl-1,3-butadiene (DPB) and 2,3-dichloro-5, 

6-dicyano-1,4-benzoquinone (high potential quinone, HPQ) 

was made. 
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\).1 
0 

667o5 426oO Y·2o 83 67o12 ' '? J n57 2o910 1,856 I . ; .. , .o 0 

ll·26o 2 67o08 6'r, 08 2o909 2o909 

3 lo625 lo800 662~)-:. 519o.5 t:-3~ 16 55oOll. lo871 2o387 
661,5 519,2 LJ-3o 22 55o07 l.lJo 21:) 1~ 87!.1- 2o388 lo873, 
66J .. , 2 519o7 4·3o2l.:. 55o01 55.0~· 1 .• 875 2o 385 2o387 

tl- Ll71 lo800 652o7 396?0 t:J. 80 72o20 lo899 3o131 
652 ~. 6 396o0 t:-]"81 72o20 l~Jo 801 lo 900 3·131 1.899, 
652o8 396oO 4J. 80 72o20 72.20 1o899 3.131 3ol31 

5 5, '718 l o300 796. 35 .. 92 lo 558 
797o 35.87 lo555 
798o 35o83 lo554 
797o 35o87 35, 87 1. 555 1o 556 
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Table 3 (cont'd) 

\ r-1 , 
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I 
~~.l::-·· . -. . l ··--,.---.-~~--·--~----~.-~··~·-·--~-------· ~--~--~~---· 

. • )..·) . J r_ ;_,_: lst 2:e.d J. s·l; 2nd 

6?7.1 
6'/l, 9 
672. 1-!· 

6?2.7 

680~0 

678.) 

678.0 

5!1-2 0 l 1.1-2 0 23 
51.1-2.1 L!-2. 55 
5l!-l, 9 1-!-2 ~ 52 
)L!-2 • 0 l!-2, 50 

1!-34- 0 1 l.!-2 0 0 5 
Li-)l~, 5 I+;~ .1L!. 

L~ 3 3 • 9 L!. 2 , J. 7 
L!-33 • 8 

52 .. 'll~ 
52 • 71.1. 

52.76 
52 .. 75 

65.?36 

65.80 

65.89 
65.91 

.. , 
690 • 7 1!-28 ~ L!-J. ~ 39 66 • 30 
Gn9 .. 5 
690 .,0 

E306o3 

GC36 . 

685. 
685~ 

700.0 

'70 :) 0 0 

700 ,1.~ 

:;c 

1.1.;?7_~ 
..• 

li-21!. > 

l !-J.. LI-'( 

J 1-1 • '-I .II. 

35. 1-1-6 

Li-1. 68 
L!-1. 7lJ
l!.J. • 7!.1. 

1.1-Q 0 81.1. 

ll-0. 8'1· 

I.J.O.f32 

66.96 

6'7 ·'·1·3 

I.J-2 .• 45, 

52.75 

1.851 
J.. 8LJ-5 
1.8L!l!-

l. i-3LJ-3 

1.823 
1.827 
1.829 

2.287 
2. 2P)7 

2~283 

2. 28'7 

2 ·)5C 
-. (J 0 

2.853 
2 . b>l L~2.12, 

65.87 . 2.C358 

10 '?95 2.397 
1.1-1 ~ '-~3' 

67.06 

1.79l-3 
J. 0 79'7 

)5.l~6 1. 538 

lo 807 

l,UlO 

4lo72 1. 810 

J.. 771 
l · ,, i I 
I ' ' 

L!-0, £j) .1. , i l .) 

2.903 
2 • 92L~ 

Ave. 

1.84-1, 
2o287 

1.826, 
2 ~856 

1.797 
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lo809 
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Table 3 (cont'd) 
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Cone~ 

Dxlo2 

2.018 

...... , ... ........ ..... 

2. 3ll-0 

Cone,. 
') .-,.,,.-, O'-

- . :- • ~ '- - 0 

1,515 
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1~515 
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?W).5 38. 15 
7'-~o. s ):3 .H3 

7LI-8 o 0 }cL22 

? 28. 1 529. 0 .q , 2'7 51!-.05 
729 .2 528, (_; ) .21 5LI., 0'7 
728.2 }) .26 

736.6 38 .81 

1.654 
1.656 

38.18 1. 657 

39.25, 1.?03 

511-.06 1.'?00 
lo702 

38.131 l.G83 

2. Y I.LJ. 

2. 345 

1.656 

1.'702, 

2. ) 45 

1.683 

Co~a!'lent s 

C.T. band 
decays 

C.T. band 
decays 

G.T. band 
decays 

I 

\.>J 
1\) 
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5·33 

2·77 
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)o02 

r.~ 0 ')8 
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]. ,, 0 :)(3 

J., 0013 

1.008 

1..ocn 

J. ·> 0 :)[3 

1.008 

r 1; ;\)J[ •E 4 
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~L D ·ii 2nd lst 

5 2) ,0 5 l! 05 

528 . 7 ;/ 1-. oa 
5""0 0 .~~ ._ ':) \. !)!. ~ . ,05 

ST' ·. / ··,· ' ;.' ·:').73 
)'?Ll .• ) :- '),'(8 

C7'1 3 ) .. ,.1 .' , '/8 

567.2 ) 0 • L!-1 

567 ,1. 50.,1.1-2 

566.9 50 ) 1!·3 

~59.9 51.06 
559,5 51 .10 

559.6 51..,09 

70'~. 7 '· ... r:7 ··;·L•. / 

701~ ,8 , , () ? :-5'? 
'701!·. 3 -'!0, 59 

:;c 

5'?6.) 
~:< 

.'J ) . 59 
5'?G.O ·. \ . GL~ 

;:c 

5'1'/ ·, () ':) .55 
::( 

r:'/ t' t· 
; ) •) '·'3 . 6[3 

2ncl 

5L~. 06 

':.')G '76 
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2 • 3LJ1!-

2 • 3L!-5 

2. 3'-ILJ-

2,156 

2.159 
2 ,159 

2.186 

2.186 
50.1.1.2 2.187 

51.08 

' 1-0. 5d 

2o 21L~ 

2.216 

2o 21.5 

1 ,'759 
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2 ., 1)0 

2. :V1? 

2 , lLJ-J 
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Table 4 (cont'd) 

D Cone. Cone. A max E(kcals.) Ave. E(ev) Ave. Comments. 
Dxl02 Axl02 

~st 2nd 1st 2nd 1st 2nd 

'l' 2.15 1.008 58lr.. 7 48 •. 90 2.120 
584 • .7 48.90 2.120 
584.6 48.91 48.90 2.121 2 .. 120 

8 3·47 1.008 589.1 48.53 2.104 . 
589.6 48.49 2.103 
589 •. 3 48.52 48.51 2.104- 2.10lf. \)4 

~ 

9 1.22 1 .. 008 692.8 41.27 1.?89 
692.1 41.30 1.?9~ 

691.4 41.35 41.31 1.?93 1.?91 

10 *** 0.?32 ··· ** 
11 ?.62 1.008 590.4 48.43 2.100 

589.8 4.8 •. 48 2.102 
590 •. 1 . 48.45; 48.45 2.101 2.101 

12 2.80 0 •. ?32 619.5 46.15 2.001 
61?.5 46.30 2.008 
61?.4 46.31 46.25 2.008 2.006 

=· ·· . 



Table 4 (eont'd). 

-
D Cone. Cone. A max E(keals.) Ave. E(ev) Ave. Comments 

Dxl02 Axl02 lst 2nd 1st 2nd 1st 2nd 

13 *** 0.732 598. 47.81 2.0?3 
598. 4?.81 2.0?3 
598. 4?.81 4?.81 2.0?3 2.0?3 

1.93 606.5 2.044 
\)I 

14 0.?32 47.14 \11 

606.0 47.18 2.046 
605.6 47.21 47. L:J 2.047 2.046 

J ••. ·-.. 



·. ··!~~:·:<' . 

TABLE 5 
Chloranil acceptor 

-
D Cone. Cone. A max E(kcalsJ Ave. E(ev) Ave. Comments 

Dx102 Ax102 
r~t 2nd 1st 2nd· 1st 2nd 

1 7.370 1.317 522.7 54.70 2-372 
523.0 54.67 2-371 
523.0 54.67 2.371 
522.8 54.69 54.68 2.371 2-371 

\).I 
0\ 

2 9.104 1.317 567.5 50.38 ·.:, , 185 
I 

566.8 50.44 .187 
567.7 50.36 50.39 2.184 2.185 

3 2.896 1.317 559.0 51.15 2.218 
559.4 51.11 2.216 
559·7 51.08 51.11 2.215 2.216 

4 3.620 1.317 553.0 51.70 2.242 
553·3 51.6? 2.240 
553.0 51.70 51.69 2.242 2.241 

5 3.26 1.317 . 697·9 40.97 1.777 
696.4 L~1.06 1.?80 
696.9 41.03 41.02 1.779 1.779 

# .. .. . - .. · .. .. . . :1 
. - ~-- - ~-
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Table V (eont'd) 

D Cone. Cone. . ~max E(kcals.) Ave. E(ev) Ave. Comments 
Dxl02·· Axl02 1st 2nd 1st 2nd 1st 2nd --- • 6 3.61 1.317 572-5 49.94 2.165 

• 572.5 49.94 2.165 
• 570.0 50.16 50.01 2.175 2.168 

7 3.31 1.317 576-3 49.61 2.151 
576.1 49.63 2.152 
576.0 49.64 49.63 2.152 2.152 ~ 

'1 . 
8 3·79 1.317 580.6 49.24 2.135 

580.8 49.23 2.135 
581.0 49.21 49.23 2.134 2.135 

9 1.56 1.317 684.7 41.?6 1.811 
684.8 41.?5 1.810 
684.8 41.?5 41.75 1.810 1.810 

10 *** 1.009 ** 
11 9.13 1.317 582.8 49.06 2.127 

582.0 49.13 2.130 
. 581.5 49.17 2.132 
581.9 49.13 49.12 2.130 2.130 

12 3·95 1.009 609.2 46.93 2.035 

~ 
608.4 46.99 2.038 
608.7 1+6. 97 46.96 2.0;1)? ?.0~'7 

.. . :.. 



~- .. 

D 

13 

14-

(, .41 ... 

f 
l 

Cone. Cone. ~max 
Dxl02 Ax102 1st 2nd 
---------

*** 1.009 592. 
590. 
590. 

2.20 1.009 597.9 
598.2 
597.6 

Table V (cont'd) 

E(kca1s.) Ave. E(ev) Ave. Comments 
lst 2nd 1st 2nd 

--- --
I 

48.36 2.094-
48.4-6 2.101 
48.46 4-8.4-1 2.101 2.099 

4-7.82 2.074- "" 47.80 2.073 
()) 

I 
4-7.84- 47.82 2.074 2.074-



TABLE 6 

F1uorani1 acceptor 

- . 
~max 

---
D Cone. Cone. E(kca1s~ Ave. E(ev) Ave. Comments 

Dx102 Ax102 ~ 1st 2nd 1st 2nd ·1st 2nd 

1 7.83 1.680 498.5 57·35 2.487 
497.9 57.42 2.490 
498.2 57·39 57.39 2.488 2.488 

\)1 

2 3·77 1.680 538.6 53.08 2.302 ..0 

538.0 53.14 2.304 
538.1 53.13 53.12 2.304 2.303 

3 2.70 1.680 525.1 54.45 2.361 
525·.0 54.46 2.361 
525.1 54.45 54.45 2.361 2.361 

4 2.63 1.680 523.0 54.67 2.371 
523.1 54.66 2-370 

. 523.0 54.67 54. -67 2-371 2.371 

5 1.17 1.102 655·9 43.59 1.890 
656.5 43.55 1.888 
656.4 43.56 1.889 
656.0 43.58 43.57 1.890 1.889 

v--. -

. - . .. - . --~ .. ~ ~ . 

. 
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Table 6 (cont'd) 
..... 

---
D Cone. Cone. Am:x-- E(kea1s.) Ave. E(ev) Ave. Comments 

Dx102 Ax102 --1st 2nd lst 2nd 1st 2nd 

··-·-· 
* 6 4-.87 1.680 533· 53.64 2.326 
• 533· 53.64 53-64 2.326 2.326 

7 2.4-2 1.680 543.0 52.65 2.283 
54-2.6 52.69 2.285 
54-3.0 52.65 52.66 2.283 2.284 

8 3·59 1.680 548.9 52.09 2~259 g 
54-8.9 52.09 2.259 
548.6 52.12 52.10 2.260 2.259 

9 1.22 1.680 64-4.9 4-4.33 1.922 
643.9 4-4.40 1.925 
64-4.0 4-4.40 4-4.38 1.925 ' 1.924 

10 **a . a. Spectrum 
not run 

i . 11 5·74- 1.680 550.5 51.94 2.252 
: . 

550.0 51.98 2.254 . 
550.0 51.98 51.97 2.254 2.253 

12 2.24- 1.426 573.0 49.90 2.164 
572.0 49.98 2.167 
572.6 49.93 49.94 2.165 2.165 

If' 
~ 

··· - ·--- -·-· - -· -····· ..... ---······ . ·····-··· -··---···· .. -·-·- . ---- .. -.·--------- - --·---- --·----; .. ·---:--·-.·- ·- ::7~·-··:-~----·---··---- ---------- . 
. . . ·- .. .. ·- ---- ---- .. - ..... ------ - --- ·-- - - - -- .. . -·. -- --- .. .. 



Table 6 (cont 1 d) 

---- -· -A~ax D Cone. Cone. E(lcea1s.) Ave. E(ev) Ave. Comments 
Dx102 Axl02 ~ -lst 2nd 1st 2nd 1st 2nd ___ ... _ .... _ 

* 13 *** 1.426 560. 51.06 2.214 
* 560. 51.06 2.214 
* 560. 51.06 51.06 2.214 2.214 

14 2.20 1.426 558.6 51.18 2.219 +: 
557·5 51.28 2.224 t-' 

I 
558.0 51.24 51.23 2.222 ~ ~ 222 
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The decay of the charge transfer band of the 

system was found to obey a first order rate law for 

2-3 half-lives but over more extended periods of time 

departures from first order kinetics were apparent. The 

first order rate constants were dependent on the diene 

concentration. ~able 7 contains the experimentally 

obtained data for a series of runs. The zero time values 

of log (I01I) were obtained by extrapolation of the graphs. 

The pseudo-first order rate constants obtained are given in 

Table 8. Fis~res 5 and 6 illustrate typical first order 

plots obtained from the DPB-HPQ system. 

The pseudo-first order rate constants were 

plotted against the concentrations of DPB (Figure 7) and 

a second order rate constant calculated from the slope 

k • 0.91 x 10-l (litre I mole I sec.) 

Since th~ HPQ concentration was held constant 

and the DPB concentrations were varied and were always 

in much greater excess than the [HPQJ,a Benesi-Hildebrand 

plot can be made for this system. The equation for the 

Benesi-Hildebrand plot is:-

= 1 + l 
€c 

(14) 

where A is the absorbance, b is the path length (in em.), 

[HPQ] 
' 

[DPB], K is the equilibrium con-

stant, and €c is the extinction coefficient. This equation 

indicates that a graph of CHPQ biA versus ll CDPB should 

be linear with slope 11 K E c and intercept ll € 0 • 

-. -.:;-; 
. . \i~ •.:,.: 

' .... ~ .. 

:· ·' 

.· ··, 

:: . 
!. 

i . 



Table ? 

Kinetic runs between DPB and HPQ at 25°0 and aii 800 mr- wavelength 

Run 1 Run2 Run 3 Run4 Run 5 

Time(min.) log(I,/I) Time log (!
0
/I) Time log(I

0
/J:) Time log(I

0
/I) Time log(I

0
/I) 

o.oo 0.5?4 o.oo 1.025 o.oo 1.680 o.oo 2.2?0 o.oo 2.9?0 
1.44 0.4?0 1.31 0.790 1.16 1.150 1.12 1.400 1.45 1.350 I 

1.73 0.450 1.43 0.770 1.28 1.100 1.19 1.350 1.51 1.300 -+=-

2.03 0.43 1.55 0.?5 1.40 1.05 1.2? 1.30 1.5? 
\)I 

1.25 I 
2.37 0.41 1.66 0.?3 1.54 1.00 1.35 1.25 1.65 1.20 
2.71 0.39 1.80 0.?1 1.68 0.95 1.44 1.20 1.?2 1.15 
3.09 0.37 1.93 0.69 1.84 0.90 1.53 1.15 1.80 1.10 
3-47 0.35 2.07 0.6? 2.00 0.85 1.63 1.10 1.88 1.05 
3-8? 0.33 2.24 0.65 2.18 0.80 1.?2 1.05 1.96 1.00 
4.36 0.31 2.54 0.61 2.37 0.75 1.83 1.00 2.05 0.95 
4.88 0.29 2.?1 0.59 2.58 0.?0 1.94 0.95 2.15 0.90 
5.42 0.27 2.88 0.57 2.79 0.65 2.05 0.90 2.24 0.85 
6.04 0.25 3.06 0.55 3.04 0.60 2.18 0.85 2-35 0.80 
6.69 0.23 3.24 0.53 3-59 0.50 2.32 0.80 2.47 0.75 
7.43 0.21 3.42 0.51 3-72 0.48 2.46 0.75 2.59 0.?0 
8.23 0.19 3.72 0.49 3·85 0.46 2.62 0.?0 2.?3 0.65 

:~ 



Tabl e 7 (cont'd) 

Run 1 Run 2 Run3 Run 4 Run5 

Time(min) log (!
0
/I) Time log(I

0
/I) Time log(I0/I) Time log(I

0
/I) Time log(I

0
/I) 

9.14 0.17 3.84 0.47 3·98 0.44 2.78 0.65 2.87 0.60 
10.16 0.15 4.05 0.45 4.12 0.42 2.97 0.60 3.20 0.50 
11.34 0.13 4.28 0.43 4.42 0.38 3.16 0.55 3-35 0.46 
12.74 0.11 4.51 0.41 4.59 0.36 3.24 0.53 3-43 0.44 ~ 
13.61 0.10 4.76 0.39 4.77 0.34 3-43 0.49 3-51 0.42 

5.03 0.37 4.94 0.32 3.62 0.45 3.60 0.40 
5.31 0.35 5.15 0.30 3-72 0.43 3.69 0.38 
5.61 0.33 5·37 0.28 3·83 0.41 3·79 0.36 
5-93 0.31 5·59 0.26 3-94 0.39 3.90 0.34 
6.28 0.29 5.86 0.24 4.07 0.37 4 .01 0.32 
6.65 0.27 6.13 0.22 4.20 0.35 4.13 0.30 
7.05 0.25 6.44 0.20 4.33 0.33 4.25 0.28 
7·50 0.23 6.77 0.18 4.47 0.31 4. 39 0.26 
7·97 0.21 7·15 0.16 4.63 0.29 4 .55 0.24 
8.51 0.19 7-59 0.14 5.00 0.25 4 . 72 0.22 
9.11 0.17 8.10 0.12 5.18 0.23 4 . 89 0.20 
9.78 0.15 8.70 0.10 5.40 0.21 5 .09 0.18 

10.57 0.13 9.46 0.08 5. 64 0.19 5· 32 0.16 
~ 

~ 
I 

' 
. ·-· -- - - -~ -- . -· .. · .. .:.... __ ._. __ . . . . ·--- · ._ ., :-__ :.-;. ~·-: ):_ : -- - -~ .. -- · - . _- : -::·-_- ·-- -~---- -__ · · ~ __ -- . .-_ --- ·ir --~·: _ -Q .. _;·---:·:~:~i-~~=fi :· ·_:·-- - - --___ -_-:: ... ~_:_~:.;-.. : ... ~ .. ~\~ 
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Table 7 (cont'd) 

Run 1 Run 2 Run 3 
Time(min.) log (I

0
;I) Time log (I

0
/I) Time log(I

0
/I) 

11.48 0.11 10.46 0.06 
12.61 0.09 11.97" 0.04 
14.05 0.07 
15.95 0.05 

,· 

. ....:·. __ ·- ~~- -- - - ;_ ---~- - - .. -' .. :. 

Run4 
Time log(I

0
/I) Time 

5.91 0.1? 5.58 
6.21 0.15 5.91 
6.56 0. 13 6.26 
6.99 0.11 6.?3 
7.48 0.09 7-34 
8.15 0.07 8.32 

Run 5 
log(I

0
/I) 

0.14 
0.12 
0.10 
0.08 
0.06 
0.04 

I 

..p 
\J1 

I 

. \ 

' \ . . \ 
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Figure 5'. Rate or disappearance or the charge transfer 
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Table 8 

Pseudo-first order rate constants obtained with different concentrations of DPB 

at 25°0·. 

Run No. [DPBJ(mole/litre) · [HPQ](mole/litre) k(sec. - 1) x 103 

1 1.63 X 10-2 1.8? x lo-3 2.4 

2 2.88 X 10-2 +~87 x lo-3 3·3 

3 5.16 X 10-2 1.87 x lo-3 5·5 

4 7.73 X 10-2 1.87 X 10-3 7·5 

5 11.81 X 10-2 1.87 X 10-3 9.2 

The pseudo-first order rate constants were plotted against the concentrations 
of DPB (Figure

1
?) and a second order rate constant calculated from the slope. 

k = 0.91 x lo- (litre/mole/sec.) • 
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Table 9 

Data for calculation of Benesi-Hi1debrand plot for 

DPB-El?Q System 

A CHPQ b/A 0DPB l/C·DPB 

0.574 3.26 x lo-3 1.63 X 10-2 6.14 X 101 

1.03 1.82 X lQ-3 2.88 X 10 -2 3.47 X 101 

1.68 1.11 X 1o-3 5.16 X 10-2 1.94 X 101 

2.27 0.82 X 10-3 7·73 X 10-2 1.29 X 101 

2.97 o.63 x 1o-3 11.81 X 10-2 8.48 

Figure 8 illustrates the Benesi-Hildebrand plot. 

From the least squares line for CHP',Q b/ A versus 1/CDPB 

in Figure 8:-

Intercept, 1/~ = (1.660 z 0.290) X 10-4 
c 

Therefore ~ c = 

Slope, l/Kt:
0 

= 

Therefore K ~ c = 

(6.024 t 1.045) X 103 

(4.975 ~ 0.087) X 10-5 

(2.010 ± 0.035) x 104 and 

I . 
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The rate of disappearance of DPB in an equimolar mixture 

of DPB and HPQ was investigated by observing the decay 

of the DPB absorbance in the region from 330 to 340 m~ 

These experiments were initiated by mixing equal volumes 

of equimolar solutions of DPB and HPQ at 25°0 after these 

solutions had equilibrated at this temperature. Aliquots 

( 1 ml) were removed from the reacting solution at suit

able intervals and diluted to 50 ml to freeze the reaction 

prior to spectroscopic examination in the region previously 

mentioned. The rate of disappearance of D.P.B. obeyed a 

second order rate law. ~ne data appropriate to these 

experimentsare recorded in Table 10 and Run# 2 is illus

trated graphically in Fig. 9. The second order rate con

stan~s are also given in Table 10. 

The adduct formed from the reaction between DPB 

and HPQ was isolated in the following way:-

In a typical experiment HPQ (ca. 0.005 mole) and 

DPB (ca. 0.005 mole) were mixed in chloroform (ca. 20 mls 

and stirred at room temperature until the bright green 

color of the donor-acceptor complex was almost completely 

discharged (ca. 20 min.). Complete removal of the chloro-

form at room temperature under vacuum or partial removal 

of the chloroform under the same conditions followed by 

the addition of ethanol, light petroleum, or cyclohexane 

gave an excellent yield of a yellow material which proved 

difficult to purify using normal recrystallisation proced

ures. Careful r ecrystallisation from either acetone or chloro

form/ethanol with the minimum of warming (excessive warming 

led to considerable production of t4e green colour assoc

iated with the donor-acceptor complex) eventually yielded 

yellow needles m.p. 122-l24°C. Melting was accompanied by a 

; 
I ' ! . 
! 

i 

~ . 
I· ' 

i . l 



TABLE 10 

Rate of disappearance of DPB at 25°0 

Hun 1 Run 2 

(DPB] t = 0 = (!D?Q.) t = 0 = 0. 534 X 10-
2
M [DPB)t=o = (HPQ] t ... o = 0.531 x 1o-2M. 

Time( sec.) 1og(I
0
/I) (1/[DPBJ)x 1of2* Time(sec.) log(I

0
/I) (l/[DPBJxlot2'' 

o. 0.610 1.8? o. 1.145 1.88 \11 .. 
'>' 

11?. 0.547 2.09 146 • . 1.038 2.Q8 
489. 0.450 2.54 636. 0.804 2.68 
882. 0.3?8 3.02 1019. 0.677 3.18 

1320. 0.328 3·48 1486. 0.5?6 3-75 
2043. 0.269 4.26 189?. 0.511- 4.22 
2761. 0.210 5-44 2489. 0.438' 4.93 
3964. 0.176 6.49 3395· 0.356 6.06 

4532. 0.299 ?-19 

k = 1.16 x 10-1 liter mole/sec. k = 1.22 x 10-1 liter I mole/sec • 

. ~ 
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change of colour from yellow to green. An analysis of 

the product was consistent with the formation of a 1:1 

adduct between DPB and HPQ. 

Calc'd for c24H14N
2
o

2
c1

2 
C: 66.52; H: 3.26; N: 6.46; 0: 7-39; and 

ClJ' 16.48%. ~ound: C: 66.61; H: 3.46; N: 6.26; 

0: 7-53; and Cl: 16.12%. 

Figure 10 

Infrared spectra of the adduct showed carbonyl 

bands at 1724 cm-1(s) and 1740 cm-1(s) and a non-conjugated 

nitrile band at 2250 cm-1 (w) (Solvent: CC14). The NMR spec

trum of the adduct (Fig. 11) showed three main peaks at 

= 2.66, 3.68, and 5.50 (solvent: CDC1
3

) which are assigned 

respectively to the aromatic, vinyl, and tertiary aliphatic 

protons. The vinyl and tertiary aliphatic protons inte

grated 1:1 but the integration of the aromatic protons 

with respect to the aliphatic protons or the vinyl protons 

was ca. 6:1 rather than 5:1 as is required by the proposed 

structure (Figure 10). 

.. 

I 

I 
. I 

I' . 
11 ,, 



··-· :. [. . 
• • • • •. •••• . t 

- ---· .. :.: .-=..: .::...:..:·_.:.~-~..:..;_·_ :..,__ 

: .. ~~~[ 
. : . • . .. ... 

.. __ j 
: I r I • . . -1 

I 

. ·l 

. :i 
! 

0 
.! 
·-
. j 

. ..:r-
! 
i 

. .!.;. I 

·j 
I 

~ 
I 

.. ·J 

cJ 

. J 
' I 

' -· -r l 

' ' j 

• ·. i . _. j 

! I 

~ 

" 

. ·~ 



- 57 -

This discrepancy is rationalized in terms of 

partial retrogression ot the adduct into DPB and HPQ and 

this explanation is consistent with the observation of weak 

BMR absorptions in the region ~ • 3.15 - 3.20,which are 

characteristic of the conjugated diene system of DFB. 

~e absorption ot the aromatic protons ot the retrograde 

DPB are submerged in the same region as the aro&atic pro

tons of the adduct and this accounts for the anomalous inte

gration observed tor protons in this region. Partial 

retrogression of the adduct (ca. 11.}%) was also consistent 

with its ultraviolet spectrum. (Qolvent: cyclohexane) • 

.sands were observed at 2a4 my- ; ;15 m I , ;;1 mr , and 

~ mr· The shortest wave length band is in the region 

characteristic of enectone K bands (~) and the remaining 

bands at longer wavelengths are charac~eristic of DPB (45). 

Part III Discussion. 

a) Charge transfer spectra. 

In the following discussion an attempt is made 

to show that the complexes of polycyclic aromatic hydro

carbons with one or two extracyclic double bonds and the 

various~ -acceptors used in this investigation obey the 

predictions of molecular orbital theory for donor-acceptor 

complexes as proposed by Dewar and Lepley (19) and other 

workers in this field. 
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The charge transfer absorpti'on bands observed 

were very broad and without fine structure. This is a 

general characteristic of charge transfer bands and is 

probably due to the looseness of the bonding in the ground 

state,which allows considerable relative motions of the 

components. Each different configuration of the ground 

sta.te leads to a slightly different position . of the absor

ption peak, so that the resultant bands are broad and show no 

fine structure. 

For this investigation the ionization potentials 

of the donors were needed. The .approximate values were 

found by Dewar's Perturbation method (Appendix 1). With 

the availability of the University's computer facilities 

the Huckel molecular orbital values of the ionization 

potentials, x1 , were calculated. At the time of writing 

of this thesis Streitwieser has published a book (~9) con

taining H~M.Q .. energy levels of some of the donors used 

here. The author~s values correspond with those published 

by Streitwieser. Streitwieser (4-Z) recommends that the 

~technique be used to calculate ionization potentials 

because the simple H. M. o. method neglects the changes 

in electronegativity of the carbon atoms due to the positive 

charges acquired when the ion is formed. However, Dewar 

(1~) states that there is no appreciable improvement in 

the calculated ionization potentials of polycyclic aro

matic hydrocarbons when the {i)-technique is employed instead 

of the H. M. o. method. Consequently, for this investi

gation the ionization potentials of the donors will be con

sidered as the values calculated by the H. 1"1. o. method. 
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Table 11 lists the H. M. 0. and Perturbation values o~ 

the ionization potentials ~or the donors employed. Figure 

12 illustrates the relationship between the H. M. o. and 

Perturbation highest occupied energy levels. The best 

straight line through the points is: 

Y = (.982 ~ 0.034) X+ (0.089 z 0.014) (15) 

The results o~ the correlations o~ the charge trans~er 

band maxima energies with both the H. M. 0. and Pertur

bation highest occupied energy levels are tabulated in 

Table 12. Representative graphs o~ the correlations are 

illustrated in Figures 13 to 19. All lines are calcul

ated by the method of least squares. ~ is the slope and 

C is the y intercept~ The intercept with the x-axis 

yields the energy o~ the lowest unoccupied orbital o~ the 

acceptor in terms o~ f . These values are recorded in 

Table 13. 

Spectros copic values o~ f generally vary ~rom 
-2 to -3 ev. The F 's ~ound in this investigation are 

also within this range. Streitwieser (4S) obtains 

f =-2.62 ev. = -60.5 kcal./mole for a plot o~ the ~req

uency o~ the .first ·1f - j{ * transition o~ polyenes versus 

the H. M. o. energy di~ference. A similar correlation ~or 

the r:J., Q-diphenylpolyenes yields ~ = -2.02 ev = -46.5 kcal. 

I mole. A plot o~ the frequency of the p bands for a 

number of aromatic hydrocarbons against the H. M. o. energy 

di~~erence between the highest occupied and lowest unoccupied 

1'1. o. ~s y i elds ~ = -2.36 ev = -54.4 kcal./ mole. Dewar and 

Lepley (19) for a series of complexes with aromatic hydro-



TABLE 11 

Energies of the highest occupied orbitals of the donors 

Compound H. M. O. Pert. 

1) Stilbene 0.5043 0.5715 
2) l-Pheny1-2-(l-Naphtbyl)-ethy1ene 0.4168 0.5071 
3) 1-Pheny1-2-(2-Naphthy1)-ethy1ene 0.4599 0.5500 
4) 1-Pheny1-2-(4-Bipheny1y1)-ethy1ene 0.4598 0.5431 ()) 

5) 1-Pheny1-2-(9-Anthry1)-ethy1ene 0.3015 0.4042 0 

6) 1-Pheny1-2-(9-Phenanthry1)-ethy1ene 0.4131 0.5050 
7) 1, 2-Di-(1-Naphthy1)-ethy1ene 0.3642 0.4500 
8) l-(1-Naphthy1)-2~(4-Bipheny1y1)-ethy1ene 0.3925 0.4819 
9) 1-(1-Naphthy1)-2-(9-Anthry1)-ethy1ene 0.2761 0.3586 

10) 1,2-Di-(4-Bipheny1y1)-ethy1ene 0.4275 0.5161 
11) 1,4-Dipheny1-1,3-butadiene 0.3859 0.4559 
12) 1-Pheny1-4-(1-Naphthy1)-1, 3~butadiene 0.3375 0.4045 
13) 1-Pheny1-4-(2-Naphthy1)-1,3~butadiene 0.3663 0.4387 
14) 1-Pheny1-4-(4-Bipheny1y1)-1,3-butadiene 0.3635 0.4332 

- -- -J -----·--· 
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. J Figure 12 Correlation between the Ruckel and Perturbation 
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TilLE 12 

(kcal./~+.e) (ev) 

. 

Acceptor 
~HMO 

c 
~Pert. 

c 
j~ HMO 

c 
~Pert. 

c 
HMO Pert. HMO Pert. 

+ + 
53.6±4.4 10.0~2.1 ~ 0.5d6!.052 2.33!"0.19 0.434~0.091 HPQ. 56.0-3.1 13.5-1.2 2.42-0.13 

TCNQ 51.2-t3 .8 1tj.5'!1.5 50.2±4.9 ].4. 7±2 .4 2.22±0.17 o.t>o4t.o65 2.18t0.21 0.63~...0.104 

'rCNE 48.2±2.9 22.1il.1 47.5t3.4 18.5~:!.6 2.09±0.13 0.960~0.046 2 .wo.15 0.8044:0.070 

Bromani1 54.o±3.9 27 .1't1o5 51. 7±5.2 23.7:±2.5 2.34'!:0.17 1.18 i: o .·o6.5 2.24~0.22: 1.03i O.ll 

Chlorani1 54.6±4.1 27.5'tL6 .52 .~.5.4 24.1:!2 .6 2 •. 37±0.l8 1.19!0. 069 2.26'!:o.23 1.05 ± o.u I 
(I\ 
N 
I 

F1uorani1 56.It4.4 29.8!1. 7 53.7!".5.7 26.3:!"2. 7 2.44~0.19 1.29±0.074 2.33'!0.25 1.14! 0.12 

~ 
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FigUl'e 13. Correlation beti·Teen the charge trc:msfer band energies of HPQ complexes and the 

highest occupied donor orbital energies calculated by the Perturbation method. 
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the highest occupied donor orbital energies calculated by the Huclcel 11. o. method. 
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Figure 17. Correlation behteen the charge transfer band energies of TCNE complexes and the 

highest occupied donor orbital energies calculated by the Huckel 11.0. method. 
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Figt.U'e 18. Co~rrelation betHeen the charge transfe1· band energies of TCNQ complexes Dnd the 

highest 0ccupied donor orbital energies r:alcuJ.ated by the Huckel H.O. method • 
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FigtU'e 19. Correlation beti-1een the charge transfer band energies of HPQ complexes and the 
highest occupied donor orbital energies calculated by the Huckel H.O. method • 
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TABLE 13 

Lowest unoccupied energy level of acceptor 

Donor a) H. M. O. b) Perturbation 

HPQ d. -(.24-1 t .025) ~ ~ -( .187 t .04-2)f 

TCNQ o{ -(.361 t .04-0} f o<,' -(. 293 t .056) f 
TCI:'I.ti DL. -( .459 t .036) f ~ -(.389 t .044-) f 

<>!. -( .502 t .04-6) ~ -( .458 t .066) f> Bromani1 C>( 

Ch1oranil ol. -(..504 t .048) ~ o( -( .4-62 t .069) f 
Fluorani1 of.. -(. 531 t .052)~ ,X -( .4-90 t .072)f 
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carbons and 1,3,5-trinitrobenzene gi:ve (3 = -3.00 ev = -69.1 

kcal/aole. Dewar and Rogers ( ·20) using TCNE as the com

plexing reagent with aromatic donors obtain~ = -3.06 

ev = -70.5 kcal./mole. Lepley (21'.) with 2,4,?-trinitro

fluorenone and polycyclic aromatic donors obtains f = -3.12 

ev = - 71.8 kcal./ mole. 

The present values of f differ by approximately 

half an electron volt from those found by Dewar and co-

workers. When Dewar and Rogers results l2P) for TONE 

complexes are plotted with the current TCNE complex measure

ments (Figure 20) the fit on the graph is ver,y good, al

though the present results· lie slightly above the others. 

The change in ~ may be due in part to the steric 

hindrance in the ethylenic compounds. These compounds are 

twisted about the extra-cyclic double bond... It is of 

interest to note that the point for the benzene-TONE. 

complex lies on the line through the present results. 

The line in Figure 20 is the least squares :fit for all the 

points. 

Although multiple charge transfer bands were 

observed for some HPQ, TCNQ, and TONE complexes,only~ the 

TCNE complexes gave multiple bands with more than two donors. 

Since TCNE is reported to have one low lying vacant orbital 

(S3) it seems most probable that electrons transferred to 

this orbital from the second highest donor orbitals cause 

the second charge transfer bands. The second highest 

filled energy levels of the donors are available from the 

H. M. Oe calculations. Figure 21 illustrates the correl

ation between the first and second charge transfer band 

~. ~ ... 

i 
i 
I 
I 

I 
I' ; '• 
i 
! 

. . 
' 

i . 

' . . ' 
' I .. 



. · I -........---·~ 

I 
j 

?1•. 
' I 

.. --.. 

.~ 7CJ 
CIS 
0 

-~ 66 
·d 
~ 62 

1'-Q 

~ 58 
G-t 

IU) fj 5li-

,H 
c. -I 

(i) 50 
,, t;.O 

f-1 l 
<tl ·1·6 
.c: 
0 

: · ( ;- 1 4-2 
0 

: .. o 38 
f.-1 
(l) 

/ S:: r } I 

. • r:~l j r 

,_, ••••• •·• • - •""' .. ,_ .. ·co•--ro ·o-.-n·••~·~~---- .,· ( , 

Figv~·e 20 Correlation betHeen the charge transfer band energies of TCNE complexes of 1) 
De1·1ar end Roge:rs ( 20) .:mel 2) this VTork \•Ti th the highest occup_ied donor orbital 
energies ca~culatecl by the. Ruckel 14.0. method. 

0 

0 f ; 

~e/ G -:, 0 

0 0 

0 De,·Tar and Rogers 
e This l-rork 

0 

. . (0&0// 0 
ofs_~ C G 

r-.r // cO 

Z
\;~ / ~ '"· r · r ·, ' c ' ' ,l 

- ~ (_;. 

0 

~ . .... .. ·- ------·-------- ... -~;- ·- . ... - . '. -· .. __.._ . 
) 

. ) 0 30 o ~ s _, ,. 5~1-
-..,~,~......,,.,-_.~ .. c . ... ,., ,. , , , -.,..... _.,_,.,... • ...,. -, • ., __ .,_ ' • • • ••· - • -...- - ....,, __..._.._ _ ., __ __. _ _ ~-~_.. ,,.., . _ _ _ • • _ ..... --. .•• - .-.•- •' ·- .<- ... - .. 

0 62 .70 c.'7B o86 o 9Y· lo02 

O:ebita.l Energy ( x e-l ) HNO 

....;] 
1\) 

~ 
. 

' -- ·-· .~ 
. . ----- · · 

-- i -- ---··----- - - ---- -- .,1: 
, .... ! 



' I 

i. 

-~!'">-.· ... . ; ·-~ ; -. : 

f-',Jit;~~-:- ~: -~ :L _-; L} ·.-_;_2- I ~c:L ~~ ~--r=--1 Ci; t LC l~J7T~--·-:~~~ ---~---~-J~-~~-J~~ -~~:~~--: ~ 
r ... 1.- . :. "' I - - I . . .. I · - . . I . I I I .. I I . I I I I . I I I ' I I . I .. . . I . n 

t~~t:~~It~!-1- ·~ : ... c; -:~ :~ :--1-- .: . i ' ; ' _ ~ ~- F =-]- ;~:' :! '~ ! -~- -} ;+ .• T -__ -_ ' ····-· i- :- : : : ~ 
Lc~_:.·_~ · .-.. :Figure 21. Correlation between _the. energies of 'the 'first and second Charge Transfer --)- -;: .-- •.: I· j: I . . . : • • : ; 'j ' . ; . i . : : : . :- . ! · · . : . ; ; : . . ! '.- . 

~ ~~-~ _; -~ - _.J_ - __ _ _ _ ~ands _ ~~--~~~ _ ~~~-: o._1ener:~ ~:~e11~~ o~-.!~~t-~~~~rs ~-~o~ ;-t?~ : ~c~ comp_~e~~-~--L-.: · .. r. ·.: :J 
. : prepared ----·1· · · 1 ··-·j ' -- 1- ·· --1· · I --- · - ~---I -- - ··- · ' · I • • • 1 · · 1 ·• 1 '· ~""' - . . • -; ~ ;_ . ~~ __ ; .. i~- ~~-: __ _: ___ 1_ .: .. . , __ : __ : _ . , . . __!_. :~·.;_ ~-- -· _. ___ ! ---·-· . j .. . . ..:.;. . ; . , . _i __ _ 

1 Q) · · · · 1 · 't cl1 · T .. f · IB · d .. r · · ' -i - l · · · · · · 1 

1

---- _ .n .. 78... ________ __ __ __ . ____ __ _ . _____ • ___ F rs _ arge __ rans er _ an __ ,_· ------f-:----J. _-_: _- .. '· ___ ·_. __ _ 
0 ; : ~ , -~ > : :_ L ! . : ·: , : : : l . :. ·: i ;~;. :; . :: :-~ : -·~: :- ·•; • ·• .' . . i~ · •I • •·•· 

. a , G Second Charge Transfer Band- · ~ ---·-····· - · · · · ·· .: ...... . - --,--- --

- ~ -i7~ - ----- . ' • -_-_-_ ' --t: -. i ~ r~j~1U?Fi~~i'8:i:~ ~E-H ,~~~ .~ -~ L t ! -r .-i .. ; -: .· . . _;~~- : t J -_,:__~ 
l ·: - --

; -
! I · rd 

~ · - · ···-· - - - ·- · · -- - - - 1_, - .-. - --
I 

·. i . 1 

. ' 
- - . .. -· . 
' . . .....:1 

\>I 
j:Q 

k .62 
Q) 

fH .. . 
en 

. .. j : :- i· 
__ __ : _.:.:.....~- -- _; ___ ; 

i 

l ·- · 

•· ; •. ~·~ .•. i •~!: -~ · -•--j, -:·.-·-' _ .c: 

c--l_·_-f +~]-;~!:-~:,: ._-! · 

- ' 

. i .. 
-- - ~-- .. 

. - -· .- - - -- --... - - --~-------=-~--. ---- -. - -~----:~--~----,- . - L_! __ i_ ~ ~c. -1>!<!__~~~ ' ' ' .. I -

I a> · : - · · l · · : ~ · 1 • • - 1 • , • · 1 · ' · · e 1 · ... .. l · 1 I • • i · · · --

! .. ; .· -- . ._:~j__;+ -J: ::k~ ~· -~~t:: -L . t·~cJ f · e:;dj:':_: i .· J:J.-'j~;_ ! ~~. ,;_;J ::c ~~-~- ' -+ --~ ~_:_ .· 
I ~ . I I -. .. , .... 1- .. I .. _, - : I ' j· ·' ' 8:8~:"f j-- : 1- : ' ' I .. -. I • . I I - '- .. . I . . -· · . . . . . : .• · .-

1- ~ :-~ ~ ,-~~ ~ -: . • . r :I ' ! - --~r-·. ! ~t~J-- ~:~t u .r ~ i -t ~ F-P~FJ+ .-rn Co l.- } T : -l ~~--- : ~ :·; l --_,_ -- .---!---7- --.• --t ,-- __ , -- . -,------~.- - • Tf , --~ 1'--1~··~ ·-___ ,,_,--a, ..l'"" ~r--~--,_ ---- ~-., 1--=-+.,-.. ::: ~.r- :...[: -~-·-:... i _c -- , --- = • - - -: 

----; - ~J~~ _; : ::- -~:.-~~L~~~+~~·: -- - --- ~-~ ·tlS i~~}~~~ffil~~~~ }J~~: ~~illmi ?~1rs' ;~_:t~J\h2:t~r-~i~~~;~~f~~t:...~c~_:l~;_;_2,-i}_L~1t~~i~:: l~~ - i-~t. ~:-~:-
. Q) 1 _ .. .. I ·.. I .• -

1 
. .. 

1 
.... 

1 
.. , ........ .... ----·--- .... ... . - ----~-- ·- .::::i:"_ .

1 
__ --- .... , ... ... 1----J , -- I · .. .. .1 ... __ , 1 . r-- ,___ .. 1 . 1-. • .. 

.. ______ : ~---:38 ... ___ Li_J~- --- _1 ---~J : ·:! :~: ::~:-: - :~ .. ~::_ !::~ : == ~:::< ~:y= : ::::~. :::: :!~ ~~: ~~ :·~;~:~:~ ::-~0:;~: !~'! :> ::~1 !~:; : : J ·J_.:.:·-~~~ ' : ' ::g:. :r: · ;_ :-: , ~ :~~: :-~1.:3.:::~~1_::;: -= 
' .. I I . ' ' I '- -- ~~--:.j -... 1. . .... ... ---""· -- . .. d .~--, _ _ ..,_ , ·-'--1"- ,_.:1:-:-J ---'1-·- __ ,,_._ ,, _, .. ,.ST .. , .. -• . p .. ' I - ' :! l :.- : 1 ·!f."',' -'-1--•:!-:. ·, . I ,_: 

=-- ~ - - ~--- = -· : - - - -~ . : I--_ :-; ~~ - :..~ ~~ : • ;~~~ ~ ~ ~=-:~ ~) =~~t=..:l£1~~~: ~:~s~: ~Jr~~: ~i:~~~ ~~-F~ ;::-:~:+~ ~:r:>· ~-- -=i--~~: 1 _ :~+ . · ... --i ·--: -. 1 _ :t :~ 1 :- ::~-~---F- : :~ : · __ I _:;~ :·-= ·. - ~ ~:: ·:; = 
--- ~ : : :~-; ---! --- - - -:-::~ =-.-~-: ~< :: · ::!':=: ii: -:~;- :: · (::-;;;;;= ~~~~i~ ~: <-:~:;;~ :i~i=~ : =~~~-~ ~~ ~: ~~ ~ ~;f; ;:~:L; : : :~;}~ :. ~ ~~ ~~-r: __ ; · _:!- ·(~ ~-- --~-~: . . - ~~ ~- ~-~ - -~-r i" - : -- -~ ~ ~ 

I 

1 • 1 .. • .. j .. J ·' · .. !, . I --~------- 1- ,-l---f--- -- -- •- 1' ... . , .... ---- jo· · --1· '-- -• · .,, 1- -- I J · .. I · · ... ! !. .: ·; · i · 1 ,. ; ' r)"' 

--: l ---~-- ' - .. -- .. - 1-- -- . I. ----- r- - ·--- I ---- - ~ -- :-!-~ --·-- ---,---+--J-- --+ _:::j __ ----.---1---,-IZ., ... i- -- -- ~ --- · r - -·- -- j -- -H-- --·--· ' I . f -. - - J 

G~T• :=[-- • • •.! ~ -251-•· •... , ··., •· .• ' ·•· ·, · ·· '···· •.• · ~5 !7[·••i·••• j .••• ~ •• ~. 1 .; . ~~···; 1 · ·····~ 6~ci~~·. ftr ld;cl-·• · . • ; '. s: ~ •~5 •:•·•·•·.i· •• • ..•. i.·• •f: •·_ f;,,: ••.. 

1 

.• •+·~;f-JT- ~-
orbital Energy ( xf- ) HMO 

~ 

r 
I 
I 
I 
I 
I 



- ?4 -

energies and the corresponding H. M. o. energy levels; 

~ for this correlation is -5?.8 t 2.2 k cal./ mole. 

Foster (24), in plotting the energy of the band 

maximum of the complex between a certain donor and an 

acceptor against the energy of the complex of the same 

donor with another acceptor9 obtained for a series of donors 
• 

a ver,y good linear relationship (Figures 23, 24) with 

slope egual to unity and intercept equal to 5, (Figure 

22). The Foster type correlations hold ver,y well for the 

quinoid acceptors but there is considerable shift of the 

slope from unity for TONE and TCNQ correlations. 

A correlation with a pair of donors and va~ous 

acceptors similar to the Foster type plot can also be . .,.,. 
made (Figures 26, 27). 1hese plots should also have slope 

/ 

equal to unity and intercept equal to~ (Figure 25•). 

Briegleb (49) lists values of ~Red. for some 

of the acceptors used in this investigation and these are 

given below in Table 16. Figure 28 is a correlation of 

these values with the experimentally obtained values for 

the lowest unoccupied orbitals of the acceptors (Table 1?). 

The H. M. o. energy levels of the acceptors 

used in this project were calculated using the hetero

atom corrections given by Streitwieser CP.B) Appendix 1. 

However, no meaningful energy levels were obtained, so 

they are not quoted here. 

For the most part the results obtained in this in-

vestigation follow the pattern predicted by the M. O. theory 

• See also Table 14 • 
•• See also Table 15. 
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Table 14 

Acceptors Slope 

HP.Q., TCNQ 0.92 :t 0.03 

HPQ,, TONE 0.84 :t 0.04 

HPQ., Bromani1 0.98 :t 0.02 

HPQ, Chlorani1 0.99 ± 0.02 

HPQ, F1uorani1 1.02 + - 0.03 

6 (kca1./mo1e~ 

6.09 :t 1.04 

11.19 :t 1.44 

+ 13.47 - 0.78 

13.61 :t 0.86 

15.54 :t 1.11 
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Figure 24. Correlation between the energies o:r Stilbene 
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Table 15 

Donors(a) Slope f 1 (kcal./mole) 

1,2 1.04 =t .01 6.44 .:t 0.55 

1,3 1.07 ± .01 7-00 :t 0.50 

1,4 1.04 .:t .01 5-31 ± 0.35 

1,5 0.93 =t .05 9·73 .:t 2.44 

1,6 1.05 :t .02 7.08 ± 0.78 

1,7 1.05 ± .02 7-91 =t 1.02 

1,8 1.06 ± .01 8.84 ± 0.58 i: 

1,9 0.99 ± 12.34 ± 1.81 
,, 

.04 
. , 

1,10 0.80 ± .07 4.09 .:t 3-12 ;I : 
1,11 1.05 ± .01 8.48 :t 0.31 !I 

1,12 
.... .02 11.39 ± 0.88 

' 

1.07 - ! 

1,13 + .02 12.80 .:t 0.99 1.12 - I 

1,14 1.12 ± .02 + ~ ' . 

13.10 - 1.21 

· : 

,. 
a) The numb ers refer to the donors in Table 11 : ! 
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Figure 26. Correlation between the energies of the 
complexes of TCNQ and TCNE 
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Table 16 
! 

I ' 

; ,i 
' I ~ 
.I 
~ j 
I 

~ed. Acceptor :I 
' I 

:I 
, ' 1 

HPQ, -0.51 
: ~ 

TCNQ -0.19 :j 
it 

i: 
TONE -0.24 ' 

' I 

Bromanil o.oo 
Chloranil -0.01 

' · ' 

~- --·--·- --·--··-· _: ___ _ -=-~-=~- ·::.::..-:::-:-: .. :::.:: :-:-.:.~ ·:-.: ::·-·:;·-~::··_·· .. . · ····· --·-··-· · . -
·· ····- -·--·: ... . ··-.· .... . -- ..... . 
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as proposed by Dewar. The noticeable decay of many of 

the charge transfer bands indicates that these complexes 

are not stable,but . as in the case of the DPB-HPQ 

complex, the components may react where possible to for.m 

Diels-Alder adducts. In the next section the possible 

reaction paths for the DPB-HP~ system are discussed. 

B) The Die1s-Alder reaction investigation. 

The observations made o~ the reaction between 

1,4-diphenyl-1,3-butadiene and 2,3-dichloro-5,6-dicyano-1, 

4-benzoquinone may be interpreted according to either of 

the following reaction schemes: 

a) A+ D 
ka 
1:;1 DAC 

ka' 
;? D.A.A 

ka 
2 

ka 
4 

b) DAC A+ D DAA 

where A(acceptor) HPQ., D (donor) = DPB, DAC = donor-
= 

acceptor complex, and DAA = Diels-Alder adduct. 

In case (a) the DAC is an intermediate in the 

reaction and in case (b) the DAC is the product of a side 

reaction. It is of interest to attempt to decide between 

these alternatives on the basis of the rather limited 

kinetic data presently available on the DPB-HPQ system. 

A steady state treatment of these schemes is not feasible 

because the concentration of the donor-acceptor complex 

is not stationary. 

i 
ii 

[. 

'' 
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Scheme (a): 

Assume (I) k~ >> k~ and ( ll) k3 >'7 k! and (III) 

[DJ >?(AJ. In this case the decay of the charge transfer 

band will be a pseudo first order step. The pseudo first 

order rate constant kl is equal to k~ (DJ. The concen

tration of the DAC at any time, t, may be expressed as 

[DACJt = 
(DJ(AJ . l -k~ (DJt 

o e 
----- - ·e 
k; - k~[DJ 

(16) 

If k3 >/ k~ [DJ the above expression may be simplif'ied to 

ki [DJ[AJ 
a (DJ t 

[DACJt 
-kl 

= 0 e (17) 

k3 - k~ [DJ 

i.e. a plot of log [DACJ versus t should give a straight 

line of slope = - (112. 3026). ~ and a plot of k_l 

versus [D] should give a line of slope 
a The data = kl. 

appears to fit this scheme fairly well (Figures 5,6,7)• 

The value of k~ found is 0.91 x 10-l litre I mole I sec. 

However, the second order rate constant determined by 

measuring the rate of disappearance of DPB using the band 

in the 330-340 m~ region gives values of k~ which are 

about 30% larger, 1.2 x 10-l litrelmo~elsec. A reexam

ination of the data from which the pseudo first order 

rate constants kl were calculated was undertaken. Cal

culating the pseudo first order rate constants from the 
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slopes of the graphs over the region 96-98% of the 

reaction where the approximation k3 ~k~ (D) should be 

more accurate. This new calculation did not improve the 

agreement giving a value of ki = 0.6 x 10-l liter I mole/ 

sec. 

Scheme (b): 

Within the limitations of the data presently 

available it is not considered feasible to attempt a 

detailed interpretation of the kinetics of the reaction 

using this scheme. However, it is recognized that this 

scheme may be operative. 

The results presented here are clearly in

sufficient to delineate the mechanism for the production 

of the Diels-Alder adduct from HP~ and DPB. Although the 

idea that the adduct is formed via the ~.ntermediate pro

duction of a donor-acceptor complex is intuitively attractive, 

definite proof of this suggestion must await a more detailed 

examination of the rates and equilibria which govern the 

reaction between DPB and HPQ. 

~u ,, . 
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Appendix I. 

Calculation of Energy Levels. 

The theoretical energy levels required for the 

present study were calculated by the Huckel Molecular 

Orbital method and by a perturbation technique pro

posed by Dewar (50, 51). There are now many excellent 

treatments of the Ruckel Molecular Orbital method avail

able in the literature (48, 52) so the two methods ment

ioned above will only be presented in outline. 

1. Huckel Molecular Orbital Method (HMO). 

The LCAO (Linear Combination Atomic Orbitals) 

method assumes that the wave function of the aromatic 

electrons, ~ , is composed of a linear combination of car-

bon 2p atomic orbitals where each LCAO-MO is of the form 
f1,.. 

f J· -~ cjr Lfr lA 
-1::. I 

where ~ j is the jth molecular orbital, ~ r is the atomic 

orbital for the~th atom, and c. is the coefficient of 
Jr 

the rth atomic orbital in the jth molecular orbital. 

Atoms other than carbon can be incorporated into 

the theory and these will be considered later. 

The energy of ~ . is found by applying the 
J 

variation method to the Schrodinger equation, 

2A 

in the form:-

E = 3A 

Cf/ 

: 
: i 
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The energy is then minimized with respect to each of the 

coefficients:-

= 0 4A 

"'c r 
Since there are n atomic orbitals for a system of n 

conjugated atoms there will be n secular equations of 

the form:-

~ 0r(Hrs -ESrs) = 0 5A 

where Hrs = J cp rH <f 8 drc and Srs = f <f r <f sd't, 

These Equations (5A) only have a non-trivial solution 

if the corresponding secular determinant equals zero. 

i.e. 

= 0 6A 

The coulomb integrals, Hrr' represent approximately the 

energy of an electron in a carbon 2p orbital. Since the 

1\ lattice consists of carbon atoms all Hrr are assumed 

equal and assigned a value o( • The resonance integrals, 

Hrs' r f s, represent the energy of interaction of 

two atomic orbitals. Both Hrs and Hsr are assigned a 

value f • In the simple HMO theory Hrs= ~ for adjacent 

linked carbons and Hrs=' 0 for non-adjacent carbons. The 

overlap integrals, Srs' are for normalized atomic orbitals 

assumed equal to unity when r = s and equal to zero when 

r ~ s. If the values~ and fare substituted into the 

secular determinant the characteristic equation, 

.. . ·-- ----- --. ----.-----· .. - · ·--· . -~- . ... ... .... . 

i 
i 
I 
I 

I 
I 
i 

i 
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(,X -E)n + ~ f ~ -E)n-1 + •. • + ~-1 fn-1(.( -E) + ~ fP= 0 7A 

will have n real roots of the form, 

8.A. 

Therefore the energies can be represented as a series of 

energy levels above and below an energy zero, which can 

be conveniently taken as o( • 

If heteroatoms occur in the carbon framework the 

standard values of o/ 0 and ~ 
0 

are modified according to 

the equations:-

9A 

f ex • kcx f o lOA 

Streitwieser (48) has tabulated values of hx and kx for 

various heteroatoms and these values, which are used in 

the present study, are quoted below in Table IA. The 

following points are important: 

1) Relative to the energy of an electron at 

infinity, botho( and f are negative quantities. 

2) o/. and f are disposable parameters in the 

ffiiO theory and the integrals they represent are not usually 

evaluated theoretically but experimentally determined. 

The secular matricesj characteristic equations, and energy 

levels of the donors used in this investigation are quoted 

at the end of this appendix. The secular determinants 

were evaluated and the roots of the characteristic equations 

found by use of an Ifu~ 1620 computer. The Fortran pro

grams used are listed in Appendix 2. The energy levels of 
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TABLE ll 

H.M.O. Parameters for Heteroatoms 

Atom Coulomb Integral Resonance Integral 

Nitrogen hN = 1.5 keN = l 

Oxygen ho = 2 kC=O = l 

Fluorine hF = ~ ke-F = 0.? 

Chlorine hal = 2 ke-el = 0.4 

Bromine hBr = 1.5 kc-Br = o.~ 

... . ~-- . :·~ . , . 

; 'I 
i 
I 

I:: 
j 

:' 
: ' l 

: .! 
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the acceptors were also determined using Streitwieser's 

values of h x and k x for the heteroatoms but the levels 

obtained were not meaningful and are not quoted here. 

2. Perturbation Method for the Calculation of the 

Highest Occupied Energy Levels of Alternant aydrocarbons. 

Dewar (50_, 51) has developed a simplified method 

of obtaining the energies of the highest occupied and 

lowest unoccupied orbitals of an even alternant hydrocarbon. 

In this procedure the 1f system of an even al ternant hydro

carbon is considered to arise from the combination of two 

odd alternant hydrocarbon radicals. The formation of the 

bonds in this synthesis is a perturbation that splits 

the NBMO's (Non-Bonding Molecular Orbitals) of the two 

odd alternant hydrocarbon radicals R and S into the highest 

occupied and lowest unoccupied MO's of the even alternant 

hydrocarbon 'RS' that is formed. 

The theoretical calculation of the splitting 

is outlined below. The wave functions of the NBMO's in 

R and S are '±: R and~ S respectively. The Hamiltonians 

that determine the molecular orbitals in R, S, and RS 

are HR' H6 , and HRS respectively. 

HRS = Hs + ~ + PRS 
llA 

h P · the perturbation to the system. The highest w ere RS l.S 

occupied molecular orbital of RS is ~RS and from the 

LCAO method this may be written as, 
.-:- -1 RS = Al \j. R + A2 t S 

l2A. 
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where A1 and A2 are the coefficients of the M.O. 

Schrodinger Equation for the system is, 

The 

HRS~RS= 13A 

The energy associated with the molecular orbital ~ RS 

is obtained by resolving the secular equation obtained 

by applying the variation procedure. 

Since f R and ~ S are the linear combination of atomic 

orbitals, 

and '±: s = L1 
s 

Where are the NBMO coefficients. ar' as 
where there are two NBMO's of energy E 

In the case 

= IX of the odd 

alternant hydrocarbon radicals R and S 

15A 

\ . 

. ' 

i 

I 
' I 

:i 

; ; 

I 
:\ 
j l 
! 

; : 

' · I 
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Hll = j g; R( HR + Hs + p RS) t R ~ t: 
= J ~ IttR ;t_ R b ~ + J i RHs '-\J R ~ L- + ~ '-f Jt RS f R ~ {. 

I 1I ill-

I =I 'f RHR} R ~ '( = f ( ~ a.~'-)' r) HaC ~ ar 4' r) ';i-c; 

= ~ a.; J '-Y rHR t-r c) -c 

= lxo<. 

Integrals II and III are both equal to zero. Therefore, 

l?A 

Similarly, 

18A 

Also, 

·Integrals IV and V are both equal to zero and, 

VI = J ~ If' RS "I S 6 -c 

= (( z:;l ~ l.il ) PRS ( 6' ~s 'f s) 8 ~ . J1 
-v r l r 5 

Assume R and s bondad at atom r in R and atom s in S, 

- ·-·····-.:.:.:..····::_-:- ·.···. 
.,.,.,,o •oo '' ,,,,,_, • • •P•oOO 0 ' ' • ' 0, 0 

i . 
I . 

i ; 

i 
, I 

; : 
I 

' I 
; : 
! ; 
• i 
I ' 
' I 
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~r-a, Jt P ~ 6 --c s r rs I s 

where !3 is a resonance J.. ntegral. S b t· tu 1 u s J. tion of these 

new values into the secular equation gives, 

IC 0 21A 

I aoraosfs 

Solving the determinant yields, 

= 

Eas = ~ ~ aor aos f 22A 

Fisure lA illustrates the splitting with energy separation 

aoraos of the NBMO's of RandS into the highest occupied 

and lowest unoccupied levels of RS. 

Comparing Equation 22A with SA a
0
ra

08 
is equi

valent to the Ruckel Molecular Orbital parameter Xi for the 

highest occupied orbital. a a can be easily determined or os 
and thus the Perturbation technique gives a readily obtain-

able approximate ionization potential. 

q 1 

20A 

The procedure for the calculation of a0 raos is 

outlined below. Each odd alternant radical has its more 

numerous set of carbons starred, so that no two starred 

carbons are linked. Then with the aid of the following 

two rules a a values may be calculated. (1) The normal-. or os 'lll 
ization condition: 2:, a 2 = 1. (2) The sum of the co- ~ r r 
efficients about an unstarred carbon equals zero. 



96-
. - . - :-. - ---!----;--- - --- ·.---- ---1------- ----,-..,._,. _ __ .. - - --- --- . ----. 

~ - i ------···---·-----.- --r- . -. -.-------·-- ·-
. i' 

... .:....! .... : 
! 
i 
i . ···:-:-, 

I . • I 
. ·: T 

' . -, -. :· -. ; 

I 
: .: . ! 0 ; 

· · ·. : ! FIGURE lA : . ·- :. :--- ·1-.- "·:....:·· i· ···-· :·:-:-· . • 
. I .. ; .. 

:the NBMO 1 s o.~ - Rad~~als R and S. ·Splitting ot 
.. . I .. I 

'·-·~-~- !--~~- _;-" ~ . J~ 
' ' I . i ' . ; :: ! 

: !:::-: ' I 

• ! 

-l----·-

--·~- -..... · ·--; _;, .;...::.. i·- . : ..... 
. . ' 

·· ! · .. ··;· : : : 
-· ...... , __ .. . ; ... ·..:..._ ,.... __ 

! .... • 

. -. ~ : : . : . . . : 
I ----------. ' 

j' . 
' .. 1:· . ' .. 

----l ____ _:_ __ _ .... . r: 
. •· ' I 

·--··-;-- .. -~--- '---" 
I 

I I ! : j . . .; 

- ! . . ,---+- .. :.~.r;·~: : :~ : :.: I ·r.:: ; - : 
! ! : . . ·'1·:·;·. 

• · ·; · 1: .. :-. i . i ' . I . , : 

···-
1 

I ' 
. ( · - i - . . i 

! . 

' ; 

I : 

. I 

' 

·- t ____ -- -- •• --·- • : ; 

·, 

. . ; : . : ~ i. . 
I 

--· · ·- ··· ·- ... . 

. : . ; 

. ; 

: .. _:j 
•. . ' j . 

.: 

I 
.. I 
,; 
: I 

. ··-: - .. 

. :..:.L 

I 
I 

., 
. I . : .: . . ~ .: - .. occupied 

levels in R 
Occupied 
levels in S• 

Interlaced occupied 
levels. of RandS 

' . 
... ------ ,.. . . - . . 

I. 

! . ' 

. • I 
' - ~: :J •• I 

·_J __ _ 
. : 

. . .. ~ 

· I 

i . 
i '' 

' j" 

R 

I ' ·•. · · • · .• • • · 

... ----:--7~ . -· __ : .. ·- ; --.. -----:-··: -·-
1 ' 

:• 

., 
. I 

- -_.:.:i;_·-'---::-----"1.;... ---· .. ' ·----- ---- . ... - - .. -· 
... ~ l·:t:..~~~-=-7~~{~ 

s 

RS 

I 
·- ·: 

' 

-- ;
: 

··-·- -· . - - -------~--'------ ... ------ 
·· · - 0. - - -~ - - · · - ·-· - · · --·· · · · . · -- -------- ·· '"~vr· r L::.L (... .:. . .j._ . " ....:v • 

WADk: Itt .J , :. . .... 

---. --~ -··-- -~· .·:;.·::.·.:.-.~:: . . :, -- . . ---··--.·. -~· . . ·-·:··· --.. . · .. ' - · 



·-·-:· -.· 

- 97 -

Example: Stilbene. 

Stilbene may be considered as derived from two 

benzyl radicals. 

Starring the more numerous set of carbons in the benzyl 

radical, 

and starting at any starred atom, here atom 5, a value 

'a' is assigned to it. Then by the two above mentioned 

rules the indicated values are assigned to the other starred 

atoms and, 

23A 

Then a = 1/\1'7 = 0.3780. Therefore a 0 r = 2a = 0.7560. 

Consequently for stilbene a 0 ra08 

0.5715. 

= 0.7560 X 0.7560 = 

The 1,4-diaryl-1,3-butadienes can be divided 

into several different sets of radicals R and S. The set 

that minimizes the energy i s the preferred one. · An example 

is provided by 1-phenyl-4-(2-naphthyl)-1, 3-butadiene whi ch 

may be divided into two sets of radical s as indicated below. 

1. 
' 

~~ <Q>-· ':7'---©QJ 
Ov' .b 

1 r . 

©"-~~0 -? ©~"" 
6l00 

Jv c 
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The calculated a0 r values for each radical are (from 

Table 2A) 

a. 0.?560 c. 0.6030 

b. 0.5883 d. 0.?2?5 

For the first division, a
0

r a
06 

= 0.4448; for the second 

division, a
0
ra

08 
• 0.438?. Therefore the second division 

is the preferred one. In Table 2A the preferred value of 

a
0
ra

08 
is given whenever more than one set of radicals 

is possible. 



l. 

ll. 

111. 

lV. 

v. 

1,.(/20 

21../7 

1/./7 

31./20 

1A/20 

1/\1'20 2/./20 

1/v'17 

l/v'31 
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2/./20 

4/./31 

11v31 2N31 

1/./14 

a0 r = 0.6708 

a0 r = 0.7275 

a = o. 5346 . or 

' ' 1: . 

' 

·! 
:i 
i 
:I ,, 
I 
I 
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Vll. 

1/v'll 

Vlll. 

l/v'29 

lX. 

l/v'26 

x. 
l/v'47 

lA/56 
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2/v'56 

2A/ll 

'--2/v'll 
1/v'll 

3/../29 

a0 r = 0.6680 

a0 r = 0.6030 

a0 r = 0.5571 

a = 0.5883 or 

...____ 4N47 a
0

r = O. 5836 

' 4/v47 
l/v'47 

I ' 

·j 
l j 

' . 
i . : 

' 
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3) 
4) 
5) 
6) 

7) 
8) 
9) 

10) 
11) 
12) 
13) 
14) 
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Table 2A 

Compound (RS) R s a or aos aora.os 

Stilbene I I 0.7560 0.7560 0.5715 
1-Phenyl-2-(l-naphthyl)-ethylene I II 0.7560 0.6708 0.5071 
l-Phenyl~2-(2-naphthyl)-ethylene I III 0.7560 0.7275 0.5500 
1-Pheny1-2-(4-Bipheny1y1)-ethy1ene I IV 0.7560 0.7184 0.5431 
1-Phenyl-2-(9-Anthryl)-ethy1ene I v 0.7560 0.5346 0.4042 
1-Pheny1-2-(9-Phenanthry1)-ethy1ene I VI 0-7560 0.6680 0.5050 
1,2-Di-(1-Naphthy1)-ethy1ene II II 0.6708 0.6708 0.4500 
1-(1-N.aphthy1)-2-(4-Bipheny1y1)ethy1ene II IV 0.6?08 0.7184 0.4819 
1-( 1-Nap!lthyl)-2( 9-Anthryl )-ethylene II v 0.6708 0.5346 0.3586 
1,2-Di-(4-Bipheny1y1)-ethy1ene IV IV 0.7184 0.7184 0.5161 
1,4-Dipheny1-1,3-butadiene I VII 0.7560 0.6030 0.4559 
1-Phenyl-4-(l-naphthy1)-1,3-butadiene VII ·ri 0.6030 0.6708 0.4045 
1-Phenyl-4-(2-naphthy1)-1,3-butadiene VII III 6.6030 0.7275 0.4387 
1-Pheny1-4-(4-Bipheny1yl)-1,3-butadiene VII IV 0.6030 0.7184 0.4332 

--···--------------------------------

------- ··--·- ··- ·- .... .. . ------ ------- -- -- ·--·- ··-·· -- · ------ - - · - -- ---- - ·- -- ------···------·-· ·· · -- ·-· - ·· ------ --- ·--·····- ·-· - .. . - - --- --··-- --- .. . 
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COMPOUND. STILBENE * 

• SECULAR MATRIX * 
0 1 0 0 0 1 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 
1 0 0 0 1 0 1 0 0 0 0 0 0 0 
0 0 0 0 0 i 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 1 0 0 0 1 
0 0 0 0 0 0 0 0 l 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 1 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

le o. -1~. o. 87. 
• o • 383. o. •311· o. 

16. 

o. -250. 
121. o. 

, . ~ 
I' 

..... 
' ) . 
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ENERGY LEVEL DIAGRAM If:~ . . -- · ·-- ·· --·- -·-- - ---··----- -- -- -------
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COMPOUND. 1-PHENYL-2-(1-NAPHTHYLl-ETHYLENE 
·: 
" 

* SECULAR MATRIX * 
0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 i 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

1. o. -20. o. 164· o. -720. 

* o. 1857. o. -2903. 0• 2729. o. 
1465. o. 393. o. -36. 
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COMPOUND. 1-PHENYL-2-(2-NAPHTHYL)-ETHYLENE 

* SECULAR MATRIX * 
0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 i 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

le o. -20. o. 164· 

* o. 1847. o. -2866. o. 
1405. o. 372· o. -36o 

1 
.I 0 ' 

o. -719. 
2662o o. 
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. ENERGY LEVEL DIAGRP.M #3 

1-Pheny1-2-( 2-Naphthyl) -e.thylene 

__ __..~5:---
NJ 
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11 ... 

__ ..-;.H __ _ 
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COMPOUNOe 1-PHENYL-2-(4-BIPHENYLYL)-ETHYLENE 

• SECULAR MATRIX • ! 
i 
' 

0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 i 
1 0 1 0 0 0 

.; 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 

:i 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 :! 

I 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
il 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 I 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
I 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

le o. -22· o. 203· o. -1029· 
• o • 3161· o. -6137• o. 7617• o. 

5951· o. 2778. o. -685• o. 64· 

' 
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. ------- -·· 
ENERGY LEVEL DIAGRAM #4 

.. ---------··------ ----·---- - ---- ---· ··· ····-- · -·- - -- - -- - - --- --- ---- ---------- . .. 

-3· 
1-Phenyl-2~(~-Biphenyly1)-ethylene 
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COMPOUND. 1-PHENYL-2-(9-ANTHRYL)-ETHYLENE 

• SECULAR MATRIX * 
0 1 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 .... .... 0 0 0 0 0 0 0 0 0 0 0 0 1 0 l 0 0 0 0 u v 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 l 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 l 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

1e 
• o. 

23047. 
• o. 

o. 
5858. 

o. 
-64. 

-25. o. 
o. -14053· 

15153. o. 
* 

266· 
o. 

-5866• 
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0 
0 
0 
0 
0 
0 
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1 
0 
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l 
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o. 
22234. 

o. 

-1585. 
o. 

1128· 
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· l-Pheny1-2-(9-Anthry1)-ethy1ene 
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COMPOUND• 1-PHENYL-2-(9-PHENANTHRYL)-ETHYLENE 

* SECULAR MATRI)( * 
0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 (); 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 l 0 1 0 0 0 0 0 0 C) 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 C) 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 1 0 i 0 0 0 0 6 0 0 0 0 
0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 "' ~ 0 0 0 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 i 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

1. o. -25. o. 266• o. -1585. 

* o. 5858. o. -14055· o. 22257· o. 
2314lu o. 15369. o. -6121· o. 1~81. 

* o. 100. * 
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COMPOUND. 1•2-DI-(1-NAPHTHYL)-ETHYLENE 

• SECULAR MATRIX * 
0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
i 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 l 0 1 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 

COEFFICIENtS OF CHARACTERISTIC EQUATION 

1. o. -2s. o. 266• 

* o. 5860. o. -1406!5· 0• 
23053. o. 15152· o. -5899• 

* o. •81. * 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
i 
0 
0 
0 
1 
0 
0 
0 
1 
0 

o. 
22255• 

o. 
-1585. 

o. 
1174· 

rt 
I. 
, .... i 

.. :\· 
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COMPOUND. 1-Cl-NAPHTHYL)-2-(4-BIPHENYLYL)-ETHYLENE 

.. SECULAR MATRIX * 

0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ..... .. .... 0 v v \i 
1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 . 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 i. 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

1· o. -27· o. 315• o. -2093· 

* o. 8797. o. -24582. o. 46725· o. 
60718. o. 53334· o. -30617· o. 10812· 

* o. -2037. o. *144. 
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COMPOUND• 1-(1-NAPHTHYL)-2~(9:_ANTHRYL)-ETHYLENE 

* SECULAR MATRIX * 
0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ! 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 

I 
0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 i 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 ! 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 .I : , 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 ;· 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o o ·o 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

1. o. -30. o. 39~. o. -2970. 

* o. 14415. o. -47335. o. 107872. o. 
172060. •o. 191002. * o.-144457· o. 71257. 

* o. -21084. o. 3140. o. -144• 

I ' 
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COMPOUND. 1t2-DI-C4-BIPHENYLYL)-ETHYLENE 

• SECULAR MATRIX * 

0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 .0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 i 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 .. 0 1 0 0 0 0 0 0 0 0 0 0 0 ... 
0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 i 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

le o. -29. o. 368· 
• o • 12703. o. -40530. o. 
140866. *0• 155183. * o.-118673• 

• o • -19765· o. 3553· o. 

0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
1 0 0 0 
0 0 0 0 
0 0 0 0 
0 1 0 0 
l 0 1 0 
0 1 0 1 
0 0 l 0 
0 0 0 1 
1 0 0 0 

o. 
90024. 

o. 
-256· 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 1 
0 0 
0 0 
1 0 
0 1 
1 0 

-2697. 
o. 

60984. 

· I '! ... 

' 
i 

'I . 

., 
j ,, 
:: 
I 

I 
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COMPOUND. 1•4-0IPHENYL-1•3-BUTAOIENE 

• SECULAR MATRIX • 
0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
i 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 o . 
0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

1. o. -17. o. 116. o. -411. 
• o • 821. o. •939. o. 590. o. 

177. o. 16. 

' I 
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ENERGY LEVEL DIAGRAM #11 ----·---- r----------:··- -------.- ---- . . .. -- --- - -·- . . .... -- --· .---·----------·-··.-------·:- ·----···-j 
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COMPOUND. 1-PHENYL-4-C1-NAPHTHYL)-1.3-BUTADIENE 

* SECULAR MATRIX * 
0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 6 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

1. o. -22· o. 203. o. -1030. 

* o. 3168. o. -61~8· o. 7529· o. 
S702e o. 2491. o. -536• o. 36. 
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ENERGY LEVEL DIAGRAM #12 
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COMPOUND. 1-PHENYL-4-(2-NAPHTHYL>-1.3-BUTAOIENE 

* SECULAR MATRIX * 
0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 i 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

1. o. -22. o. 203. o. 
* o. 3156. o. -6082· 0· 7395· 

5526. o. 2371. o. -503. o. 

- 1029. 
o. 

36. 

: , 1'7 
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COMPOUND. 1-PHENYL-4-C4-BIPHENYLYL)-1,3-BUTADIENE 

• SECULAR MATRIX * 
0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 

COEFFICIENTS OF CHARACTERISTIC EQUATION 

1. o. -24· o. l46• o. -1415· 
• o • 5055· o. -11739· 0• 18029• o. 

18237• o. 11812· o. -4585· o. 921· 
• o • -64. * 

• • • • -;.....· "· \. .. _· :._j ... 
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ENERGY LEVEL DIAGRAM #1"+ --- - . . . -- . .. . . ·- -·--· ·- . . . ··-·· - ·-- ···-···- ------·--- . . -·- ··--.--- , 
·· · :: : .. :: l-Pheny1-4-(4~Bipheny1y1)-l,3~butadiene 

.. ..... . . .. --.. ·- - -· . . --· . . ... . -~ ' 

. . . 
.. ·-·- .. -- ·---·- ... 

,, . I 

.. 
. . --- - .. ·····- -· ··- · · . - . 

: 

' -- ... - -.... -.. .... . -·. -- . ' 

·- . : - : . . -. -··- ~ ·- ..... . 

• . 

1~ 
1~ 
1~ 
1~ 

1~ 

1~ 

-i~ 

1~ 
1~ 

. .. . . ·- .. . 

. .... : .. -- ··- ~ . - ... . . - ... ··· -· . :· 

1~ 

0.8029 
0.9970 
1. 005'9 
1.1286 

1.4397 

1. 6792 

2.011;.0 
2.1581 
2.3116 

' 
! 
' ... ··· · · ; ·j . ; 

. ' . ' 
.: ··- - · -.· ··: 

. ·' 

~ ' ~: .. --- -·-· --··--J t~ -· -·-----~---·--3 • -- ___ : ___ ~L~-_..: __ ........ _______ --· - ------ ------ ---------~-- - ------- -~,-_-; ,· ·: ·:~~ ~.~ ~.: ~~-· . ..: ~• . 
. :: ::- - - ~ - :; 
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INPUT FOR CHAREQ 
DIMENSION QC34ltAC33t33)tFC33t33) 

999 READ 10ltNtTltT2tT3 
101 FORMATCI2,3A4) 

DO 50 . Izr1tN 
50 READ lOOtCACI,Jl,J=ltN) 

100 FORMATC20F4el) 
CALL CHAREQCAtNtQtF) 
K=N+l 
IF CSENSE SWITCH 2)9876t9877 

9877 PRINT 10ltNtTltT2tT3 
'PRINT 102,(Q(l),I•l,K) 
GO TO 999 

9876 PUNCH 101tNtTltT2tT3 
PUNCH 102,CQCI)ti•ltK) 

102 FORMATC8Fl0e4) 
GO TO 999 
END 

** SUBROUTINE CHAREQ 
SUBROUTINE CHAREQCAtNtQtFl 
DIMENSION A(33t33ltFC33t33),Q(34)tCC(34) 
Q(l)=l. 
K=1 
DO 11 I =1 tN 
DO 11 J=ltN 

11 F(I,J>=ACitJ) 
1 CONTINUE 

QCK+l>=O. 
DO 2 I=l tN 
QCK+1)=QCK+l)+FCitl) 

2 CONTINUE 
FK=K 
QCK+l)=-QCK+1)/FK 
DO 3 I=ltN 
FCI,I>=FCiti)+QCK+1) 

3 CONTINUE 
IFCK-N+l)71t4lt71 

71 DO 7 J=ltN 
DO 6 I=ltN 
CCCI)=f(l,J) 

.6 CONTINUE 
DO 7 I=ltN 
FCI,J)=O• 
DO 7 IS=ltN 
IFCSENSE SWITCH 1)932,933 

932 PRINT 934tKtJtltiS 
934 FORMATC4I5) 
933 F(I,J)=fCitJ>+ACitiS)*CCCIS) 
7 CONTINUE 

K=K+1 
GO TO l 

41 Q(N+U-=0. 

- .. . ...... 

\ 
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DO 4 J=1,N 
Q(N+1)=Q(N+1)-A(l,J).F(J,1) 

4 CONTINUE 
IF(Q(N+1))51,5,5l 

51 DO 52 I=1,N 
DO 52 J:s1,N 

52 F(I,J)=-F(I,J)/Q(N+1) 
5 RETURN 

END 
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** CHEMISTRY DETERMINATION Of ROOTS CHAR. EQN. *1405 
DIMENSION AC50>,PClOO),Q(lOO>,ccso>,sc5o>,zc5o> 

200 READ 1,N,E 
PRINT 1,N,E 
NK=N 
NZ=N+l 
NP3=N+3 
READ 704,(A(J),J=3,NP3> 
INDEX=O 

127 PC1)=2. 
0(1>=2. 

27 DO 5 1=1,50 
411 B<l>=O. 

8(2)=0. 
J=N+3 
DO 111 K=3•J 

111 BCK)=ACK)-PCI>*BCK-1>-QCI>*BCK-2) 
CCl>=O. 
((2)=0. 
J=N+l , 
DO 2 K=3tJ 

2 CCK>=BCK>-PCI>*CCK-1>-QCI>*CCK-2) 
CCN+2)=-PCI>*CCN+l>-OCI>*CCN> 
DELD=CCN+l>*CCN+l>-C<N+2>*CCN) 
IFCDELD>504,506,504 

506 PAUSE 11111 
504 DELD1=BCN+2>*CCN+1>-BCN+3>*CCN> 

DELD2=BCN+2>*CCN+2>-BCN+3l*CCN+1) 
DP=DELDl/DELD 
DQ=-DELD2/DELD 
P <I+l> =P CI >+DP 
Q(I+1)=Q(Il+DQ 
IFCSENSE SWITCH 1>16,50 

16 PRINT 17,PCI+1),QCI+1) 
50 DP=ABSFCDP) 

DQ=ABSFCDQ) 
IFCE-DP)5,5,6 

6 IFCE-DQ)5,5,8 
5 CONTINUE . 

INDEX=INDEX+1 
GO TO C500,501,502,507,91,92,93t94•95t96t97l,INDEX 

500 PC1)=-2• 
GO TO 27 

501 PC1)=2• 
Q (l) =-2. 
GO TO 27 

507 PC1)=-2• 
GO TO 27 

91 PCl>=-5• 
Q(1)=6o 
GO TO 27 

92 PC1>=1. 
0(1)=9. 

GO TO 27 
93 P<U=-1· 



~! 
)l 
,!1 

;1j 

>j 
:1 
~l 

~ 
~ ! 
: .I 
~(; 
, 1 
::.1 

94 

95 

96 

97 

502 

8 

20 
22 . 

30 . 

85 
10 

14 

11 

23 
2S 

120 

32 

999 

1 
704 

17 
15 
503 

GO TO 27 
PCl)=Oel 
Q(l) 11 Se0 
GO TO 27 
PCl)•-Oel 
GO TO 27 
PC1)•0e0l 
QCl)zO.Ol 
GO TO 27 
PC1)•-0e0l 
GO TO 27 
PRINT 503 
PAUSE 22222 
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DISC=PCI+ll**2-4e*OCI+l) 
IFCDISC)20t22t22 
DISC=Oo 
REALX1•-PCI+l)/2e+SQRTFCDISC)/2e 
REALX2=-PCI+l)/2e-SQRTFCDISC)/2• 
PUNCH 1St REALXl 
PUNCH 15t REALX2 
GO TO 32 
N=N-2 
IFC2-N)l0tl1t8S 
IF C 1-N ) 1 0, 12 0 , 12 
L=N+3 
DO 14 K=-3tL 
A(K)=BCK) 
GO TO 127 
DISC=BC4)**2-4e*BC5)*BC3) 
IFCDISC)23t2St2S 
DISC=O. 
REALX1=-BC4)/C2.*BC3))-SQRTFCDISC)/(2•*~C3)) 
REALX2=-BC4)/(2.*BC3))+SQRTFCDISCl/(2e*BC3)) 
PUNCH 1St REALXl 
PUNCH 1St REALX2 
GO TO 32 
REALX=-BC4l/BC3) 
PUNCH 15tREALX 
REALX1=REALX 
RRX2=SQRTFCREALX1l 
ARRX2=-SQRTFCREALX1) 
GO TO 999 
I=O 
RRX=SQRTPCREALXl) 
ARRX=-SQRTFCREALXll 
RRX2=SQRTFCREALX2l 
ARRX2=-SQRTFCREALX2) 
PUNCH 28t RRXtARRX 
PUNCH 28t RRX2tARRX2 
GO TO 30 
FORMAT( 12tE8•1) . 
FORMATC8Fl0e4l 
FORMATC2Fl8el0) 
FORMATCF14e9l 
FORMATC/26HEXIT BY SATISFYING DO LOOP) 

!j 
-~--- .. . - ------------------- - .. -- ---·-.. ------- ----~:------. -- - ·. ··· ·.- :. 
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28 FORMATCF9.S,8XtF9.S) 
12 PRINT 990 

NDEX=O 
995 READ 704tCZCLltL=ltNZl 

993 NDEX=NDEX+l 
IFCNK-NDEX)200t99lt991 

991 READ 15t X 
QQ•l. 
ZXzO 

994 DO 3 L:al,NZ 
ZX•ZX+ZCL)*QQ 

3 QQzX*OO 
PUNCH 996t ZX 
GO TO 993 

996 FORMATCFl4e7l 
990 FORMATC37HENTER DATAt COEFFe REV. AND RTS. SQO.l 

END 
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