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Abstract

C.I. Pigment Red 209 (PR209) is a mixture of three kinds of isomeric dichloroquinacridones, 3,10-, 1,8-, and 1,10-derivatives. The colorant
has attracted attention for its yellow shade of red, which is unusual for a quinacridone pigment. Elucidation of the pigment’s crystal structure
revealed that, of the three derivatives, only 3,10-DCIQA was isolated as single crystals. X-ray analysis showed that 3,10-DCIQA crystallizes in
P 1 space group and that NH---O intermolecular hydrogen bonds in the [110] direction and which constitute a two-dimensional, hydrogen bond
network. However, whilst 3,10-DCIQA was found to lack the yellowish hue of PR209, the color can be attributed to 1,8- and 1,
10-DCIQAs which possess absorption bands at shorter wavelengths than 3,10-DCIQA.
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1. Introduction

Quinacridones (QAs) are industrially important hydrogen-
bonded red pigments [1] that exhibit a wide range of red
hues, varying from vivid red to bluish red, depending upon
their crystal phases. Of these, C.I. Pigment Red 209 (abbrevi-
ated as PR209) has stimulated much interest because of its yel-
lowish red shade, which is unusual for a QA pigment. PR209
is a mixture of three kinds of isomeric dichloroquinacridones
that are formed during its synthesis namely, 3,10-, 1,8-, and
1,10-derivatives (Figs. 1 and 2) [2] of which, 3,10-dichloroqui-
nacridone (3,10-DCIQA) is known to be the major component
and the ratio of these isomers depends on reaction conditions
and starting materials [2].

This paper concerns the elucidation of the crystal structure
of PR209 so as to clarify the yellowish component in PR209 in
accordance with our previous work on molecular arrangement
[3—8].
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2. Experimental
2.1. Materials and crystal growth

PR209 was obtained from Dainippon Ink and Chemicals,
Inc and was purified by sublimation, using a two-zone furnace
[9]. Single crystals were grown from the vapour phase at
743 K and, after 24 h, a number of red needle-shaped single
crystals were obtained.

2.2. Equipment and measurements

Both diffuse reflectance spectra and spectra in dimethyl
sulfoxide (DMSO) were recorded on a UV-2400PC spectro-
photometer (Shimadzu), the former measurements were re-
corded using an ISR-240A integrating sphere attachment.
The reflectance spectra of single crystals were measured using
a UMSP80 microscope—spectrophotometer (Carl Zeiss); an
Epiplan Pol (x8) objective was used together with a Nicol-
type polarizer. Reflectivities were corrected relative to the re-
flectance standard of silicon carbide.
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Fig. 1. Molecular structure of 3,10-DCIQA. The dotted line denotes the tran-
sition dipole (u) as deduced from MO calculations.

2.3. Molecular orbital calculations

Geometry optimization was carried out using the density
functional method with B3LYP hybrid functional [10,11] to-
gether with 6-3114-G(d,p) basis set using the Gaussian 03
suite of programs [12]. Absorption bands were calculated
based on the time dependent density functional theory (TD-
DFT) using the 6-311+G(d,p) basis set in combination with
the polarizable continuum model (PCM) of Tomasi et al.
[13] to include solvent effects. With regard to a larger basis
set, neither an additional diffuse function on hydrogen atoms
nor a larger polarization function was effective.

3. Results and discussion
3.1. Crystal structure of 3,10-DCIQA

While single crystals were obtained by sublimation of
PR209, which is composed of 3,10-, 1,8-, and 1,10-derivatives,
the crystals were found to be 3,10-DCIQA. Table 1 shows the
crystallographic parameters [14]. Fig. 3 shows the ORTEP plot
of the molecule from which it is apparent that the molecule
has inversion symmetry. The quinacridone skeleton is entirely
planar as indicated by the root mean square deviation of ca.
0.02 A from the least-squares plane of the rings defined by
atoms C1—C10 and N1. However, the carbonyl O atom devi-
ates slightly (0.140(3) 10\) from the QA skeleton towards the
NH group of the neighbouring molecule, probably due to the
formation of the NH---O intermolecular hydrogen bond.
This tendency is also found in the red phase of 2,9-dichloro-
quinacridone [15] and 2,9-dimethylquinacridone [16].

As shown in Fig. 4(a), NH---O intermolecular hydrogen
bonds lie in the [110] direction in which one molecule is bound
to two neighbouring molecules through four hydrogen bonds.
The H/O and N/O distances in the hydrogen bond were
2.12 A and 2.873(4) A, respectively, and the angle formed by
the N, H, and O atoms was 159.4°. This suggests that the
NH---O hydrogen bond is quite strong; furthermore, there is
a small step of ca. 0.55 A between the two molecular planes
of the hydrogen-bonded molecules as shown in Fig. 4(b). These
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Fig. 2. Reaction scheme for the preparation of 3,10-DCIQA.

Table 1
Crystallographic parameters of 3,10-DCIQA

Molecular formula CyoH;¢CLLN,0,

Molecular weight 381.20
Crystal system Triclinic
Space group P1

VA 1

a (A 3.7635(13)
b (A) 5.853(2)
¢ (A) 16.746(6)
a () 85.20(2)
8 () 83.79(2)
v (©) 89.32(2)
V (A% 365.4(2)
R, 0.057
Deaiea (Mgm™) 1.732

T (K) 93(1)

features are quite similar to those observed for the red phase of
2,9-dichloroquinacridone [15] and 2,9-dimethylquinacridone
[16].

3.2. Characterization of PR209 in solution

Table 2 shows the calculated absorption bands and oscilla-
tor strengths for 1,8-, 1,10-, and 3,10-DCIQAs in DMSO; all
bands can be attributed to HOMO/LUMO 7t—7t* transitions.
The direction of the transition dipole is perpendicular to the
long-molecular axis as shown in Fig. 1. The absorption bands
appear at about 508 nm for 1,8-DCIQA, 502 nm for 1,10-
DCIQA, and 497 nm for 3,10-DCIQA, respectively, suggesting
that all the isomers have nearly the same solution spectra. In-
deed, the calculated bands agree well with the solution spec-
trum of PR209 in DMSO shown in Fig. 5.

Fig. 5 shows the solution spectrum of PR209 in DMSO. A
progression of the absorption bands was observed, starting at
ca. 523 nm towards shorter wavelengths. Furthermore, the ab-
sorption edge of the longest-wavelength band was quite steep
and all bands were almost equally spaced. This indicates that
a single electronic transition is coupled with vibrational transi-
tions and that the absorption bands can be accordingly assigned
to the 0—0, 0—1, and 0—2 bands as designated in Fig. 5.

3.3. Characterization of 3,10-DCIQA in single crystals

3.3.1. Polarized reflection spectra measured
on single crystals

Fig. 6 shows the polarized reflection spectra measured in
the (001) plane of single crystals of 3,10-DCIQA together
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Fig. 3. ORTEP plot for the molecule of 3,10-DCIQA.
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Fig. 4. (a) Top view of the two hydrogen-bonded molecules. The dotted line
denotes intermolecular N—H---O hydrogen bonds and (b) side view of the
two hydrogen-bonded molecules, showing a small step of ca. 0.55 A.

with its projection of the crystal structure. A prominent reflec-
tion band appears around 558 nm together with two small
bands around 484 and 518 nm for polarization parallel to the
direction of the hydrogen bond (Fig. 6(b)). In contrast, these
bands are completely quenched perpendicular to this direction.
These results clearly indicate that the direction of the transi-
tion dipole points along the intermolecular hydrogen bond in
accord with the direction deduced from MO calculations and
that all the reflection bands belong to a single w—m* elec-
tronic transition. It is also important to note that the spectral
shape in the solid state (Fig. 6(a)) is quite similar to that of
the solution (Fig. 5) and the number of absorption bands is
the same. Hence, one-to-one correspondence of the absorption
bands between the solution and solid state spectra is possible,
indicating that the molecular nature is well preserved even in
the solid state and that the solid state spectrum can be pictured
as a bathochromically-displaced spectrum of that in solution.

The intensity of the band around 484 nm was too small to
contribute a yellowish hue to PR209, suggesting that the

Table 2

Calculated absorption bands and oscillator strength for 1,8-, 1,10-, and 3,10-
DCIQAs in a DMSO solution with the time dependent density functional
theory at the B3LYP/6-311+G(d,p) level in combination with Tomasi’s polar-
izable continuum model

Compound Amax (nm) Oscillator strength (f)
1,8-DCIQA 507.68 0.13
1,10-DCIQA 502.27 0.12
3,10-DCIQA 496.87 0.11
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Fig. 5. Solution spectrum of PR209 in DMSO.
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Fig. 6. (a) Polarized reflection spectra measured on the (001) plane of single
crystals of 3,10-DCIQA and (b) projection of the crystal structure onto the
(001) plane. The thick solid line denotes the transition dipole (1), while the
intermolecular hydrogen bonds are designated by dotted lines.
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pigment’s characteristic yellowish red shade is due to 1,8- and
1,10-DCIQA.

3.3.2. Bathochromic shift upon crystallization

Bathochromic shifts upon crystallization are often observed
in QA compounds and are considered to arise from interac-
tions between transition dipoles [3]. The NH---O intermolecu-
lar hydrogen bonds between the NH group of one molecule
and the O atom of a neighbouring group align the two mole-
cules in a ‘“head-to-tail”” fashion which imparts maximum
bathochromic shift. This interaction is typical within dye
and pigment systems, in which the absorption coefficient of
the component molecule is high and the molecules are period-
ically arranged [3—8]; the outline is described below.

The interaction energy (AEqxciton) 1S given by the dipole—
dipole equation [17,18]: AEexciton = |1t|*(1 — 3 cos® )/r°,
where the transition dipole is denoted by u and the distance
and angle between two transition dipoles by r and 6, respec-
tively. As is evident from this equation, the overall shift energy
is determined by the strength of the interneighbour coupling
(|,u|2) (i.e. is proportional to the absorption coefficient of the
molecule) as well by the mutual relative orientation of the
transition dipoles. In other words, the term (1 —3 cos” 0)/1’3
determines the geometrical relationship of the transition di-
poles correlated with the crystal structure. Since this term falls
off as the inverse cube of distance, most of the interaction will
come from nearest neighbours. The bathochromic or hypso-
chromic shift depends on the critical angle 6 =54.7° (i.e.
AE . ciion = 0), below which, the bathochromic shift will result
and above which the hypsochromic shift will occur. The max-
imum bathochromic shift arises when the transition dipoles are
arranged in a “‘head-to-tail” manner.

As seen from Fig. 6(b), the NH---O intermolecular hydro-
gen bond aligns the molecules in a near “head-to-tail”” fashion
(i.e. 8 = 0) which induces maximum bathochromic displace-
ment. Furthermore, the molar extinction coefficient (which is
proportional to | ,u|2) of the component molecule was as high
as 14000 (Fig. 5); in addition, the center-to-center distance be-
tween two transition dipoles is relatively short (6.92 A). Due
to these parameters, a large bathochromic shift is expected
to occur in 3,10-DCIQA.

3.4. Characterization of PR209 in the solid state

3.4.1. Powder X-ray diffraction diagrams

Fig. 7 shows the powder X-ray diffraction diagram for
PR209 and the simulated diffraction diagram of 3,10-DCIQA
based upon structural analysis described in Section 3.1. The
two diagrams are strikingly different and only a few peaks
can be assigned to 3,10-DCIQA; the unassigned peaks may
be attributed to other derivatives other than 3,10-DCIQA or
due to their solid solution.

3.4.2. Diffuse reflectance spectrum

The diffuse reflectance spectrum of powdered PR209
(Fig. 8) shows three characteristic bands in the visible region
(540, 520, and 475 nm), of which the one around 520 nm
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Fig. 7. X-ray diffraction diagrams: (a) powdered PR209 and (b) simulated dif-
fraction diagram of 3,10-DCIQA based upon the structure analysis.

was strongest. The absorption shoulder around 475 nm is
evidently responsible for the yellowish hue of PR209. The
spectral shape as well as the position and intensity of the ab-
sorption bands are appreciably different from those in the
polarized reflection spectra of 3,10-DCIQA (Fig. 6(a)), indi-
cating that PR209 includes additional compounds other than
3,10-DCIQA.

3.4.3. Yellowish shade in PR209

One of the appealing features of PR209 is its yellowish
shade of red, which is unusual for a quinacridone pigment.
The yellowish shade means that there is an absorption around
480 nm and this is clearly observed in PR209 (Fig. 8), whereas
this component is missing in 3,10-DCIQA (Fig. 6(a)). Further-
more, the diffraction diagram of powdered PR209 differs
significantly from that of the simulated diagram based upon
X-ray structural analysis of 3,10-DCIQA. In this context, we
propose the following explanation which may help in develop-
ing an understanding of the mechanism of the yellowish
component. The discussion focuses on 1,8- and 1,10-deriva-
tives (Fig. 1); the Cl-substituent at the 1-position in these
derivatives is likely to hinder or weaken the formation of the

Optical density (arb. units)

L 1 L 1 n
400 500 600 700

Wavelength (nm)

Fig. 8. Diffuse reflectance spectrum measured on powdered PR209.
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NH---O hydrogen bond due to steric hindrance in comparison
with that of the 3-position in 3,10-DCIQA. This will pro-
foundly influence the geometry of the hydrogen bond, which
governs, directly, the extent of the bathochromic shift due to
excitonic interactions. This weakening of the NH---O hydro-
gen bond caused by steric hindrance induces a smaller batho-
chromic shift compared with that of 3,10-DCIQA (Fig. 6(a)).
As a consequence, the complete spectrum shown in Fig. 6(a)
is displaced towards shorter wavelengths, for example, by
about 20 nm so that the longest-wavelength band occurs
around 520 nm. The superposition of this displaced spectrum
(assumed for 1,8- and 1,10-derivatives) and the spectrum of
3,10-DCIQA (Fig. 6(a)) gives approximately Fig. 8. The
band around 480 nm is due to the second-strongest band of
the assumed spectrum of 1,8- and 1,10-derivatives.

4. Conclusions

The electronic structure of PR209 has been investigated on
the basis of its crystal structure. Single crystals of 3,10-DCIQA
were isolated when PR209 was sublimed under vacuum. 3,10-
DCIQA is found to crystallize in the P 1 space group and chains
of NH---O hydrogen bonds lie in the [110] direction, constitut-
ing a two-dimensional network. A large bathochromic shift of
3,10-DCIQA was observed upon crystallization. This can be
considered to arise from interactions between transition dipoles
arranged in an almost “‘head-to-tail” fashion due to the NH---O
hydrogen bonds. 3,10-DCIQA was found to lack absorption
around 480 nm that lends a yellowish red color to PR209.
This component is presumably provided by 1,8- and 1,10-
DCIQAs whose absorption bands appear at shorter wavelengths
than those of 3,10-DCIQA due to weakening of the NH---O hy-
drogen bonds caused by steric hindrance of the
Cl-substituent located at the 1-position of the 1,8- and 1,10-
derivatives.
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