J Mol Model (2013) 19:4089-4097
DOI 10.1007/s00894-012-1717-4

ORIGINAL PAPER

Accuracy of color prediction of anthraquinone dyes
in methanol solution estimated from first principle

quantum chemistry computations

Piotr Cysewski - Tomasz Jelinski

Received: 1 October 2012 /Accepted: 29 November 2012 /Published online: 19 December 2012

© Springer-Verlag Berlin Heidelberg 2012

Abstract The electronic spectrum of four different anthraqui-
nones (1,2-dihydroxyanthraquinone, 1-aminoanthraquinone,
2-aminoanthraquinone and 1-amino-2-methylanthraquinone)
in methanol solution was measured and used as reference data
for theoretical color prediction. The visible part of the spec-
trum was modeled according to TD-DFT framework with a
broad range of DFT functionals. The convoluted theoretical
spectra were validated against experimental data by a direct
color comparison in terms of CIE XYZ and CIE Lab tristim-
ulus model color. It was found, that the 6-31G** basis set
provides the most accurate color prediction and there is no
need to extend the basis set since it does not improve the
prediction of color. Although different functionals were found
to give the most accurate color prediction for different anthra-
quinones, it is possible to apply the same DFT approach for
the whole set of analyzed dyes. Especially three functionals
seem to be valuable, namely mPWI1LYP, BILYP and PBEO
due to very similar spectra predictions. The major source of
discrepancies between theoretical and experimental spectra
comes from L values, representing the lightness, and the a
parameter, depicting the position on green—magenta axis.
Fortunately, the agreement between computed and observed
blue—yellow axis (parameter b) is very precise in the case of
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Introduction

Although color determination is of particular importance in
many different applications, one has to remember that color
perception is a complex human activity involving physical,
physiological and psychological counterparts [1]. The color
sensation arises from brain activity in response to signals
received via the optic nerves from the eyes and this phe-
nomenon is the primary function of photoreceptors built in
human eyes [2]. The rods and cones are the two different
types of photoreceptors found in the retina of the eye [3]
responsible for either a monochromatic light/dark view of
the world or color vision [4]. There are three different types
of cone cells, labeled as {3, y and p, which are sensitive to
light of particular wavelength range because of the presence
of different opsin types. Short cones ({3) absorb light in the
wavelength interval of about 400-500 nm (peak maximum
at 420-440 nm), medium cones (y) at about 450—630 nm
(maximum at 530-540 nm) and long cones (p) at about
500-700 nm (maximum at 560—-580 nm) [5]. The resulting
color vision comes from the combined effect of stimuli to,
and responses from these three different types of cones. The
antagonistic and additive response of these types of cone
cells corresponds to human color sensation. This assumption
was the basis for the formation of so called CIE XYZ color
space by the International Commission on [llumination (CIE)
in 1931 [6, 7]. Color space is the term for a method for
associating tristimulus values with perceived color. Many
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mathematical formulations were proposed for quantification
of color perception [8] and so called CIE XYZ or CIE Lab
standards [9] are the ones of common usage. This three-
component standard color space, quantifying three primary
contributions to the additive color model, is sufficient to
match any perceived color [10]. The distribution of cone cells
is not even across the retina and therefore the tristimulus
values depend on the observation angle [11]. The so called
foveal pit occupies a 2° arc (measured from center of the lens)
and since it contains the largest number of cones per unit area
it was chosen as the CIE 1931 2° standard observer. The
standard observer is characterized by three color matching
functions, which represent normalized cone cell response
under photopic conditions at medium and high level of illu-
mination. The color-matching functions characterize the
amount of XYZ tristimulus (where X = red, Y = green and
Z = blue) representing the reflectance or transmittance spec-
trum weighted by color-matching functions and integrated
over the whole spectrum. For actual calculation of tristimulus
values XYZ it is necessary to take into account both illumi-
nant spectral power P(A) and transmittance of transparent
media T(A), (or reflectance in case of opaque materials).
Details of mathematical formulations can be found in many
available sources dealing with computational color science [8,
9] and will be omitted here.

Anthraquinones are a class of compounds with three
fused aromatic rings and two keto groups located on the
central ring. The term anthraquinone is usually referred to a
specific compound, namely 9,10-anthraquinone (9,10-diox-
oanthracene) but many analogues of this compound exist in
nature and also many new were synthesized [12, 13]. The
fields of application of this class of compounds include
medicine [14, 15], dye industry [16] or chemical analysis
[17, 18]. Among dihydroxy derivatives of anthraquinones,
Alizarin (1,2-dihydroxy-9,10-anthraquinone) (AZ) is prob-
ably the most important and the most widely studied dye.
Originally, AZ was used as a dye [16] and nowadays it is
commonly utilized in medicine, for example in anti-tumor
therapy [19, 20], as well as in artwork restoring [21], metal
detection [22] and solar energy transformation [23]. Besides
the complexation ability of Alizarin has analytical impor-
tance [24—26]. Studies have confirmed that Alizarin exists in
three different forms, namely the protonated form and two
deprotonated forms corresponding to the monoanion and
dianion [19, 27, 28]. The spectrum corresponding to the
protonated form (in acid solution) is characterized by an
absorption maximum of around 430 nm [28-31]. The band
with the maximum of around 550 nm corresponds to the
monoanionic form, while the dianionic form is represented
by two peaks in the range from 570 nm to 620 nm [32, 33].
The 1-amino-2-methylanthraquinone, known also as dis-
perse orange 11 (DO), is a commonly used anthraquinone
disperse dye. Such dyes have very low photodecay rates,
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which is due to their low solubility and therefore their
photodegradation process is of particular interest [34]. Di-
chroism properties of disperse orange 11 have also been
studied [35] as well as its usage as image contrast agent
[36]. The absorption maximum of this compound is identi-
fied by different authors in the region of 470—486 nm [35,
37]. The l-amino-2-methylanthraquinone exists in two
forms, namely the keto and enol forms, the latter of which
is less stable [35]. Also a proton transfer from the amino
group to the lone oxygen occurs for excited 1-amino-2-
methylanthraquinone molecules [34]. Aminoanthraquinones
are used traditionally as dyes but their field of application
has risen dramatically in the last decades. Thanks to their
anticancer activity they have been found to be very useful in
medicine [38]. They are also used as electrochromic materi-
als [39]. Their complexes have found applications as sensors
[40] or redox-switchable molecules [41]. These wide areas
of application have made aminoanthraquinones interesting
for academic research. One of the topics of such research
is the intra- and inter-molecular hydrogen bonding [42—45]
which is thought to have a very significant influence on the
properties of amino substituted anthraquinones. The absorp-
tion maxima in alcoholic solvent have been identified as
445 nm for 2-aminoanthraquinone [46] and 476 nm for
1-aminoanthraquinone [47].

The time-dependent density functional theory [48] is
commonly used for spectra predictions [49]. This is due to
its relatively low computational cost when compared to
traditional methods. It is achieved because TD-DFT scales
the number of molecular orbitals to the fourth power, cal-
culates the frequency dependence of a time-evolution of
electrical field and excitation energies as well as transition
probabilities their selves are obtained without explicitly
calculating the excited states [50]. The effectiveness of
TD-DFT and its quite satisfactory agreement with experi-
mental data is recognized in such fields like the description
of electronic excitations, response properties, and transport
in molecules and in bulk [51, 52]. Among the downsides of
this theory one can list the fact that despite its relatively low
computational cost it is still too expensive for larger molec-
ular or nano-scaled system, although it is a suitable ap-
proach for medium size molecules possessing up to 100
atoms of second row elements [53, 54]. Since there is a
wide range of density functionals developed by different
authors it is obvious that the choice of the exchange-
correlation functional form affects the obtained results.
One of the most widely used approximations is the local
density approximation (LDA), which depends only upon the
value of electronic density at each point in space [55].
One of the approaches among LDA is for example the
Perdew-Wang approach [56]. The local density approximation
has a tendency of underestimating the values of excitation
energies for the majority of organic molecules. Generalized
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gradient approximations (GGA) on the other hand, take into
account the gradient of the density at the same coordinate and
meta-GGA approaches also include the Laplacian of electron
density [57]. Functionals of this class include the B98 [58] and
MO6 [59] ones. These approaches are commonly used for the
prediction of UV-VIS spectra. Hybrid functionals, like the
Becke3—Lee—Yang—Parr functional (B3LYP) [60], include a
component of the exact exchange energy calculated from
Hartree—Fock theory.

The aim of this paper is to verify the applicability of TD-
DFT approach for description of color of AQs dyes in
methanol solution. The accuracy of color prediction is ver-
ified against experimental spectra measured in methanol
solution. There are many ways of validation of spectra
predictions that can be found in the literature. One of the
most commonly used approaches is the comparison of band
maximum position predicted and measured experimentally.
However, there are two shortcomings of this accuracy test.
First of all, wave length scale is non-linear and inversely
related to transition energy and the inaccuracies in band
position do not directly reflect precision, since it is a func-
tion of the A,.x. Secondly, the practical application of dyes
spectra computations should be informative also in terms of
commonly used technical parameters. Thus, the color dif-
ference seems to be a rational choice, although not com-
monly applied in the literatures.

Methods
Spectrum measurement of anthraquinones

Methanol of analytical grade purity purchased from POCH
(Poland) was used as a solvent. Four anthraquinones, namely
1,2-dihydroxyanthraquinone, 1-amino-2-methylanthraqui-
none, l-aminoanthraquinone and 2-aminoanthraquinone
come from Sigma Aldrich (USA). Electronic absorption spec-
tra were recorded using single-beam UV/VIS spectrophotom-
eter (Merck, Spectroquant Pharo 300) with wavelength
resolution of 1 nm. A solvent blank was measured before each
recorded spectrum. All measurements were performed at am-
bient temperature in standard quartz cuvettes of 1 cm optical
length. Six solutions of different concentrations have been
measured for each anthraquinone.

Color computation

The main disadvantage of using CIE XYZ color space model
[61] is its non-linear nature. Due to this fact, the same changes
in tristimulus values for different colors do not correspond to
the same alterations of perceived hue. This is why transforma-
tions of the XYZ color space were defined. Among many
possible formulations [8, 9] the CIE Lab color space [6, 62] is

widely used. It defines new parameters, L, a, b, representing
psychometric lightness and color change along magenta-green
and yellow-blue axes, respectively. The values of lightness (L)
can vary from 0, denoting black, up to 100, indicating diffuse
white. The negative values of a correspond to green color,
while positive represent magenta. The negative values of last
parameter, b, represent blue, while positive yellow. Interest-
ingly, these parameters can be used for color difference com-
putations by the following formula:

AE = \/(Lexp _ Lest)z + (aexp _ aest)2 + (bexp _ best)27
(1)

where superscripts exp and est denote experimental and theo-
retical values for CIE Lab parameters. When AE>5 it is
assumed that the standard observer can see two completely
different colors and in the case of AE>1 two colors seem to be
indistinguishable.

TD-DFT computations and spectrum deconvolution

Geometries of studied anthraquinones were optimized on
B3LYP/6-31G** level with tight criterion for optimization
and SCF procedure. The nature of stationary point on the
hyperspace was checked by computation of hessian eigenval-
ues. No imaginary frequencies were noticed, suggesting a
correct identification of ground state. This is important due
to the fact, that amine side groups can exhibit significant non-
planar character and correct improper torsions are mandatory.
In both types of computations the ultrafine grid was declared.
In this study we have applied a wide range of functionals in
order to determine which of them are most suitable for color
prediction of the studied group of compounds. Their list can
be found in supporting materials (Table S1). Since electronic
spectra depend strongly on the solvent used, a proper selection
of a solvation model is important. In this paper, PCM with
Bondi-type atomic radii parameterization [63, 64] was applied
at both geometry optimization and TD-DFT calculation steps.
The TD-DFT computations resulted in obtaining the values of
electron transition energies and oscillator strengths which
were used for convolution of the theoretical spectra. The
absorption profiles of UV—-VIS spectrum can be decomposed
based on a simple additive model of Gaussian-like bands. It is
usually satisfactorily accurate for spectroscopic bands with
inhomogeneous line broadening as they occur in charge-
transfer absorption of large polyatomic molecules in solution.
The following formula [65] represents absorption as the func-
tion of excitation energy:

n N

4(e) = dufe) + )2/ mfe s exp(—41n2~ (i~ >
i=1 i o’
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where A,(e) is the baseline of the spectrum, €;yax 1S the
excitation energy related to wavelength A; ., fi 1S the oscil-
lator strength and o; is the half-bandwidth of the i-th transition
[65]. The deconvolution procedure was performed using Or-
igin 8.0 software [66], which decomposes the spectrum into n-
number of formal bands. The single band approximation
(SBA) model takes into account only the dominant excitation
energy and the number of bands is equal to unity (n=1). This
approach is appropriate in the case when the optical activity of
a compound is limited to one t—7t* excitation. The integrated
absorption coefficient (IAC), extracted from the experimental
spectrum and defined as IAC=[edv, can be computed as the
area under optical density (expressed in dm’ mol ' cm™
units) as a function of the wave number [67, 68] (expressed
incm ). This leads [69] to the oscillator strength according to
the following formula:

f=4.31968 - 10_9/5dv. (3)

The oscillator strength denotes the number of electrons
undergoing particular transition. Typically, its values lies
between zero (non allowed transitions) and one (highly
intense transitions). The observed properties of optical band
responsible for T—7* excitation were collected in Table 1.
This means, that all analyzed dyes exhibit rather modest
absorption at the visible part of the spectrum. The values
of integrated absorption coefficient are very similar for all
analyzed AQs. The Lambert-Beer law is obeyed for all
analyzed solutions, although a small associated red-shift,
as well as slight peak broadening, can be noticed.

Results and discussion

As has been shown earlier [70] color prediction by means of
first principle quantum chemistry computations can be quite
satisfactory with fairly acceptable agreement with experi-
mental data. We have found, that the most sensitive to model
band parameters are red dyes, with absorption bands located
in the middle of UV-VIS wavelength range. The prediction
of extreme colors, either yellow or blue, is less sensitive to
computational inaccuracies. Shifting along red-green axis is

Table 1 Experimental values characterizing m—7t* excitation of stud-
ied anthraquinone dyes in methanol solutions

f Amax [NM] o [eV] IAC=]edv
[dm*mol "-em™! 10°]
I 0.107 431.6 0.53 247
I 0.091 467.6 0.42 21.4
11 0.084 440.8 0.53 19.5
v 0.104 468.9 0.43 23.0
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generally much more prone to alteration of band parameters
than along yellow-blue axis, therefore the changes of the a
parameter of the CIE Lab model are responsible for the
inadequate prediction of A, in a higher extent than the b
parameter. This is the reason why color of alizarin in meth-
anol solution is quite accurately predicted by several func-
tional within TD-DFT framework. It is interesting to see if
color of other anthraquinones can be computed with com-
parable accuracy.

DFT functional selection

In Fig. 1 one can find structures analyzed here of AQs, for
which UV-VIS spectra were measured in methanol solution
with varying concentrations. Based on these data the exper-
imental color was computed according to protocol described
in the methodology part. Obtained set of color space param-
eters constitutes the reference data, against which all theo-
retical predictions were validated. A series of different
functionals, as well as different computational protocols,
was applied for prediction of excitation energies of four
analyzed anthraquinone dyes. The color was expressed
in terms of CIE Lab parameters and was compared to
experimental data by the estimation of AE values (Eq. 1).
The obtained results are provided in Fig. 2 and quantify
the color differences between predicted and experimental
spectra after averaging over all six concentrations measured
for each compound.

In the case of Alizarin, the HSE2PBE functional along
with 6-31G** basis set turns out to be the most accurate for
color prediction. The color difference between experimental
and theoretical CIE Lab values can be as small as 2.5. It is
interesting to see that even a modest basis set is satisfacto-
rily accurate for color prediction. Several other functionals,
like HSEh1PBE, B972 or B98, perform acceptably well if

o) OH o NH,
OH CHg
) o
(o] NH, o
NH,
(e} (0]

Fig. 1 Molecular formulas of anthraquinone derivatives: 1,2-dihy-
droxyanthraquinone (I, AZ), 1-amino-2-methylanthraquinone (II,
DO), 1-aminoanthraquinone (IIT) and 2-aminoanthraquinone (IV)



J Mol Model (2013) 19:4089-4097

4093

1,2-dihydroxyanthraquinone (alizarin)

100 4 —®—HSE2PBE —A— HSEh1PBE ——B972
—=—B98 —O—X3LYP ——PBEO
9.0 1 —a—PBEh1PBE ——mPW1PW91 ——B971
8.0 - —&—mPWI1LYP —#—B1LYP —O—mPW1PBE
7.0
6.0
w
< 50
4.0
3.0
2.0 A
1.0
0.0 T T T
A B 9 D E
2-aminoanthraquinone
10.0
8.0
w J
g 6.0
—e— M06
—a—BILYP
4.0
——mPWILYP
—8—mPW1PW91
20 4 —O—mPW1PBE
—o—PBEO
—— PBEh1PBE
0.0 T T !
A B c D E

Fig. 2 The accuracy of color prediction by means of a variety of DFT
density functionals and computational procedures for anthraquinones
in methanol solution. In the following notation, the acronym of basis
set used for spectrum estimation precedes the one applied for geometry

6-31G** basis set is used. Interestingly, the most com-
monly applied functional for spectra prediction, PBEO,
leads to slightly worse color description of AZ in metha-
nol solution. Another interesting observation is the fact,
that for AZ two classes of functionals can be found, the
accuracy of which depends on the level of the basis set
used. The first class comprises those functionals for which
the extension of the basis set decreases the accuracy in
color prediction and only using the richest 6-311++G
(2d,2p) allows for a comparable AE value. Other proce-
dures, like B-E, lead to significantly less accurate color
prediction. For the functionals of the second class those
procedures perform best, while the procedures A and F
are less accurate. This can be attributed to the red-shift of
predicted Ap,.x with respect to experimental ones. Thus,
extension of the basis sets is only sensible for such func-
tionals, which underestimate A, value, for there is a
chance that resulting red-shift reduces the AA,.. error.

1-aminoanthraquinone

10.0 4
9.0 A
8.0 -
7.0 A
6.0 -
w —e—mPW1LYP
g 50
—A—mPWI1PW91
401 ——mPW1PBE
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1-amino-2-methylanthraquinone
12.0
10.0 -
8.0
w
< 6.0 —e—mPW1PW91
—— mPW1PBE
40 - —&—PBEh1PBE
—&— PBEO
20 =O=mPWI1LYP
—o—B1LYP
0.0 T T
A B 9 D E

optimization: A = 6-31G**//6-31G**, B = 6-31+-+G**//6-31G**, C =
6-311+G**//6-31G**, D = 6-314++G**//6-314++G**, E = 6-311+G**//
6-311+G**, F = 6-311++G(2d,2p)//6-311++G(2d,2p)

This dual behavior of DFT functionals is not observed
here for other studied anthraquinone dyes. To the contrary,
for all amino-substituted anthraquinones the extension of
the basis reduces accuracy of color prediction. This is
related to the fact that for these dyes all functionals
underestimate the position of the only band in visible
region. In the case of l-aminoanthraquinone, the lowest
values of AE were obtained using hybrid functional of
Truhlar and Zhao, M06 funcional [59]. The color of other
two AQs is described with highest accuracy with an aid of
parameter hybrid functional using modified [71] Perdew-
Wang exchange combined with either PW91 or LYP cor-
relations. The situation described above is slightly discour-
aging since no single DFT protocol emerges from above
analysis. However, future investigation of other dyes can-
not be performed using different functionals for different
compounds. Thus, a close inspection into the balanced
solutions for all studied dyes seem to be indispensible.

@ Springer
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Table 2 The values of color difference (AE) between experimental
and theoretical color estimated for studied anthraquinones by means of
different functionals and computations on level A (6-31G**//6-31G**)

DFT functional I I i v Mean
mPWILYP 4.52 1.68 4.10 4.57 3.72
BILYP 4.59 1.55 4.24 4.59 3.74
PBEO 3.51 3.35 4.22 4.50 3.90
mPWI1PWI1 4.28 2.90 4.13 4.38 3.92
PBEh1PBE 4.04 3.39 4.24 4.50 4.04
mPWI1PBE 4.75 3.08 4.16 443 4.10
MO06 5.76 0.95 5.59 5.63 4.48
HSEh1PBE 2.69 9.75 8.90 10.06 7.85

In Table 2 the mean values of error in color prediction
were collected. Although color of each compound can be
described by different method, the cumulative values for
the set of all four anthraquinone dyes do not differ
significantly between several functionals and most of
them are able to predict color with threshold accuracy
of AE<5.0. The mean values are within half of an energy
change unit for all functionals mentioned in Table 2,
except the last one, HSEh1PBE. Thus, all these might
be of potential use. It is worth mentioning, that AE is
very sensitive to even minute changes in the spectrum.
This is clearly visible in Fig. 3 comprising spectra

Fig. 3 The predicted spectra of
anthraquinones imposed on

1,2-dihydroxyanthraquinone (alizarin)

predicted with the use of three most appropriate function-
als described in Table 2. The correlation between the
predicted and experimental spectra is very good for all
the compounds, which emphasizes the conclusion that the
application of TD-DFT methods can lead to quite accept-
able color prediction.

Sensitivity of A, to amount of HF exchange contribution

Hybrid functionals are a class of approximations to the
exchange-correlation energy functional, incorporating mix-
tures of some fraction of exact exchange from Hartree-Fock
(HF) theory with exchange and correlation from other sources.
Although the actual amount of gradient correction to the
exchange and the correlation contributions can be set inde-
pendently, many popular hybrid functionals have fixed values.
In the case of PBE functional, exchange and gradient-
corrected correlation functionals were introduced by Perdew,
Burke and Ermzerhof [72, 73]. As was nowadays demonstrat-
ed in the paper by Kantchev et al. [74] the percentage of HF
exchange in the hybrid GGA DFT approaches can be quite an
important factor limiting the accuracy of A, predic-
tions. For example, hybrid functional PBEO (known also
as PBE1PBE) uses a 1 to 3 mixture of DFT and exact ex-
change energies: Exc = 0.25 - Ex(HF) + 0.75 - Ex(PBE) +
Ec(mPWO91). Thus, PBEO has only one parameter, which can
be adjusted. It is interesting how sensitive the predictions are
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Fig. 4 The influence of the percentage of HF exchange in PBEO
functional on AAjax = Amax,exp-Amax,est (€Xpressed in nm). The mini-
mum on RMSD curve corresponds to 23.2 %

of Aax for studied here anthraquinone dyes on the percentage
of HF exchange. Results of a systematic study are presented in
Fig. 4. Indeed, the provided data suggest a very high sensitiv-
ity of optical properties of AQs on Ex(HF) percentage. Small
changes, even within a few percent, lead to a dramatic devi-
ation of computed band position with respect to the observed
ones. The relationship is almost linear and for all four studied
AQs the higher HF exchange contribution the stronger

underestimation of A.... The optimal value of adjusted
parameter is somewhat different for particular anthaquinone
dyes. Based on cumulative RMSD the best value of
Ex(HF) contribution was found to be equal to 23.2 % in
the case of PBEO functional. Since this value is not far
from the default one (25 %), it seems that the application
of this adjustment to a broad range of anthaquinone dyes is
not justified since it is case-dependent.

Color prediction

The agreement between the CIE Lab color parameters for
the experimentally obtained and computed spectra is pre-
sented in Fig. 5. It is clearly visible, that with the increase
of anthraquinone concentration the difference between the
experimental and theoretical values of the L (lightness)
parameter increases. This trend is also observed for the
parameter a, which corresponds to color change along the
green—magenta axis. However, these differences are not
identical among all of the studied anthraquinones. For
example, when considering this parameter, the difference
for alizarin is quite small, while for other anthraquinones
it is significantly larger and is the largest in the case of 2-
aminoanthraquinone. The agreement between the experi-
mental and theoretical values is much better in the case of
b parameter and observed differences are comparable for
all anthraquinones.
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Black symbols represent values 900 - o} % ®°
obtained based on observed oy ° N .°
spectra, while open symbols 85.0 4 o T o
stand for data computed using L s00 0O =
PBEO0/6-31G**//6-31G** level ' .
A A
75.0 1 o °
a
70.0 A e}
65.0 < [m]
60.0 . r . . .
0.00 0.05 0.10 0.15 0.20 0.25
C[mM]
15.04 50.0
4 1,2-OH [ ] g
A 1-NH2
® 2-NH2
10.0 W 1-NH2,2-CH3 4001 $
. L]
: TR
5.0 = " A 300 1
LN E o §
a a é o b R
| A .
0.0 éoo 2 o R 20.0 g 8
° L) #1,2-0H
< ° 4 A1-NH2
5.0 | J (o] ®2-NH2
50 ° 100 8 o B 1-NH2,2-CH3
4]
-10.0 ‘ © " : ‘ 00 - : : . .
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
c[mm] c[mMm]

@ Springer



4096

J Mol Model (2013) 19:4089-4097

Conclusions

The single band approximation (SBA) model gives satisfac-
tory color prediction in the framework of CIE XYZ or CIE
Lab standards. The assumption of a Gaussian-like shape of the
band is quite accuracy in color prediction from TD-DFT
calculations. The accuracy of such prediction depends on both
the basis set used and the applied functional. The relatively
modest 6-31G** basis set is sufficiently accurate for color
prediction in the case of all anthraquinones studied here. This
is not a new observation and confirms previous observation
made in the sense of A, predictions [28, 53]. The extension
of the basis set does not improve the accuracy of color esti-
mation and although in the case of Alizarin the richest basis
set also provides quite satisfactory results the cost of compu-
tations makes this rather uneconomic. A variety of functionals
leads to quite accurate color estimation with AE<S5. The
HSE2PBE functional is most accurate in the case of Alizarin,
mPW1PWO functional gives the best prediction for 1-amino-
2-methylanthraquinone while the mPW1Lyp and M06 func-
tionals perform best in the case of 1-aminoanthraquinone and
2-aminoanthraquinone, respectively. When taking into ac-
count the mean value of AE calculated for the four com-
pounds it can be concluded that several functionals can be
universally used for color prediction since their mean value of
color difference is on a satisfactory level. Among them, the
mPWILYP, BILYP and PBEO functionals give the best mean
accuracy. The obtained results confirm our earlier observation
that the color prediction from first principle quantum chemis-
try computations can lead to quite satisfactory results
expressed in terms of color space parameters. The presented
bridge linking quantum chemistry spectra predictions with
technical parameters can be widely applied for new material
design. On the other hand, the knowledge of limitations and
accuracy of current state theory discussed in the paper is
worthy itself in the context of future applications. Among
these restrictions, it is worth emphasizing again that the higher
dye concentrations the discrepancy in predicted and estimated
lightness (L parameter) is more pronounced. Also, a similar
trend is observed for green—magenta axis (parameter a).
Fortunately, the agreement between computed and observed
blue—yellow axis (parameter b) is quite acceptable in the case
of studied anthraquinone dyes in methanol solution.
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