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Introduction 
According to the general qualitative theory described in 

parts 1-3 of this series,2 anthracene (1), like other polycyclic 
benzenoid hydrocarbons without a threefold or higher sym­
metry axis, should be an odd-soft MCD chromophore. The 
theory makes definite predictions for substituent effects on the 
MCD signs of the L and B transitions of 1. We now report the 
MCD spectra of anthracene and nine of its derivatives, as well 
as the aza analogues, acridine and phenazine. In addition to 
confirming the predictive value of the simple theory, the results 
also secure a firmer assignment of the elusive Lb band of an­
thracene and help to identify some higher energy transitions. 
Studies of substituent and aza nitrogen effects on other odd-
soft chromophores appear in parts 7,3 8,4 9,5106 (naphthalene), 
127 (phenanthrene), and 138 and in ref 9 (pyrene). 

1 
The MCD spectrum of 1 itself has been reported10-12 and 

the sign of its Lb band calculated1' previously; a correction of 
the spectrum of ref 11 has appeared subsequently.13 We have 
remeasured the spectrum and include it here for comparison. 
No MCD spectra of the other compounds studied here have 
been reported previously except for a mention in our prelimi­
nary reports.1'14 

1 is one of the most thoroughly studied 7r-electron chromo­
phores. The presently available information on its excited 
singlet states has been recently summarized.15-17 The as­
signment of the lowest excited singlet state of 1 near 26 500 
cm -1 as La (short-axis polarized, negative in MCD) is well 
established. On the other hand, although there is little doubt 
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that the Lb band must lie nearby, just as in other benzenoid 
hydrocarbons, and although both bands are clearly seen in the 
spectra of many anthracene derivatives, two groups of work­
ers15'16 have recently concluded independently that there is as 
yet no compelling evidence that any one of the various proposed 
assignments of Lb in 1 itself is correct. In what is considered 
by both groups to be the most plausible assignment among the 
various suggestions, the origin of the band is identified with 
the onset of long-axis-polarized absorption near 27 800 cm-1, 
identical with the first positive peak in the MCD spectrum. 
However, it has so far not been possible to exclude the possi­
bility that this absorption is a vibronic component of the La 
band due to borrowing from the intense Bb band. Such an al­
ternative assignment is supported, but not proven, by the near 
constancy'5 of the separation between the origin of the La band 
and the suspected origin of the Lb band in a variety of weakly 
perturbed derivatives of 1. The assignments of two bands of 
higher energy are beyond doubt; these are the intense long-
axis-polarized Bb band near 39 000 cm -1, negative in MCD, 
and the short-axis-polarized B3 band near 45 500 cm-1. 

Results of ir-electron calculations, summarized in ref 15, 
are in good agreement with the location, intensity, and polar­
ization of the La, Bb, and Ba bands and predict unequivocally 
that an Lb band must lie near L3. In addition, they predict 
several symmetry-forbidden transitions in the vicinity of the 
Bb band and higher. Evidence for the existence of these bands 
has been discussed in ref 15 and is still fairly incomplete. 

The excited states of many of the simple derivatives of 
I15'16'18-24 and of its aza analogues acridine (9-N-l)25-37 and 
phenazine (9,10-N-l)33'37-40 have also received much atten­
tion. Much of the experimental evidence for 9-N-l and 
9,10-N-l is summarized in a recent theoretical study.41 In most 
instances, correspondence to the excited states of 1 is fairly 
clear-cut. Frequently, additional transitions which are sym-
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Figure 1. Anthracene spectra: bottom, absorption (oscillator strengths 
given); top: MCD (B terms in units of 10_3/3e D

2/cm-1). 
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Figure 2. 9-Methylanthracene. See caption to Figure 1 

metry forbidden in 1 itself are revealed in the spectra of the 
derivatives and aza analogues. Similarly as in the case of 
naphthalene, some attention has been paid to the behavior of 
the polarization direction of the L bands upon substitution in 
position 2, and semiquantitatively reliable calculated15-42'43 

as well as experimental15 values for transition moment direc­
tions in all three aminoanthracenes are available. 

Experimental Section and Calculations 

The samples were commercial or available from previous work44 

and were purified by gradient sublimation. The measurements and 
calculations were performed as in part 4.45 

Figure 3. 9,10-Dichloroanthracene. See caption to Figure : 

Results 

The results are shown in Figures 1-12. A tentative identi­
fication of individual electronic transitions is proposed. In many 
instances several bands are revealed in addition to the readily 
identified L and B bands; their existence is in agreement with 
the calculations as shown. The signs of B(La) and 5(L b) are 
sensitive to the nature and location of substituents as expected 
for an odd-soft chromophore. In general, S(Bb) > 0 and #(Ba) 
< 0. As in the other papers in this series, the calculations shown 
are of the standard PPP variety without any adjustment for 
MCD purposes and are best viewed2 as a calculation of the 
difference between the spectra of the substituted 1 and the 
parent 1. 

Discussion 

Anthracene as an Odd-Soft Chromophore. Like other low-
symmetry benzenoid hydrocarbons, anthracene is an odd-soft 
chromophore in terms of the theory of parts 1-32 (it is derived 
from the perimeter by an odd perturbation, and AHOMO = 
ALUMO because of alternant orbital pairing). In soft chro­
mophores, the potentially large n+ contribution to the B terms 
of L and B transitions is absent, and their MCD is dominated 
by the smaller \x~ contribution. In chromophores derived from 
an uncharged perimeter, such as 1, the latter originates solely 
in next-nearest-neighbor interactions. In odd-soft chromo­
phores, the \T contribution to S(Lb) is zero (the transition has 
vanishing intensity), that to 5(L a ) is very small and positive, 
that to the B term of the lower of the two B bands is larger and 
positive, and that to the B term of the higher one is larger and 
negative. Any deviation from the exact equality of AHOMO 
and ALUMO provides the Lb band with nonvanishing inten-
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Figure 4. 9,10-Dibromoanthracene. See caption to Figure 1. 

Figure 5. 9-Fluoroanthracene. See caption to Figure 1. 
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Figure 6. Acridine spectra: bottom, absorption (oscillator strengths given); 
center, MCD (B terms in units of 10_3/3e D2 /cm - 1) ; top, calculated. 
Calculated — B values are indicated by the length of the bars and calculated 
oscillator strengths by their thickness. Solid bars indicate horizontal po­
larization with respect to the formula given and broken bars vertical po­
larization with respect to the formula given. 

sity, and the n~ contribution to 5(Lb) then consists of two 
opposed parts: if Lb lies between La and the B states, L-L 
mixing contributes negatively and L-B mixing positively. In 
reality, MO pairing in 1 is undoubtedly only approximate, so 
that this situation should obtain already in the parent, but since 
the Lb state is imbedded in the vibrational structure of the La 
band, a vibronic treatment appears mandatory from the start. 
Small deviations from the equality of AHOMO and ALUMO 
have only limited effect on the ^ - contributions to the other 
three bands. 

Comparison with the MCD spectrum of 1 (Figure 1) is seen 
to give signs in good agreement with experiment for fi(Bb) and 
B(Ba), but the region of the L bands is unclear. The sum of 
fi(La) + B(Lb) is clearly positive as expected, and the origin 
of the La band, although extremely weak, also has the predicted 
sign, as do some of its other vibrational components. Others, 
however, have the opposite sign. The peaks which apparently 
belong to the Lb transition have negative MCD, and there 
appears to be strong vibronic interaction. A high-resolution 
analysis of this region would undoubtedly be most reward­
ing. 

A perturbation which removes the equality of AHOMO and 
ALUMO also permits the large magnetic moment ^+, which 
results from nearest-neighbor interactions, to contribute to the 
MCD effect. If AHOMO > ALUMO, the ^+ contributions 
to the B terms of the lower of the two L bands and the lower 
of the two B bands are positive and those to the upper two are 
negative; if AHOMO < ALUMO, the opposite is true. Simple 
PMO arguments were used in parts 1 -3 2 to derive the sign of 
AHOMO — ALUMO in a perturbed odd-soft chromophore. 
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Figure 7. Phenazine. See caption to Figure 6. Calculated forbidden tran­
sitions are shown as dots. 

In dominant (D) positions (Huckel coefficients cK,i2 > cK,22) 
a +1 or +E (electron-withdrawing) substituent induces 
AHOMO < ALUMO and a - I or - E (electron-donating) 
substituent induces AHOMO > ALUMO; as the strength of 
the substituent effect and the difference cK,i2 — cK^2 increase, 
the induced difference | AHOMO - ALUMO| increases in 
magnitude, and the values of the B terms will be closer to their 
limiting values (excessively large substituent effects will tend 
to reduce the B terms again). In subdominant (S) positions 
(cK,\2 < cK,2

2), a +1 or +E substituent induces AHOMO > 
ALUMO and a - I or - E substituent induces AHOMO < 
ALUMO, again more so as the magnitude of the difference 
cK 22 ~ CK,\2 increases. As a function of the strength of the E 
effect of the substituent, |AHOMO - ALUMO| first in­
creases, but then decreases, goes through zero (at which point 
the molecule is a zero-soft chromophore or an even-soft chro-
mophore, depending on its symmetry), and changes sign, since 
in the limit of extremely strong E substitution the orbital en­
ergy arrangement resembles that of a substituted [4./V + 2]-
annulene in which +E substitution induces AHOMO < 
ALUMO and - E substitution induces AHOMO > ALUMO. 
Since such strong substituents are needed for this, the B terms 
will probably never reach their limiting values. Such a reversal 
has actually been observed for 2-substituted naphthalene de­
rivatives.4 In anthracene, it should be harder to effect, since 
the orbitals s (HOMO) and a have a very different energy to 
start with (the Huckel energies are 0.414/3 and 1.0 /3, respec­
tively, compared with 0.618/3 and 1.0 /3 in naphthalene). This 
large difference is also reflected in the relatively low energy 

Figure 8. 1-Fluoroanthracene. See caption to Figure 1. 

of the La band compared with Lb; their order is reversed from 
naphthalene. Other things being equal, it should then take a 
stronger E substituent than was needed in naphthalene to reach 
the borderline point at which AHOMO = ALUMO. In 
naphthalene, this point lies somewhere between OH and 
NHCOCF3 for a single substituent in position 2; it will be in­
teresting to identify it for position 2 in 1. 

The analysis of the effects of substitution in a subdominant 
position is clearly much more demanding than that for a 
dominant position, and more complete theory may well be 
necessary to interpret any but the most qualitative aspects. In 
particular, since the form of the MO's changes significantly 
from that of the parent 1 upon such strong perturbation, it may 
be necessary to work explicitly with configuration energies 
rather than orbital energy differences. Also, the interplay of 
I and E effects calls for a closer examination. 

For comparison with experimental results, we recall that the 
La band lies below Lb in energy, wherever the latter may be, 
and therefore, AHOMO >ALUMO implies B(L3) > O and 
B(Lb) < O, and AHOMO < ALUMO implies the opposite. 

9-Substitution. Since its squared Huckel coefficients are cg,i2 

= 0.19 and c ^ 2 = 0.0, the 9 position in 1 is very definitely of 
the dominant type and strong substituent effects can be ex­
pected. The experimental MCD spectra are in excellent 
agreement with expectations if the series of long-axis polarized 
bands of 1 starting near 27 800 cm -1 is accepted as the Lb 
band. In 9-CH3-I (Figure 2), 9,10-Cl-l (Figure 3), 9,10-Br-l 
(Figure 4), and 9-F-l (Figure 5), B(U) > O and B(Lb) < O, 
while in 9-N-l (Figure 6) and 9,10-N-l (Figure 7), B(U) < 
O and B(Lb) > O. In all instances in which the B bands were 
observed, B(Bb) > O and B(Ba) < O, as demanded by the simple 
theory in 1 itself. As in naphthalene,3'4 the substituent effects 
are apparently unable to override the relatively strong inherent 
/u~ contributions from second-nearest-neighbor terms. 

!-Substitution. Since c M
2 = 0.097 and ci,2

2 = 0.0, the 1 
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Figure 9. 1-Aminoanthracene. See caption to Figure 6. Calculated po­
larization directions are given with respect to the formula shown by di­
rections of the flags at the end of bars. 

position of 1 is also dominant, though somewhat less strongly 
than the 9 position. Once again, the experimental spectra show 
the expected signs. In 1-F-l (Figure 8) and I-NH2-I (Figure 
9), S(La) > 0 and B(Lb) < 0. As before, S(Bb) > 0 and S(B3) 
< 0 (in I-NH2-I, the Bb character is distributed between two 
transitions19 and the La and Lb character may be shared 
somewhat by both L bands;21 it is more appropriate to state 
S(Li) > 0 , S(L2) <0) . 

2-Substitution. Now, c2,i
2 = 0.048 and c2,2

2 = 0.125, and 
the 2 position is of the subdominant type, similarly as the 2 
position of naphthalene where the difference c2,i

2 — c2,2
2 was 

0.097. This is reflected in the MCD spectra in a dramatic 
fashion. Using the above assignment for Lb, for the weak —E 
substituents methyl and fluoro, B(La) < 0 and S(Lb) > 0 as 
is seen in Figure 10 for 2,3-Me-l and in Figure 11 for 2-F-l. 
In both instances, S(Bb) > 0 and S(Ba) < 0. The spectrum of 
2-NH2-I (Figure 12) shows S(L2) > 0 as expected, but the S 
term is weaker than in 2-F-l or even 2,3-CH3-l and may be 
largely of the inherent type due to a n~ contribution rather than 
substituent induced, if the molecule is near the zero-soft-
chromophore borderline case as happened in 2-amino-
naphthalene.4 In this case, the Lb and La states of 1 are mixed 
efficiently21 and it is advisable to use the labels Li for the lower 
and L2 for the higher of the two L states. The MCD effect of 
Li is very weak and appears to be dominated by vibronic ef­
fects. In the region of band origin, the curve is weakly negative; 
close to the L2 band, it is weakly positive. Overall, S(Li) is 
almost exactly zero. This suggests that 2-NH2-I is indeed very 
nearly a zero-soft chromophore, and that in this derivative 

25 30 35 40 45 
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Figure 10. 2,3-Dimethylanthracene. See caption to Figure 1. 
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Figure 11. 2-Fluoroanthracene. See caption to Figure 1. 

cross-link domination is about to be overruled by substituent 
domination. The shape of the MCD curve of Lj indicates that 
the mixing of Li with L2 contributes negatively to the S term 
of the former and positively to the S term of the latter and that 
this mixing prevails for high vibrational levels of Lj for which 
the energy separation from L2 is the smallest. It is not clear 
which of the several possible types of mixing produces the 
positive contribution to S(Li) which appear near its origin, but 
a prime suspect is substituent-induced L-B mixing which is 
expected to oppose the effects of L-L mixing. Similar sign 
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Figure 12. 2-Aminoanthracene. See caption to Figure 9. 

reversals within a band for which there are two opposing con­
tributions, one from a nearby state and one from a more distant 
state, have been noticed earlier.46 The B bands are not easily 
recognized, and it is difficult to verify the expected signs. 

In summary, it appears that 2-NH2-I, like 2-amino-
naphthalene, is close to the border line, but, unlike 2-amino-
naphthalene, does not yet lie past it. This difference is ac­
counted for qualitatively by the above discussion of the ease 
with which substituents in subdominant positions can take a 
parent system past the border line. 

The Lb Transition of Anthracene. We propose that the per­
fect agreement between the MCD response of the series of 
long-axis polarized bands starting near 27 800 cm-1 and that 
expected for the L 2 transition provides definitive evidence that 
these bands contain a large amount of Lb character. Obviously, 
the vibronic states may be mixed: containing terms of the types 
L3 X (big), Lb X (aig), Bb X (aig), and others, but to the first 
approximation, it appears reasonable to refer to these bands 
as Lb. Thus, the new evidence causes us to reverse our earlier 
reserved stand15 on this assignment. 

Other Transitions. The MCD spectra of 9-N-l and 9,10-N-l 
(Figures 6 and 7) show no distinct features attributable to their 
rnr* transitions. This is not surprising considering how weak 
the MCD effect is for n7r* transitions in aza analogues of 
benzene,45 naphthalene,3 and phenanthrene.7 In general, MCD 
does not appear to be a useful method for detecting weak rnr* 
transitions buried under xir* absorption. 

On the other hand, in several instances weak irir* transitions 
are revealed by the MCD spectra. In particular, the transition 
to a state of g parity near 37 000 cm-1, forbidden by symmetry 
in 1 itself but allowed and presumably causing a short-axis-
polarized transition in 9-substituted derivatives of Civ sym­
metry as detected in polarized stretched-sheet spectra of 9-
CH3-I,33 is quite distinct in the MCD spectrum of 9-CH3-I 

(Figure 2) and its presence is also indicated by a shoulder in 
MCDof9-F-l(Figure5). 

In the aminoanthracenes, previous assignments of individual 
electronic transitions15 are now complemented by MCD evi­
dence (Figures 9 and 12). The results of the two methods lead 
to similar conclusions, except that MCD suggests the presence 
of one additional transition at high energies in each amine, as 
shown in the figures. 

Conclusion 
Since the simple theory performs so well once the newly 

reconfirmed assignment of the Lb transition is accepted, its 
predictions for other anthracenes are likely to be useful. A 
closer examination of 2-substituted anthracenes, of the inter­
play of substituent I and E effects, and of vibronic interactions 
remains for the future. 

Note Added in Proof. Margulies and Yogev47 propose that 
the well-known16 mixed polarization of anthracene fluores­
cence is not due to vibronic mixing, but instead to simultaneous 
emission from almost degenerate Lb and La levels with com­
parable rate constants. Their arguments appear unconvincing 
to us; certainly our spectra provide no support for such an as­
signment of the Lb origin. 
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Introduction 

According to the qualitative theory of the MCD signs of 
transitions of the L and B types in cyclic x-electron systems 
described in parts 1-3,4-6 phenanthrene and other polycyclic 
benzenoid hydrocarbons without a threefold or higher sym­
metry axis are odd-soft chromophores. Some simple conse­
quences follow for their MCD spectra and for the effect of I 
and E substituents on these spectra. As noted in part 1,4 else­
where in the present series we investigate the case of naph­
thalene, anthracene, and pyrene. In the present paper, we ex­
amine the effects of I substitution, represented by aza re­
placement, on MCD of phenanthrene (1). The MCD spectrum 
of 1 has been reported previously,7-8 and the sign of its first B 

term has been calculated.8 A remeasured spectrum is included 
here for comparison. The MCD spectra of azaphenanthrenes 
have not been reported previously except for a mention in our 
preliminary communications.19 '10 Presently, we report the 
spectra of three azaphenanthrenes (1-N-l, 4-N-l, 9-N-l) and 
four diazaphenanthrenes (1,8-N-l, 1,5-N-l, 4,5-N-l, 9,10-
N-I ) . 

Singlet excited states of 1 are now understood in consider­
able detail. The presently accepted assignment of the L and 
B bands was proposed by Dorr et al.,11 arguing on basis of 
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polarized fluorescence spectra. These authors discussed in 
detail the relation to earlier experimental and theoretical work, 
such as the classical papers of Klevens and Piatt12 and of 
Pariser.13 The assignment, in particular the identification of 
the Bb band, is in agreement with measurements of linear di-
chroism in stretched polymer sheets.1 4 1 6 Theoretical and 
experimental work on assignment of electronic transitions was 
summarized in ref 14; the more recent theoretical work17^19 

has brought no substantial changes. Well-established bands 
of interest here are Lb (short-axis polarized) near 29 000 cm - 1 , 
La (long-axis polarized) near 34 000 cm - 1 , Bb (short-axis) near 
38 000 cm - 1 , and B3 (long-axis) near 40 000 cm - 1 . The B 
bands are so close to each other that the weaker Bb band is 
hidden in ordinary absorption spectra, but its presence is ob­
vious in stretched-sheet spectra14-16 and also in the MCD 
spectrum.7-8 The former also show that the next higher region 
of absorption contains two intense transitions near 45 000 cm - 1 

(short-axis polarized) and 47 000 cm - 1 (long-axis polarized), 
assigned as Cb and Ca, respectively. In addition to these six 
transitions, most calculations also predict the presence of about 
three or four very weak transitions at energies about 
40 000-50 000 cm - 1 . No definitive experimental evidence 
appears to exist for these. 

The experimental11-15-20-22 and calculated11-15-21-27 ab­
sorption and polarization spectra of various aza analogues of 
1 generally are in good mutual agreement. As noted in ref 22, 
the 7r7r* transition energies in azaphenanthrenes are quite close 
to those of the parent 1, but intensities and, if symmetry is Cs, 
also polarization directions are modified. Since the aza nitrogen 
breaks the alternant pairing symmetry, it is not surprising that 
the Lb transition is more intense in the heterocycles. Intensities 
and polarizations in diazaphenanthrenes have been discussed 
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