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Calculation of the m-electronic excitation energies of
anthraquinonoid dyes has been carried out by means of
the Pariser—Parr—Pople (PPP) method with the variable

B, y approximation. A good linear correlation between the
observed and calculated values for the first n—n* excitation
was found for a series of amino- and hydroxy-anthraquinone
dyes. The effect of substituents on the colour of different
dyes was studied on the basis of these calculated results.
The intramolecular charge-transfer character of the first
7—n* transition was supported. The parameters used in
this calculation can be adapted to estimate the colour of
any anthraquinonoid dye.

INTRODUCTION

The relationship between the colour and constitution of dyes
in terms of electronic theory was reviewed by Coates [1] in
1967. In this review, some simple quantitative methods for
the interpretation of absorption spectra were outlined. In
1976, Griffiths [2] summarized recent advances in the
chemistry of colour and constitution and mentioned the
failure of resonance theory to interpret the colour of some
dyes.

For a series of anthraquinonoid dyes, some empirical treat-
ments of absorption spectra have yielded a correlation with
the ionization potential of substituents [3]. However, few
theoretical treatments by means of molecular orbital (MO)
calculation have so far been reported. Inoue et a/. [4] have
interpreted the absorption spectra of several anthraguinonoid
derivatives by means of MO calculation and polarized absorp-
tion spectra. On the other hand, Griffiths et al. [5] have re-
cently reported the electronic absorption spectra of coloured
naphthoguinones and heterocyclic quinones, and intarpreted
their spectra with the aid of PPP MO calculations.

In the present paper, the colour and constitution of
anthraquinonoid dyes were investigated extensively by means
of absorption spectra and MO calculation, with the intention
of correlating the substituent effects with the celour of the
dyes.

Kitaot

METHOD OF MO CALCULATION

The Pariser—Parr—Pople method [6,7] was used with the vari-
able B approximation [8]. The core-resonance integrals (8,;)
and the bond lengths (R, ) were adjusted at every iteration of
the SCF calculations in accordance with the following
equations:

Boc =—1.84—0.51X Pgp
Bon =—2.02-053X Poy
Boo =—2.20-0.56 X Pog
Ree =1517-0.18X Pop
Ron = 1451-0.18X Py
Rco = 1410-0.18X Py

where R, is the m-bond order between the r and s atoms.

The two-centre repulsion integrals (7,,) were calculated by
means of the Nishimoto—Mataga equation [9], using the
above R,; values. The valence-state ionization potentials,
{/P(r)}) and the one-centre repulsion integrals (7,,) used are
given in Table 1. Configuration interactions (C/) were cal-
culated for all the singly-excited configurations associated
with the transitions between each of the five highest occupied
levels and each of the five lowest vacant levels.

TABLE 1

Valence-state lonization Potentials {/P{r)} and One-centre
Repulsion Integrals (7,,)

Atom or group I(F;(rv)) (:‘7)

C 11.16 11.13
0= 17.7 15.23
a—NH, 26.7 17.44
B—NH, 27.1 17.44
a—NHCH, 25.5 17.44
B—NHCH; 25.9 17.44
a—or §—N(CH3), 25.3 17.44
«—OH 32.9 2153
f—0H 36.0 21.53
a— or J—OCH; 35.0 21.53

RESULTS AND DISCUSSION

The calculated results are summarized in Table 2. It is well
known that the visible absorption bands of anthraguinonoid
dyes can be assigned to the first excitation of the intramole-
cular charge-transfer transition [10]. The calculated first
excitation energies {AE ;) were correlated with the observed
values {AE .} (which were obtained from the A, values
of the visible absorption spectra [11]} and Eqn 1 was ob-
tained, viz:
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AE ok (€V) = ~0.447 + 1.056 X AE, (1)

The absolute AE; values are in poor agreement with the
experimental values (AE ). This disagreement may be
attributed to solvent effects and to incomplete parameteri-
zation in the MO calculations.
For convenience, Egn 1 may be expressed in the form of
Egn 2, viz:
Amax (hm) = 1240/(—0.447 + 1,056 X AE,) {2)
The imax values calculated by using Eqgn 2 are plotted against
the observed A, .. values in Figure 1, which shows good
agreement between the A .. and A, values for a series of
anthraquinonoid dyes ranging from yellow to blue. In prin-

ciple, the colour of any type of anthraguinonoid dye can be
deduced from Eqn 2.
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Figure 1 — Comparison between calculated and observed
Nnax (for numbering system see Table 2)

Substituent Effects

A good linear correlation exists between AE; and the singly
excited configurational energy (E,,_, ,} accompanying the
excitation from the highest occupied molecular orbital
(HOMO} to the lowest vacant molecular orbital (LVMO)
(correlation coefficient 0.998). This indicates that the first
excitation energy depends markedly on the character of the
HOMO and LVMO.

Monosubstituted Anthraquinonoid Dyes

The LCAO (linear combination of atomic orbitais) coefficients
of the HOMO and LVMO for 1-aminoanthraquinone (1-
aminoAQ), those of the HOMO for aniline, and those of the
LVMQ for anthragquinone are shown in Figure 2. Comparison
of these coefficients shows that the character of the HOMQO
for 1-aminoAQ resembles that of the HOMO for aniline,
whilst the LVMO for 1-aminoAQ resembles the LVMO for
anthraquinone. it can therefore be presumed that the energy
of the HOMO (e,,) depends largely on /P{—N<), whereas
the energy of the LVMO (¢, \,} is virtually unaffected; con-
sequently, AE, depends on /P(—N<). These conclusions are
confirmed by the linear dependence of ¢;,5, €, |, and AE, on
IP{—N<) illustrated in Figure 3. The linear dependence of AE,
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Figure 2 — LCAO coefficients

on /P(—N<) indicates that the A, values of N-substituted
1-aminoAQs are shifted proportionally to longer wavelengths
in accordance with the electron-donating power of the amino
substituents. These conclusions can be extended to other
monosubstituted anthraquinones containing any electron-
donating group, and can be applied to explain the fact that
the visible absorption maxima are determined by the electron-
donating power of the substituents,

Figure 4 shows the calculated w-electron densities at each
atom in the ground and first excited states of 1- and 2-
amincAQ. As pointed out by Griffiths [2], the changes in -
electron density accompanying the electronic excitation to
the first excited state are quite complex, and are by no means
confined to the donor atom and the carbonyl groups. In
general, however, it seems reasonable to assume that the
aniline moiety can be regarded as a ‘complex donor’. This
view is compatible with the above characterization of the
HOMO, LVMO and the first excited state.

It is noteworthy that, for 1-aminocAQ, the increase of 7-
electron density accompanying the first excitation is greater
at the O(10) than at the Q(9} carbonyl group, in contrast to
the prediction of resonance theory. A similar disagreement
between the predictions of MO and resonance theory has
been reported by Griffiths et a/. (6] for naphthoquinones
and heterocyclic quinones. It is concluded that the contri-
bution of the following well known resonance structures is
more significant in the ground state than in the first excited
state.

Disubstituted Anthraguinonoid Dyes
Itis well known that 1,5-and 1,8-disubstituted anthraquinones
show approximately the same spectra as corresponding 1-



TABLE 2

Summary of Results for Anthraquinonoid Dyes

Calculated Observed
Dye . e, —g b AECS N9 fe AE_fAa__f
No, Substituents O V) (V) (i @v)  (nm)
1 1-NH, 9080 3.188 2945 465 025 267 465
2 2-NH, 9209 3.134 3285 409 017 3.02 410
3 1,2diNH, 8557 3.000 2839 486 032 258 480
4 13di NH, 8794  3.002 2862 481 023
5 1,4di NH, 8,297 3.024 2511 562 035 226 550
6  1,5.di NH, 8878 3.063 2895 474 042 258 480
7 1,6-di NH, 8911 2998 2944 466 0.29
8§  1,7-di NH, 8968 2097 2995 456 0.24
9 1.8diNH, 88556 3.068 2818 490 038 252 492
10 2,3-di NH, 8610 2987 2076 459 013 2.80 442
11 2,6-di NH, 9091 29835 3315 406 0.0
12 2,7-di NH, 9.037 2946 3220 420 0.4
13 1,45t NH, 8172 2907 2488 569 042
14 1,4,5,8tetra NH, 7869 2773 2349 609 056 203 610
15  1-OH 9573 3245 3288 409 025 306 405
16  2—0OH 9961 3.242 3678 360 011 339 365
17 1,2-di OH 9374 3.156 3256 414 026 298 416
18  1,4-di OH 8950 3.150 2908 472 033 260 476
18 15-.di OH 9430 3.163 3233 418 040 2.89 428
20 1,8di OH 9421 3164 3185 424 037 283 430
21 1,4,5-tri OH 8.881 3.073 2894 4756 0.40
22 14,58tetra OH 8.679 2.988 2794 495 (052
23 1-NHCH, 8751  3.141 2730 509 025 244 508
24  2-NHCH, 8853 3.075 3.080 442 0.18
25  1-OCH, 9.863 3.273 349 381 023 326 380
26 2-0OCH, 9871 3226 3636 365 011  3.42 363
27  1-NH,—4—NHCH, 8068 2971 2398 594 037 210 590
28  1,4-bis NHCH, 7867 2918 2315 619 040 200 620
29  1-OH—5-0CH, 9516  3.191 3.283 410 032
30  1,5-di OCH, 97567 3.218 3444 389 0.36
31  1-OH—8—0OCH, 9515  3.191 3260 414 032
32 1,8di OCH; 9756  3.218 3.416 392 034 322 385
33  1-NH,—4-OH 8591 3.089 2674 522 033 238 520
34 1-NH,—4-0OCH, 8759  3.122 2771 500 031 248 500
35 1-NHCH;—4-OCH, 8464 3.073 2591 542 031 230 540
36 1-NH,—5-OH 9.003 3.109 2948 465 0.30
37 1-NH,—5-0CH,3 9.032 3.136 2948 485 027 270 460
38  1-NH,—8-OH 9.001  3.110 2920 470 032
39  15.diNH,—48diOH 8239 2877 2552 552 053 210 590
40  1.4-di NH,—2-OCH, 8195 2921 2525 557 036 226 550

2 Energy of the highest oceupied molecular orbital

bEnergy of the lowest vacant molecular orbital
First excitation enargy

d?\max value calculated by using Egqn 2
©Qscillator strength for the first excitation
fRef. 11

substituted derivatives, but about twice the molar absorptivity.
1,4-Disubstituted anthraguinones absorb at much longer
wavelengths than 1,5- and 1,8-disubstituted derivatives.
Visible absorption maxima of 1-aminoAQ, and 1,5-, 1,6- and
1,7-diamincAQ in tetrahydrofuran are about 475, 490, 480
and 440 nm, respectively. Itis interesting that 1,7-diaminoAQ
absorbs at shorter wavelength than 1-aminocAQ. The MO
calculated values {Table 2) are in accordance with these
observations.

The large bathochromic shift of 1,4-disubstituted deriva-
tives may be attributed to the much higher energy level of
the HOMO than that of other disubstituted derivatives
(Table 2). For example, the character of the HOMO and that
of the LVMO for 1,4-diaminoAQ resembles that of the

HOMO for p-phenylenediamine and that of the LVMO for
anthraquinone, respectively. In the HOMO for 1,5- and 1,8-
diaminoAQ, the two aniline moieties can be regarded as two
independent systems, hence the AOMO lies close to the
energy level of the HOMO for 1-amincAQ. As reported by
Farrell and Newton [12], the energy level of the HOMO for
p-phenylenediamine is much higher than that for aniline. Con-
sequently, the energy level of the HOMO for 1,4-diamincAQ
is much higher than that for 1-aminoAQ, and for 1,b- and
1,8-diamincAQ, In 1,4-diamincAQ and 14-dihydroxyAQ,
the p-phenylenediamine moiety and the hydroquinone
moiety respectively, can be regarded as the ‘compiex donor’
(for 1,4-diaminoAQ see Figure 4).

The dependence of AE, and the second excitation energy
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Figure 3 — Relationship between |P(—N<) and (A) AE,, (B)
€Ly and (C) ey for 1-aminoAQs

AE, on IP{—N(1)<) for diaminoAQs is illustrated in Figure 5,
the corresponding dependence on /P{—N_<) in Figure 6.
With 1N-alkylamino-5-{or 8-JaminoAQs, AE, depends mainly
on the electron-donating power of the alkylamino group and
AE, depends on that of the amino group. On the other hand,
with 1,6- and 1,7-diaminoAQs, AE, depends strongly on the
electron-donating power of the amino group in the 1-position,
and AE, depends on that of the amino group in the 8- or 7-
position,

Hydrogen Bonding Effects

In our MO calculations, in order to study the hydrogen
bonding effects on the excitation energies, the /P(—NH—)
and /P(—OH) values were reduced and the /P(=0) values
were enlarged. Consequently, Figures b and 6 illustrate not
only the substituent effects, but also the intermolecular
hydrogen bonding effects of the amino groups on the excita-
tion energies. Table 3 shows the effect of intermolecular
hydrogen bonding with the quinone carbonyl groups on the
first excitation energies and the oscillator strengths,

Table 3 and Figures 5 and 6 suggest that the intra- and
inter-molecular hydrogen bonding produces a red shift in all
the molecules except for 1,7-diaminoAQ, in which the inter-
molecular hydrogen bonding between the amino group in
the 7-position and a proton-accepting solvent causes a small
blue shift.
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Steric Effects

in the case of 1N, A-dimethylaminoAQ, it is probable that
steric hindrance occurs between the dimethylamino group
and the quinone carbony| group. In the present MO calcula-
ttons, in order to study thesteric effects on the first excitation
energy AE; and the oscillator strength f,, the core-resonance
integrals BCN for the C—N bond were estimated by means of
the following equation:

Beon (8) = (—-2.02—0.53 X Pp) X cos §

where 6 denotes the angle of twist of the C—N bond caused
by the steric hindrance. The results are summarizedin Table 4.
From Table 4 it is concluded that the first excitation energies
for all the molecules are virtually unaffected by steric effects,
whereas the oscillator strengths are apparently decreased.
When 6 is greater than 30°, 1-N,N-dimethylaminoAQ has
a smaller f; value than 1-amino- and 1-N-methylamincAQ
(see also Table 2). Yoshidaand Takabayashi [3] have reported
that 1-N,N-dimethylaminoAQ has the smallest molar absorp-
tivity of all the N-substituted 1-aminoAQs. Consequently, it
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TABLE 3

Effect of Intermolecular Hydrogen Bonding with the Quinone
Carbonyl Groups on the First Excitation Energy AE] and
the Oscillator Strength £,

D Position No bonding /P(=0...H} [P{=0...H)
NV" of (/P(=0}=17.7)  =18.2 =18.7
o. H—bond AE[ fl AEI fl AE] fl
c=0(9) 2913 0.26 2881 028
' c=o(10) 2945 025 5915 025 2877 025
c=0(9) 3.232 0.16 3.178 0.15
2 c=o(10) 3285 017 3945 018 3.204 0.19

*AF,and IP are in eV

is suggested that the angle of twist of the C—N bond is greater
than 30° for 1-NV,N-dimethylaminoAQ.

Dipole Moment Changes

Allen et al. [13] have pointed out that the results obtained
by use of the solvent-shift method [14] indicate that 2-sub-
stituted anthraquinones show a much greater change in dipole

TABLE 4

351 {7

AE, eV

3.0F T v (8)
i | ]
25.0 26.0 27.0 28.0
IP{—N;<), eV

Figure 6 — Dependence of the first (®, & V) and the second
(A, ¥) axcitation energies on IP{—N ﬂ<)

moment on light absorption than the 1-substituted derivatives.
Consequently, the excited singlet states of the 2-substituted
anthraquinones should have much more charge-transfer
character than those of the 1-substituted derivatives. Table 5
shows the observed and calculated dipole moment changes
accompanying the first excitation for amino-, N-methylamino-
and N,N-dimethylaminoAQs. The (a/8); and {a/B), values for
the N N-dimethylaminoAQs are almost identica!, but the
{a/B}; values for amino- and N-methylaminoAQs are much
smaller than the {&/f), values.

As pointed out by Yoshida and Takabayashi [3], the red
shift due to the intermolecular hydrogen bonding for 2-
aminoAQ is larger than that for 1-aminoAQ, and the inter-
molecular hydrogen bonding for 1-M-methylaminoAQ, even
if it exists, cannot contribute to the solvent shift. It is pro-
bable, therefore, that the Apy_, values for 2-amino and 2-
N-methylaminoAQ cited in Table 5 have been overestimated.
On the basis of the calculated dipole moment changes and
n-electron distribution changes accompanying the first excita-
tion, it appears doubtful whether the first excited states of
the 2-substituted anthraguinones have, in fact, much more
charge-transfer character than those of the 1-substituted
derivatives.

(MS. received 9.July 1979)

Steric Effects on the First Excitation Energy A£, and the Oscillator Strength 7, of Anthragquinonoid Dyes

g=0° 6 =15° g = 30°
Substituents AE, f1 AE, f; AE, fi
{eV) {aV) {eV)
1—N(CH3), 2696 026 2693 0.25 2676 0.23
1,4-bis N{(CH,), 2.289 041 2289 039 2.28 035
1,5-bis N(CH3), 2.644 044 2640 043 2622 0.39
1,8-bis N{CH3), 2528 039 2530 038 2528 0.35

6 =40° 8 =45°
AE,  f,  AE, A
{eV) (eV)
2.644 0.20 2610 0.19
2272 031 2256 0.29
2590 035 2560 0.33
2509 0.32 2487 0.29
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TABLES

Dipole Moment Changes Accompanying the First Excitation in Anthraquinonoid Dyes

Observed? Calculated
Substituents —A,ugﬁﬁ, {a/B),P U Mo ge g —H, . €OS 6)  la/f)S
{Cm) %Debye) (Debye)
a—NH, 13 0.43 23 151 37° 9.8 0.77
B—NH, 30 : 25 162  20° 12.7
a—NHCH; 12 30 157 31° 10.5
B—NHCH, 33 036 33 182 19° 13.9 0.76
a—N{CH3),® 13 24 168 29 12.3
B—N(CH,} 15 087 3% 191 17° 14.5 0.86

aFrom Ref. 13.

b(oz/ﬁ), is the Alg_g ratio for the «- and g-derivatives

€4 denotes the angle between the dipole moment vectors g, and Fe
d(oe/ﬁ)2 is the (1, —u, . cos @) ratio for the a- and f-derivatives
®The calculatedg
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