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7 Why is indigo blue?

RM Christie

School of Textiles & Design, Heriot-Watt University, Scottish Borders Campus, Galashiels TD1 3HF, Scotland, UK

Abstract

Although the color of indigo is strongly dependent on its environment, it is blue in most
commonly encountered situations. Indigo’s absorption at such long wavelengths for such a small
molecule is unique, and I provide here an overview of the concepts advanced to account for this
feature. A traditional valence! bond approach may be used to provide a reasonable qualitative
explanation. A more rigorous, quantitative explanation is provided by molecular orbital methods
of varying degrees of sophistication and several explanations have been proposed based on these
models. Commonly, it is suggested that the important structural unit in determining color is
based on the cross-conjugated ‘‘H-chromophore’’ concept. A second closely related explanation
describes it as two symmetrically coupled merocyanine chains. Another proposal suggests that
the basic chromophore may be interpreted as the aza analogue of two coupled anti-aromatic
cyclopentadienyl ions. PiSYSTEM, a commercially available quantum mechanics program, has
been used to provide a successful quantitative account of the colors of indigo and indirubin, a red
isomer.

Key words: color, indigo, indirubin, molecular orbital, valence bond

Indigo is a unique coloring material (Balfour-Paul
2000, Christie 2001, Zollinger 2003). In historical
terms, it is essentially the only product to have
made the transition from natural dye to indus-
trially important synthetic dye. By far its most
important current use is as a vat dye for jeans and
other denim articles, and its lasting success as a
commercial dye will be heavily dependent on the
continuing popularity of this fashion. The structure
of indigo was first proposed in the late 19th
century, although the Z - (cis ) configuration was
suggested initially (Baeyer et al. 1883). An X-ray
crystal structure determination confirmed that the
molecule exists as the E - (trans ) isomer, as illu-
strated in Fig. 1 (von Eller 1955).
A unique feature of indigo that has long in-

trigued color chemists, and which is the theme of
this paper, is that it absorbs at long wavelengths for
a relatively small molecule. An introduction to the

principles underlying the color of dyes and how
the two main theoretical approaches to bonding in
organic molecules, namely the valence! bond (re-
sonance) approach and the molecular orbital ap-
proach, may be used to account for the color of
dyes will be presented here. Subsequently, an
overview of the theoretical explanations that have
been proposed to account for the color of indigo
will be looked at.

Color and constitution relations in
organic molecules

Visible light is the region of the electromagnetic
spectrum (380! 750 nm) to which our eyes are
sensitive. In solution, a dye selectively absorbs
certain wavelengths of visible light, the remaining
transmitted wavelengths constituting the observed
color. The color of a dye is characterized principally
by the wavelength of maximum absorption (lmax)
obtained experimentally from its visible absorption
spectrum. The absorption of light energy by the
dye molecule promotes electrons so that they are
raised from a low energy ground state to a higher
energy excited state. The energy difference, DE ,
between these electronic ground and excited states
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is given by Planck’s relationship, DE" hc/l where
h is Planck’s constant, c is the velocity of light (also
a constant) and l is the wavelength of light
absorbed. Thus, the energy difference between the
ground and excited states of a dye varies inversely
with the wavelength of light absorbed. Conse-
quently, a yellow dye that absorbs short wavelength
(violet to blue) light requires a higher excitation
energy than a blue dye that absorbs long wave-
length (orange to red) light. Indigo absorbs at
relatively long wavelengths in the visible range,
because there is a small energy difference between
its ground and excited states.
The question now is, is indigo blue? In fact, the

color of indigo depends crucially on its environ-
ment (Zollinger 2003). In the gas phase, the only
situation in which a dye will effectively owe its
color to single molecules, indigo is red (lmax" 540
nm). In solution, its color is dependent on the
nature of the solvent in which it is dissolved.
Indigo exhibits a pronounced bathochromic shift
of the visible absorption band (defined as a shift
to longer wavelengths, corresponding to a change
in observed color in the direction yellow0
orange0 red0 violet0 blue0 green) caused by
an increase in solvent polarity. In nonpolar sol-
vents, it is violet (e.g., in CCl4, lmax" 588 nm),
while in polar solvents it is blue (e.g., in DMSO,
lmax" 620 nm). In the solid state and when
applied to fabric as a vat dye, the most common
circumstances for indigo, it is blue. Amorphous
and crystalline forms of indigo in the solid state
differ significantly in their absorption maxima
(lmax" 650 vs. 675 nm). X-ray single crystal
structural analysis has demonstrated that in the
crystalline solid state, indigo molecules are highly
aggregated by intermolecular hydrogen bonding
and this is a major factor in causing the bath-
ochromic shift of color compared to the mono-
molecular state (von Eller 1955).

In the early days of synthetic color chemistry,
little was known about the structures of organic
molecules. A notable early proposal to explain
color and constitution relations was that dyes
contain two types of groups, the chromophore,
defined as a group of atoms principally responsible
for the color, and auxochromes, whose role, more
loosely defined, was to provide ‘‘enhancement’’ of
the color (Witt 1876). Subsequently, a refinement of
Witt’s theory recognized that the chromophore is
commonly an electron accepting group, that aux-
ochromes are usually electron donating groups and
that these groups are linked to one another through
a conjugated system (Dilthey and Wizinger 1928).
This gave rise to the concept of the donor/acceptor
dye type. The chromophore and auxochrome
theory retains some merit as a simple method for
explaining the origin of color in dye molecules,
although it lacks rigorous theoretical justification.
Modern theories of chemical bonding based on
either the valence! bond or the molecular orbital
approaches provide a much more sophisticated
explanation. These two approaches provide alter-
native, complementary explanations of the proper-
ties of organic molecules.

Various hypotheses have been proposed to ex-
plain the color of indigo based on its chemical
structure. Because the readership of this journal
may be presumed to be biased toward biomedicine,
the following discussion may prove somewhat
forbidding in terms of its application of chemical
concepts. It is important for a paper on this topic to
address the range of hypotheses that have been
presented, some of which are rather complex. This
paper will conclude with a summary overview that
may be more accessible to the nonchemist.

Valence!bond approach to color and
constitution

The valence! bond (or resonance) approach to
bonding involves representing a compound by a
series of resonance forms. These individual forms
are conceptual and do not have a separate
physical existence. Each may be seen as contribut-
ing to the overall molecular structure, which is
considered a hybrid of the resonance forms. The
most familiar example is benzene, the simplest
compound for which the term aromatic is used by
chemists. To a first approximation, benzene may
be considered a resonance hybrid of two struc-
tures as illustrated in Fig. 2 (commonly termed
Kekulé structures after the chemist responsible for
the initial proposition).

N

N

O

O H

H

Fig. 1. The chemical structure of indigo.
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All dyes have aromatic character, because this
feature provides stability and plays a role in
providing color. The valence! bond approach may
be used to provide a qualitative account of the lmax

values, hence the color, of dyes, particularly those
of the donor! acceptor type. Some resonance forms
are ‘‘neutral’’ Kekulé type structures and some
involve charge-separation, with electron transfer
from the donor through to the acceptor groups. To
explain color, the assumption is made that the
ground electronic state of the dye closely resembles
the more stable Kekulé-type structures, and that
the structure of the first excited state of the dye
closely resembles the less stable, charge-separated
forms. As a consequence of Planck’s relationship,
the wavelength at which the dye absorbs increases
as the DE between the ground and first excited
states decreases. Structural factors which either
stabilize or destabilize the first excited state relative
to the ground state are assessed to provide a
qualitative explanation of color. These structural
assumptions are approximations and cannot be
justified rigorously. Nevertheless, the method may
be used to provide good qualitative explanations of
color for a wide range of chemical classes of dyes
(Christie 2001).
Indigo is a dye of the donor! acceptor type. The

heterocyclic nitrogen atoms are electron donor
groups while the carbonyl (C!O) groups are
acceptors. A valence! bond explanation may be
proposed for the bathochromicity of indigo as
follows. The assumption is made that the ground
state of indigo closely resembles the structure given
in Fig. 1. The first excited state consists of reso-
nance contributions from charge separated struc-
tures, the structures labeled A! E in Fig. 3. In each
of these structures, the charge is accommodated in
a very stable location, i.e., negative charge on
oxygen, positive charge on quaternary nitrogen.
Resonance structures A and C are especially stable
due to the retention of the aromatic character of
both benzene rings. The molecular symmetry
means that these two forms are identical in energy.
Forms B and D also are equal in energy, but are less
stable due to the loss of aromatic character in one
ring. Form E, referred to as a quadrupole structure,

has a negative charge on both oxygens and a
positive charge on both nitrogens. Compared to
many other dyes, this constitutes a very stable
excited state, so that the DE compared to the
ground state is small, and consequently indigo
absorbs at long wavelengths.

The molecular orbital approach to color
and constitution

The application of molecular orbital methods in
dye chemistry has assumed immense value in
recent years. The methods enable many light
absorption properties of dyes to be calculated by
computational methods based on knowledge of
their chemical structures. Thus, the color of a dye,
whose structure may be drawn on paper, may be
predicted by calculation of the lmax value, with
some expectation of accuracy, without resorting to
laboratory synthesis. Recent and continuing ad-
vances in computer software and hardware mean
that sophisticated molecular orbital methods are
becoming more and more accessible as a routine
tool for the dye chemist.

In molecular orbital theory, electrons are consid-
ered as electromagnetic radiation, i.e., in terms of
their wave rather than their particulate nature. Of
fundamental importance is the quantum principle,
which states that electrons can exist only in a fixed
series of states with discrete energies (E ). The
underlying mathematics, referred to as quantum
mechanics, was first formulated by Schrödinger,
the solution of whose equation gives a fixed
number of values of E . Because of the mathematical
complexity, even with currently available comput-
ing power, the equation may be solved exactly only
for relatively simple atomic and molecular systems.
Dye molecules have relatively large molecular
frameworks so that approximate methods for
solution of the equation are essential. These com-
monly rely on a range of empirically or semi-
empirically derived parameters.

Dyes are organic molecules that contain a frame-
work of s bonds and an associated p system. The
lowest energy electronic transition occurs when an
electron is promoted from the highest occupied
molecular p-orbital (HOMO) to the lowest unoccu-
pied p* molecular orbital (LUMO). These p! p*
transitions give rise to absorption in the visible
region of the spectrum. The Hückel molecular
Orbital (HMO) approach was one of the earliest
and simplest methods devised for this type of
molecule. The method assumes that molecular
orbitals may be expressed as a linear combination
of the atomic orbitals (the LCAO approximation).

Fig. 2. Valence!bond (resonance) approach to the
structure of benzene.
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It also assumes that in conjugated systems, only
p-electrons are involved in the electronic transitions
and that these transitions are unaffected by
the framework of s bonds (the s! p separation
principle). This is a reasonable first approximation
because the p! p* transitions are mainly responsi-
ble for visible absorption. The HMOmethod gives a
reasonable correlation between experimental and
calculated spectral data with hydrocarbons, but
works much less well with molecules containing
heteroatoms; this restricts its usefulness for calcu-
lating the color of dyes.
The molecular orbital method that has been most

extensively and successfully applied to calculations
concerning dyes is the Pariser-Pople-Parr molecu-
lar orbital (PPP-MO) approach (Griffiths 1981,
1982). The PPP-MO method also uses the LCAO
approximation and retains the s! p separation
principle, but provides a refinement of the HMO
method by accounting for inter-electronic interac-
tion energies, and in doing so specifically includes
effects of molecular geometry. The PPP-MO
method handles heteroatomic species well, is
suitable for the treatment of large molecules, and
is now used routinely as a tool to calculate the color
of dyes from virtually all chemical classes. It has

some deficiencies. The method incorporates p
electrons only and therefore cannot, except in a
rather empirical way, account for the subtle influ-
ence of s electrons on color such as hydrogen
bonding and steric effects. As more powerful
computing facilities become accessible, dye chem-
ists are increasingly turning to the use of more
sophisticated molecular orbital methods that take
into account all valence electrons, such as CNDO
(complete neglect of differential overlap), ZINDO
(Zerner’s intermediate neglect of differential over-
lap) and ab initio approaches.

Quantum mechanics calculations can reproduce
the absorption spectrum of indigo well. A highly
sophisticated theoretical study using an ab initio
complete active space! self-consistent field (CAS!
SCF) calculation provided an almost perfect fit with
the experimental spectra, correctly predicting even
shoulders (Serrano-Andres and Roos 1997). A
variety of different concepts have been advanced,
however, supported by analysis of the results of
quantum mechanics calculations, to explain the
long wavelength absorption of indigo in terms of its
molecular structure. These different approaches
essentially have aimed at identifying the particular
feature of the structure of the molecule that is

Fig. 3. Valence!bond
(resonance) struc-
tures contributing to
the first electronic
excited state of indigo.
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7 primarily responsible for the visible absorption. It
is generally accepted that the outer benzene rings
play a secondary role in determining the color
of indigo (Zollinger 2003), so that the concepts
generally focus on the central core of the molecule.
One commonly invoked approach proposes that
the basic structural unit responsible for the color of
indigo is an arrangement consisting of two electron
donor groups (NH) and two electron acceptor
groups (C!O) ‘‘cross-conjugated’’ through an
ethene bridge. This gives rise to the concept of the
H-chromophore (so called because it adopts the
shape of that letter of the alphabet, which is
illustrated in Fig. 4 (Klessinger et al. 1963, 1966,
1982). An alternative, closely related approach
proposes that the important structural arrangement
in the indigo molecule consists of two symmetri-
cally coupled polymethine (specifically merocya-
nine, !NH"C"C"C"O) chains (Dähne et al.
1965, 1986). Another model, conceptually more
complex and supported by theoretical calculations,
proposes that the basic chromophore may be
interpreted as the aza (nitrogen-containing) analo-
gue of two coupled cyclopentadienyl (C5H5

#) ions
(Dietz et al. 1986, 1993). This concept, illustrated in
Fig. 5, invokes the anti-aromatic character of the
positively charged five-membered ring structure.
The anti-aromaticity refers to the fact that this ring
contains 4 p electrons rather than the 6 p electrons
typical of aromatic compounds such as benzene
(Fig. 2).
Indirubin, whose chemical structure is shown in

Fig. 6, is a positional isomer of indigo, and is found
as an impurity in natural indigo. Indirubin is red.
For comparison, lmax of indigo and indirubin in a
methanol!water! trifluoroacetic acid mixture have
been reported to be 603 and 552 nm, respectively
(Maugard et al. 2001). In the crystalline solid state,
indirubin, like indigo, has been shown by X-ray
crystal structure determination to exhibit intermo-
lecular hydrogen bonding (Pandraud 1961). PiSYS-
TEM is a user-friendly, commercially available
quantum mechanics approach for calculating spec-

tral and other properties of dyes (Hutchings 1995).
The method is based on the PPP-MO method,
preceded by a force-field geometry optimization,
and extended by an iterative variation of the
electronegativity of the p atoms by consideration
of the s framework polarization. Application of
PiSYSTEM to indigo and indirubin in our labora-
tory correctly predicted the bathochromicity of
indigo compared with its isomer, giving predicted
lmax values of 605 nm and 543 nm, respectively,
which are in reasonable agreement with experi-
mental values (603 nm and 552 nm). In qualitative
terms, the reason why indirubin does not absorb at
wavelengths as long as indigo is that while it
contains the same two pairs of donor and acceptor
groups, they are not in a cross-conjugated arrange-
ment (cf. the H-chromophore concept for indigo
illustrated in Fig. 4).

Conclusion

Although the title of this paper poses a simple
question, there is no simple answer. Indeed, there
are features that remain either incompletely under-
stood or a matter of ongoing debate. The color of
indigo is dependent on its environment. It may be
argued that individual indigo molecules produce a
red color. Indigo is indeed red in the gas phase
where the molecules are unaffected by their envi-

N

N

O

OH

H

Fig. 4. The H-chromophore unit of indigo.

N

N

O

-OH

H

+ +

Fig. 5. Antiaromatic character of the 5-membered rings of
indigo.

N
N

O

H O

H

Fig. 6. The chemical structure of indirubin.
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7 ronment. In most common situations (in solution,
solid state or applied as a dye to fabric), however,
indigo shows its characteristic blue color. This blue
color arises due to absorption at relatively long
wavelengths (600! 675 nm) in the visible region.
The absorption of light causes the molecule to be
converted from its ground state to a higher energy
excited state. There is an inverse relation between
the DE and the wavelength of absorption. The
valence! bond approach to bonding in dye mole-
cules, using assumptions concerning the chemical
structures of the ground and excited states, may be
applied to provide a qualitative explanation of their
color. In the case of indigo, there is a convincing
chemical explanation concerning why the excited
state is especially stable, so that DE is small and the
dye absorbs at long wavelengths. A much more
rigorous explanation of color is provided by mole-
cular orbital methods of varying degrees of sophis-
tication, and these provide a quantitative prediction
of color. A variety of different concepts using the
molecular orbital approach applied to indigo have
been advanced to identify the structural unit in the
molecule that determines its color. A commonly
used approach invokes the concept of the H-
chromophore, a cross-conjugated system of two
donor (NH) groups and two acceptor (C"O)
groups. Calculations using PiSYSTEM provide a
reasonably accurate account of the colors of indigo
and indirubin, a red isomer of indigo. Indirubin is
not cross-conjugated and therefore does not absorb
at wavelengths as long as indigo. The effect of the
environment on the color of indigo adds a sig-
nificant extra level of theoretical complexity invol-
ving a complex set of intermolecular interactions of
which there is not yet complete understanding. It
seems likely, therefore, that this ancient dye will
continue be the subject of theoretical and experi-
mental studies well into the future.
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