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Following our previous work on o-benzoquinone, the calculation of the m-electronic excita-
tion energies of anthraquinone has been carried out with the Pariser-Parr-Pople method. The
calculated excitation energies which correspond to the five distinct #—x* bands have been obtain-
ed, though the agreement of the calculated excitation energies and the transition dipole-strengths
with the observed energies and strengths are unsatisfactory. The m-electronic charge di-
stribution in carbonyl groups of anthraquinone is almost the same as that of p-benzoquinone.

In our previous work,?> the m-electronic excita-
tion energies of o-benzoquinone were calculated
using the Pariser-Parr-Popl method,?'® and from
these results the w—x* absorption bands of o-
benzoquinone have been studied. In this paper,
similar work on anthraquinone will be reported.

The Method of Calculation

The method of calculation was the same as that
used in our previous work.> The integral values
used have all been shown in our previous paper
except for the core resonance integrals for carbon-
carbon bonds.

The geometry of anthraquinone has been studied
by Sen®> by means of X-ray analysis. According
to Sen’s results, anthraquinone is planar, and its
bond distances are as shown in Fig. I.
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Fig. 1.

Interatomic distances

In this work, these bond distances were used,
and all the valence angles were assumed to be
120°. It was also assumed that anthraquinone is
planar and that its symmetry group is Dy,

As for the core resonance integral (), the values
of 1.45eV. and 2.39 eV. were used for that over
the atoms 1 and 2 and those of the benzene nuclei

* Present address: The Yokohama Customs House,
Naka-ku, Yokohama.
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respectively, according to the method of Pariser
and Parr.®

In the calculations, an electronic computor
NEAC 2101 was used. The calculations were
carried out in the same manner as in the previous
work.1?

Results

The molecular orbitals (¢;) and their orbital
energies (g;) are shown in Table 1. The excita-
tion energies of the excited singlet and triplet con-
figurations® less than 8 eV. are shown in Table II,
along with the corresponding Coulomb and ex-
change integrals. Those of the orbitally-allowed
and orbitally-forbidden transitions are shown in
Table II(i) and II (ii) respectively.

The configuration interactions among the con-
figurations in Table II were calculated. The ob-
tained excited-state wave functions (1:3@,), their
excitation energies (1:3E; —E,), the transition dipole-
strengths from the ground state, and the intercon-
figurational matrix elements (@, |H|D;-;) are
shown in Table III.

In Table IV, the excitation energies, the transi-
tion dipole-strengths and the symmetry species
of the excited states, experimentally determined,”=%

5) ¥; denotes the 2pmx atomic orbital of i-atom.
6) @, and E; denote the wave function and the
energy of the ground state respectively. 1@0;—;, 1E;-;
and 3@;—j, 3E;~; denote the wave functions and the
energies of the singlet and triplet configurations, re-
spectively, in which one electron is excited from an
occupied orbital X; to an unoccupied orbital ;. The
excitation energy of each excited configuration is
given by the following formula.
;E.--.;}~E°=(E;—E;)_(J,-j—K,-;){er,-;-
= I
Jij and _'}(,- j denote Coulomb ard cxchangjc integrals
over ¢; and ¢; respectively.
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Symmetry SCF MO’s Orbital energies, eV.
biu $1=0.4145¢,+0.6297>+0.4439¢3+0.3578¢, 4 0.3263¢5 —13.818
bsg $2=0.5872¢)5+0.5738¢7+40.5708¢5 —13.144
bag $3=0.6554¢+0.2321¢)10-+0.1696¢)1; +0.0691¢r12+0.6949¢ 3 —12.326
biu $4=0.4709¢, —0.0106¢): —0.3608¢)3 —0.5840¢,+0.5537¢5 —11.964
bsg ¢5=0.7026¢6—0.0114¢rz—0.7113¢5 —9.934
an ¢s=04210¢1i+08125¢15+0.4ﬁ31¢)15 —9.907
bzg $7=0.1066¢9—0.3744¢1,—0.7907¢s1; —0.3962¢12+0.2569¢ 13 —9.802
bia ¢3=0.1808¢, —0.6460¢;—0.0538¢3+0.6003¢,+0.4318¢5 —9.551
bog $9=0.3567¢19+0.6119¢o—0.1288¢;, —0.5217¢);2—0.4575¢13 0.546
bia $10=0.2482¢, +0.3083¢)2—0.7750¢03+0.397 11, —0.2913¢5 1.166
ay 611=0.7190¢)1,—0.0280¢5s—0.6944¢)1¢ 1.297
bsg $12=0.4017¢s—0.8188¢7;+0.4099¢4 1.404
bag ¢13=0.5374¢)g—0.1685¢,,—0.3059¢)11 +0.6299¢);2 —0.4385¢)13 3.073
biu $15=0.7155¢,—0.3014¢;+0.2628¢;—0.1123¢,—0.5616¢)5 3.179
ay ¢15=0.5529¢)1,—0.5822¢)15+0.5960¢15 4,572
bgs ¢ls=0-3780¢9—0-6347¢'10+0-4854(;}11*—‘0.4[12¢12—0.2221¢'13 5.155

1 1

5{’1 = 7'—? (X + xa) g = v (xl — Xg)
1 1

¢2=T(12+Zr+xo+xl4) ¢'m='_2 (X — Xg— Ao + X14)
1 1

¢s=“2_ (X3 + Xg + Xyo + Xua) ¢'u=—2"fxs-xo—xm+x1s)
1 1

gy =~ 2 (s + X5 + Ay + X12) Pro = 5 (e — X5 — Xux + Xyg)
1 1

¢s = —= (L1s + Xig) ¢y = = (L1s — Xie)

V2 V2

¢s=%(12+17-19"z14) ¢u=%(12—xw+xo—xu)
1 1

¢1=—2”' (X3 + X — X1o — X13) ¢’1s‘-=—‘2 (Xs — X + X1o — Xi3)
1 1

s = 5 (Be+ X5 — X — Xn2) $1e = e (Yo = Xs + X — Xi2)

TaBLE II. EXCITATION ENERGIES AND TRANSITION DIPOLE-STRENGTHS OF THE CONFIGURATIONS

AND ELECTRON REPULSION INTEGRALS

(i) Orbitally allowed transitions

i—j Symmetry 1Ei—j-Ey, eV, pe, Az 3E;~j-Ey, eV. Jijs eV. K;j, eV.
8- 9 By 6.144 1.655 4,983 5.114 0.580
6— 9 Bou 6.153 0.999 5.738 4.716 0.208
8—12 Bay 6.691 0.946 6.247 4.708 0.222
7—11 Bay 6.820 1.061 6.309 4.792 0.255
5—10 Bay 6.836 1.106 5.366 4.734 0.235
7—10 Bsu 6.959 0.519 6.096 4.873 0.431
511 Bsy 7.154 0.490 6.042 5.190 0.556
6—12 Biu 7.341 0.972 6.302 5.010 0.520
(ii) Orbitally forbidden transitions
5- 9 Big 6.083 5.538 4.942 0.272
7- 9 Ag 6.225 5.600 4.749 0.312
8—11 Big 6.498 5.840 5.009 0.329
8—10 Ag 6.605 5.981 4.736 0.312
6—11 Ag 7.133 6.345 4.861 0.394
6—10 Big 7.206 6.173 4.901 0.517
512 Ag 7.264 6.507 4.831 0.379
7—12 Big 7.360 6.268 4.939 0.546
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OF EXCITED STATES AND INTERCONFIGURATIONAL MATRIX ELEMENTS

(1) Singlet states

Symmetry

10, =0.3768'P3—g+0.529410; 12 +0.636210;—14+0.41581D5 .y,
10, =0.47221051,—0.59121Pg—g + 0. 44931051, — 0.4750' D7y
103=0.55931Dg—15+0.60941 Qg+ 0.49521P;— o+ 0.26581P;—
1@‘:0-91341¢3—¢9—0.26671¢s—012—0.30681¢7—010—0.0188l¢5—o]1
10, =0.0177'Pg13+0.5179'Pg—g— 0. 21281, 10— 0. 8284114
10=0.1492'Pgg+0.4598!Pg— 12+ 0.0976'P; 1, —0.8699' D5y
10:=0.6811'0g—1,—0.10401P; 5 —0.71251d5 sy o+ 0.1325! D7y,
13=0.0370!Ps—9—0.66111Pg—;2+0.70111Q;1,—0.26451 P54
10g=0.7716!P7-9—0. 1461'Pyry0+0. 60201 Py — 0. 14401 Py 1
1019=0.169310; 29 +0.75121Dg+10+0. 11541D 0y, +0.62741 05z
10, =0.7875' @59+ 0. 10371 P10+ 0.60071Pg g +0.09021P; 1,
1@12-_—0- 1 1721@5—09—0. 7314@0—’10"!‘0-07281@3—'11—0.66731@7—42

(2) Triplet states

By
Big
Ag
Big
Bau
By

30, =0.68123g—.+0.37883P5— 1 +0.424430; 1y + 0. 4608° D5,
3, =0.5123305—5 + 0. 5209°Pg 19+ 0. 45833D5 1, 4 0. 50613072
303 =0.649530; 19 +0.4570305 1+ 0. 48743Pg 01y +0.3629°P; 1
30, =0.541380;g— 0.4910%0; 1+ 0. 484130 .y, —0. 481130,y
305 =0.4673%P5q—0.57563P5— 12— 0. 58773011y —0.32373P5
305 =0.29908P5 12+ 0.70413Pg5+0.291 2851y + 0. 57443,y

(3) Interconfigurational matrix elements

Band I

Band 1I
Band III
Band IV
Band V

(Pg—r12 | H | Dgg) 0.333 —0.091
(D12 | H| P5—1y) —1.019 —1.471
(Pos12 | H | Pr—py) 0.453 —0.023
(Pg—g | H | Ps—r10) 0.385 —0.043
(Po—ro | H|Pr—yy) —0.928 —1.379
(@s5—10| H|P701y) 0.387 —=0.100
(Pg—rg | H| Pgsy2) —0.478 —0.091
(Ps—so |H| Pr—10) —0.490 —0.275
(Ps—g | H|Ps—1y) —0.567 —1.350
(P12 | H| D710) —2.160 —1.903
(Po—r12 | H | P5—py) —0.491 —0.130
(P10 |H | Ds—11) —1.304 —0.100
TaeLe IV. THE OBSERVED ABSORPTION BANDS
OF ANTHRAQUINONE
eﬁ::gl;a’h:\n;. J7EN Az Symmetry

33 NO.S 1BSu

4.5 ~0.7 1Bsy

4.9 ~1.8 Bay

6.1 ~0.7 ?
~6.7 >0.7 ?

of the observed m—n* absorption bands (I-V)
of anthraquinone are shown.!®> The direction of
the polarization of the transitions (1Az—1By,,
1A, —1B,,) are along the x and y axes in Fig. 1
respectively.

In Fig. 2(a) the n-electronic charge densities
and z-bond orders of anthraquinone obtained are

10) Anthraquinone has an n—z* band near 400 mg.

Singlet state, eV.

13E;-E,, €V.

4.020
4.849
6.367
6.460
7.490
7.657
7.794
9.462
4.902
5.087
5.492
6.456

3.847
4.200
4.323
4.447
4.506
4.556

Triplet state, eV.
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WAVE FUNCTIONS, EXCITATION ENERGIES AND TRANSITION DIPOLE-STRENGTHS

7, Az
0.007
0.022
3.792
2.171
0.294
1.423
0.003
0.005

Forbidden
Forbidden
Forbidden
Forbidden

Fig. 2. Molecular diagrams.
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Fig. 3. Correspondence among r—x* bands of anthraquinone and its chlorine or hydroxyl substitutes.

shown, while Fig. 2(b) shows those obtained using
as the core resonance integral over the atoms 1
and 2 the value (1.68 eV.) which corresponds to
the bond distance (1.47 A). In Fig. 2(c) those of
p-bnezoquinone calculated using the wave func-
tions obtained by Sidman!® are shown.

Discussion

Since all the intensities of Bands II—V in Table
IV are strong, these absorption bands may rea-
sonably be assigned to w—x* allowed transitions.
As for Band I, its intensity is not weak and it has
a sharp peak at the longest wavelength edge in
saturated hydrocarbons. Therefore, Band I may
also reasonably be assigned to an allowed transition.
From a comparison of Tables III and IV, Bands
II and IIT may reasonably be assigned to the E;—
1E; (*Ag—'B,,) and E;—'E, (*A;—'B;,) transitions
respectively. Bands IV and V may also reasonably
be assigned to either one of the two transitions
(Eq—!E; (1A;—'B,,) and E;—!E; (*A;—1B3,)).
Band I may be assigned to the E,—'E, (!A,—
1B;,), transition though the calculated dipole-
strength of this transition is too small in com-
parison with that of Band I. The absorption
band due to the Ey—!E, (1A;—!B,,) transition
‘may be hidden in Band I. a- or B-Hydroxy-
anthraquinone!® has an absorption band between
Bands I and II the intensity of which is nearly
equal to that of Band I. This absorption band

11) J. W. Sidman, J. Chem. Phys., 27, 429 (1957).

may be assigned to the E,—!E, transition. w—n*
bands of anthraquinone and its various chlorine!®
or hydroxyl'? substitutes at the wavelengths
longer than 240 mp reasonably correspond to
each other, as shown in Fig. 3. Those of various
amino-anthraquinones!#> also correspond to those
of the corresponding hydroxy-anthraquinones in
Fig. 3 respectively.

The calculated singlet excitation energies of
anthraquinone are much greater than the observed
ones. A similar trend was observed in the o-12
and p-benzoquinonel’> studied previously. In
anthraquinone the agreement between the transi-
tion dipole-strengths calculated and those observed
is also unsatisfactory. The alternate use of 1.68 eV.
in place of 1.45 eV. as the core resonance integral
over the atoms 1 and 2, or the use of —14.00 eV.
in place of —13.00eV. as U,,,"” does not bring
about any essential improvement in these points.

In Fig. 2 the charge distribution in carbonyl
groups of anthraquinone is similar to those in p-
benzoquinone and o-benzoquinone shown in our
previous paper.’> Especially it almost agrees with
that in p-benzoquinone.

12) R. A. Morton and W. T. Earlam, J. Chem.
Soc., 1941, 159. The solvent used was ethanol except
for the case of 1, 4-dihydroxy-anthraquinone. where
hexane was used. The absorption-peak wavelengths
of hydroxy-anthraquinones in ethanol and hexane
are similar to each other.

13) A. Kuboyama, unpublished work. The solvent
used was n-heptane except for the case of 1, 4-dichloro-
anthraquinone where methylcyclohexane was used.

14) H. Hartmann and E. Lorenz, Z. Naturforsh.,
7b, 360 (1952).



