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Introduction 

Sidman [1] observed that the electronic spectra of a large number of quinones 
[2] were similar, with three absorption regions in common - r E ~ * ,  weak 
re--, 1~, and strong rc ~ bz*. He also observed that these spectra were more similar 
than were those of the parent hydrocarbons. He concluded that this similarity 
was the result of a common structural feature - the quinone group, and that the 
molecules could be regarded as vinyl-substituted p-benzoquinones. Confirmation 
was given in the case of 9: 10-anthraquinone by the single crystal studies of 
Sidman [1-I who showed that as with p-benzoquinone [3] both g--* lr~* transitions 
were polarized perpendicularly to the C - O  axis. As further evidence for a p-benzo- 
quinone structure in the p-quinones he pointed out that unexcited resonance 
structures cannot be drawn in which the C-C bonds of the C-O  carbon atom 
have double bond character, thus indicating a long bond as is known for p-benzo- 
quinone [4]. An X-ray analysis of 9 : 10-anthraquinone by Sen [5] showed this 
bond-length to be 1.50 A which is equal to that in p-benzoquinone. The model 
appeared to be well-founded and was used in interpreting the electronic spectrum 
of 9: 10-anthraquinone [1]. However, in a later paper Sidman [6] drew attention 
to the X-ray work on p-benzoquinone of Brand and Goodwin [7] who had shown 
that the optical axes adopted by Sidman were incorrect and should be reversed. 
This gave an important difference between the spectra of p-benzoquinone and 
9 : 10-anthraquinone (Sidman warned against his polarization analysis of 9 : 10- 
anthraquinone although there was no a priori reason why it should have been 
incorrect - it will be seen later that there was nothing at all wrong with it). The 
presence of the long C-C bonds in 9 : 10-anthraquinone cannot and need not be 
disputed. On examining the molecular dimensions of 9 : 10-anthraquinone more 
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closely it is seen that the C-C bond-lengths in the two outer rings are in the range 
1.38-1.40 A,, with the short C-C bond of the inner ring being 1.40 • as compared 
to 1.31 ~ in p-benzoquinone [4]. On the basis of geometry alone it is not only 
clear that Sidman's model of 9 : 10-anthraquinone was incorrect, but also that a 
more realistic model is that of a symmetric composition of two benzene rings and 
two carbonyl groups. It is concluded that similarity between the single crystal 
spectra of p-benzoquinone and 9 : 10-anthraquinone should not be anticipated, 
and that the observed similarity of the solution spectra is of no significance. 

This model has previously been used in polarization excitation studies on 
9 : 10-anthraquinone [8] and anthrone [-8,9], the interpretation of the spectra 
being carried out in terms of interaction between the benzene rings and with the 
aid of Platt's spectroscopic moment theory [10]. This is a very simple approach, 
but, if the assignment of the anthrone spectrum due to Drott and Dearman [9] 
(hereinafter D-D) is adopted, nonetheless a successful one. In the present work a 
more detailed theory has been used for the following compounds, where the 
validity of the model in each case is judged on the extent of agreement between 
the calculated and experimental rc~lrc * electronic transitions: 9: 10-anthra- 
quinone, methylene anthrone, 1:4-naphthoquinone, anthrone and fluorenone. 

Theory 

The method used was the molecules-in-molecules (MIM) method of Longuet- 
Higgins and Murrell [11] where the states are described in terms of local excitation 
(LE) and charge transfer (CT) configurations. This method has been used pre- 
viously in calculations on simple carbonyl compounds [12]. Except for the electron 
affinity of benzene [13] all the integrals and integral-values necessary for the 
present work are contained in the latter paperl Ionization from the C-O group 
is not included. Further description is unwarranted. 

Molecular Dimensions 

9 : 10-anthraquinone. The dimensions used were essentially those determined 
by Sen [5], with the simplifications that all "benzene" C ~  bond-lengths were 
taken as 1.39 A and all bond-angles were assumed to be 120 ~ These changes are 
sure to have an insignificant effect on the results to be presented, and were made 
simply for easier calculation. 

1:4-naphthoquinone. The dimensions used were taken from these used for 
9:10-anthraquinone, with the short non-benzenoid C-C bond-length being 
taken from p-benzoquinone [4]. 

The dimensions for the above two molecules have been used in earlier cal- 
culations [14]. 

Anthrone and methylene anthrone. As with l:4-naphthoquinone the di- 
mensions were taken from those adopted for 9 : 10-anthraquinone, with the new 
C-C bond in the methode having the ethylene bond-distance [15]. 

Fluorenone. Iball [16] suggested that fluorene was non-planar, but in a later 
paper on an X-ray study Burns and Iball [17] concluded, "It is clear, therefore, 
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Fig. 1. Structures of investigated molecules: a finorenone, b 9 : 10-anthraquinone, c 1 : 4-naphtho- 
quinone, d methylene anthrone and e anthrone 

that the molecule is planar ...". Commenting on this second paper Gray et al. [18] 
said, " . . .  X-ray studies suggest that they (fluorene and fluorenone - the latter was 
assumed to have essentially the same structure as the former) are distorted". 
From the published data there is no doubt as to the planarity of fluorene. It is 
assumed that fluorenone too is planar. 

The dimensions adopted for lluorenone are given in Fig. 1 together with the 
other molecules being investigated. 

Results 

In Tables 1 (i-v) the results of the MIM calculations are compared with 
experimental data. The configurations composing > 10 % of each state are given. 
The positive combinations benzene states are symmetric to a 180 ~ rotation about 
the C-O axis. 

Discussion 

Scott [23] and Singh et aI. [24] used the CT and LE terminology in a quali- 
tative interpretation of the electronic spectra of 1 : 4-naphthoquinone and 9 : 10- 
anthraquinone. It was hoped that their work would be complementary to that 
presented here, but,. unfortunately, the impreciseness of the terms as used by 
these workers has made this impossible. 

9 : 10-anthraquinone. Only the three lowest ~--, 17r* transition energies can be 
measured from the polarization spectrum [8] - these agree moderately well with 
the values taken from the solution spectrum [19]. They also agree with the MIM 
results and those of previous P-method calculations. D-D reported that there 
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were indications of a Z-polarized transition at higher energy, but they could not 
be absolutely certain because of the poor resolution in this region. Such a band is 
predicted from the MIM results (and from the P-method results for that matter). 
However, there is considerable doubt as to the value of the experimental energy. 
Poquet [-19] reported an intense fourth band at 4.9 eV, whereas Kuboyama and 
Wada [20] reported an intense fourth band at 6.1 eV. The latter agrees exceedingly 
well with the calculated energy, but the 4.9 eV band is clearly the fourth and is, 
therefore, included in Table 1 (i). 

Using Platt's spectroscopic moment theory D - D  deduced the following 
order of transitions: A Y-polarized transition consisting of benzene ~ states 
(cq-c~2); a Z-polarized transition consisting essentially of benzene p states 
(Pt + P2); a transition arising from the benzene/3 states - for Y-polarization this is 

Table 1. Comparison of calculated and experimental ~z~ ~z* transition energies (eV). s solution, r rigid medium, 
f oscillator strength, ~m~x maximum of molar extinction coefficient, M transition dipole moment, P suffix results of 

previous P-method calculations (14), b benzene 
1 (i) 9 : 10-anthraquinone 

Calculated Experimental [19Is Main configurations 

E~UM IMI E v fp E gmax Pol. [8]r 

4.26 0.18(I1) 4.06 0.51(I0 3.8 5,000 Y 
4.27 0 3.99 0 
4.887 0 4.28 0 
4.884 0.39(Z) 4.68 0.37(Z) 4.5 16,000 Z 
5.38 0.92(I7) 5.66 1.76(10 4.7 20,000 Y 
5.82 0 5.62 0 
5.84 0 5.75 0 

5.92 0.70(Z) 5.92 0.71(Z) 4.9 50,000 Z 

0.63 (cq -c~2), 0.39 (b~C-O)  
0.64 (cq + C~z) , 0.38 (b~C-O)  
0.43 (Pl -P2), 0.62 (b~C-O),  0.36 (b~b) 
0.42 (Pl +P2), 0.66 (b--,C-O), 0.38 (b~b) 
0.46 (/~1-/~2), 0.61 (b-,C-O), 0.35 (b~b) 
0.40 (/~ +/~2), 0.32 (LEC-O), 0.52 (b~C-O),  0.44 (b~b) 
0.36 (p~ - P2), 0.42 (/~'t -/~i) 
0.54 (b~C-O),  0.32 (b~b) 
0.33 (Pl +P2), 0.37 (/~'1 +/~), 
0.58 (b~C-O), 0.41 (b--,b) 

6.55 

1 (ii) Methylene anthrone 

Calculated Experimental Main configurations 
[25]v 

EMIM LMq EMIM E Pol. 
(9 : 10-anthra- 
quinone) 

3.97 0.33(Z) 4.27 
4.22 0.10(Y) 4.26(Y) 3.6 Y 
4.88 0.09(I) 4.887 
4.28 0.26(Z) 4.884(Z ) 4.4 Z 

5.12. 0.33(Z) 5.82 
5.24 0.93(Y) 5.38(17) 
5.50 0.15(v) 6.55(t3 
5.61 0.39(Z) 5.92(Z) 
5.81 

5.2 Y 

0.45 (el + c~2), 0.33 (b~C-C), 0.32 (b--*C O), 0.39 (C-C~b)  
0.64 (cq - c~2) 
0.47 (Pl-P2), 0.41 (b-~C-C), 0.40 (b--*C-C) 
0.40 (cq + c~z), 0.22 (p~ +P2), 0.32 (LEC-C), 0.43 (b~C-C), 
0.42 (C-C ~ b) 
0.26 (/~ +/~2), 0.48 ( b ~ O ) ,  0.38 (b~b), 0.39 (C-G-*b) 
0.47 (/31 -/~2), 0.41 (b~C-O),  0.42 (C-C-~b) 
0.44 (b~C-C), 0.62 (b---,b), 0.57 ( ~ C ~ b )  
0.37 (p~ + P2), 0.22 (/3' 1 +/3~), 0.42 (b-~ C-O), 0.34 (C-C--* b) 
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Calculated Experimental s Main configurations 

EMI M [m] Ep f~ E [19] gmax [19] 

4.20 0.13(10 3.88. 0.003(z) 3.7 3,000 
4.62 0.28(Z) 3.97 0.25 (Y) 4.8 13,000 
4.70 0.37(Z) 4.76 0.89 (Z) 4.9 24,000 
5 .45 0.50(10 5.57 0.40 (Y) 5.0 22,000 
5 .90  0.45(Z) 5.69 0.49 (Z) 
6.46 6.43 

0.86 c~, 0.23 (b~C-C), 0.43 (b~C-O) 
0.50 p, 0.26 if, 0.47 (b--,C-C), 0.67 (b--rC-O) 
0.48 (LE C-C), 0.39 (C-C~b), 0.76 (C-C~C-O) 
0.40 e, 0.51 fl, 0.44 (b~C-C), 0.57 (b~C-O) 
0.68 p, 0.48 if, 0.29 (b-,C-C), 0.47 (b~C-O) 

1 (iv) Anthrone 

Calculated Experimental r Main configurations 
Benzophenone [21] 

EMIM IMI E [9] Pol.[9] E Pol.[9] e~axs f 

4.476 0.09(10 
4.471 0.10(Z) 
5.16 0.47(10 

5.42 0.21(Z) 

4.0 Z 4.2 [9] Z t,900 0.007 
4.5 Y 4.6 [9] Y[ 

18,500 0.42 / 4.7 Z 4.9 [9] Z 

5.93 0.71(10 / 6.1 31,000 0.56 

6.13 0.61(Z) l 
6.18 0.63(Y) 
6.31 0.36(Z) } 
6.69 0.73(10 6.6 56,000 1.14 
6.81 0.41(10 

0.66 (el - c~2) 
0.67 (cq + ~2) 
0.43 (pl -P2), 0.24 (fli - f12), 
0.55 (b~C-O), 0.33 (b~b) 
0.48 (Pl +P2), 0.23 (LE C-O), 0.52 (b-~C O), 
0.32 (b ~ b) 
0.36 (31 - f12), 0.35 (/3 i - ill), 0.48 (b --, C-O) 
0.38 (b~b) 

1 (v) Fluorenone 

Calculated Experimental s Main configurations 

Er~tM IMI E [22] ~max [22] 

3.86 0.26 (11) 4.2 3,700 
4.31 O.O12(Z) 3.3 260 
4.56 0.21 (Y) 4.4 2,800 
5.19 0.91 (10 4.8 91,000 
5.34 0.40 (Z) 
5.73 

0.48 (cq - c~2) , 0.50 (b~C-O), 0.42 (b~b) 
0.65 (~1 + e2) 
0.37 (cq -c~2), 0.36 (Pl -P2), 0.35 (b--* C-O), 0.50 (b-~ b) 
0.51 (/31 -32), 0.40 (b-*C O), 0.57 (b~b) 
0.41 (Pl +P2), 0.50 (b~C-O), 0.49 (b~b) 

the negative combination. This analysis is wholely substantiated by the results of 
the MIM calculations, although there is considerable b ~ C-O in the third state. 

Methylene anthrone. In Table 1 (ii) the states of methylene anthrone have 
been correlated with the 9 : 10-anthraquinone states of the same symmetry. The 
calculated results for these two molecules are similar, as are the polarization and 
absorption spectra [25]. The three observed polarized bands are assigned to the 
states shown; the corresponding states in 9: 10-anthraquinone are those to 
which its experimental bands are assigned. Adopting the exciton interaction 
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treatment previously used for diphenyl, diphenylmethane and dibenzyl by 
McClure [28], Smith and Dearman [25] predicted the following order of states: 
(~1--0~2), (0~1 +O~2)-}-(Pl +P2), (Pl--Pc)- It is difficult to directly compare the 
results of this and the present method since the latter allows for a far greater 
interaction of configurations. However, the present results are essentially in 
accord with the assignments of Smith and Dearman, although it is felt that the 
third band will also contain a large proportion of the intense ground state to 
(/~1 -- tiC) transition. 

1:4-naphthoquinone. Of the five calculated transitions reported in Table 
1 (iii) the polarizations and energies for the last three agree with those calculated 
previously using the P-method [14]. In this previous work the two lowest transition 
energies (3.38 and 3.97 eV) were both assigned to the first observed band - par- 
tially because of their near degeneracy and partially because the former was 
virtually forbidden; the other three experimental bands were assigned to the 
calculated energies in order. Thus, ,the bands were predicted to arise from transi- 
tions polarized Y(predominately), Z, Y, and Z, in order of increasing energy. But 
the MIM results indicate that the first two transitions are both very much allowed 
and 0.42 eV apart. Moreover, the more intense band from the MIM results is the 
virtually forbidden band from the P-method results. From the MIM method 
results the order of polarization is Y,, Z, Z and Y. The same sequence could be 
obtained for the P-method results by "unpairing" and reversing the first two 
transitions. Unfortunately, while agreement is thus improved in one way it is 
worsened in another - the second experimental band should them arise from a 
virtually forbidden transition, which it certainly does not. This is not a happy 
state of affairs. Certainly, the polarization spectrum of this compound would 
help to clear matters up, but because of the weakness of its phosphorescence it 
has not, as yet, been observed [25]. 

Platt's spectroscopic moment theory predicts that the first band would arise 
from a Y-polarized transition essentially of c~ character, with a second Z-polarized 
transition essentially of p character. This is in good agreement with the results of 
the calculation, although the amount of p-character is on the low side (25 %). 

It is interesting to note the similarity of the MIM results for 1 : 4-naphtho- 
quinone and benzaldehyde. The first band of benzaldehyde is generally consi- 
dered to be essentially c~ with the second to arise from p and/or b ~ C-O [26, 27]. 
The third band was of too high an energy to occur in the polarization spectrum 
[9], but Walsh [26] regarded it as essentially/3. These conclusions are consistent 
with previous MIM calculations [12] where the second band arises from 
p + b ~ C-O and the third arises from/3 (also with considerable b-~ C-O). From 
Table l(iii) it is clearly reasonable to compare the first three transitions of benzal- 
dehyde with the first, second and fourth transitions, respectively, of 1 : 4-naphtho- 
quinone. The third excited state of 1:4-naphthoquinone is composed almost 
entirely (95 %) of ethylene LE and CT from the ethylene group, and obviously has 
no place in the benzaldehyde spectrum. 

Anthrone. The anthrone and benzophenone data taken from the spectra of 
Shimada and Goodman [9] are given in Table 1 (iv) and are in exellent agreement 
with the results of Smith and Dearman [25]. Shimada and Goodman attempted to 
correlate the two experimental bands of lowest energy with the ~AI(~ 1 +c~) 



~_~ 1~, Transitions in Large Conjugated Carbonyl Compounds 273 

and 1Bl(e 1 -~2) states which are Z- and Y-polarized, respectively. On estimating 
the energy separation using the exciton interaction treatment of McClure [28] 
they obtained a value of 700 cm- 1 (0.09 eV) with the ~A~ state at higher energy. 
The same ordering of states was obtained by these workers using the P-method, 
with the splitting being brought down from a high of 0.4 eV to a low of 0.025 eV 
by systematically increasing the complexity of the wavefunctions. The problem 
was left unsolved. Fore the present calculations it can be seen that the two lowest 
states are of 1A~ and ~B x symmetry, with the former at a level only 0.005 eV 
higher than the latter. Since the states have different symmetries they could be 
made to interchange by judicious changes in the values of the semi-empirical 
parameters, but this is not a worthwhile exercise since no reasonable change in 
integral-values would give rise to the 0.5 eV, splitting observed; this is also true of 
the P-method calculations of Shimada and Goodman. That the observed peak 
separation does not arise from the 1A 1 - 1B~ splitting has been very convincingly 
argued by D-D. They calculated the - C H O  group substituent contribution to 
the oscillator strengths for these two transitions using the spectroscopic moments 
derived by Petruska [29]. It was found that f(1A~)/f(1Bx)~ 3. The spectroscopic 
moment of a - C H  3 group is far smaller than that of a - C H O  group, but giving 
the - C H  2 group in anthrone the value derived for - C H  3 in toluene results in a 
marked change in the ratio - f(~A1)/f(~B1)~ 8. The very reasonable suggestion 
was then made that the two states are very close in energy with the ~A~+-A1 
transition masking the ~B~ ~A~ transition, thus giving the required polarization 
for the first band. This explanation is compatible with the results of the present 
calculation. It is true that the transition dipole moments are predicted to be of 
approximately the same magnitude, but in the calculation the -CH2 group was 
neglected, and, as shown above, its effect is to increase the value off(~Ax)/f(iB1). 
The calculated separation of 0.7 eV is somewhat greater than the experimental 
value, but it is comforting to note that the state has a good deal of (Pl -P2) cha- 
racter, in agreement with the assignments suggested by D-D. 

In view of the similarity between the structures of benzophenone and anthrone 
and that between their spectra at long wavelengths (> 2500A) [9, 25, 30] simi- 
larity is expected between their spectra at shorter wavelengths. Certainly, the 
observed strong bands in the spectrum of benzophenone at 6.1 eV and 6.6 eV are 
consistent with the results calculated for anthrone. 

Fluorenone. There is no doubt that the lowest energy band at 3.3 eV arises 
from a rc~ ~* transition [22, 31] and not from an n ~  ~lr* transition. The assign- 
ment suggested in 'Table 1 (v) is satisfactory as regards intensities, but this has 
caused the unhappy situation of having the 3.3 eV band assigned to a transition 
calculated to be 1.0 eV higher in energy. Kuboyama [22] has attempted the 
assignment using naive Hiickel theory. He deduced the polarizations to be Y, Y, Z 
and Z, which disagrees completely with the present results which are Z, Y,, Yand Y 
The polarization spectrum would be invaluable. 

Conclusion 

For 9 : 10-anthraquinonc, methylene anthrone and anthrone the results of the 
calculations offer a reasonable interpretation of their electronic spectra, and, 
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consequently, justify the molecular model adopted. For 1 : 4-naphthoquinone and 
fluorenone insufficient experimental data has resulted in the assignments being 
hardly more than guesses: Knowledge of the polarizations is essential. 

Acknowledgements. The auth~or is indebted to Professor H.H. Dearman for the provision of 
experimental and theoretical results prior to publication. A post-doctoral research fellowship from 
the Science Research Council is gratefully acknowledged. 

References 

1. Sidman, J.W.: J. Am. Chem. Soc. 78, 4567 (1956). 
2. Hartmann, H., Lorenz, E :  Z. Natnrforsch. 7a, 360 (1952), 
3. Sidman, J.W.: J. Am. Chem. Soc. 78, 2363 (1956). 
4. Kimura, M., Shibata, S.: Bull.Chem. Soc. Japan 27, 163 (1954). 
5. Sen, S.N.: Indian J. Phys., 22, 347 (1948). 
6. Sidman, J.W.: J. chem. Phys, 27, 820 (1957). 
7. Brand, J.C.D., Goodwin, T.H.: Trans. Faraday Soc. 53, 295 (1957). 
8. Drott, H.R., Dearman, H.H.: J. Chem. Phys. 47, 1896 (1967). 
9. Shimada, R., Goodman, L.: J. Chem. Phys. 43, 2027 (1965). 

10. Platt, J.R.: J. Chem. Phys. 19,263 (1951). 
11. Longuet-Higgins, H. C., Murrell, J. N.: Proc. Phys. Soc. A 68, 601 (1955). 
12. Edwards,T.G., Grinter, R.: Theoret. Chim. Acta. (Berl.) 12, 387 (1968). 
13. Grinter, R., Taylor, J. M.: to be published. 
14. Edwards, T.G,  Grinter, R.: Mol. Phys. 15, 349, 357 (1968). 
15_ Tables of interatomic distances. London: The Chemical Society 1958. 
/6. Iball, J.: Z. Krist., 94, 397 (1936). 
17. Burns, D.M., Iball, J.: Nature 1"/3, 635 (1954). 
18. Gray, G.W., Hartley, J. B., Ibbotson, A., Jones, B.: J. Chem. Soc. (London) 1955, 4359. 
19. Poquet, B,, quoted by Leibovici, C., Deschamps~J.: Theoret. Chim. Acta. (Berl.) 4, 321 (1966). 
20. Kuboyama, A., Wada, K.: Bull. Chem. Soc. Japan, 39, 1874 (1966). 
21. McClure, D.S., Hanst, P,L.: J. Chem. Phys. 23, 1772 (1955). 
22. Kuboyama.A.: Bull. Chem. Soc. Japan 37, 1540 (1964). 
23. Scott, A.I.: Interpretation of the ultraviolet spectra of natural products. London: Pergamon 1964. 
24. Singh, I., Ogata, R.T., Moore, R.E, Chang, C.W.J., Scheuer, P.J.: Tetrahedron 24, 6053 (1968). 
25. S-mifh, J. C., Dearman, H. H.: Private communication and unpublished results. 
26. Walsh, A.D.: Trans, Faraday Soc. 42, 62 (1946). 
27. Nagakura, S., Tanaka,J.: J. Chem. Phys. 22, 236 (1954). 
28. McClure, D.S.: Can. J. Chem. 36, 59 (1958). 
29. Petruska, J.: J. Chem. Phys, 34, 1120 (1961). 
30. Jones, R.N.: J. Am. Chem. Soc. 67, 2127 (1945). 
31. Yoshihara,K., Kearns, D.R.: J. Chem. Phys. 45, 1991 (1966). 

Dr. T. G. Edwards 
The Royal Liberty School 
Romford 
Essex, England 


