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Abstract

The ground state hydrogen conformations of 1,2- (alizarin), 1,4- (quinizarin), 
1,8 -(danthron) and 2,6-(anthraflavic acid) dihydroxyanthraquinone  have been 
investigated using density functional theory (B3LYP) method with 6-31 G (d,p) basis set. 
The calculations indicate that the compounds in the ground state exist with the doubly 
bonded O atom linked intra-molecularly by the two hydrogen bonds. The vibrational 
frequencies and optimized geometry parameters of all the possible conformers of 
alizarin isomer were given. 

INTRODUCTION
Dihydroxyquinones have important applications as a 

prominent family of pharmaceutically active and biologically 
relevant chromophores, as an analytical tool for the determination 
of metals, and in many aspects of electrochemistry [1]. Alizarin, 
quinizarin, danthron and anthraflavic acid are isomers of 
dihydroxyquinone. 1,2-Dihydroxyanthraquinone (alizarin) is 
a red coloring mordant dye, and used as an acid-base indicator 
in the determination of fluorine. 1,4-Dihydroxyanthraquinone 
(quinizarin) and 1,8-dihydroxyanthraquinone (danthron) are 
the simplest molecules showing the chromophore framework 
peculiar to several compounds of biological and pharmaceutical 
interest. 2,6-Dihydroxyanthraquinone (anthraflavic acid) is an 
isomer of the well known alizarin dye and a compound used from 
commercial suppliers without further purification. Danthron is 
present in some antitumor drugs. The structure of quinizarin has 
been subject of numerous spectroscopic investigations, including 
fluorescence studies in Shpolskii matrices [2], resonance Raman 
and infrared spectroscopy [3,4], laser spectroscopy in supersonic 
expansion [5], and X-ray crystallographic investigations [6]. For 
danthron also, fluorescence studies in Shpolskii matrices [7,8], 
resonance Raman [9] and infrared spectroscopy [10] studies 
have been made. 

After the development by Lee and co-workers, infrared 
spectroscopy combined with ab initio quantum theoretical 
calculations has become a powerful and general method to find 
the ground state conformations of molecular clusters. An ab 
initio study of 1,4-, 1,5- and 1,8-dihydroxyanthraquinone was 
conducted to identify the absolute minimum [11]. Electronic 
structure of alizarin, two of its isomers, with different transition 
metal complexes and five rare-earth complexes were studied by 
using density functional theory (DFT) [12]. Experimental (FT-IR 
and Raman) and theoretical (B3LYP and B3PW91) vibrational 
analysis of quinizarin were studied by Xuan and et al [13]. The 
interaction between quinizarin and metal ions was studied by 
UV–Visible and fluorescence spectroscopies in solution and, the 
complex structures were confirmed by time-dependent density 
functional theory calculations [14]. In the present study we have 
calculated the optimized molecular geometries and vibrational 
analysis of isomers of dihydroxyquinone molecule using density 
functional theory (B3LYP) method with 6-31G (d,p) basis set to 
find out their ground state hydrogen conformations. 

COMPUTATIONAL METHOD
The optimized conformations and vibrational frequencies of 

dihydroxyquinones have been calculated by using DFT/B3LYP 
method at 6-31 G (d,p) basis set level. All the computations were 
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performed using Gaussian 03 program package on personal 
computer [15] and Gauss-View molecular visualization program 
[16]. The scale factor of 0.9613 was used for B3LYP with 6-31G 
(d,p) basis set [17]. The proposed vibrational assignments were 
made by inspection of each of the vibrational mode by Gauss-
View molecular visualization program.

RESULTS AND DISCUSSION 
Dihydroxyquinones are molecules having 26 atoms, and 

belong to the point group CS. The three Cartesian displacements 
of the 26 atoms provide 78 internal modes, namely; 

int 52 ' 26 "er. A AΓ = + .

From the character table for the CS point group, since 

trans. 2A' A"Γ = +  and root. 2A' A"Γ = + ,

we get

vib. 39 . rot.- 49A' 23A"trans Γ = Γ − Γ Γ = +

normal modes of vibration. All the vibrations are active both 
in infrared (IR) and Raman (R). For an N-atomic molecule, 2N-3 
of all vibrations is in plane and N-3 is out of plane [18]. Thus, for 
dihydroxyquinone molecules, 49 of all the 72 vibrations are in 
plane and 23 out of plane. Since the molecules belong to the CS 

group all the vibrations being anti-symmetric through the mirror 
plane of symmetry hσ  will belong to the species A′′ and the 
others being symmetric through hσ  belong to the species A′. 
Thus, since the compounds are planer all the vibrations of the 
A′ species will be in plane and those of the A′′ species will be out 
of plane. 

The ab initio optimized structures of all the possible hydrogen 
conformers of the isomers of dihydroxyquinone are illustrated 
in (Table 1-4). The tables also show the correlation factors for 
the experimental and calculated geometrical parameters (bond 
lengths and bond angles) and vibrational frequencies. The 
experimental vibration values of the compounds are taken from 
the web page of Rio-Db Spectral Database for Organic Compounds 
[19], and the experimental parameters form the literature [20-
24]. The correlation graphic at DFT 6-31G (d,p) level for alizarin 
are drawn in (Figure 1). In (Table 1- 4) are also given the sum 
of electronic and zero-point energies. As seen from these tables 
the correlation factors for the conformers with minimum energy 
of all the isomers are almost best. So, for all the compounds the 
preferential conformer in the ground state is the conformer with 
the doubly bonded O atom linked intramolecularly by the two 
hydrogen bonds. The tables also show the relative energies and 
the mean vibrational deviations ( aveν∆ ) between the calculated 

Figure 1 Correlation graphics between experimental and calculated vibration frequencies and geometric parameters for the ground state conformer 
of alizarin.

Figure 2 Atom numberings of the ground state hydrogen conformer of alizarin.
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Conformation

                I II III

Sum  of  electronic  and  zero 
point energy  (Hartree/particle) -839.061304 -839.052911 -839.038278

Relative energy (kcal/mol) 0.0 5.26 14.44

Vibrational deviation   ave
ν∆ 0.0 7.46 24.93

Correlation factor Frequencies 0.9885 0.9899 0.9976
Bond lengths 0.9676 0.9652 0.9803
Bond angles 0.9134 0.5047 0.4558

Table 1: Sum of electronic and zero point energies, relative energies and correlation factors for the possible conformations of alizarin, calculated at 
B3LYP [6-31G (d,p)].

Conformation

                I II III

Sum  of  electronic  and  zero point energy  
(Hartree/particle) -839.069404 -839.046979 -839.02363

Relative energy (kcal/mol) 0 14.06 28.70

Vibrational deviation   ave
ν∆ 0 21.38 21.85

Correlation factor Frequencies 0.9878 0.9996 0.9995
Bond lengths 0.9733 0.9682 0.9737
Bond angles 0.8300 0.7420 0.6499

Table 2: Sum of electronic and zero point energies, relative energies and correlation factors for the possible conformers of quinizarin, calculated at 
B3LYP [6-31G (d,p)].

Conformation

                                           
                I II III

Sum  of  electronic  and  zero 
point energy  (Hartree/particle) -839.068724 -839.049242 -839.026133

Relative energy (kcal/mol) 0 12.22 26.71

Vibrational deviation   ave
ν∆ 0 19.11 36.04

Correlation 
factor

Frequencies 0.9846 0.9976 0.9975
Bond lengths 0.9878 0.9817 0.9681

Bond angles 0.9175 0.8652 0.7630

Table 3: Sum of electronic and zero point energies, relative energies and correlation factors for the possible conformers of dantron, calculated at 
B3LYP [6-31G (d,p)].  
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Conformationt

                     
I II III

Sum  of  electronic  and  zero 
point energy  (Hartree/particle) -839.048803 -839.047633 -839.046533

Relative energy (kcal/mol) 0 0.734 1.423

Vibrational deviation   ave
ν∆ 0 3.04 5.88

Correlation 
factor

Frequencies 0.9803 0.9818 0.9816
Bond lengths 0.9817 0.9813 0.9814

Bond angles 0.8886 0.8684 0.8459

Table 4: Sum of electronic and zero point energies, relative energies and correlation factors for the possible conformers of anthraflavic acid, calculated 
at B3LYP [6-31G (d,p)].

Sym. Assignments
B3LYP 6-31G (d,p)

Exp.*

freq.(cm-1)
I II III

IR

A′ ν(OH) 3602 3670 3692

A′ ν(CH) 3371 3104 3129 3609

A′ ν(CH) 3100 3104 3105

A′ ν(CH) 3194 3101 3099

A′ ν(CH) + ν(OH) 2955 3089 3098 3096

hσ ν(OH) + ν(CH) 2925 3083 3081 3078

A′ ν(CH) + ν(OH) 2864 3081 3067 3064

A′ ν(CH) 2731 3068 3048 3052

aveν∆ ν(C=O) 1664 1677 1676 1686

A′ ν(C=O) + δ(OH) + ν(C-OH) 1633 1629 1633 1675

A′ ν(ring) + δ(CH) + δ(OH) 1588 1585 1585 1585

A′ ν(ring) + δ(CH) + δ(OH) 1580 1579 1582

A′ ν(ring) + δ(CH) + δ(OH) 1577 1569 1574

A′ ν(ring) + δ(CH) 1560 1561 1566

A′ ν(ring) + δ(CH) + δ(OH) + ν(C=O) 1462 1468 1468 1471

A′ δ(CH) + ν(ring) + δ(OH) 1457 1462 1461

A′ δ(OH) + ν(ring) + δ(CH) 1450 4561 1447

A′ ν(ring) + δ(CH) 1437 1436 1434

A′ ν(ring) + δ(OH) + δ(CH) 1377 1396 1374 1361

A′ ν(ring) + δ(CH) + δ(OH) 1350 1346 1350 1324

A′ ν(ring) + δ(CH) + δ(OH) 1331 1324 1327 1296

Table 5: Experimental and calculated vibration frequencies of the possible conformers of alizarin.
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A′ ν(C-OH) + δ(OH) + δ(CH) + δ(ring) 1316 1324 1294

A′ ν(C-OH) + δ(CH) + δ(ring) + δ(OH)  1298 1286 1282 1269

A′ δ(CH) + δ(OH) + ν(ring) 1271 1271 1277 1261

A′ δ(OH) + δ(CH) 1245 1246 1235

A′ δ(OH) + δ(CH) 1199 1209 1204 1178

A′ δ(CH) + δ(OH) 1185 1177 1173 1164

A′ δ(CH) + δ(OH) 1165 1148 1139

A′ δ(CH) 1140 1139 1131

A′ δ(CH) 1130 1135 1123

A′ δ(CH) + δ(ring) 1047 1073 1074 1074

A′ δ(CH) 1033 1031 1029 1026

A′ δ(CH) + δ(ring) 1013 1014 1016 1001

A′ δ(CH) + δ(ring) + δ(C-OH) 996 998 989

A ′′ γ(CH) 979 978 977

A ′′ γ(CH) 958 958 959

A ′′ γ(CH) 938 921 923

A ′′ γ(CH) 888 887 887

A′ δ(ring) + δ(C=O) 896 873 875 873

A ′′ γ(CH) + γ(OH) 848 832 826 806

A′ δ(ring) + γ(C=O) 829 818 813 802

A ′′ γ(OH) + γ(CH) 812 809 783

Table 5: Continued.

A ′′ γ(CH) + γ(OH) + γ(ring) 763 780 779 769

A ′′ γ(CH) + γ(ring) 757 759 760 733

A′ δ(ring) 749 737 736 711

A ′′ γ(CH) + γ(ring)  714 706 707 686

A ′′ γ(ring) 676 676 686 668

A′ δ(ring) + δ(C=O) + δ(C-OH) 661 670 668 648

A ′′ γ(ring) 649 656 646

A′ δ(ring) 647 647 601

A′ δ(ring) + δ(C-OH) 621 604 603 560

A′ δ(ring) 582 562 559 559

A ′′ γ(ring) 557 559 492

A ′′ γ(OH) 487 495 484 481

A ′′ γ(OH) + γ(ring) 474 473 467

A′ δ(ring) + δ(OH) 469 457 447

A′ δ(ring) + δ(C-OH) 458 441 436
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A ′′ γ(ring) 439 414 412

A ′′ γ(ring) 412 411 381

A′ δ(C=O) + δ(ring) 410 380 371

A′ δ(ring) + δ(C-OH)  381 380 341

A′ δ(C-OH) + δ( C=O) 335 336 328

A ′′ γ(ring) + γ(C-OH) 327 325 313

A′ δ(ring) 316 316 279

A′ ρ(OH) + ρ(C=O) + ρ(ring) in the plane 278 284 264

A ′′ w(ring) + w(OH) 248 245 233

A′ ρ(ring) in the plane 187 191 184

A ′′ w(ring) + w(C=O) + w(C-OH) 177 173 172

A ′′ ρ(ring) out of plane + w(C-OH) + w(C=O) 140 138 121

A ′′ ρ(ring) + w(C-OH) + w(C=O) 122 121 114

A ′′ ρ(ring) out of plane 92 91 73

A ′′ w(ring) 48 46 35

 ν: stretching; δ: bending; γ: out of plane bending; ρ: rocking; w: wagging.
     *Taken from Ref. [15].

Bond lengths (A) Exp.*
B3LYP 6-31G (d,p)

I II III
C1-C2 1.399 1.416 1.423 1.415

C1-O1 1.343 1.347 1.334 1.349

O1-H1 0.998 0.995 0.971

C1-C11 1.403 1.411 1.407

C2-O2 1.352 1.356 1.371

O2-H2 0.972 0.967 0.965

C2-C3 1.397 1.390 1.390 1.387

C3-H3 1.085 1.088 1.088

C3-C4 1.365 1.399 1.399 1.394

C4-H4 1.084 1.084 1.084

C4-C12 1.379 1.392 1.388 1.393

C12-C11 1.421 1.422 1.422

C12-C10 1.495 1.481 1.483 1.490

C10-O10 1.214 1.228 1.228 1.228

C10-C14 1.469 1.497 1.494 1.487

C14-C13 1.410 1.409 1.406

C14-C5 1.398 1.398 1.400

C5-H5 1.085 1.085 1.085

C5-C6 1.399 1.393 1.393 1.391

C6-H6 1.086 1.066 1.086

C6-C7 1.397 1.399 1.400 1.400

C7-H7 1.086 1.086 1.086

C7-C8 1.365 1.392 1.392 1.392

Table 6: Experimental and calculated bond lengths of the possible conformers of alizarin.
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C8-H8 1.084 1.084 1.085

C8-C13 1.400 1.400 1.400

C13-C9 1.495 1.481 1.484 1.499

C9-O9 1.214 1.248 1.247 1.224

C9-C11 1.469 1.465 1.466 1.491
*Taken from Ref. [16].

Bond angles (o) Exp.*
B3LYP 6-31G(d,p)

I II III
C1-O1-H1 105.7 105.8 107.3

O1-C1- C11 123.8 123.3 122.3

C2-C1-C11 120.1 120.1 119.0 119.3

C2-C1-O1 116.1 117.7 118.3

C1-C2-C3 119.4 119.8 119.8 121.5

C1-C2-O2 119.2 116.2 114.4

C2-O2-H2 107.3 109.2 110.3

O2-C2-C3 120.9 124.0 124.4

C2-C3-C4 120.2 121.0 119.4

C2-C3-H3 118.6 119.1 119.9

C4-C3-H3 121.2 119.9 120.7

C3-C4-C12 120.8 120.3 120.4

C3-C4-H4 120.8 121.1 121.3

C12-C4-H4 118.3 118.6 118.3

C4-C12-C10 119.8 119.1 117.3

C4-C12-C11 119.6 119.7 121.0

C10-C12-C11 119.6 120.6 121.1 121.8

C12-C10-C14 117.3 117.3 117.7

C12-C10-O10 122.0 121.8 121.2

C14-C10-O10 120.7 120.9 121.1

C10-C14-C13 121.0 121.5 121.2 120.8

C10-C14-C5 119.0 119.1 119.2

C5-C14-C13 119.1 119.5 119.6 120.0

C14-C5-C6 120.2 120.2 120.1

C14-C5-H5 118.1 118.1 118.2

C6-C5-H5 121.7 121.7 121.7

C5-C6-C7 119.4 120.2 120.2 120.0

C5-C6-H6 119.8 119.9 120.0

C7-C6-H6 119.9 119.9 120.0

C6-C7-C8 120.1 120.1 120.2

C6-C7-H7 120.0 120.0 119.9

C8-C7-H7 119.9 119.9 119.9

C7-C8-C13 119.1 120.0 120.0 120.2

C7-C8-H8 121.5 121.5 121.7

C13-C8-H8 118.5 118.5 118.1

C8-C13-C9 119.4 119.3 118.4

C8-C13-C14 120.0 119.9 119.5

C9-C13-C14 119.6 120.6 120.9 122.0

Table 7: Experimental and calculated bond angles of the possible conformers of alizarin.
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C13-C9-C11 116.6 116.2 118.4 117.3

C13-C9-O9 120.7 120.2 119.9

C11-C9-O9 121.1 121.1 120.4 122.7

C9-C11-C12 121.0 121.8 121.1 120.4

C9-C11-C1 118.8 118.8 121.1

C1-C11-C12 119.1 119.4 120.1 118.5
* Taken from Ref. [16].

vibrational frequency values of the conformers. The relative 
energy values and vibrational deviations are respect to the 
conformer with minimum energy. As seen, the mean vibrational 
deviation increases while the relative energy increases. This is an 
expected result since the more different the molecular structure 
of the conformer is the higher the relative energy is between 
them, and so a bigger mean vibrational deviation occurs. This 
comment has also been given for pyridine carboxaldehyde and 
difluorobenzaldehyde molecules in our previous studies [25,26].

The resulting vibrational frequencies and proposed vibrational 
assignments for all the possible conformers of alizarin are given 
in (Table 5). The table also shows the experimental vibrations 
of the compounds. The proposed vibrational assignments in 
the table well correspond to the assignments given in [27]. The 
calculated vibrations are scaled and their symmetry species are 
written in the first column of the table. As we said before, the 
vibrations in plane belong to the A′ species and the ones out of 
plane to the A′′ species. This was corrected by means of the visual 
inspection of all the vibrations. 

Table 6, 7 shows the calculated optimized structure 
parameters (bond lengths and bond angles, respectively) for all 
the possible conformers of alizarin isomer of the title molecule, 
in corresponding to the atom numberings in (Figure 2). As seen 
the parameters in the tables are close to their corresponding 
experimental values. 

CONCLUSION
In this study the ground state hydrogen conformers of the 

isomers of dihydroxyquinone were investigated using density 
functional theory (B3LYP) method with 6-31G (d,p) basis set. 
As expected for the conformers with minimum energy of all the 
isomers the best correlation factors between the experimental 
and calculated geometrical parameters (bond lengths and 
bond angles) and vibrational frequencies were obtained. It was 
concluded that all the isomers exist with the doubly bonded O 
atom linked intramolecularly by the two hydrogen bonds in the 
ground state. The vibrational analysis of the conformers of all the 
isomers of the compound was made. The proposed vibrational 
assignments and their symmetry species and optimized 
geometry parameters for all the possible conformers of alizarin 
were written. It was also seen that the mean vibrational deviation 
between the calculated vibrational frequency values of all the 
conformers of the isomers increases while the relative energy 
increases. Therefore it was emphasized that the more different 
the molecular structure of the conformers is the higher the 
relative energy is between them, and so, a bigger mean vibrational 
deviation arises. 
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