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Abstract- The absorption and fluorcscxnce ckcrronK spccrra of a number of phcnalenoncs have been 

measured ‘The spccrrophoromcrrrc method u-as employed for dcrermuung pK,- values m a solurron 

of HCIO, in droxan. The baskuy of phenaknoncs m rhc first smglet cxored slams vvas cs~nnakd by means 

ol the Forrrcr cyck. The experimental resulrs arc drscusscd m terms of the HMO. SCF and LCI ‘SCF 
methods 

THE fundamental representative of this group of compounds, phenalenone (la), 
can be formally derived by a combination of the phenalenium cation with the oxygen 
anion (lb). Structure lb reflects the various properties of phenalenone (high basicity. / 
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high dipole moment, IR spectrum). In an acid medium, phenalenone behaves as a 
conjugate acid of the form lb, i.e. as a hydroxy derivative of the phenalenium cation. 
The 2p, atomic orbital of oxygen contributes to the conjugation by one nclectron 
in the form Ia and by two xclectrons in the form Ib. 

The synthesis of phenalenones, some of their properties and their occurrence 
among natural substances have recently been subjected to a comprehensive treat- 
ment.’ We now report an experimental and theoretical study of the substances I-IX. 

TWEORETICAL 

The usual version of the Parker-Parr-PopIc LCI-SCF method3 has been employed. 
Interaction among sixteen monoexcited configurations (formed by the excitation 

l Prescnr address: Institute of lndusrrral Hygwnc and Occuparronal Diseases, Prague. Czcchoslovakra. 
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of one nckctron from the four highest occupied MO’s into the four lowest un- 
occupied MO’s) has been considered. The following parameters (in eV) were used : 

Atom p I. A, 7”. 2. lk.. I,. (A, 
___--__--_____---- 

&in C-0) 136 II 22 069 2.3 II 1053 3 1 I - - 2.388 2,388 I.2 14 

O(m <I -OH) 32.9 loo 22.9 2 - 1,433 1.4 

I, and A, represent the ionization potential and electron affmity, yW is the mono- 
centric electronic repulsion integral, /3c, is the core resonance integral, and I,, 
denotes the bond kngth. The bicentric electronic repulsion integrals have been 
calculated by the Mataga-Nishimoto formula4 

14.399 

Yr = R,, + I.328 
eV 

where R,, (A) is the distance between atoms p and v. 
The Same set of parameters has been used for the calculation of bond orders and 

nckctron densities by tbe Pople SCF procedure3 (in the text and tables denoted 
by the index SCF).* 

HMOcakulations were carried out by means of the following empirical parameters : 

l For details see Ref. 5. 
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Atom (group) p 4 d t., t&, 

-_in-CO) - - - - - - ,.3 - - -V2 - - * - 

=WnC aHand mC -0CHJ 2 0 I 
- C(tn CH,) 0 -VI 08 
=H,(in C- CH ,) --vs 0 30 

The quantities b, and Brv are defined by the following equations: 

ax = a + ax/? (1) 

sxu = PXVS (2) 

where zx and Bxv are the Coulomb and the resonance integral of the HMO method.6 
Various HMO and LCI-SCF quantities including molecular diagram calculated 

by the !XF method are available on request at the authors. 

HESULl’S AND DISCUSSION 

Bariciry of phenalenmes 

The quantum-chemical interpretation of the equilibrium data is simpler than that 
of the kinetic data, because the structure of the initial substances and of the products 
is relatively well known, which is not the case as regards the rate processes (where 
the pair initial substance-activated complex is involved). In the n-electron approxima- 
tion, on the assumption that a parallelism exists betwan the changes of enthalpy 
and entropy accompanying the dissociation and on other known assumptions,’ 
it is possible to estimate the logarithms of the dissociation constants (pK, values) 
from the differences of the x-electron energy of the free base and of the conjugate 
acid. In our case, the following equation is involved : 

P=bH+P=O+H+ (3) 

In Eq. 3, P = 0 denotes phenalenone and its derivatives (free base), and P = 6H 
is the conjugate acid. 

Table 1 presents the experimentally determined values of pK,,. together with 
the MO characteristics Besides the parallelism between pi&. and AW (Fig 1). 
a parallelism between pK,n . and the x-electron density on oxygen exists for phena- 
lenones similar to that for amines and heterocycles of the pyridine type : 

PK,“. = 27.78 A W - 16.80, r = 0929, a(PU = _+@32, n=9 (4) 

PK,,* = 31.67 q,-, - 4968, t = o-955, u(pK) = ?@26, n=9 (5) 

where t denotes the correlation coefficient. n is the number of substances and a(pK) 
is the standard deviation from the regression line. The values of r correspond to 
close correlations. 

When going through Fig. 1 more carefully, it can be seen, however, that there is 
a splitting of data into two groups according to the type of the position, in which 
the 0 atom is bound (a-naphthalene type--class 1, mesoanthracene tymlass 2). 
Evidently, this is an analogous splitting of data as that observed in the case of the 
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FIG. 1 PIOI of pK,. against AW for phcnaknones Full line respects difTcrcntiation of data 

according to classes’ (0 position olclass 1, n poslt~on of class 2). Abscissae indicate magni- 

tude of measuring errors 

protonation of benzenoid hydrocarbons as well as in the case of various electrophilic 
substitutions.**9 It has been shown that the splitting is due to the neglect of the 
electronic repulsion in the HMO method. 

The interrelation between the pK,n. values and the MO characteristics for a 
series of carbonyl compounds of different structural types was studied by Kende,” 
who showed that the correlation is much closer with the use of the SCF energies 
than with that of the HMO energies. This is understandable in view of the diversity 
of the structural types investigated by this author. 

In Table 2 are summarized the values of pK&. as calculated from the absorption 
and the fluorescence spectra of phenalenones. The values calculated by various 
methods differ from one another; however, qualitatively it can be said that the 
phenalenones in the first excited singlet state are essentially stronger bases than in 
the ground state. The increase in basicity is highest for the ketones II and IV, and 
the value of ApKan. is somewhat lower for the ketones I and III. 

Analogously to the possibility of correlating the pKsH. values of phenalenones 
in the ground state with the AW and the q, values, we endeavoured to predict by 
means of the HMO method also the relative basicity in the first excited state on 
the assumption that the excitation is connected with the transition of the n-electron 
from the highest occupied to the lowest unoccupied MO. (It will be shown later 
that this assumption is justified except in the case of the protonated form of phenale- 
none.) 

Since the change of the pK,,. values in the transition from the ground state to 
the excited state has been estimated by means of the Forster cycle,“-” it appears 
possible to estimate ApKB,,. by means of the’differencx of the values E(N -+ V,) of 
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the base and the conjugate acid, A&N -+ V,). Although the parallelism between 
ApK,n. and AE(N + V,) is not close, it is nevertheless worth mentioning. The 
correlation is not improved by replacing the HMO excitation energies by the LCI 
excitation energies. The calculated pK& . can also be roughly estimated by means 
of the difference between the HMO n-electron energies of the base and the conjugated 
acid in the first excited state (AW.). As in the ground state, there exists also in the 
N 4 V, excited state a linear dependence between the change of the n-electron 
energy accompanying the transition from the free base to the conjugate acid and 
the n-electron density on the 0 atom in the free base. 

Electronic spectra 

Absorption and fluorescence curves of four principal phenalenones are presented 
together with the results of the calculation of the spectral characteristics by the 
LCI-SCF method in Fig. 2 (free bases) and in Fig 3 (conjugate acids). 

Besides the LCI excitation energies, the figures show also data on the oscillator 
strength and on the directions of the polarizalion of the individual singlet. singlet 
transitions (the short dash lines indicate the expected position of the first S + 7’ 
transition). Moreover Figs 2 and 3 present information about the weight of the 
individual mono-excited configurations (represented by combinations of Slater 
determinants) in the LCI wave functions. Since the experimental oscillator strengths 
are difftcult to calculate, owing to considerable overlapping of bands, we have 
limited ourselves to an empirical coordination of the logarithms of oscillator strengths 
to the logarithms of the molar extinction cocfhcients The following empirical 
relation is satisfactory for these purposes : 

log & = logf + 4. (6) 

The position of forbidden transitions (f = 0) is indicated by a wavy line with an 
arrow. The directions of polarization are marked under the symbols of the individual 
LCI wave functions ‘4, by both-sided arrows; their direction relates to the formulae 
which are oriented as given in the figures The circles under symbols of the LCI 
wave functions denote the weights of the individual mono-excited configurations 
(the indices of the configurations are given in the left part of the lower half of the 
figures); since the radius of these circles is equal to the expansion coefhcients of the 
LCI wave functions, their area is proportional to the weight of the individual con- 
figurations in the functions ‘4,. The figures show the contributions of those con- 
figurations only which are indicated by a coelficient exceeding or equalling the value 
033. Finally, for estimating the magnitude of the contributions there is a circle above 
the indices of the configurations, and its area corresponds to the looO/; weight of the 
configuration in the respective LCI wave function. 

From Figs 2 and 3 it is obvious that the agreement between the theory (LCI-SCF 
data) and the over-all character of the absorption curves is in general rather satis- 
factory. With the exception of protonated phcnalenone that configuration in the 
wave function of the first singlet excited state always dominates which corresponds 
to the excitation of the electron from the highest occupied MO to the lowest un- 
occupied MO (in the ground state), i.e. to the N -, V, excitation of the HMO theory. 
(In the case of benzo[cd]pyren&-one, an almost equal energy is exhibited by the 
transitions from the ground state to the state with dominating IO + 11 configuration 
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FIG 2 Cornpawn of the calculated LCI- SO spectral charactcnstics with the experimental 
absorption curves (cyclohcxanc) and the experimental fluoroesccna spcc~ra (W? aqueous 
dioxan) of phcnaknoncs. Absorption spectra arc reprcscn~cd by the strong. fluorescence 

spectra by the weak lines. For theoretical data see ICXI. 

and to the state in which the 9 -+ 11 and 10 + I2 configurations manifest themselves.) 
Despite this fact, no close correlation has been found between the wave-numbers of 
the first bands of absorption spectra and the energies of the N -, V, transitions; 
the situation is more favourable in the case of the correlation of the maxima of the 
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FIG 3 Comparison d tbc ukulared LCI-SCF spcaral chctcrutia with chc cxpaimcnlll 
abaotpth curves (WY_ HISO,) a4 tbc cxperimmtal lluoracen a (WA HCKI, + dioxan 
3 :2 v/v) spectra of prowared forms d pbenaknooa Abwrphoa spectra arr rcprcamled 

by thr strong, fluorcsaoa spectra by the weak lines For :buxtial data we text. 

lluorcscence curves and the intersection of the absorption and the fluorescence 
curve (Fig. 4). 

A comparison of tbc positions of the first theoretical and experimental transitions 
shows that the tbcorctical values arc shifted slightly hypeochromically. 

The similarity between the absorption curves of the protonatal forms of pbenak- 
nones and tbc absorption curves of phcnaknium cations has heen discwwd in the 
praxding paper.’ 
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Fro. 4 correction of E(N -e V,) valua with the wave numbera of the intion of abaorp 
tion and fluoroscenoe rpectm (0 phenalononea, l hydroxyphcnalenylium cations). 

The absorption curves of phcnalcnones in cyclohcxanc exhibit in the long-wave 
branch of the first band a shoulder whose log s approximately equals 2. The intensity 
of this band and its hyptmhromic shift in the tramition from cyclohexane into 
40% aqueous dioxan indicate that n-z* bands. arc comXrn~ 

It follows from a comparison of the SCF and tho LCI-SCF excitation energies 
of the systems studied that the configuration interaction never causes a crossing 
of the energy levels at the first excited bands. Finally, it is worth mentioning that 
the influence of confiition interaction upon the SCF excitation energies is 
distinctly smaller for the protonatal forms than for the free bases; 

TmLa 1. p&. 01, ?WMALBNOm IM 40% AQUBOUS DIOXAN AND THEOREllCAL 

CHARA-a 

Compound P&+’ AW’ 40 

I 
II 
III 
IV 
V 
VI 
VII 
VIII 
Ix 

a19 f 001 0598 

-145 f003 0548 
OafDO 0610 

-144fw6 0551 
006fW2 0606 

-@89 f 001 0591 
015 f 006 0605 
OanfW2 0621 
105 f 02 0623 

1.562 1264 
i.520 1.258 
1.572 1269 
1.523 1.260 
1.570 - 
1547 - 
1,569 - 
1.586 - 
1.588 - 

’ AW - W,, - W,; W,,,,: total x-electron ewrgy of an acid (bane), go: n-electron 
density of the cubonyl oxygen atom of a bxac. 

* Valuer calctitad from the first rbaorption bands. 
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TABLE 2. pK&,. vuuas OP P-=* 
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Compound AW’ 48 S(N + v,) 
1 2 3 4 

I 8.8 3.2 4.4 5.9 Ml5 1.477 (xx13 
IK 6.9 5.4 7.5 6.3 0605 I.564 -0057 
III 89 3.7 49 6.2 v59Q 1.549 WI1 
IV 9.5 6.2 8.5 7.8 0674 I* -0123 
VII 49 42 4.8 42 US23 1483 0082 
VIII 8.1 5.8 79 79 0663 1509 -0#44 
IX 34 6.1 4.7 4.7 0597 1.532 uo26 

l Values calculatad as follows: 1 frog the absorption spscttp, 2 from the fluo~ce apsctn, 3 from 
the &a-ions of the absorption and fluorcscenca ipcctra, 4 from the aritbmctic mean of the longest-wave 
length absorption band and the shortest-wave length fluomscanes band; AW* = W& - W8; A.&N+ V,) 
= E;,&V -+ V,) - Edlv I, I$); E(N + V,): energy of the N -+ V, transition. 

EXPERIMENTAL 

The p&,+ valuea in the solutions of pcrcbloric acid in 40”/, dioxan” of the compounds studied both 
in their ground’” and in their first excited sin&t state 11-i3* ls-‘o hove been obtained by means of the 
standard teclmiqucs and prcxxdm The electronic absorption spectra bava besn recorded by aeat~ 
of an UNICAM SP 700 double-beam recordinS s~opbotometer; the lluotescenoe spectra iuing ux 
Optica Milan0 CF 4 NI epectropbotometer by the procedure described by Lippert et aLi 

~c~~~~~-~e authors are indebted to Dr. H. P. Figays for his kind intercat in this paper. 
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