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The solvatochromism of five anthraquinone compounds was evaluated at the TD-B3LYP level using the 6-
31G(d,p) basis set whilst packing effects were investigated via an approach that combined semi-
empirical and ab initio methods, namely ZINDO/TD-B3LYP/6-31G(d,p). This enabled calculation of the
colourant’s Amax With an average accuracy of 0.14 eV. The packing effects induced large changes in the
UV/VIS spectra of the anthraquinones; large bathochromic and hyperchromic displacements were

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Anthraquininoid compounds constitute one of the most popular
classes of dyes and pigments, representing ~30% of global col-
ourant production. These compounds owe this popularity due to
their abilities to provide a broad range of colours and a capacity to
show long wavelength absorption bands. For instance, 9,10-
anthraquinone (AQ) 1 (Fig. 1) derivatives can give rise to a large
panel of shades, depending on the nature of the side groups. In
addition, AQ derivatives also enter the composition of well-known
vegetals and can be used to design new drugs. As a consequence,
there is an intensive research aiming at designing new AQs, and
rationalizing their properties. The organic pigments, especially
carbonyls, are in general characterised by larger colour strengths
and brightnesses than the inorganic class of pigments, though the
former suffer fickle fastness properties [1,2].

The electronic excitation responsible for the colour of anthra-
quinones is mainly associated to a HOMO-LUMO transition, and
presents the m-m" nature that is typical of conjugated organic
molecules. It can be considered that the C=O0 groups are the
active chromophores for which the zwitterionic limiting structures
(C*-07) predicted by resonance structure theory have a larger
weight in the excited state [3]. The magnitude of the charge sepa-
ration as well as its stabilisation is directly related to the position
and the height of the absorption band. Several factors that would
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favour a zwitterionic structure can be assessed. For instance, by
grafting amino auxochromes in 1,4,5 or 8 positions of AQ, one
stabilizes the C*-O~ form due to hydrogen bonds formation [4].
Apart from these auxochromic effects, the visible spectra of AQ may
be strongly affected by the nature of the surroundings of the
molecule. In this work, we particularly focused on the solvent (the
dielectrical medium stabilizes the excess charge of the carbonyl
moeities) and the packing effects (introducing stronger specific
intermolecular interactions) on the visible spectra of AQ.

While the methodology used for the evaluation and prediction
of the maximum wavelength of absorption (Anax) of AQ dyes in
solution is now well established [5-7], there is, to our knowledge,
still no consistent procedure designed to evaluate the Apax (in the
visible spectrum) of AQ pigments. We have therefore established
a supermolecular approach to mimic the model crystal behaviour.
The scheme allows to take into account the specific effects due to
the intermolecular interactions but suffers important computa-
tional costs, which inevitably imply to resort to semi-empirical
approaches. Indeed, our supermolecule technique combines the
ZINDO [8,9] and the TD-DFT [10-16] schemes to quantify the crystal
packing effects on the visible spectra of 1,4-diOH-AQ, 1,4-diNH;-AQ,
1-NHMe,2-Me-AQ, 1-OH,4-NH(p-tolyl)-AQ, and the 1-NH4-
NHPh-AQ for which the experimental pigments spectra are
available [17]. Difficulties could arise when extrapolating the
results obtained from clusters of finite size to the conceptually
infinite crystal, although we show that a proper description using
1- D components (constituted by clusters of 2 unit cells) is already
sufficient to evaluate semi-quantitatively the packing effects on
the Amax.
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Fig. 1. Sketch of the anthraquinone (AQ) and numbering.

2. Computational procedure

All calculations have been performed with the Gaussian 03 [18]
suite of programs and the computational scheme is organized in
two parts.

2.1. Solvatochromism

In a first step, we evaluate solvatochromism effects by calculating
the Amnax difference between the isolated and solvated dye. The UV/VIS
spectra have been calculated at the TD-B3LYP/6-31G(d,p) level
[19,20], which is recognized to be adequate for AQs [5-7]. For the
isolated systems, we first perform a so-called gas-phase calculation
on the molecules with the experimental crystal geometry whereas,
for liquid-phase calculations, the ground state structures of the dyes
have been optimized at the DFT/B3LYP level. Following each optimi-
zation, the vibrational spectrum has been determined and it has been
systematically checked that all vibrational frequencies are real. The
bulk solvent effects are taken care off in the TD calculations by using
the non-equilibrium Polarizable Continuum Model (PCM) solutions
[12,21,22]. In this model, the system is divided into a solute part (the
dye) lying inside a cavity, and a solvent part represented as a struc-
tureless material and characterised by its dielectric constant as well as
other macroscopic parameters. i-Propanol is the experimentally used
solvent and as the characteristics of this solvent are not available in
the standard Gaussian 03 version, we entered the relevant values for
the relative dielectric constant, ¢; (EPS = 20.18) as well as the relative
dielectric constant at infinite frequency, ¢, (EPSINF = 1.896), to stick
to the experimental conditions [23].

2.2. Solid-state effects

The evaluation of the pigments Apnax follows a two-step
methodology:

(1) The crystal structures of the compounds are available in
the Cambridge Structural Database (CSD Version 5.28, 11/
2006). The ref codes corresponding to 1,4-diOH-AQ; dihydrated
1,4-diNH,-AQ; 1-NHMe,2-Me-AQ; 1-OH,4-NH(p-tolyl)-AQ;
and 1-NH;,4-NHPh-AQ are DHXANT (Z, the number of mole-
cules in the unit cell is 4 and the space group is P21/a) [24];
GICXOF (Z=4, Pnma) [25]; XAPBIZ (Z=2, P-1) [26]; WISKIS
(Z=4, P21) [27]; and FUFDUF (Z =4, P21/c) [28], respectively.
For all five systems, the R factor is lower than 0.07, ensuring the
reliability of the crystallographic structures [29]. As an
example, Fig. 2 depicts the orientation of the g, b, and c crys-
tallographic axes for the (2H,0)1,4-diNH»-AQ and 1,4-diOH-AQ
unit cell (UC). Note that most H atoms can generally be located
in difference Fourier maps after refinement. The remaining H
atoms are calculated geometrically (using the SHELXL97 soft-
ware [30]) and restrained to ride on their parent atoms.

(2) The evolution of the pigment Amayx is provided on the energetic
scale (i.e., in eV) by the relation:

APENNt (i m) = DT (0,0) + AANCO (n, m) (1)

Fig. 2. Crystallographic axes a (in red), b (in green), and c (in blue) associated to the
Pnma (2H,0) 1,4-diNH,-AQ (top) and the P21/a 1,4-diOH-AQ (bottom) unit cell. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

In this mixed ab initio/semi-empirical scheme, we calculate the
displacement factor (DF) AAmax (n,m) of the maximum wavelength
of absorption induced by the increase of the cluster size. Because of
the large cluster sizes considered, the DF is calculated at the semi-
empirical level with ZINDO. The excitation energy of the pigment
JRigment j¢ then obtained by adding the global AZ4NPO (n,m) to the
gas-phase B3LYP Amax (0,0) of the isolated molecule. In Eq. (1), the
final sign of + is +(—) when the global crystal packing effect is
hypsochromic (bathochromic).

The description of 1D packing effects is noted by the growth
index GI(n) (for a growth of the crystal following the a or b or ¢
axis). More precisely, n=0 corresponds to one isolated molecule,
n =1 is associated to one UC and n = 3 corresponds then to a 3 UCs
cluster. The description of 2D packing effects is noted by the GI(m)
(for a growth of the crystal following the ab or ac or bc planes). Note
that in the 2D context, m = 0 corresponds to one isolated molecule.
Fig. 3 illustrates the growth of a crystal following the b axis and the
bc plane; this figure shows that m = 1 corresponds to four UCs. For n
superior or equal to 2, the global packing shift is calculated using:

2 2 2
1/ (82280 )2 (42280 ) (2280 ) @)
whereas for m > 1, the AZZNPO is provided by:
ZINDO 2 ZINDO 2 ZINDO 2
J (AR m)) "+ (MR m)). +(AENCm)  (3)

We provide in Fig. 4 a representation of our procedure: as an
example, for a 1D growth of the crystal, the packing effects can be
dissociated into three components (three vectors): (Aﬁﬁl:)? O(n))a,
(ANZNDO gy, (AAZNDO (1)) . The resulting vector therefore corre-

sponds to the global packing effects (dotted vector).
3. Results
3.1. Solvatochromism

A characteristic feature of the absorption spectra of numerous
AQ derivatives is the existence (in the long wave band) of several
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Fig. 3. Illustrative example of a growth of a UC crystal following the b axis (up, n=1)
and bc plane (down, m=1).

maxima resulting from vibrational coupling. That is, the distance
between two neighbouring peaks generally sticks to infrared
frequencies. As an example, the separation is 1240 cm~! for 1,4-
diNH»-AQ and 1160 cm ™! for 1-NHa,4-NHPh-AQ. This is close to the
typical 1250 cm™! stretching typical of a secondary amino side
group. Though, the computation of Franck-Condon factors, which
would be required for the full description of such phenomena, lies
far outside the scope of the present study.

In Table 1, we compare the Amax calculated in the gas- and liquid-
phases. Note that, for all five compounds, the B3LYP/6-31G(d,p)
gas-phase geometries provide TD-EEs that are identical to the ones
calculated with the X-ray geometries.

Our results indicate that a large dielectric constant proportion-
ally stabilizes the excited states more than it does for the ground
state, consequently decreasing (increasing) the EE (Amax). The
amplitude of this positive solvatochromism is particularly large
for the amino derivatives, whereas for 1,4-diOH-AQ, the
dielectric medium has a much smaller impact. As an example, for

Geometric Referential Energetic Referential

a (A (m),

>
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Fig. 4. Illustration of the procedure used for the evaluation of the packing effects: on
the right, we depict the growth of the crystal following the three crystallographic axes
a, b and ¢ (geometric referential), whereas, on the left, we show the resulting AAZNPO
displacement of the dye UV/VIS spectrum (energetic referential). In this illustration,
n=2 and the (0,0,0) coordinate in the energetic referential corresponds to the

JDBR(0,0),

Table 1

Solvent effects on the visible spectra (Amax of absorption in nm and oscillator
strength f) of selected five anthraquinone (AQ) derivatives. Liquid-phase calculations
have been performed at the PCM-TD-B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p) level of
theory. Gas-phase TD-B3LYP/6-31G(d,p) and ZINDO calculations have been per-
formed using the experimental X-ray geometry.

Amax (f) Exp. [17]
Compounds TDDFT ZINDO

Isolated i-Propanol i-Propanol
1,4-diOH-AQ 469 (0.17) 471 (0.22) 411 (0.33) 471
1,4-diNH,-AQ 494 (0.18) 539 (0.24) 445 (0.37) 525-554
1-NHMe,2-Me-AQ 485 (0.12) 503 (0.16) 394 (0.27) 503
1-OH,4-NH(p-tolyl)-AQ 540 (0.20) 592 (0.28) 445 (0.34) 564-579
1-NH,,4-NHPh-AQ 537 (0.22) 584 (0.31) 458 (0.35) 575-616

1,4-diNH,-AQ, the solvatochromic shift is +45 nm whereas it is only
+2 nm for the dihydroxy derivative. For this last compound, we
identified a short H bond [-C=O0---H-0-] length: 1.66 A, vs the
[-C=0---H-N-] 1.93A in 14-diNH,-AQ. That is, the H bond
induced by grafting hydroxyl groups at positions 1 and 4 on the AQ
core is stronger and constitutes the main effect, while the change in
the dielectric surroundings can only slightly tune the visible
spectrum of 1,4-diOH-AQ. Note that, in 1,4-diNH,-AQ case, the
amino auxochrome is planar (i.e., more formally, the NH, lone pair
is delocalized in the AQ core, partly explaining the highest sensi-
tivity of the amino derivatives to the change of the dielectric).

The introduction of the solvent reaction field in the TD scheme
leads to a strong hyperchromic shift of the absorption spectrum of
all AQs. The increase is 35% in average, the strongest modifications
being recorded for 1-OH,4-NH(p-tolyl)-AQ and 1-NH;,4-NHPh-AQ
with an increase of 40%. This increase of the transition probabilities
can be explained as follows: considering the C=0 groups as active
chromophores, it means that the ground state structure is close to
the excited state characteristics (i.e., C*-07).

From the results listed in Table 1, we show that ZINDO
systematically overestimates the vertical energies by 97 nm (in
average). The gas-phase TD-DFT scheme provides an intermediate
MAE (Mean Averaged Error) of 23 nm. The liquid-phase TD-DFT
method is more accurate with a MAE of 10 nm. However, we also
show that ZINDO predicts auxochromic shifts for the gas-phase
Amax (in nm) that are in qualitative agreement with the TD-DFT
figures.

3.2. Solid-state effects: dihydroxy and diamino anthraquinones

Table 2 shows the A%,{';EO evolution for the 1,4-diOH-AQ and 1,4-
diNH,-AQ with a 1 dimension (1D) and 2 dimensions (2D) increase
of the cluster size.

According to molecular crystal theory, each electronic transition
of an isolated molecule in a crystal can be splitted into several
excitonic components, i.e., the Davydov splitting [31]. The centre of
this resulting excitonic multiplet differs from the excitation energy
of the isolated molecule by the packing shift. Therefore, an addi-
tional effect (due to the packing shift) in the absorption maximum
occurs and the intensities of the bands constituting the multiplet
can slightly differ. As an example, we provide in Table 2 two bands
of similar oscillator strength constituting a multiplet in the 500 nm
(2.5eV) region of the electromagnetic spectrum (the difference
between the two peaks is evaluated to 11 nm/0.05 eV).

For 1,4-diOH-AQ, the variation of A« with n remains equivalent
in the three g, b, and c directions, and the 1D packing effects already
saturate with n = 1. For 1,4-diNH,-AQ UC (n=1), we obtain three
Amax With one UC: 473 (Amax(1)), 461 (Amax (2)), and 447 nm
(Amax(3)) showing a different sensitivity to the cluster size (Table 2).
Indeed, the Anax(3) does not significantly vary when n increases.
The second excitation energy is more affected by the growth of the
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Table 2
ZINDO
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Evolution of the 2ZNP° (in nm) and PO vs n for 1D and m for 2D components, n and m being the growth index along the three crystallographic axes a, b, and c, and the planes
ab, ac, and bc for 1,4-diOH-AQ and (2H,0) 1,4-diNH,-AQ. The index n =0 corresponds to 1 isolated molecule. For (2H,0) 1,4-diNH,-AQ, we calculate three Apn.x with

a significant f value. Note that for the 2¢ system, the Amax(1) is splitted into two bands (509 nm and 498 nm) of similar intensity (f{1) of 0.36 and 0.32, respectively).

1D 2D
n=0 n=1 n=2 n=3 m=
a b c a b c ab ac bc
1,4-diOH-AQ Nver 411 388 388 385 387 389 383 388 385 390 384
f 0.33 111 2.36 147 135 3.67 143 1.29 2.50 214 193
1,4-diNH,-AQ Amax(1) 445 473 473 470 509 474 468 511 477 513 496
498
f) 0.37 0.01 0.16 0.08 0.36 0.31 0.12 0.48 0.12 0.62 0.65
0.32
Amax(2) 445 461 469 461 458 469 461 456 468 462 458
fl2) 0.37 0.77 0.62 148 0.69 0.99 2.20 0.70 124 114 135
Amed(®) 445 447 444 445 450 443 444 452 440 450 447
f3) 0.37 0.70 1.22 136 0.81 178 199 0.84 2.26 144 1.56

crystal whereas, for Amax(1) the impact of the packing is not
isotropic: the peak position is much more affected by a growth of
the crystal following the c axis for which we calculate a (saturated)
bathoshift of 66 nm when n>2. A molecular orbital analysis
coupled to ESP charges (charges fitted to the electrostatic potential)
calculations can help to explain the anisotropic behaviour of the
1,4-diNH,, as well as the weak sensitivity of the Apnax(3) to the
crystal growth:

(1) We depict in Fig. 5 the molecular orbitals (MO) involved in the
transition processes, the HOMO-1 and LUMO-+3 orbitals [32,33]

LUMO+3

HOMO-1

Fig. 5. Active molecular orbitals calculated at the ZINDO level for the An.x(1) of 2¢
(2H,0) 1,4-diNH;-AQ. The molecular orbitals correspond to isodensity surfaces scaled
with the Molekel default values.

associated to Amax(1) for the 2c (2H,0) 1,4-diNH, system (i.e.,
a growth of the cluster along the c direction with n=2). The
strong Amax(1) bathochromic shift calculated for a growth
following the ¢ axis can be interpreted as resulting from the
extension of the resonating structure of the LUMO. For Apax(3)
for which the excitation process mainly corresponds to a tran-
sition from the HOMO-2 to the LUMO+1 (Fig. 6), the transition
corresponds much more to a pronounced intramolecular
charge transfer (CT); the excitation localised on a single mole-
cule of the crystal is almost unsensitive to the crystal packing.

(2) We focus on the ESP atomic charges carried by the neigh-

bouring 1,4-diNH,-AQ molecules for three clusters corre-
sponding to a growth (n = 2) of the crystal along the a, b, and ¢
axis. For 1,4-diNH>-AQ, the PBE0/6-31G(d,p) charges have been
evaluated for the dimer (rectangle in Fig. 7) presenting the

LUMO+1

HOMO-2

Fig. 6. Active molecular orbitals calculated at the ZINDO level for the Ayax(3) of 2¢
(2H,0) 1,4-diNH;-AQ. The molecular orbitals correspond to isodensity surfaces scaled
with the Molekel default values.



J. Preat et al. / Dyes and Pigments 81 (2009) 97-102 101

Table 3

Evolution of the 2Z\P° (in eV) vs n for 1D (along the a, b, and c crystallographic axes)
and m for the 2D components (along the ab, ac, and bc planes) for the five anthra-
quinones. Note that a zero value of n means that only one isolated molecule is
considered. It is also important to underline that, because of memory storage
limitations, calculations for n > 3 are not feasible for the 1-OH,4-NH(p-tolyl) and the
1-NH,,4-NHPh derivatives, even at the ZINDO level.

1D 2D

n=0 n=1 n=2 n=3 m=1

a b c a b c ab ac bc
1,4-diOH-AQ 3.02 320 3.20 3.22 318 3.19 3.23 3.18 3.22 318 3.23

1,4-diNH,-AQ 279 262 262 2.64 244 2.61 2.65 243 2.60 2.42 2.50
1-NHMe,2-Me-AQ 3.15 3.8 3.20 3.20 3.15 3.22 3.15 3.14 3.23 3.16 3.16

1-OH,4-NH 279 262 262 260 262 - - - 261 262 261
(p-tolyl)-AQ
1-NH,,4-NHPh-AQ 2.71 2.63 2.54 255 256 - - - 254 255 255

Fig. 7. Schematisation of the (2H,0) 1,4-diNH,-AQ crystal growth following the a axis
leading to a 2a system, the -NH, and the O=C- groups being marked by a dotted and
plain circle, respectively.

experimental crystal geometry. More precisely, we calculated
an intermolecular -NH; (dotted circle) to O=C- (plain circle)
distance of 2.54 A for 2a and 2c, but much longer for 2b, 3.36 A.
The major changes in the ESP charge distribution occur for 2a
and 2c with a decrease of the electronic density on the oxygen
atoms; the 2a charge distribution is identical to 2c and the
decrease is 0.043 |e|. Concerning the nitrogen atoms, we record
a 0.075 |e| increase of the electronic density. Obviously, the
electronic structure of the cluster is more deeply affected by
a growth of the crystal following the a and c axis, explaining in
turn the higher sensitivity of the Amax(1) and Amax(2), for which
the intermolecular CT is localised in the region of the crystal
where the most important geometrical modifications occur.
Since the intramolecular CT coresponding to Amax(3) is localised
in the region of the crystal where the structure is unaffected by
the packing, the transition energy remains constant, whatever
the cluster size.

3.3. Visible spectra of the pigments

As several excitation energies were determined for each deriv-
atives, we decided to focus on the most affected Anax by the crystal

packing, and owing a sufficiently large oscillator strength (f) so that
comparisons with respect to experimental data are meaningful. For
instance, we focus on the first absorption peak of (2H;0) 1,4-diNH;-
AQ, as this transition is sensitive to the packing and displays large f
values.

Table 3 provides the evolution of the five AQ derivatives 2452%(in
eV) with a 1D and 2D increase of the cluster size. In agreement with
our previous conclusions (see Section 3.2) the 1D packing effects
saturate forn > 2, i.e., it is not necessary to consider larger clusters for
1D components. Moreover, from the Apax listed in Table 4 for the five
studied compounds, we conclude that the 1D description is already
satisfactory to evaluate the average packing effects. Indeed, the MAE
associated to 1D(n=2) and 2D(m=1) are totally similar: 0.15 eV
(34 nm) and 0.14 eV (32 nm), respectively. For (2H,0) 1,4-diNH;-AQ,
the packing effects on the Apax are nicely described by the theory,
with a slight error of 0.07 eV calculated for the 2D(m = 1) system.

A comparison between the theoretical results listed in Tables 1
and 4 shows that for our five anthraquinones, the packing effects
on the UV spectra are much larger than the solvatochromic
displacement. For instance, for (2H,0) 1,4-diNH3-AQ, the packing
effects induce a calculated bathochromic shift (2D(m=1)) of
126 nm, whereas the shift induced by the i-propanol (with
respect to the gas-phase) is of 45 nm only. Moreover, for four of
the studied compounds, our methodology is able to qualitatively
reproduce the shift when going from the liquid-phase to the
pigment. For instance, for 1,4-diOH-AQ, our methodology delivers
a displacement of the absorption band of —53 nm when going
from liquid- to the solid-phase (this shift measure is —20 nm).
We also show that the theory reproduces the fact that
the pigments provide larger colour strengths. Indeed, for (2H,0)
1,4-diNH>-AQ, we calculate a 43 and 260% increase of the oscil-
lator strength corresponding to the first and second absorption
bands.

Table 4

Confrontation between the theoretical [Eqs. (1-3)] and experimental solid-state
Amax in eV (in nm) for the five anthraquinones. Theoretical values are provided for
a 1D and 2D growth of the crystal along the three crystallographic axes a, b, and ¢
and the planes ab, ac, and bc. The experimental An,x correspond to n or m = «. The
index n = 0 corresponds to one isolated molecule [AT%E31Y7(0,0)].

1D 2D Exp. [17]

n=0 n=1 n=2 m=1 norm=
1,4-diOH-AQ 2.64 (469) 2.95 (420) 2.95(420) 2.97 (418) 2.75 (451)
1,4-diNH>-AQ 2.51 (494) 2.34(530) 2.09 (593) 2.00 (620) 1.98 (627)

1-OH,4-NH(p-tolyl)-AQ 2.30 (540) 2.13 (582) 1.99 (623) 2.15(576) 2.05 (606)

(
(
1-NHMe,2-Me-AQ 2.56 (485) 2.59 (480) 2.63 (471) 2.64 (470) 2.38 (520)
(
1-NH,4-NHPh-AQ  2.31(537) 223 (556) 2.03 (611) 2.03 (611) 1.91 (650)
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4. Conclusions

We have established a mixed ZINDO-TD-DFT three-step
procedure to evaluate the absorption spectrum of five anthraqui-
none crystals with a precision of +/— 0.17 eV or +/— 35 nm.

In our methodology, the packing effects have been decomposed
into three components: the three crystallographic axes a, b, and c (1
dimension growth), on the one hand, and the three plans ab, ac, bc
(2 dimension growth), on the other hand. Since the mean averaged
error, from the test set of five target molecules, associated to the 1D
and 2D models are equivalent, we deduced that only a 1D
description of the components is satisfactory to evaluate the
average packing effects. We also have demonstrated that, for the set
of studied anthraquinoic systems, the packing effects on the UV/VIS
spectrum are more important than solvatochromism. As an
outlook, we are currently extending this study to other classes of
dyes. Moreover, since the excitation energies in the solid-state
show strong charge transfer (CT) characters, the description of such
excited states should be sensitively improved by including long-
range (LR) effects in the model. More precisely, one of the problems
that hybrid functionals encounter is the underestimation of the
energy of charge transfer electronic transitions. This DFT limitation
has for origin the shortsightedness of functionals, i.e., the erroneous
asymptotic behaviour of the exchange potential. One of the strat-
egies to correct this “wrong” behaviour is to use an optimized
effective potential for exact exchange that explicitly considers the
LR effects. This scheme leads to the range-separated hybrids that
use a growing fraction of exact exchange when the interelectronic
distance increases [34,35].
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