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ELECTRONIC SPECTRA OF MONO-SUBSTITUTED 
ANTHRAQUINONES AND SOLVENT EFFECTS 

2. YQSHILIA~ and F. TAICABAYASHI$ 

(Received in Japan 4 November 1966; acceptedfor publication 2 June I%?) 

AhWaet-A systematic investigation of the near UV and visible spectra of mono-substituted anthra- 
quinones and the solvent effects on the longest wavelength x -+ It* absorption band of these compounds 
reveals that the longest wavelength n + Xs band of l- and Zsubstituted anthraquinones with electron 
donating groups can be assigned to the intramolecular electron transfer transition from the substituents 
to the anthraquinone nucleus. The effect of the intramolecular hydrogen-bonding between the carbonyl 
group of the quinone and the adjacent substituents on the x -+ tP absorption band has also been 
investigated. 

The absorption frequency-shifts in various solvents indicate that the value of the frequency-shift mainly 
depends on the strength of the hydrogen bond between the substituents and the solvent molecules. The 
largest shifts are caused by the interaction between active hydrogen of the substituents and the proton 
accepting solvents. In the case of l-substituted anthraquinones, however, the intramolecuiar hydrogen- 
bonding is favoured and the solvent shifts are small. In the absence of the intermolecular hydrogen 
bonds, the solvent shifts are well interpreted by McRae’s equation. 

INTRODUCTION 

DURING the course of basic investigations on anthraquinone dyes, our attention was 
drawn to the relation between the colour and the constitution of anthraquinone 
derivatives and to the effect of solvents on their absorption spectra. 

Many investigators 1-8 have previously reported the electronic spectra of these 
compounds and carried out the empirical band assignments, while Kuboyama has 
assigned theoretically the spectra of anthraquinone by the simple molecular orbital 
calculation.9 

Since the electronic structures of anthraquinone derivatives are very complicated, 
a systematic study of their spectra has not been undertaken. The effect of solvents 
on the visible band in mono-, di- and poly-amino substituted anthraquinones has 
been investigated by Egerton and Roachi and in mono-amino substituted anthra- 
quinones by Hida li but a systematic study of the solvent effects on the electronic 
spectra of anthraquinone derivatives in detail has not been reported. 

In the present paper we have attempted to elucidate the electronic effect of the 
substituents and the effect of the intramolecular hydrogen-bonding on the longest 
wavelength x + a* absorption band of monosubstituted anthraquinones in non- 
polar solvents. The interactions between these molecules and the various polar 
solvents have been investigated from the effect of the latter on these spectra. 

RESULTS AND DISCUSSION 

The absorption spectrum of anthraquinone consists of at least three x -+ a* 

t Department of Synthetic Chemistry, Kyoto University, Yoshida, Kyoto, Japan. 
1 Teijin Limited, Fiber & Textile Research Institute, l-Minohara, Ibaraki-shi, Osaka, Japan. 
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bands in the 240 b 350 mu wavelength region, the peaks being located at 252 mu, 
272 mu and 326 mu. 

The 252 mu and 272 mu bands have shoulders on both sides of the principal 
bands, which can be explained as vibrational structure. The bands at 252 mu and 
326 mp are empirically assigned to the benzenoid chromophore and the 272 mu 
band to the quinoid chromophore.’ 

The bands of substituted anthraquinones, when compared with the corresponding 
bands of the parent molecule, distinctly shift to shorter or longer wavelengths 
according to the substituents. 

The relationship between these bands shifts and the substituents are in agreement 
with the observations of Peters and Sumner.’ 

Electron donating groups, introduced into l- or 2-position of anthraquinone, 
showed a marked effect in the region longer than 350 rnk The peak wavelength and 
molar extinction coefftcients of this band in carbon tetrachloride are given in Table I. . 

TABLE I. MAXIMUM WAVRENGTHSAMDM~LAREXT~NC~~NCOEFF~CIENTSOFLONG~WAVELENGTHX--,IL* 

BAND OFMONU-SURSTITUTEDAh-THRAQUINONESINCARRONTETRACHLORlDE 

Substitueat i-Substituted anthraquiooue 
R m.p. mlr E 

2-Substituted anthraquinone 
m.p. mp & 

NH2 

NHCH, 
NKH,), 
NHC,H, 
NHCOCH, 
OH 
OCH, 
OC& 

255” 
170” 
138” 
146” 
224” 
201” 
172” 
145” 

457 
497 

500 

505 
420 
406 
374 
364 

6300 309” 405 
7200 23Y 431 5050 
5100 186” 452 
7800 - - - 
5930 2W 366 0 
5900 305” 354 0 

5020 201” 362 3200 
3800 158” 359 3600 

o Since these compounds are practically insoluble in CCI, the extinction coefkknts could not be 
obtained exactly. 

Concerning this band, as the electron donating character of the substituent 
increases, the absorption maximum shifts to longer wavelength. As shown in Fig 1, 
the absorption frequencies of 2-substituted anthraquinones are parallel with the 
ionization potentials of the substituenta, which are approximated by those of 
compounds obtained by replacing the anthraquinonyl group by a Me group,r2* * 
i.e. the absorption frequencies of this band are affected mainly by the energy of the 
highest occupied orbital of the substituent. Secondly, this band compared with the 
other bands shows a remarkably large red shift with the increase of the polarity of 
solvent (Table 2). This indicates that the excited state formed by the A + x* transition, 
compared with the ground state, is an extremely polar state. Finally, l-dimethyl- 
aminoanthraquinone has the smallest extinction coefficient of the N-substituted 
1-aminoanthraquinones, although in the 2-substituted series, the dimethylamino 
derivative has the largest extinction coefficient. Therefore, the extinction coefficient 
of this band is affected by the steric interaction between the carbonyl group of the 
quinone and the adjacent substituent. In accordanoe with these facts, this longest 

* A similar relation was obtained by using the ionization potentials of the u101e~ule~ replaced the 
anthraquinonyl group with hydrogen. 
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x -+ II* absorption band must be due to intramolecular electron transfer transition 
from the substituent to the anthraquinone nucleus. 

sg 8.0 
I.F. WV) 

FIG. 1 v_ of 2-R-anthraquinone in carbon tetrachloride uersus ionization potential of 
CH,-R. 

TABLE 2. PINK WAVELENGTHS OF II + R* BANDS OF I-AWN@ AND l-MEIWLAMINO-ANTHRAQUINONE 

MEASURED IN CYCLOHEXANE, METHYL ALCOHOL AND &BuTYL ALCOHOL 

Peak wavelengths (mp) 

I-Aminoanthraquinone 
Cyclohexane 
Methyl alcohol 
t-Butyl alcohol 

I-Methylaminoanthraquinone 
Cyclohexane 
Methylalcohol 
t-Butyl alcohol 

241 263 268 278 303 457 
244 270 309 480 
245 273 312 493 

244 262 271 279 312 495 
245 272 314 510 
245 275 315 513 

The following discussion refers to the intramolecular electron transfer band. 
Figure 2 illustrates that the absorption frequencies of 2-substituted anthraquinones are 
basically related to at, which has been determined13 from the electronic effect of 
the substituents on the intramolecular electron transfer band* of psubstituted 
nitrobenzenes in heptane. 

This result indicates that there is a close analogy between the electronic transitions 
in nitrobenzene and anthraquinone substituted with electron donating groups. 

The spectra of l-substituted anthraquinones are modified by the presence of 
intramolecular hydrogen-bonding between the substituent and the adjacent carbonyl 
group of the quinone. In order to evaluate the effect of this interaction, the absorption 
frequencies of l-substituted anthraquinones in carbon tetrachloride have been 

* Nagakura et al.” theoretically assigned the 240 rnp band of nitrobenzene to the intramolecular 
electron transfer transition. 
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plotted against those of 2-substituted derivatives on the assumption that the electronic 
effect of substituents at l-position is proportional to that of 2-position? The results 
are shown in Fig 3. 

* 

24 

201 
44 tl6 1.0 

RG. 2 V, of 2-R-anthraquinone in carbon tetrachloride uersus Bloor’s constant. 

._ 

0 2 4 -I) 8 (I IO I 
t3looo-&.t'lo & of I-t?-*mraquf.onr 

FIG. 3 Pi&s of v_ of I-R-anthraquinone against that of 2-R-anthraquinone in carbon tetrachloride. 

In the case of phenoxy, methoxy and dimethylamino groups which cannot form 
chelate structures, the points are almost on a straight line, while the points for hydroxy, 
acetylamino, amino and methylamino groups are well below the line. It is considered 
that the deviation from the line is largely caused by the stabilization of the polar 
excited state due to the intramolecular hydrogen-bonding in l-substituted anthra- 
quinones. The deviation increases in the order of methylamino, ammo, acetylamino 
and hydroxy groups, which is also the order of increasing proton donating ability 
of substituents. The slope of the straight line is smaller than unity, indicating that the 
substituent effect on the absorption peak position is greater in l-position than in 
2-position. 

* A similar plot for the same band of anthraquinone derivatives in methyl alcohol has been shown by 
Peters and Sumner ;’ however, in this case the deviation from the liniarity is affected by the solvent effects. 
Therefore the effect of intramolecular hydrogen-bonding cannot be discussed in detail. 
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The plot for 1-dimethylaminoanthraquinone lies on the line in spite of the steric 
hindrance between the dimethylamino group and the rest of the molecule which is 
indicated by the decrease of the extinction coefficient (Table 1). As Murrel has pointed 
out 1 5 the intensity of an intramolecular electron transfer band is in general more 
sensitive to steric factor than to the absorption frequency. 

The efect of solvents on intramolecular electron transfer band of mono-substituted 
anthraquimnes. In the investigation of the solvent effects, consideration has been 
given to hydrogen-bonding, electrostatic interaction and the dispersion force between 
the solute and the solvent. 

Shifts of the absorption frequencies (Av) in various solvents are summarized in 
Table 3. 

The efict of hydrogen-bonding. The plot of Av for 2-substituted anthraquinones 
against the absorption frequencies in carbon tetrachloride (Fig. 4) shows that the 

0 

2.2 2.4 26 26 3.0 

t -es, *Id4aR- of 2-R-Anthroqulnon* 

Ftc. 4 The maximum absorption frequency(~,,, ) of 2-R-anthraquinone in carbon tetrachloride t)ersus 
its frequency shift (Av) in acetone and isopropyl alcohol. 

0: in acctone;(): in isopropyl alcohol. 

substituents may be classified into: (a) those possessing a hydrogen atom to form 
hydrogen-bonding, and (b) those not able to form hydrogen-bonds? The line 
through the shifts for the dimethylamino; methoxy- and phenoxy-anthraquinones 
is explicable in terms of the electrostatic and dispersive interactions evaluated by 
McRae’s equation.16 

The shift for anthraquinones with substituents forming a hydrogen-bond with the 
solvent molecule deviates upward from the straight line. 

These deviations no doubt are mainly caused by the hydrogen-bonding between 
the substituents and the solvent molecules (X-H 1. . S, X; nitrogen or oxygem atom 
of substituents, S; solvent molecules) since (a) In the case of dimethylamino, methoxy 
and phenoxy groups, the difference of Av values in acetone and in isopropyl alcohol, 
the dielectric constants of which are similar to each other, is considerably small. 

* Similar results have been reported” for the intramolecular electron transfer band of substituted nitro- 
benzenes. 
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(b) The methylamino group shows a smaller deviation from the line than the amino 
group. This is accounted for by the presence of a Me group which must weaken 
intermolecular hydrogen-bonding. (c) Finally, for proton donating substituents the 
Av values increase in the order of methyl alcohol, isopropyl alcohol and t-butyl 
alcohol, which corresponds to the order of increasing proton accepting ability of 
solvent molecules. 

These results indicate that the X-H * + + S type of intermolecular hydrogen bond 
predominantly contributes to the Av shifts while other types of hydrogen bond 
have a lesser affect on the shifts. When substituents are capable of hydrogen-bonding 
with solvent molecules, as I8 Mataga has pointed out in the system of knaphthol 
and trimethylamine, the excited state is considerably stabilized by the charge transfer 
in the hydrogen-bonding system, since the hydrogen-bonding at the excited Franck- 
Condon state would be remarkably strong. 

On the other hand, in the case of l-substituted anthraquinones with proton 
donating groups other than the amino group, Av values in various polar solvents 
are much smaller ihan the corresponding values for 2-substituted anthraquinones. 
This shows that the hydrogen-bonding cannot contribute to Av values of l-substituted 
anthraquinones because of the formation of intramolecular hydrogen-bonding. 
Therefore, the effect of polar solvents on such compounds must be due mainly to 
electrostatic and dispersive interactions. Since Av values in 1-aminoanthraquinone 
are relatively large, the amino group acts as a proton donor to form intra- and 
intermolecular hydrogen-bonding. 

FIG. 5 Spectra of 2-metbylaminoanthraquinone in tbe mixed Solvents of carbon tetra- 
chloride and methyl alcohol at 20”. 

Concentration of 2-methylantbraquinone: 1.09 x IO-’ M. 
Concentration of methylalcohol: (1) 0, (2) 0.124 M, (31 O-247 M, (4) 1.24 M, (5) 14-8 M. 

More direct evidence for the formation of intermolecular hydrogen-bonding can 
be obtained by measuring the spectra in mixed solvents containing carbon tetra- 
chloride and a proton acceptor. When the concentration of the proton acceptor is 
varied at a constant solute concentration, the spectra show isosbestic points (Fig. 5) 
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which indicate the existence of an equilibrium given by Eq. 1.* The equilibrium 
constant K was calculated by E%q. 2. The plots of (1 - d&M”)/(A) against && are 
shown in Fig. 6. 

FIG. 6 (1 - d$dA)/(A) versus (4/d’) for 2_methylamint>anthraquinone in the mixed solvents 
of carbon tetrachloride and methyl alcohol at 20”. 

Cuncentration of 2-methylaminoanthraquinone: 109 x lo-’ M. 
Concentration of methyl alcohol : O-1 24 M - 148 M. 

These plots are linear in all cases indicating 1:l complex formation in these 
systems. 

D+AsD’-.“A fl) 

1 - d;/df 

(A) 
= - K + (I@@ , K . (d$‘da) (2) 

TABLE 4. EQUILIBRILJM CONSTANTS FOR HYDROGEN BOND M~RMATION BETWEEN ~-ME~H~LAMI~ AND 
1-AMIM~WIXRAQUIN~NEAND KXAR~~LVENISINCARMNIEIXA~RIDE AT 20” 

Solute 
cone. of solute 

Pofar solveut 
Cont. of polar 

(BY4 M) solvent (M) 
K(l/mole) 

2-Methylaminoanthraquinone 

l-Aminoanthraquinone 

1088 

I-110 

Acetone 
Acetonitril 
t-Butyl alcohol 
Methyl alcohol 
Ethyl acetate 
Ethyl ether 

Aatouitril 
Ethyl acetate 
Acetone 
Ethyl ether 

O-136-8.169 24 
0095-7~628 2.4 
@053+241 2.5 
0.12414840 2.2 
0204-6 143 1.5 
0.096-3.849 0.6 

0.095-7.628 10 
0*102-6*144 1.0 
0.136-5444 0.9 
0.385-3849 06 

* Under similar conditions, the spectral shifts of 1-methylamino-, ldimethylamino- and 2dimethyl- 
amino-anthraquinones in the presence of the proton accepting solvents are smaller and the isosbestic 
points cannot be found distinctly. This indicates that the isosbestic points are caused by the intermolecular 
hydrogenbonding. 
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Where K, and KD denote molar extinction coefficients of D * * - * - A and D at wave- 
length 11 mp respectively, and dt and dA ate the apparent absorbances in pure carbon 
tetrachloride and in mixed solvents, respectively. (A) represents concentration of the 
proton acceptor. The results are shown in Table 4. 

The ejfect @‘electrostatic and dispersive interactions. Theoretical investigations of 
solute-solvent interactions on electronic spectra applying the perturbation theory 
have resulted in an equation” with three terms arranged for solute-solvent inter- 
action. The first term is due to the dispersion force and to the interactions between the 
solute permanent dipoles and the solvent dipoles thereby induced. The second term 
is due to the interactions between the permanent dipoles of the solute and solvent 
molecules, and the third term is due to the interactions between the permanent 
dipoles of the solvent molecules and the solute dipoles thereby induced (the quadratic 
Stark effect). Furthermore, it has been shown that the solvent effects on the electronic 
spectra of phenol blue may be analyzed by Eq. 3 obtained by a simplification based 
on the assumptions that (1) the weak quadrastic stark effect is neglected, (2) the 
refractive index of solvent at all frequencies involving the zero frequency is approxi- 
mated with the values obtained by Na-D line and (3) the weighted mean wavelength 
(LO) is a constant for all the solvents, Therefore, Eq. 3 proposed by McRae was 
adopted in this investigation. 

v -vg=(ALo+B)$$+C s 
D 

(3) 

where vu and v, are the absorption frequencies at vapour phase and solution and 
ALo + B, and C are constants which are independent of the properties of the 
solvents. The values of AL, + B and C are determined by applying the least square 
method to the data of Table 3. The results are given in Table 5 and the comparison 
of calculated and observed frequency shifts of l-amino, 1-phenylamino and 2- 
dimethylamino-anthraquinones are shown in Fig. 7. In Fig. 7, all points are distri- 
buted around a theoretical straight line with a root mean square deviation of 90 cm’ l 

FIG. 7 c&lkldatad uerslIs observed frequency shifts in various soknts ~hxkt numbers 

correspond to those listed in Table 3. 
0: I-Methylaminoanthraquinone;~: 2-Dimethylaminoanthq~nonc. 
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for l-amino and 2+henylaminoanthraquinone, and 120 cm-’ for 2-dimethylamino- 
anthraquinone, which is less than the experimental error in determination of the 
absorption frequency of the solvents. These results indicate that the solvent effects 
are well analyzed by Eq. 3, From these values in Table 5, it has been found that the 

TABLE 5. VALLJET OF (do + B) AND c IN EQUATION 3 BY 

APPLYING THE LBAST SQUARE METHOD 

Mono-substituted anthraquinone 

Substituent R -(AL, -t E) -C 

I-NH, 
I-NHMe 
I-NMel 
I-NHPh 
I-OH 
I-OMe 
2-NHMe 
2-NMe, 
2-OMe 

8100 0 

7oOo 1300 
1400 
710 

7200 370 
11900 1300 
17300 0 

15400 2660 
14000 1400 

’ Because these compounds are forming the hydro- 
gen bond with the polar solvents used, the values of C 
are impossible to calculate with Eq. 3. 

dispersion force and the electrostatic interaction cause a red shift for all mono- 
substituted anthraquinones, which is reasonable because the solute polarity increases 
in the excited state. 

The data in Table 5 lead to the following conclusions. Firstly, both (AL, + B) 
and C values increase more for 2-substituted anthraquinones than for l-substituted 
isomers. ft may be considered that the increment will mainly depend on the differences 
of the magnitude of the change in dipole moments during the transition, of the 
geometrical constitution of the molecule and of the charge distributions in the ground 
and excited states between l- and 2-substituted anthraquinones. SecondIy, the C 
values decrease in the order of methoxy, dimethylamino, methylamino, phenylamino 
and hydroxy groups in the case of l-substituted anthraquinones. This indicates that 
the dimunition in the C value is caused by the intramolecular hydrogen-bonding, 
since the solute polarities at the excited state are decreased by the delocalization of 
charge through such a chelated system. 

EXPERIMENTAL 

Maferiafs. Anthraquinones substituted with methylamino, dimethylamino, phenylamino, acetylamino, 
hydroxy, methoxy and phtnoxy groups at l- or 2-position were prep& by the usual procedure and 
other compounds were obtained commercialiy. All materials wen purified by repeated recrystallizations 
followed by chromatography on alumina. 

The m.ps of these purified compounds were in good agreement with those in literature, and the results 
of elementary analysis were also consistent with the theoretical values. 

Measurements of absorption spectra Tbc absorption spectra in soln were recorded on a Simazu Automatic 
Recording Spectrophotometcr, model SV 50, in the near UV and visible regions using quartz cells of 
various pass-length (10 to 100 mm) at room temp (20 f 1”). 
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Most solvents used were spectrograde reagents of E. Merck & Co. in case of CC&, tetrachloroethylene, 
AcGEt, ethyl benzoate, and t-butyl alcohoI, analytical grade reagents were used after purification by 
usual procedures. 
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