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The Photoelectron Spectra of Some 1,9-Disubstituted Phenalenes

By F. Carnovale, T. H. Gan, and J. B. Peel,” Department of Physical Chemistry and Research Centre for Electron
Spectroscopy, La Trobe University, Bundoora, Victoria 3083, Australia
K.-D. Franz, Research School of Chemistry, Australian National University, P.O. Box 4, Canberra, A.C.T., 2600,
Australia

The He! vapour phase photoelectron spectra of six 1,9-disubstituted phenalenes have been measured. Data are
given for 9-methylaminophenalen-1-one, 9-dimethylaminophenalen-1-one, 9-mercaptophenalen-1-one, 8-
methylamino-1-methyliminophenalene, 9-methylaminophenalene-1-thione, and 9-isopropylaminophenalene-1-
thione. Observed band shifts in the low ionization energy region (<11 eV) are discussed in terms of substituent
lone-pair interactions with the phenalene c—m molecular network in a manner consistent with the results of SPINDO
calculations and a simple correlation procedure. For all compounds the semi-empirical calculations indicate that
four of the six uppermost orbitals are ring r orbitals and that two are substituent lone-pair orbitals, one of which is

considerably delocalized in nature.

A vARIETY of methods may be employed to interpret the
He! photoelectron (p.e.) spectra of large organic mole-
cules. These include both ab initic and semi-empirical
molecular orbital (MO) calculations, the composite
molecule approach,! and correlation procedures.?2 We
have recently undertaken a p.e. spectroscopic study of a
series of 9-alkoxyphenalen-1-one utilizing SPINDO-MO
calculations and a simple composite molecule model to
arrive at conclusions regarding the nature of p.e. bands
in the low energy region in conjunction with an apparent
variation in intramolecular hydrogen bonding.® The
present investigation reports further spectral data on a
related series of molecules which are interpreted on the
basis of SPINDO-MO calculations with reference to
ionization energy (IE) correlation procedures.

P.e. spectroscopy has become a well established
technique in probing both the electronic and structural
properties of molecular systems. The conformational
behaviour of substituent groups is of particular im-
portance in characterizing a p.e. spectrum.* It is there-
fore of interest to elucidate this aspect in discussing the
electronic interactions between a perturbing group and
the bulk of a molecule.

The phenalenone nucleus has been isolated as a
naturally occurring plant pigment, haemocorin, which is
formed in ca. 17 species of native Australian plants.5
Several fungal pigments based on the phenalenone unit
have been extracted from the genus Penicillium.

The six substituted phenalenes (1)—(6) included in
this study are each expected to reveal six bands in the
low IE region arising from the four uppermost ring =
molecular orbitals, the nitrogen (or sulphur) lone pair
nx (or #g) and the corresponding oxygen, sulphur, or
nitrogen ns type orbital. However, the overall band
distribution may be complicated by #-» and =n-» inter-
actions in addition to inductive and steric factors.

EXPERIMENTAL

A modified Ag,O-alkyl-I method was used in the pre-
paration of (1)—(6).¢ The p.e. spectra were measured on an
instrument which has been described elsewhere.? Single-
scan spectra measured in the analyser sweep mode were

obtained for the 6-—21 eV IE range in runs typically of
10-min duration. Using a simple resistively heated sample
reservoir and target chamber, suitable vapour pressures of
each compound were obtained at the following tempera-
tures: (1), 140; (2), 90; (3), 110; (4), 85; (5), 120; and (6),

g‘ NHCH, g ‘ N(CH,),
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125 °C. Sample purity was ascertained by mass-spectral
analysis prior to the running of each sample. Calibration
of the spectra was achieved using a nitrogen-acetylene—
butadiene mixture with each sample, for which the oper-
ational resolution was ca. 60 meV. The spectra are shown
in Figures 1 and 2.

Analysis of the spectra is confined to the low IE region
due to profuse overlapping of bands above 11 eV. The
spectrum of (1) is composed of six well resolved bands below
11 eV but those of (2)—(6) are less well resolved. This vari-
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ation in band resolution arises partly due to band overlap,
although the possibility of conformational mixing should also
be considered. The lowest six vertical IEs of (1)—(6) are
listed in the Table, where they are compared with the
calculated IEs and orbital compositions.
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Ficure 1 He! Photoelectron spectra of (a) 9-methylamino-
phenalen-1-one (1), (b) 9-dimethylaminophenalen-l-one (2),
and (c) 9-mercaptophenalen-1-one (3)

CALCULATIONS

The advantages of utilizing theoretical SCF-MO calcul-
ations, be they ab initio or semi-empirical, in interpreting
p-e. spectra are so widely acknowledged that few current
assignments in the literature are made without employing
some form of such calculation. However, the practical
necessity for a relatively fast, economical MO method forces
the use of semi-empirical calculations for the analysis of
large organic molecules such as the substituted phenalenes.

The semi-empirical CNDO- and INDO-MO methods ?
have in the past been used to calculate various physical
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properties for very large systems. However, the use of the
Koopmans’ approximation to interpret photoelectron
spectra often requires a linear regression analysis.® Other-
wise, the deviation of calculated IEs from experimental ones
are normally ca. 2 eV.

The semi-empirical SPINDO method as developed by
Lindholm and his co-workers 1° is capable of yielding better
correlation between photoelectron data and calculated IEs.
The molecular geometry chosen for the phenalene unit was
based on crystallographic data for pyrene and phenanthrene
which gave C—C bond lengths of 1.35—1.47 A, All sub-
stituent bond lengths and angles were given standard
values.

In the case of the alkylamino-groups in particular, con-
formational variations have a considerable influence on the
interaction of the substituent ny electrons with the ring =
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Ticure 2 He! Photoelectron spectra of (a) 9-methylamino-1-
methyliminophenalene (4), (b) 9-methylaminophenalene-1-
thione (5), and (c) 9-isopropylaminophenalene-1-thione (6)

electrons. This is shown by the SPINDO results, though
the calculated IEs (—e¢) shown in the Table are for con-
formations where both the alkyl group and hydrogen atom
lie out of, and on the same side of, the plane of the phenalene
ring, thus allowing maximum #ny-r interaction. The
exception is the dimethylamino-group where non-bonded
interaction with the carbonyl group occurs for this con-
formation. The SPINDO results for (2) are consequently
for the conformation obtained when the dimethylamino-
group is then rotated by 30° about the N-C(ring) bond.
For the mercapto-group in (3), the losed hydrogen-
bonded geometry gives marginally better theoretical IEs
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than the planar open geometry, so the former are given in the
Table. For the methylimino-group in (4), the preferred
conformation is with the CH, group aligned with the phen-
alene plane but directed away from the methylamino-
substituent.

The calculated SPINDO carbon charges show a reasonable
correlation with the *C n.m.r. chemical shifts obtained for
(1)—(6).1* For the ring carbon atoms the experimental
shifts vary between 107 and 196 p.p.m., and the SPINDO
charges between —0.18 and 0.31. As shown in Figure 3,
the charge-shift correlation is good except for C-9 and -9b.
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study, except for (3), the geometry of the 9-substituent
is such that the C,; symmetry conferred by the phenalene
ring is lost. This results in a certain degree of o-m
mixing occurring in the SPINDO MOs. This is probably
exaggerated, in that it is likely that the ngo and nxo
orbitals do retain a localized identity despite this per-
turbation.

Consequently an IE correlation procedure, in which
the p.e. data for (1)-—(6) are compared with those for 9-
hydroxyphenalen-1-one (7) 3 and 9-aminophenalen-1-

Comparison of experimental and calculated ionization energies (in eV) and molecular orbital compositions of the
substituted phenalenes (1)—(6)

) (2) 3)
IEa —ct MO * IEs —et MO ¢ IE e —gd MO *
7.41 7.97 Tny 7.36 8.23 p 7.76 7.87 P—
8.16 8.49 TN 8.14 8.78 —_— 8.17 8.41 Ty
8.56 9.49 n 8.36 9.62 T—ny 8.61 9.19 Noo
9.12 9.64 P 9.14 9.67 noo 9.40 9.35 x
9.72 9.98 Tny 9.57 10.03 Tty 9.71 9.86 o~

10.41 10.83 = 10.32 10.73 r 10.81 10.67 -

) (5) (6)
TE —et MO ¢ IE« —e? MO * IEs et MO *
6.98 7.34 TNy 7.21 7.82 NaG—NN 7.17 7.91 NNy
7.88 8.05 . 7.40 8.09 s 7.41 8.12 —
8.65 8.98 x 8.04 8.79 R0 7.91 8.78 THga
8.94 9.53 - 9.18 9.44 x 9.02 9.49 p
9.29 9.77 NN 9.30 10.05 Ty 9.26 10.10 -
9.81 10.14 TNy 9.96 10.31 T 9.80 10.31 T—Teg

@ Accuracy is 4-0.04 eV. * By SPINDO calculation.

¢ Contributions to the calculated MOs include n (representing phenalene

carbon 7), n¢y (the thione group), ny and ng (group orbitals of © symmetry), ny6, nyo, and ngo (group orbitals of 6 symmetry).

DISCUSSION

The SPINDO calculations indicate that for each of the
substituents considered there is strong m-w interaction
with the phenalene ring = system. However where the
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Ficure 3 Correlation of *C n.m.r. chemical shifts and SPINDO
charges for the ring carbon atoms of (1)—(6): C-1 @; C-9 A;
C-9b ]

substituent at the 1-position has a localized, generally

non-bonding, orbital of ¢ symmetry, it tends to remain

of reasonably local character. This is the case for
phenalenone and the alkoxyplienalenones® where the
third IE was assigned as noo. It is likely that nge in
the phenalenthiones (5) and (6) and #ye in the phenalen-
imine (4) behave similarly.

However, for the six molecules included in the present

imine (8) 2 has been used to suggest a more convincing
assignment of the low IE region of the six molecules.
The correlation diagram shown in Figure 4 involves
ordering (1)—(6) according to decreasing value of their
first IE, with (7) and (8) placed at each end. This order
is convenient because it has the phenalenones being
followed by the phenalenethiones with the phenalen-
imines completing the sequence.

SH  NHCH, NICHY, HHCH, NHPrY NHCH, NH,
0 0" 0 §° S NCHy; NH
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FiGure 4 Ionization-energy correlation diagram comparing

(1)~—(6) with the related molecules 9-hydroxyphenalen-1-one

(7) and 9-aminophenalen-1-imine (8)

The correlation diagram shows that the remaining four
IEs of = symmetry, below 11 eV, also generally decrease
through the series. This can be regarded as paralleling
the trends in electronegativity of the substituent pairs.
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Among the phenalenones, the gradual decrease in the
third IE for (3), (1), and (2) is in contrast to the higher
third IE of (7). The replacement of OH by SH would
be expected to have, due to the strong =g mixing with
the phenalene = orbitals, a consistent effect on the = IEs,
which is the case, but a lesser effect on the #gs IE.
That this does not happen is an indication that a stronger
intramolecular hydrogen bond exists in (7) than in (3) or
(1), and which stabilizes the nos orbital as suggested by
Brown et al® This result differs from our earlier con-
clusion regarding intramolecular hydrogen bonding in
the alkoxyphenalenones.?

The phenalenethiones (5) and (6) have their second IEs
assigned as the ngo orbital. In a comparison of (1) and
(6) where =0 has been replaced by =S, the first two = IEs
are reduced by a mean of only 0.16 eV whereas the no
IE changes by 1.16 eV. This is consistent with the dif-
ference of 1.26 eV between the first IEs of acetaldehyde
(10.24 eV) ¥ and thioacetaldehyde (8.98 V) 15 which are
assigned to nos and nge orbitals respectively.

By comparison the first IE of ethylideneamine,!® which
is assigned to #nyo, is 10.18 eV, whereas that of frans-
ethylidene-N-methylamine 17 is 9.50 eV. Consequently
the difference of 0.46 eV in the third IEs of (4) and (8),
assigned as nyo, is consistent with this data, and the
comparison of the ngs IE of (1) (8.56 eV) and the ngo
IE of (4) (8.65 eV) reflects the proximity of the cor-
responding IEs in acetaldehyde (10.24 V) and ethylidene-
amine (9.90 eV).1®  While oxygen and nitrogen differ in
electronegativity, the similarity of the IEs of com-
parable ngo and #xo orbitals is due to the slightly bonding
nature of the nyo orbital affecting an increase in its IE.

A further feature of the correlation diagram is that
where two IEs are reasonably close they are generally of
different symmetry. Consequently the #os band in each
of these molecules tends to overlap an adjacent = band.
Alternatively, except for the fourth and fifth bands of
(5) and (6), the = bands tend to be reasonably spaced.
In the cases of (5) and (6), the SPINDO calculations
indicate that mgg character is involved in the low IEs,
whereas in the phenalenones and phenalenimines the
respective mgo and moy orbitals, being higher in IE,
contribute mainly to the = states above 11 eV.

Conclustions.—Both the amino- and mercapto-sub-
stituents are known to interact strongly with the =
orbitals of planar aromatic systems. This is illustrated
by the examples of aniline and the N-methylanilines,'8
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and by thiophenol!® in which the mercapto-group
behaves like the vinyl group in styrene.

For the 1,9-disubstituted phenalenes considered here,
the nym orbital of the alkylamino-groups and the ngr
orbital of the mercapto-group behave similarly, and due
to strong interaction with the phenalene ring, are con-
siderably delocalized through the n-orbital system. This
is confirmed by semi-empirical SPINDO calculations.

By comparison the localized o orbitals of the oxo-,
thioxo-, and imino-substituents retain their identity to a
large degree, their IEs showing similar relationships to
the corresponding data for smaller molecules. The 9-
substituted phenalen-1-ones and phenalen-1-imines hence
have their first six ionizations designated as = < = <
ne < ® < m < m whereas the 9-substituted phenalene-1-
thiones show the patternrt < e <r < <m < m.

We acknowledge the La Trobe Postgraduate awards held
by F. C.and T. H. G.
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