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Abstract

The electronic spectra arising from the excitations of pi-electrons
in homo-nuclear conjugated bond systems are calculated for 37 aromatic
hydrocarbons. The theoretical approach used takes into account overlap
effects betweer different a atoms, correlation between different electrons,
variations in internuclear distances, and the influence of non-conjugated
neighbors, hydrogen and carbon.

Four types of approximations are carried through for the molecules in
order to obtain an estimate of the inadequacies of the theory. From the
calculated transition energies and oscillator strengths, theoretical spectra
are synthesised and compared with observed spectra. In order to help the
interpretation, * decomposition of the transition dipoles into atomic con-
tributions is introduced.

The spectra of alternant molecules are successfully predicted, but the
limits of the urn erlying assumptions appear to be exceeded in the applica-
tions to non-alternant systems. The calculations are markedly successful
for the pen-con«lensed systems, which had presented an obstacle to previous
treatments. It is found that the calculated spectra are fairly sensitive to
small variations in interatomic distances. Calculations with exact atomic
positions, where available, give considerably better agreement with experi-
mental spectra.

The calculadons lead to an understanding of the general spectral pattern
found in all aro?natic hydrocarbons. On this basis the possibility of a general
nomenclature o electronic transitions is examined.
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The quantum mechanics of aromatic molecules has continued
to attract interest for several reasons. The molecules them-
selves are 1mportant, and their chemical and physical proper-
ties have been studied fairly extensively by experiment*

Their spectra exhibit distinctive regularities which have per-
mitted early empirical classification. Even relatively simple
theoretical work can correlate reasonably well With various
observed properties of at least a number of molecules. How-
ever an equal iInterest ariseé from the possibility of testing
and proving more rigorous methods i1n molecular theory. For
this purpose conjugated systems are exceptionally well suited,
since attention can be focused upon iInteratomic molecular
aspects with a minimum of purely atomic complications. This

1
IS so because, to a good approximation, each atom contributes

but one atonic orbital and at most one electron, and, 1In
hydrocarbons, all of the atomic orbitals are essentially
identical. On the other hand, due to the variety In geometri-
cal patterns, series can be formed which display systematic and
often subtle relationships whose qualitative reproduction fre- .

quently provides a more reliable and sensitive test for the

theory than i1solated comparisons for individual molecules.



For sorr* of the c aHCbnder.aed moleau les treated here, there have

have beer carried out comparable calculation* under certain simpli-
assumptions, such a* neglect of differential overlap between

s1l1l atomic orbitals, neglect of the hydrogen atoms iIn the potential
energy, negelect of the difference between Joint- and non-joint
Ci-rton atoms, assumption of constant neighbor-distance and semi-
erpirical framework integrals and, iIn some cases, limitation of
the configuration interaction. These are the calculations of
Parr, Pariser, Pople, Kam rnd ftuedenherg”The obJcoL ive of the

present study la neither to account
|



for the observed spectra of conjugated hydrocarbons with a
minimum of theoretical effort, nor to achieve a maximum of
agreement with experimental valuta; such objectives can ob-
viously be better pursued by less rigorous, semi-empirical
approaches. Rather the objective i1s the development and test-
ing of a theory sufficiently rigorous and flexible so that

(1) 1t can be extended to more complex systems, e.g., involving
hetro-atoos; (2) i1t can give a realistic and sensitive iIndica-
tion of iInadequacies In the assumptions, 1in particular of those

errors which, iIn the semi-empirical treatments, are masked by

compensation effects; (3) i1t might give a reasonably reliable

indication of such unobservable quantities as molecular elec-

tronic wave functions.

The assumptions and apfwoxImations underlying the present
work are those developed recently by one ef the authors.™*™®

Without TfTull the?ggtical analysis, this treatment adopts

the usual purely”™electronic approach, omitting specific inter-
action with the c-electrons. However, In contrast toﬁétevious
work, the overlap-dependent contributions are taken realisti-
cally, though not completely, i1nto account; two alternative
approximations for the small elements of the overlap and one-
electron energy-matrices are followed through: the "tight-
binding* " approximation and the "intra-ring approximation."
Extensive, though not exhaustive, configuration interaction al-

lows for slectron correlation. The choice of atomic orbitals
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imolved gauging the short-range electron interaction and the

at zoic framework contribution# by reference to the benzene

spectrum and the carbon valence state.

The calculations permit an evaluation of the validity of

these hypotheses.

proximation and the

Limits of error for the tight-binding ap-

intra-ring approximation should be found

by comparing the calculations made under the two assumptions.

For,

the tight-binding approximation underestimates the

saailer-than-neighbor matrix elements, whereas the iIntra-ring

approximat™onjiveristimate

elements.

smaller than that iInt

the smaller-than-neighbor energy

Any error due to either approximation should be

roduced, but hidden, iIn the studies based

eon the neglect "of neighbor el*nents#="

~Furthermore,

renders the calculations responsive to the actual bond

the i1nclusion of at least neighbor overlap

lengths.

The effect of the latter on the spectra will be demonstrated

in those,

well established and comparative calculations possible.

effect traced by the present calculations

which arise by taking

joint and joint

atoms

all too few, cases where the true bond lengths are

Another
IS the corrections
into account the differences between non-

in the diagonal elements of the frame-

work potential matrix.

The i1nadequacies due to the neglect of iInteractions with

O-electrons and

these

inherent in the gauging of atomic orbitals



could not be determined by comparative calculations. However,
-* there 1s no reason for consistent compensation between the*
in all molecules, an absence of sisesble~unexplained disaftee-
cents between experiment and calculations would seem to imply

that such errors are small. None-the-less, a bona fide analysis

of the corresponding corrections would contribute valuable in-

sights.
1, DESCRIPTION OF METHOD

Outline of Calculations

The calculations were performed on an IBM-704 computer
with s 32K core memory at the Midwest Universities Research
Association, Madison, Wisconsin, by s completely automatic
program. In the following, the course of the calculations ex*
ecuted i1s briefly described. For the mathematical details tha

reader must be referred to the derivations in reference "4

The required iInput consists of the name of the molecule,
the number of conjugated carbon atoms, and the cartesian co-
ordinates of each of these. The non-conjugsted neighbors are
assumed to be hydrogens unless additional i1nput specifies
otherwise. Further, 1f there are symmetry planes perpendicular
to the plane of the molecule or s center of symmetry, a list
of symmetrically placed atons, may be added for the program®s
use.

From this input are computed all interatomic distances

and, from these, the overlap integrals for ths intrs-ring sp-



prexication ir« calculated. The overlap matrix is diagonalized
by Jacobi®s procedure, the eigenvalues are ordered according to
decreasing size, and the symmetries of the eigenvectors are de-
termined 1f the previously mentioned symmetry input data had
been supplied. In general the diagonalization procedure does
not produce symmetrical and an%iaymnetrical eigenvectors for
degenerate eigenvalues; such eilgenvectors are constructea by a
subsequent transformation. The overlap eigenvectors are then

converted to eigenvectors of the neutral framework Hamiltonian

matrix.

After determining the joint atoms, end atoms, and non-
joint atoms, the program determines the applicable resonance
integral, /7 , and the joint correction,J&C , to the coulomb
integral. Then the ground state bond order matrices, p and p¥*,
are computed. Furthermore, from the iInteratomic distances, the
interatomic two-electron interaction integrals -7

\*"[FP | Q0] = G- (PQ), »re determined.

Next, 1n preparation for the configuration interaction
calculation, thfc one-electron excitations are examined as to
transition energy and symmetry, if present. eDiscarded are
those having transition energy in excess of 60,000 wave numbers
or not having a dipole moment iIn transition with the ground

state for symmetry reasons. T.\Vere *t one perpendicular plane

of aynuaetry, the remaining excitations split
into two non-interacting groups with mutually perpendicular

m n hi %
NWrtr vt <
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dipole :.:or.eita. For each group, the configuration matrices are
row constructed and then dragonalized giving the energies and
con;>0~ i1tions of the excited singlets and triplets qnd the
oscillator strengths for the singlets. From these results a
theoretical spectrum is synthesized by a procedure to be dis-

cussed In the next section.

The calculations are carried out first for the iIntra-ring approxi-
mation, tftareaft*1' the procedure 1iIs repeated for the tight-binding

approaaraation. In Figure 1 , there are given the formulas for all 37
t.ulfcoulea which are treated In the present investigation. As indicated,
d7 noi*cu iar calculations are carried through for these systems.

*Outline of Results

The machine printed results are divided into two parts.
The Tfirst contains the material pertaining directly to the
spectra anc aiding iIn their iInterpretation or assignment. The
second part consists of basic information concerning the atomic
contributions, which i1s needed for the calculation or estimation

of molecular properties, i1nducing among others, spectra.

I Srectral Data
In the first, spectral part i1t iIs assumed that in a

molecule of N atoms there exist N molecular orbitals, well
ordered according to increasing energies and numbered 1 to N.
The excited wave functions are then merely characterized by
their composition In terms of one electron excitations (n-*Y).
For each of these jumps (h—** ), the printed output follows the

development of the energy, from the oa->-electron jump, through

mm.



the diagonal elements of tv conflegation interaction wntrix (with
and WLtY ~ut joint correction), to the final state energy, The
osoflgxtor strength and the transition moment components are given
1I0r the transitions, and the moments art also supplied for the one-
orbital excitations. A table containing this detailed i1nformation
will be published elsewher«$£ Tables which abstract transition
energies and oscillator strengths for the major transitions art
given 1in the’sequel for the various groups of molecules to be
discussed.

In these tables as well as elsewhere i1n the paper, the following
1.bbieviations are used to deﬁote the four types of calculations
carried out for a given molecule: TBXiSS tight-binding approximation
(neighbors only) using exact internuclear distances,and [IHXail intra-
ring approximation using exact intarnuclear distances (if exact
distances are known); TBl and TFttt n tight-binding approximation
and intra-ring approximation using the constant bondlength of 1.396 ¥

and the constant bond-angle of 120°, both ™"aromatic mean-values'.

Ip| -

mm.



10

Synthetic Spectra

In order to permit direct comparison with experimental

spectra, without the somewhat subjective intermediary of iIn-

terpretive assignments, the program finally calculates, and

automatically plots, theoretically predicted spectra. Smoothed

vibrational-rotational
~/broadening i1s simulated by assuming, for each transi-

tion, a triangular bandshape. in the fvs X1 spectrum. In ac-

cordance with the empirically <bserved average half width of

2kK, a base of 4kK is chosen for this triangle. Its height,

((max.), #s found from the relationship between oscillator

strength, f, and band area, via.}
I » intj "1 ()

where
ro* e2/»c2 « 2.81784 x 1013 cm

iIs the classical "electron radijs' and the "absorption coef-
IS related to the usual extinction coefficient)”

ficient” K
€ , by
K »cao aia/to) N

with N “m Avagadro number. One obtains

€<b*x) » <6.82188 X 10—7/ﬁrb)f

€ (max) * 115,813 F (liter/mole cm)
whence

C4)

log € (max) s log T ¢ 5.
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After superposing all bands, a plot of log C vsA 1is

IS

nade and printed. Since the logarithm is plotted, iIn accordance

-

with the usual spectral tracings, the initial choice cf the
individual bandshapes is practically irrevelant.

The spectra which are aynthethised from calculated transitions
r-nd oscillator strengths are compared with the experimental ones in
se\t ral figures to be discussed later on (Figs.3,4,7,8,10,11,13,14,
1&,1S), In these figures the arrangement for each molecule is hs
follows* experimental spectra iIn the center, TB approximation above,
JR approximation below. Three kinds of abscissae are used. For the
experimental spectrgiﬁigm A.Clar 6 , the abscissa iIs In Angstroc unHs,
increasing from right te left; for the spectra taken from Friedel and
Grcbin 6, the abscissa i1s 1In Angstrom units , increasing from left to
right} for the spectra taken from Klevena and Platt7 , the abscissa

is in kilo-Kaysers (1 kX equals 1000 cm*1), increasing from left to

. right.The synthetic spectra are plottdd accordingly.

Birole Mans o i
In order to trace similarities between iIndividual transi-

tions for a variety of different molecules, decompositions of
the transition-dipole moments were machine plotted for all
transitions with oscillator strength greater than 0.0005 in the

following manner. .

If, In the state function of a given excited state, the
one-electron transitions (n-*V) occur with coefficients C(nh v),

the transition dipole to the ground state i1a given by
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In order to exhibit the relitive import-

ance of the individual atomic contributions to the total moment,

the scaled quantities,

o5[N] Z C(|]r0 CpnCp | J* (6)
)

(where o 1s the sign of the sum before taking the absolute*
value) were considered optimal for display. They are printed,
in map form, at the atomic positions. The (s”s™N)/” are omitted

because they are essentially constant, close to 2. Since the

N atoms, the chosen quantities exhibit variation from -9 to *9.

For the mapping they are truncated to integers.

For our more complex wavefunctions these dipole maps
replace the nodal arguments used by Platt, in analogy to atomic
spectra, for the perimeter model. It will be seen that there
are interesting agreements as well as significant disagreements
between the present analysis and the pattern of perimeter nodes.

Molecular Orbital Data

sists of basic information concerning the molecular orbitals.
Reference to tneir component atomic orbitals i1s based on a
molecular map printed out to scale with the atomic numbering 1in
the appropriate positions. The cartesian coordinates of these

are printed beneath iIn units of D « 1.393 £.
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Xext art printed the eigenvalues and eigenvectors of the
overlap matrix and those of the neutral framework—hamiltonian .
matrix. The molecular orbitals are numbered in order of iIn-
ere: sing one electron energy and characterized by their sym-
meLtry properties withtrespect to symmetry planes, and ceQEers
of symmetry. Finally the Coulson-type bond order matrix, p,
as aell as the Mulliken-type bond order matrix, p*, are printed

out. These tables will be published elsewhere)”

Comparison between Theory and Experiment

Before comparing the results of the calculation with ex-

perLnent, i1t might be well to consider the limitations iIn the
exr erimentax spectra itself. The most obvious i1s the limits-
tion 0" the available spectral range. Measurements must in
general be made in solution, a solid solution in some cases,
t/hich restricts them to the range of transmission of the solvent
and precludes measurement of the many short wave transitibns-
Consequently, except for certain molecules for which special

pains have been’taken, the available spectra are limited to a

few of the lower transitions.

The i1nterpretation is complicated by solvent shifts, de-

pendent upon the transition involved as well as upon the solvent.
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vibratloné&l
A more serious prbleu™is that of N interactions tn

electrox.ic transitions”™4o0 create broad, poorly defined maxana

and to introduce peaks often indistinguishable from electronic

transitions.

On the theoretical side the comparison is made difficult
bv the fact that the number of transitions that can be calcu-
lated i1s proportional to the square of the number of atoms and
the fraction i1n the observable region iIncreases for larger n<"3e-
cules. Thus, except for small molecules and except for the two,
or three lowest transitions snd the strongest transition, which
remain clearly distinguishable for all molecules, experimental
as well as theoretical spectra lose more snd more of their dis-

tinctiveness with iIncreasing molecular size.

Therefore the simpler hydrocarbons which have been the
primary object of previous investigations will provide the
more sensitive test of the present method In that their spectra
are more characteristic snd more thoroughly measured snd as-

signed. The most critical test will lie in the still smaller
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subgroup for which atomic positibns have been determined with
precision, since correct positions alone allow the present

theory fTull scope.

The more complex molecules, which are not well treated by
the semi-empirical theories, are alsc included to test the
theory, to provide theoretical information on these molecules,
and to provide a fairer coaparisod” between the present method
and the semi-empirical methods. As for these molecules plots
of assigned transitions vs calculatéd transitions tend to become
rather arbitrary in the assignments. It was found more il-
luminating to compare the synthetic spectra for each molecule

directly with a reproduction of the actual experimental spectra.
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2. LINEAR PGLYACENES

Transition Energies

Although the present study includes many molecules, the
first five of the linear poJyacenes remain A backbone of

comparison with experiment for two reasons, both experimental.
First of all, the experimental spectra for all but pentacene
are more complete.than usual and have been carefully studied
and assigned to electronic transitions. In particular, measure-
ments have been extended to shorter wavelengths, and for sever-
al transitions the polarizations have been determined and can
be reasonably extended to the entire group. The second reason
Is that, of the four aromatic molecules whose atomic positions
are known with confidence, three are members of this groupf namely
bentensz naphthalene and anthracene,

The results of the calculations for the linear polyacenes *
are presented In Table 1. For the 7BX and TBM cases, calculated
and assigned transition energies are shown In Figure 2.Polarisations

and relationship# between transitions iIn different molecules srs Indi-
cated only when considered justifiable. For the purpose of

discussion i1t iIs convenient to divide the transitions into
three groups; (1) the strongest and sharpest transition named
1Bb by Pratt, (2) the families of transitions below in
energy, and (3) the remaining transitions with energies greater

than or, 1In pentacene, comparable to 13".

For the transitions below use of exact atomic posi- .
tions yield a perfect fit between calculated and experimental

energies and polarizations regardless oj which approximation 7
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(-HX or [IHX) 1is ul «d. However since exact distances art not *nown
for the two largest molecules, the assumption of constant bonciegths
arc armies if unavoidable if all molecules are to be treated, %ith
thk se 1ncorrect distances, the results for the same transitions are
not nearly as good. In particular, the lowest triplets fall three to
five kX below the experimental values. The remaining three transi-
tions per molea le are already well fitted by TBit and reasonably
well fitted by. IKK, It stems not unreasonable to expect that the use
of correct distances would bring all transitions into close u<ret rent
with exper mmat *
The very prominent 1B%) transition shows a beginning of

error even when exact distances art used* For TBX the calcu-

lated value i1s slightly high at anthracene and for the intra-

ring approximation, IRX the error begins at napthalcne and is

over a hK at anthracene. Use of the i1Incorrect, average dis-

tances gives results that are a bit poorer for these two mole-

cules and probably the same would hold for the two larger

molecules. Even so the average*error for all molecules and

methods 1i1s roughly 2kK which is still considered fairly good.

Presumably, the higher transitions are not predicted as
accurately, since the calculations are subject to increasing error
as larger one-el ctron Jumps *r* involved. It i1s however dliYlcuit
to prove this disagreement for the larger molecules because of the
increasing number of transitions predicted above . This
spectral region becomes crowded and rather confused for the larger
ool«cul«*j for still I»re«£*0OB«s rresl t™1y “appear more

and more continuous. Under these circumstances, the synthetic

mw$ciith i a



mm “msm

18

spectra become the most strsirht-:ow.<.rd nears of comparing thtory

with experiment. For the linear poilyacenes , they are giver 1iIn Figures

3 and 4 {1t should be kept ir mine that strong transitions are in

general subject to a red shift of about IkK ir liquid or solid solution).
Only two of the higher transitions can be observed iIn naphthalene

and both ére reasonably hot not closely predicted by the TBX method.

The results of the [IHX approximation are for once quite a bit higher

resulting in errors of 4 and 8 kK respctively,

While two high experimental transitions are also experi-
mentally assigned iIn anthracene, all calculations place at
least three theoretical transitions nearby. The synthetic
spectra shows, however, that some of these are underlying and,
as a whole, i1t exhibits a reasonable similarity to the actual

spectrum.

Intensities
For all four methods of approximation, the intensities of a
given transition are usually®™ quite similar, and there i1s even greater
resemblance -between the two T3 or the two IR method*. As in the
previous semi-empirical calculations, the intensities of the strox"fst
transitions are a bit too strong , The weaker ones suffer from this

fault to a greater decree. For example the iIntensity of in
naphthalene is calculated 50 times weaker than whereas 1t
should be 10 times weaker yet(Pari*er gives ], zero intensity}

K&a and Rueder.berg,however, obtuir the correct intensity ratio).

These observations are also verified by reference to the synthetic

s eﬁﬁg% in which the iIntensity results are incorporated as described
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Comparison between 3iffirent Aprroximations
ciemrly

:-,h of the present approxiasr.tiorx usirc exact cistarce.;”™ ‘it the exjpe-

. ."mental energies better than the semi-empirical methods,”~>ut these 1in
.at. Ire bstter than the present approximations when con™t™m. bond
:cths are assume.!. These results 1mply rather strongly that the actu-
al positions of the atoms are net negligible parameters.
Both approximations us ng exact distances yield equally pc*feet

fits for whe lower transitions, but the higher transitions sem to

indicate, particularly in napthaiene, that TBX fits the experi-
ceatal energy levels considerably better than IPX. (Pariser

too calculated these transitioh”™, but the energies obtained

*;«re even higher than IPX).

The somewhat unexpected conclusion would sees to be that
neglect of the smaller-lhan-r.eighbor elements in the overlap
and one-electron energy matrices, implicit iIn TBX, results
in less error than taking them iInto account in the manner of
IPX. “*po a large extent the explanation must lie in the par-

titular manner in which the snail matrix elements are approxi-

mated i1n XRX. .

Another possible factor nay be a greater sensitivity of
the i1ntra-ring approximation to the neglect of o electrons.
V*heruas TBX gives a constant value of unity for all gross
r.conic populations, the latter are usually unequal, 1iIn the IPX
approximation”™ (ot. two“neigh"Dtrs>greater than unity for one and
less than unity for the others™. The c electrons in the bo id be-
tween the atoms would4tend to compensate for this charge dis-

parity, were they taken into account.



Criteria for Formir.c Families of Transitions
1ZSXA&IS"t e a hChe3
(X) Several criteria have been used In the past for classi-

fying the electronic transitions into families whose members

can be traced through all polyacer.es. On the basis of regu-

larities concerning energies, Intensities, and vibronic struc-

in the actual spectra .A.ClarV*" -pointed

ture found empirically

out that, usually, three distinct and characteristically differ

ent bands coulc be recognized iIn each aromatic hydrocarbon.

These he called the 0" band, the band, and the p band.

(2) Later theoretical calculation led to the grouping of the



excited states according to irreducible representations O1 the

molecular tyrsaetry group. The Hlinear polyacene singlets fall
into four groups. Only two of these, however, XD2u <AX,SV)
and (S)-,A# ) have a dipole transition with the ground-
state and may thus contribute to the observable spectra. Each
g-oup has a specific polarization, which can be experimentally
determined. As two r.ain directions of polarization are also
found for but approximate symmetry, the two classes of charac-
teristic polarizations are indeed fundamental. They alone,

however, do not furnish sufficient subdivision for a satis-

factory classification.

(3) Platt stressed that, in view of Cl ar*s observations,
these molecules must exhibit certs in quantum mechanical aini*
larities in addition to the symmetry properties just mentioned.
Basing his arguments or. the perimeter sudel and drawing an-
alogues tc the use of angular momentum iIn simple atomic spectra,
he characterized the transitions by the nodal behavior of their
one-electron "jumps and proposed a system of classification
which accounted for the families of Clar and moreover suggested
additional families frequently hidden under stronger transi-
tions or iIn as eptieaj.l* i1naccessible region. His classifica-

tion retained the division according to polarization.

(4 MfeffattCéd ?ariseVoeveloped a different explanation for

ClarTs relationships, based on the fact that, iIn the neighbor-

hood of the highest occupied orbital, viz. the (N/~jxh orbital,
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t"e or.e-electror. energies are- f£airly evenly spaced. Conse-

s-cntly, the 4 lowers transitions, fTall roughly into the

fcl lowing order: [N/*—*Cefflo) ¢ 1>}< TOF/A® = 1)-*(N/2) «Dja*

2)]< ICN/2) - 1>~ (X/2>. 2);. The first yield*

Cc. ser.t:. 1ly xa, the sccone an~ *hird are known as "paired

excitations" and iInteract to forr. X3b and h.bt while the fourth

essentially becor.es X3ft. In the neglect-of-differential-

overlap approximation used by these authors, these paired ex-

as well as other higher, excitation pairs, are de-
viz., the

citations,
generate and the resulting states are 1:1 mixtures,

* aa* * cor.binations. Since the air.ue combinations interact

only with each other, Pariser suggested a division of the ac-

tua* transitions Into ¢ and - states as a subclissification

within the group theoretical species.

Unfortunately this subdivision i1s limited to alternants,

1
and even there the ¢ combinations are much sore numerous and

uut two of them, t&<s ~-3ar accouiJ* *or almost all ob-

servable transitions i1t the linear polyacenes. Hence this sub-

division is not too helpful.
In the presem sore accurate calculation, it i1s still

true that the lowest three transitions arise from the first

three excitations mentioned above; but PariserTs e» classifi-

cation loses i1ts meaning. On the other hand, the essence of

?latt *s classification was seen as a structural analysis of
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the transition moments. “or the trigonometric wtvt functions
of the perimeter model, his analysis of nodes alone provided
a complete description. Por the present more complicated wave
function, a more thorough analysis of the transition dipole

structure i1s reeded to establish clearly kinships between dif-

ferent molecules.

It proved possible to determine such finer features with

the help of the graphical dipole decomposition

described earlier. The transitions on which Clarfs
tnd Platt*s i1dentifications agree are clearly related by cor.rcn
characteristics and so are a number of additional transitions.
In some molecules, i1t i1s found that a relationship i1s disrupted

by extensive configuration interactions which had been absent

dipole n»># reproduced in ligure 6. The numerical values are

relationship* between transitions 1. different molecules are
exhibited by comeetire lines, bearing the corresponding label,

in Figure 2.

are Ileaeetcieai about the short «xis, anti-symmetrical about
the long axis, while "Lv and are anti-symmetrical about

vhe short axis, symmetrical about the short.




The Jta 1s characterized by having a node i1n every bond
just as Piratt suggested. The values at the atons alternate la
sign, Out are not uniform as they would be iIn the perimeter
model. The two largest magnitudes are found iIn the short *
axis; succeeding values of the same sign diminish towards the
outside within one quadrant. The values of opposite sign have

their smallest magnitude next to the short axis and increase

away froc this axis. The envelopes of the two groups are cs-

sentially parallels.

The dipole nap of ~3b» too, exhibits the nodal properties
suggested by PlIstt, viz., one single node only along the short
axis. In addition the following details occur consistently.
The atomic contributions increase gradually from the central
node, but after a short inflection peak suddenly to a high value

at the end atoms. This 1is the brigin of the very strong I*

tensity of *37.

Ir. contrast, the dipole does not have the multiple
nodes derived by Platt from the perimeter model; instead it
has a single node like *Zh_ The resemblance to XZG IS In fact
very close in all particulars, except that the magnitudes 1iIn-
volved are much smaller, resulting iIn the very small transi-
tion moment. Indeed, to the extent that XLb and ~Bb arise

from paired transitions, the atomic dipole contributions of
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must be proportional to those of I£\f ir. any calculation-
not just the present. Cur result rot IS not iIn complete
disagreement with Plétt** picture: the simple perimeter model
produces nodes at all atoms, and the present atomic contribu-
tions are small. They would i1ndeed vanish 1f, instead, the

results of Pariser*s approximation would be plotted in like

manner. The major difference from Platt*s diagrams lie In the
dipole contributions aséigned to the bond regions. Vfhile the
frec-electron perimeter model suggests antinodal behavior, .the
actual bond contributions are smaller than those from the atoms.

Similar limitations of the free-eleetron model are found when-

ever the number of nodes equals the number of atoms*

The ,1Ba” transition differs from the previous ones 1in
that there exists no characteristic dipole pattern for i1t which
would persist to the higher molecules of the polyacene series.
This 1s a consequence of the iIncreasing amounts of configura-
tion interaction to which IS subject because of i1ts con-
startly high one-electron excitation energy. Ir. napthalene it
has the single node along the long axis that Platt proposed.
The dipole structure is similar to that of iLg, however, 1in
chat for both i1t fluctuates strongly, although the fluctua-
tions In -B, are not strong enough to produce nodes through
all bonds. In anthracene, however, eight additional nodes are

produced - only four short of XL*. In napthacene two
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additional transitions have moved down to interact very
strongly (>3C%) with the [(N/2 - 1D)—»(K/2 * 2)] one-electron
Jump to Corn transitions with am* and varying characteristics.
Conclusions concerning this transition are further complicated
since i1t i1s one where the differences between T3M and the nore
nearly correct TEX are greatest ana the fine details provided
by the dipole analysis are sensitive to such considerations.
The correct distances needed for 73X are not available for the

very molecules iIn which the complications arise.

@) In order to describe the relationships for the remaining
transitions, it 1s convenient to have short state labels.
Since the nomenclature derived from the perimeter model does
not really fit, and since it seemed premature to promulgate
another general scheme on the basis of the present work alcr.e,
the following simple nomenclature i1s used in the following
discussion. The long axis polarized states are labeled LL,

L2, L3, L4,.... The short axis polarized are labeled SI,

Naturally in larger

molecules, additional transitions arise. |If some appear to
resemble those of an already existing family, such branching

IS brought out by using symbols like LI*, S2T, L3%*, L3" etc.

In particular the previously discussed states are now

denoted as follows:
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Ib s LI, 3b = L2, La * SI, BE = S2.

On the tvhole it is surprising hov: many of the transitions

can be placed into families with quite consistent character**

istics. This 1is indicated by the many connecting curves or.
Figure 2 . The only case where such correlations are really

hopeless and therefore omitted in this figure is the group of

heavily interacting states into which * 1$2 disappears

from ntpthacene on.

Lest characterized are the long axis-polarized transitions.

In fact all L transitions below 55 ICC except LI and L2, seem

to belong to one clan denoted by L3, L3trub
CThe main branch, L3, has the almost identical struc-

ture as SiC”L*) except that there is a node rather than a maxi-

mum on the short axis. It has nodes in every bond. The next

bers of nodes and the general appearance of L3 i1In anthracene

through the larger molecules, and hence does not have nodes

in i

—Fo» P Jong axis polarized transitions all seem to
be characterized by being flat and of one sign from the central

nodes to the next to end atom and then changing sign strongly

to attain the maximum magnitude. Thus these transitions are

all classed together as L4»
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The remaining short axis polarizations do not carry a

first wmbor of a family to the last,

ri“ld p™ tern fron ««
The lower

hat Bust be followed from molecule to molecule.
energy S3 has a considerable resemblance to S4 but the con-

siderable difference iIn energy led to their being assigned to

separate families.
rr.to Interaction with S2 (13?) and i1ts characteristics can be

in several of the highly nixed S states of

The S transition at 35.24 XK lo

34 1is ,F ts. tra=sitions N

partially found

aapthacsne and pentacene.
?ent.c«M is an almost pure state of new ch.r.cteri.tics hatch-

e5 1In this molecule.
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Criteria for Grouping

Because of their great number, the non-linear polyacenes
trust be divided into groups for calculation and display. Un-
dér tie in}luence of the perimeter model i1t has been customary
to fora groups of molecules having the same number of carbon
atoms. However, the strong variations iIn energy found iIn
such a group both experimentally and theoretically iIndicate
considerable distortions from the perimeter model. In con-
trast we observed that similarities in the positions of the
lot-er energies exist between those aromatics which agree as
to the largest linear polyoceao contained in the molecular
structure, and this may indeea be a general rule. Within
such a group, energy variations are much finer and present
therefore a greater challenge to theoretical calculation than
the larger variations found iIn the aforementioned grouping.
They are therefore chosen for the present worh. Representa-
tive members of two groups will be considered: one based on

nopthalene and one based on anthracene.

Naphthalene Group

The numerical results for the naphthalene froup are reproduced 1in
i.ble 11 The experimental and theoretical transition energies are
compared in Figure 6 , for the TBK approximation. The agreement
fcetwee* the lower assigned and calculated transitions iIs reasonable
and comparable with the results tor the linear polyacenes and better
t4,an wi*at ham anu RueaenLerg have previously obtained fer severel
s® the present molecules, hete uhav, the T3X approximation again

improves the triplet vain-2?" = T o= -#



The spectra of the rcr.-lir.ear polyacenes are r.ore ccl*tiicated
than those for the lintar pclyaceres, since thf~y have at most one

symmetry pl&rc( not including the molecular plane)# The prc-seree of

one plane will create two sets of transitions with rutually perpen-

cianlar polarisations , tut none of them will be dipcle

1%

forbidden. The only exception is chrysene which has a
point of symmetry, so that the symmetric states are dipole
forbidden. But the remaining states, all anti-symmetrie, are

all mutually interacting and without limitation as to the

polarization directions.

Thus many excited states are to be expected iIn the pres-
ent group, and 1t is rather surprising that most of then seer.
to fall iIn the region around the strong transition where they
are hidden or higher where observation is difficult. The
lowest two singlets are remarkably separate. It is still true
that their polarizations are mutually orthogonal except for
chrysene which has the lowest state polarized along the long
axis of tx! molecule and the next at an angle of less than 30°
with 1t. These similarities iIn polarization, intensity,

dipole map, etc. are expressed by the connecting lines in the

figures.

Ir. the 4C kK region, all molecules typically show® a strong
transition, long axis polarized, with a fairly strong

satellite less than two kX higher. The latter is short axis

polarized except in chrysene where both transitions are - most



equally strong and bracket the long axis between then. There
two transitions resemble *L2 and *S2 <Ij3a> :.n napthalene.
Th-s similarity appears to support the present grouping. The

discussed relationships are again indicated by connecting

lines on the figures.

Yhiie the appearance of the two low weak transitions

and the strong higher transitions in all molecules is quite

similar to naphthalene, the situation is more complicated

as regards symmetry and pairing properties. In all enses,except

naphthalene, the long axis it orthogonal to the symmetry plane

plane

which 1is perpendicular to the nolecul&r/(if existing). If this
i symmetry ) } N n

perpendicular/ plane contains atoms,''the paired excitations"

are long-axis polarized; 1i1f 1t bisects a bond , then the'paired

excitation”™lare short-axis polarized.In fact, i1t emerges that

the pairing properties play a negligible role in the make-up

~of the wave functions.. Also the dipole maps do not show the same

SIS W —

structure as in the linear polyacenes. Almost absent,for iInstance
iIs the picture with a single node found there for *Ba,

and IL5 and predicted generally by the perimeter model for
the and 13a states. Also the present dipole naps are

more difficult to systematize.-

In spite of all these considerable complications and dif-
ferences the spectra display remarkable uniformity In certain
features: a low lying triplet, two low lying weak transitions
so ie SIX higher, and two stronger transiiions some 5kX higher yet.

On these points tfc&re 1s agreement between calculations and expe-

riment .Consequently f a gratifying correspondence exists between

experimental and synthetic spectra, as shown iIn Figures ? arc 8.



Ar thracene Croup
Tilg numerical mm Its for the -nthr*,cere iroup are pivtr ar Table Jl
*ef 1TV compared with the assignee tr nsitions iIK Figure 0. The principl
of grouping seewa to he justified . as much at the eraselee of the
transitions remain generally cans ttnt throughout the £Toup and are
consistently/ lower thar. those of the naphthaler.e group. Moreover the mr -
linear members appear to have acquired & third, low lying, weak trar.sl-

tion iIn auditor to the two found in the naphthalene group.

These results are reproduce inthe calculations,which are however
aeawh&t high o. these trarsitior.fi. Also In 1,2,f ,6-ditenzar.thrac«ne, ere
of the three 1is dipole forfeitden according to the calculation and 1its
observation rust be justified by vibrational iInteractions similar to

In benzene and coroner.e. The experirwntal spectru* of per.taphene
has a rather unique appearance iIn thfit the single strong peak seat* to be
replaced by two or three fTairly strong peaks. Calculations reproduce this
rather peculiar feature,

A comprehensive comparison of all calculated sinflet transitions with
experl rent, i1s given Id Figure 1o and 11 by reproducing together experi*
~aentall  and simulated theoretical spectra. Again reasonable agreement
iIs found, The general analogy to the naphthalene group 1* close enough
to make fTurther discussion unnecessarye

It would, be valuable to have >e-isurement* a. the triplets of these
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4. PERI -CONDENSED MOLECULES .

General Considerations

The peri-condensed aromatic hydrocarbons have lon- been
a stumbling block for theoretical understanding. Unlike the
cata-cordensed systems, they have resisted attacks based os
sixple models as well as on more rigorous calculations. Not
only have their spectra special characteristics, but iIn sonc
cases even the extent of the -ronjugatioa over the nolecular
framework has be*n the object of controversy. It 1s therefore

very gratifying that the present work leads to results renarlc-

ably close to experiment.

To be sure the calculations were handicapped by the lack
of information on the exact nuclear positions. While X-ray
measurements are available for all molecules, 1t i1s presently
recognized that, so far, their degree of analysis IS In-
adequate**™/Nevertheless these measured distances were used
in the present calculation In the hope that on the average

they would represent an improvement over the use of nean dis-

tances.
The numerical results are given in Tables IV six. V. For one

of the moleoles, the assigned transitions ,Ye eeagNurec with tue
calculated TBX (where X indicates measured, not r.ecrs =.ril/ exact

distances) valuta i1n Figure 12. For all noiecules exper irerttel

spectra sre coopered with the synthetised singlet (..., ;-
Figures IT, 14 ard 15.
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Lowest Triplet arc Lowest SiniMets

Unfortunately only two triplets have been assigned- The
theoretical value if. four kX low In pyrene , but only one kK off
Hp;*n§

> I >> - - - - -
(bijn) 1In coronene. The i IS reminiscent of those

found 1In the polyacenes when average, rather than exact dis-

tances, were used.

As 1In the polyrcenes, two transitions follow between 16 WK
and 32 kK in all molecules, we*k 1In the pyrene -roup, tut one of tr.»m
strong iIn the peryl-nc group,Agreement between theory and ex-
periment i1s near perfect for mr.est of these. The remaining

two, both perpendicularly oolarinel, three M: low.

Pyrene Group

Towards higher energies, where the polyacenes exhibit
one strong band, the pyrene spectrum is distinguished by
havxng three rather intense peaks of nearly equal strength.

This characteristic feature is satisfactorily reproduced by

the present study.

The lower two of these correspond to what has been
known as the lower) and *Ba( the higher) in the polya-
cenes, the former containing the paired excitations end
being parallel to the horizontal axis In Figure I£.

In contrast to the polyacenes this axis i1s not the longest
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In pyrene, bat the one perrendicu*ar to i1t iIs sontvhai z~~-

This circumstance is the origin of the comparable strength

rf tkK* two bands with the *PE-like transition a bit strcrgcr.

Between these two transitions and the third strong brad
at higher energy with i1ts accompanying barrage of weaker
transitions lies a clear gap of seven kK, free of transition*
both weak and strong. This theoretically predicted gap is

clearly apparent iIn the observed spectrum.
4

The prediction of the iIntensities In the two highest
bands, which are also the two strongest, are not completely
satisfactory. Whereas experimentally, the highest is slightly

weaker, theory gives 1t slightly stronger than the second hiw

The calculations i1n 1,12 benzperylene are not as success-
ful 1In the upper energy region as they were for the preceding
molecule . The energies fTit experiment reasonably well 1iIn
iIts prominent features. The gap referred to previously has,
however, been filled iIn by fairly weak transitions, whereas
It is still sfoo™n by experiment. True 1t i1s less prominent
and may cover weak absorptions. As noted earlier, agreement

IS very good iIn the placement of the two low transitions.

Unsatisfactory are the intensities. The experimental
spectra has again three comparably strong bands, but, unlike
iIn pyrene and perylene, theory fTails to provide adequate iIn-
tensity fox two of these (at 23 kk and 47 kX) and provides
possibly a bit too much for the strongest (at 33 kX), which
according to theory i1s a pair of almost degenerate strong

transitions. The experimental peak possibly supports this
latter p. ~r.
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On the -"hole it i1s consoling that, iIn reporting the
measured distances, Robertson indicated that the bens-
perylene distances was the least reliable and that several of
the 1mportant distances could not be determined. The conpari-
son of transitioﬁs iIs after ail reasonably good, but suffers

from comparison with other molecules of the sequence.

Anthanthrene differs “rol pyrene by the addition 0~ tw>
benzene rlnps} i1t differs from Benzperylene merely in the
location of one of these two additional ring, vet there -re
distinct differencesin the spectra of these molecules, Th*se
differences are reproduced by the cilculotions, as can best be

seen by comparing the experimental with the synthetic spectra.
In fact, the agreement between the 734 spectrum and the exp ri ‘\n-

tal fn anthar.threne i1s almost too pood to be true.
C jronene and Qvalene

The lower transitions cf coronene have been discussed
previously. The doubly degenerate very strong transition 1is
matched perfectly by the calculated energies. Above this
transition the experimental absorption curve falls monotoni-
caily up to the cutoff at 39 KkIC, forming the first psrt of a
gap 1n complete agreement with theory which predicts the next
peak at 44 KIC. It woul 1 be helpful to have the experimental

spectra extended to higher wavelengths.



Ovilenc apparently 1is particularly difficult to dissolve
for i1ts experimental spectra iIs restricted to wavelengths
longer than 30008- To the extent that the experimental spectra
has been observed i1t seems to agree with the theoretical

values. For this molecule a more complete experimental spec-

tra would be even more desirable.

Perylene 1r\>up

JBHITFIIL

Perylene differs from the other molecules of this study
1a that negligible conjugation is indicated by the considera-
tion of Xekule structures for the two central bonds joining
the two naptha%ene groupings. Support for this conclusion
has been seen by some in the large measured length of 1.5C7.
for the bonds iIn question. Undoubtedly the existence or
non-existence of such conjugation should be reflerted In .he
spectra. But so far the latter has presented a puzzle, even

to qualitative understanding, because of certain unique
features to be discussed. All of these aspects seem to have

contributed to the feeling that perylene would be a tough

nut to crack.

In the present work the central bonds were treated no
differently then the other conjugated bonds, and with this
assumption excellent agreement was found between theoretical
and experimental spectra. In view of the fact that,
73X calculation(*the LCAO-MO bond order in the central bond

i1Is only 35% lower then the average perylene bond order, it is



Zc

indeed very hard to see >y there should not be apprecicb.'.e
conjugation over the central bond. The excessive Iength\ of

15>S
this bond is very likely due in part to steric hindrance Yy

as has been fairly well proven for a similar, unquestionably

conjugat'd bond”™”™in chrysene.

The spectra of perylene is very distinctive indeed. The
lowest singlet, weak in all other molecules, is here the
strongest peak. Also the two low transitions are separate!
by an unusually wide spacing betweeﬁ them. Unlkike pyrene,
only one of the transitions around 40kK (*B”) is fairly
strong. But, similar to pyrene, there follows another band

of about equal strength some 8 kX higher.

These spectral features are matched by the excellent
fit between theoretical and experimental energies and the
good fit (subject to the usual empirical scaling factor), of
the strong intensities. Also there is again a gap at high

- energy, in the calculated transitions, before the onslaught

of th, barrage. This distinctive gap is found in experiment.

Terrvlene and Bis-rath-sne

Terrylens and bisar.thene difiter from perylene in that both
have three additional ring*. Both molocules preserve the
typical central bonds of peryler.ej but whereis terry lane v,s
altogether four bones of this type, biaanthen* has only three of
them.

Tie appearance of the spectra of perylene, terrvlene

his tr.there is reimrk*3bly alike, anc th# character!zation of th%
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perylene spectrum applies equally to the other two mole. . ‘Vo

distinctive difference b*tween them iIs that corre«pondirv parts of
. thfir spectra stretch ove~ larger and larger wivelen™th %< i1ons.
The petylerve spectrum batmen 2403 and 4400 A corresponds to the
terryisne spectrum between 2300 and 5400 A, and to the biraanthene
spectrum between 2°00 arc TICK) A All thet*e experimental obser-
vations are excellently reproduced by the calculations as is

-shown by the synthetic spectra iIn Figures 14 and 15,

Dipole Maps

The dipole map*. are very iInteresting and display, as ex-
acted, radial as well as angulai nodes, although the structure
iIs more complex than indicated by nodes alone. The parallel
transitions have dipole regularities even more striking then
were observed iIn the linear polyacenes, which makes i1t easy
tc trace cne transitions. The regularity is such that the
patterns car. be adequately racojnized by the first and last

which xre displayed in Figure 16,
aenbers of the sequence ™ As In the linear polyacenes nap-

thacene and pentacene transitions of the perpendicular po*ari-
zation have much less regularity. The reason i1s presumably

that the parallel excitations contain the paired excitations.
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s# THE ATJLEXE FAMILY

The results for the non-alternant, azulene family cor.? re
very poorly indeed with experiment, particularly in view of
the good results that have been obtained for the alternant
arcmatics, this failure nay be quite illuminating with regards
to the assumptions of the underlying theory. The results,
vhich are also listed 1In Tsicle V, are considerably too low,
nost notably for the lower ton;Only the 7BM and IRK approxi-
nations were carried through. While use of exact distances

might yield some improvement, i1t is unlikely to remedy the

basic deficiency.

Aaulene i1tself has also been treated by Ham and Rueden-
berg and by Pariser . Their results have been
somewhat, but not si nificantly closer to experiment than the
present one. Pariser’s calculation, the best one due to the
inclusion of configuration interaction iIn the ground state,
falls threfe kX below the peak of and more than five kX
below the peak of *La. The present authors feel that, 1n
all treatments carried out so far, some fundamental physical

effect has been given i1nadequate consideration.

The basic reason for the fTailure seems to be related to
the fact that the aloeic populations in non-alcernants differ
greatly fro® unity in all approximations. In some higher

ar.ulenes they go even up to 1.3, as can be seen from the



Coulson bond order matrix. As a consequence, the averrje
potential needed to determine adequate molecular or-
bitals oust be composed of contributions from non-neutral
atoms and hence have long range, coulonbic components. Such
adequate molecular orbitals must therefore be different from

the Huckel-type eigenvectors of the overlap matrix.

This i1nadequacy of the present molecular orbitals is
more serious Tor the ground state, which by hypothesis has
been taken as a single determinant, than for the excited
states, which have been subjected to extensive configuration
interaction. There 1is in fact evidence that the ground ;tate
configuration as presently used may interact appreciably witj
the excited configurations. This i1s indicated by the fact
that, for the lowest transition in azulene, electron interac-
tion decreases the cne-electron jump energy of 16.4 kK by
3 kK whereas in alternants 1t consistently introduces an iIn-
crease of 6-20 kX. The inference may be drawn that, 1In con-
trast to the situation in alternants, certain excited states
cay now contain less internal electronic repulsion than the
ground state, and this can indeed be related to the charge
accumulations indicated by the atom populations. Admitting
configuration interaction to the ground state would not be
the only, or necessarily a sufficient, remedy (Pariser lowered
the ground state 2.44 kK by this means); proper modification

of the molecular orbitals would be another possibility.
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IT 1t should be necessary to use slightly different
atomic orbitals for the different atoms, this would lead to

further, but not insurmountable, complications.

Finally i1t is not unlikely that the interplay with c
electrons 1s considerably more important in the non-alte marts
than 1n the alternants. Neglect of o electrons has been
justified on the basis that they are localized in a bor.c be-
tween two atoms and thus their ability to correlate with the
mobile T electrons 1is severely restricted. However the/ are
free to move within a bond, and, i1f the bonded atoms ?ave
an unequal charge due to the 7r electrons, the e electrons nay
be expected to shift within the bond to partially neutralize
the i1nequality. This would lower the energy of those states
having the greatest electron iInteiraction energies which 1ir.

#

the present case would include the ground state.
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JE&Es or« K&m&I&gum
After having treated so many large molecules 1t appeared

tempting to consider several small hor.olorues of benzer.e

characterized by conjugated and unconjugated substituents.

The methyl substituted derivatives toluie, xylene, and
cesit™.ene were dealt with by changing the framework poten-
tial, 1e. the contribution of cne neutral hydrogen atom r*s
replaced by that of a neutral carbon atom. Hence for the
conjugated carbon atom next to the methyl group, the neutrr:
framework potential was assumed to be the same as that of a
joint atom. Thus the treatment can be said to include the

inductive ef*"ct iIn 1ts most general form, but omitted hyper-

conjugation.

On this basis of the theory developed iIn the earlier
sections this change of the framework potential does not af-
fect the molecular orbitals, but enters the calculation 1iIn
two ways: the resonance integral JT is lowered, and certain

joint correction contribuilons enter the configuration inter-

action matrix.
The numeric .1 results ure listed in :-tle VI, The _.eomwariror.
with the experimental assignoenta is shown In Figure 17. The trend to

longer wavelengths as reasonably reproduced. [In Table VII , the
change of each transition is decomposed, for each molecule,

iInto two contributions; the Ffirst arising from the modifies-



.ion of the resonance integral, |, the scceatf from the joint
correction mentioned in the preceding paragraph. Contrary

to assunptiom popular in some simple models, the former is

the greater of the two.

f *pure 1?7 also contains the result for styrene as an ex-
ample ofgbonjugated substitution. Although the free ending
chain must give rise’fi)z:ertain effects not properly accounted
for by the present treatment, the agreement between theory

and experiment is relatively satisfactory.

Table VII, Energies of the benzene honologues

R/ 13 Ab

Benzene 56.05 56.05 40.23 48.59

No joint corrections 54.62 54.62 38.81 47.16
Toluene Joint corrections 54.83 54.79 38.95 47,33

M- No joint corrections 53.91 53.91 38.09 46.45
xylene Joint corrections 54.11 54.08 38.23 46.61

Mesit- No joint corrections 53.19 53.19  37.37 45.74
lene Joint corrections 53.37 53.37 37.55 45.91

Dipheiy1 and Fiuorene
Another simple case where the influence of uncaaryjiAt™*d -foy.L-

fcuents could be tested was tie comp.risen between diphenyl and

fluorene, The results A also given in Table VI, give rise to the-
synthetic spectra in Figure IS, The shift of the lower diphenyl b .ne
in fiuorene is givt>n incorrectly, the shift of the upper handfV >tyh
in the right direction, is too snail. However the split of the iower

in Fiuorene,due to increasing separation of the involved transitions

reasonanly reproduced..The application o f’the present method.
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o « pAok . Noiieule, sefnis imch «me -.in. , nr
fluorine than for dlphnyl, »Mcfc is known to twist arum? if*#

CiRgml feod it i* .th«r*for* gimtifyii\,(g that among the two, .n#

V*tw«*n t'-,Mor«tic'il *atd «xporienta! *no,rt-* t* b#tt«r
in flMiortn*.
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Axsst#mmrt of ffeeor/
"«.,"hile the present approach i1s sort rigorous than part

pi.-electronic work, 1t doer involve approximations without
which molecules as big as the one considered here would be
ur.tractable. The calculations represent therefore a test of

their validity.

The calculations lave proved successful, as judged by
comparison with experiment, for “ha alternant hydrocarbons
investigated. There tre aspects, to be sure, which are iIn r.sec
of sorious improvements, 1In particular as regards the ir-
tensitics#The lack of contrast in allowed Intensities, ercour.t*r ec

in all calculations iodsta, remains a disconeertinf puzzle.

Notable achievements were the markedly successful treatment
of the peri-condensei systems, the first of i1ts kind, and
the even better results for thése cata-condensed molecules
whose exact atomic positions were available. It was estab-
lished tha*t the calculated spectra are fTairly sensitive to
variations in the atomic positions.

The synthetic spectra hive proved to be very helpful,and they
compare encouragingly with the experimental ones. There <re iIn fact
cases of i1somers( *,g.ftrtraphene and anthracene, or more
interestingly, anthanthrene and 1,12-benzperylene) where a decision
regardlre the aolwlar structure could he mice by coopering th.

experimental spectre with th. calculated synthetic spectra. To be

sure, 1In certain cases the proper choice of ,n appropriately
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rx ‘tl car explain, or at i««#t rationalise suet difTrrftr.c*«
vdtfcmt oi elaborate calcuiat lot:. Tlert is somethine to fce sale,y.cvevtr,
for & eosputer |wol|,Tar. which automatically' "grinei out u > sjiii. tlie
spectra as soor. as it is supplied with the cartesian c-sorvinates of
the atoe*.

The limits of the assumptions and approximation are cl*-*rly

over stepped ir. the 'pplicatior.s to the r.on-alterrar.t syster.is.

Review of Spectra
In comparing so many experimental spectra with their

reasons* ly corresponding theoretical counterparts, one is
struck *y certain features ccmnon to all molecules. Con-
sistent .y one finds,above the lowest triplet, two, or in a
few casts three, low lying singlets. This theoretical result

agrees with the empirical observation that the considerable
broach.tss of these bands is clearly recognizable as vibra-

tions! fine structure. Towards shorter wavelengths, there
foil' win general one or two much stronger absorption bands
and, traditionally, their fine structure, too, is interpreted
as vibrational, although this can hardly be inferred fron the
liwc shapes and little of it is found in the simple molecules.
Tte theoretical calculations furnish in general as many strong
transitions as observed. In la-gcr molecules, these are cc-
-ompanied however by varying numbers of medium, or weak transi-
tions which extend from this vicinity to higher energies,
resembling a barrage and presumably going into the Rydberg
transitions. The existence of such a multitude of states
cannot be a surprise from quantumnechanical considerations.

Remarkable is rather that they do not extend into lowjr re-



In view of th**:. re feel that the t*oriiy of the
*:3V structure of the oti-CKg fcar.ds &t higher energies is pjpcaumohly
rot vibrational hut electronic in character, This cor.cluslor seers
° 1* supported by the tyrthrtic spectre. Although the calculation*
o.r the v;.ry high tmnoltions (above QO kK) are of courte ruch less
reliable, we predict an almost continuous fairly strong ibsor*p+ior
Il the short wavtlerv'th which is presently urotservtc cue to

u:C.Ticsl difficulties..

Classification of Transitions
Is it possible, within this general spectral pattern to relate

1 ©Ocific transitions in different noleoales to each other ?

In addition to symmetry, X% used the transition-
dipole naps to trace kin3bipc of this kind. In families of
molecules with enough symmetry throughout the scries, they
provided indeed a sensitive fingerprint of particular transi-
tions. In more irregular sequences, forced by less closely
related molecules, they proved rather to sensitive to the

molecular variations for establishing connections.

We see therefore no basis for a nomenclature which could
express intimate sicilarities in the transitions of all
aromatics. The cost practical convention would be to take
over, from the linear polyecens, the sycbols ila, for
the generally observed lover transitions and the bynbols "3&

for the higher i.nd generally strong transitions, without -
however associating x*ith thee the characteristics of the

dipole structures found in the polyacenes or the original

acdcl concepts of Flatt. In those fex-: cases where there are
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ncrc then two transitions of one hind, they cay he c™noted by
1HS, 7B’ etc. |If a clear gap does exist above the 3-bards,
then the next strong transitions following at shorter wave-
length should receive different name®™ say CE£, C- etc. In

*1 IS the 1ndices a,b indicate behaviour with respect

to symmetry planes, 'b'" states being polarised parallel to a
plane iIntersecting bonds and ra" states polarized parallel to

a plane containing atoms, regardless of the length of the cor-

responding molecular axes. In unsyr.netric molecules, these

subscript can be used If there is a clear enough relationship
to states in closely related symmetric molecules. It appeared
unnecessary to invent a special nomenclature for the many
moderate transitions in the high energy region. These prac-
tices have been followec in the present investigation, since
they do justice to the observed spectra as well as to the

theoretical results with a minimum amount of complication.
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Captions for Tables 1to VI

Calculated Transitions cf the Linear Folyaccnes.
Explanation: One set of data occupies two lines. The

first two entries on the first line are a counting integer
referring to the chemical formula in Figure 1 and the
name of the molecule. The first two entries on the second
line give the method of approximation (TBX, 1RX, TBM,
IRM) and the transition energy of the lowest .riplet. The
remaining entries on both lines consist of pairs of numbers
of which the first gives ths transition energy of a singlet
transition and the second its oscillator strength.

If the molecule possesses a symmetry plane perpendicular
to the molecular plane, the first line contains the singlets
of Ssymmetry and the second line contains the singlets of
A symmetry.

If the molecule possesses two planes of symmetry per-
pendicular to the molecular plane, the first line contains

the singlet of SA symmetry and the second contains the
singlets of AS symmetry, where the first symmetry specifi-
cation refers to the long axis and the second to the short axis.

If the molecule possesses a center of symmetry, only the
A states are listed (sines the S states are symmetry for-
bidden), and they occupy both lines. In the absence of any
symmetry, too, the second line is msrely a continuation of
the first.

Calculated Transitions of the Non-Linear Polyacenss.
Naphthalene Group. See Table I for explanations.

Calculated Transitions of Non-Linear Polyacenes. Anthracene
Group. See Table I for explanations.

Calculated Transition Energies of Pcricondensed Aromatics. 1
See Tabic | for explanations.

Calculated Transitions of Pericondensed Aromatics, 11, and of
Azulene Derivatives. Ses Table I for explanations.

Calculated Transitions of Benser.e and Diphenyl Derivatives.
See Table | for explanations.
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14.
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Captions for Figures

Chemical formulas of molecules treated. The number* r .«-r
to the entries in Tables 1to VI.

Assigned and calculat'd transitions in the linear poiyacenes.

«

Experimental and synthetic spectra lor linear poiyacenes. |.
For explanation see Sec. 1 after Eq. (4).

Experimental and synthetic spectra for linear polyacene. 11
Explanation in See. 1 after Eq. (4).

Dipole maps for electronic transitions of linear poiyacenes.
Assigned and calculated transitions for naphthalene group.
Experimental and synthetic spectra for naphthalene group. I.
Experimental and synthetic spectra for naphtha.ene group. Il
Assigned and calculated transition for anthracene group.
Experimental and synthetic spectra for anthracene group, i.

Experimental and synthetic spectra for anthracene group. 1L

Assigned and calculated transitions for pericondensed molecules.

Experimental and synthetic spectra for pericondensed systems.
Experimental and synthetic spectra for pericondensed systems.

Experimental and synthetic spectra for pericondensed systems.

Experimental and synthetic spectra for pericondensed systems.

Dipole maps for electronic transitions of pericondensed systems.

Assigned and calculated transitions for substituted benxenes.

Experimental and synthetic spectra for diphenyl and fluorene.

1

111

V.



