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Abstract: The compound 6,6’-dibromoindigo, which is the main component of the pigment Tyrian purple, was studied theoretically at the TD-
DFT level of theory. We found that the absorption maximum of the compound about 600 nm underwent a red-shift when moving from the gas
phase in solution. With the located two conical intersections So / S1 we investigated (TD-DFT) the mechanisms connecting these structures with
the ground state equilibrium geometry. It was established that the conical intersections are not accessible along any of the excited-state
reaction paths which implies optical deactivation of the first excited state of the compound. With respect to these mechanisms the pigment

should exhibit high photostability when exposed to visible light.
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INTRODUCTION

T YRIAN purple is a pigment produced by some marine
snails belonging to the family of Muricidae.l'l The
pigment is produced as a colorless secretion in the hypo-
branchial gland and turns purple on exposure to light and
air.[2! The historian Caseau confessed that " 10,000 shellfish
would produce 1 gram of dyestuff, and that would only dye
the hem of a garment in a deep colour".B! The major com-
ponent of the ancient dye Tyrian purple is the compound
6,6’-dibromoindigo (DBI).

Tyrian purple is the most famous dye in antiquity and
during the Middle Ages which has been used by Egyptians
and subsequently by Greeks and Romans.[l Byzantium
emperors have used Tyrian purple as a symbol of power
and royalty and they believe that it possesses supernatural
and magic power.3 Tyrian purple has been adopted by the
Romans as a symbol of imperial status and authority. The
emperor’s silk cloths must be dyed with Tyrian purple. Even
more the Byzantium emperors were usually depicted (on
mosaics and wall-paintings) wearing Tyrian purple cloths.

Tyrian purple has one unusual and valuable prop-
erty: the colour keeps bright when exposed to sunlight,
without fading, even hundreds of years after manufactur-

ing of the dye.l®! It could be a result of the high photostabil-
ity of the compound 6,6’-dibromoindigo constituting the
pigment. Unfortunately the photochemistry and the photo-
physics of the compound are not known so far.

Despite these facts it is known that the leuco forms
of brominated indigoids can be debrominated by UV
light.l5-8] However this process is unspecific for DBI at room
light.[6]

In the beginning of the past century Friedlander for
the first time has proposed the composition of Tyrian
purple to be 6,6’-dibromoindigo.l'% Shortly after that the
compound 6,6’-dibromoindigo and other indigo derivatives
have been synthesized for the first time.!'!] Later Wolk et al
have proposed a detailed scheme for the preparation of
6,6’-dibromoindigo from different reagents.[12.13]

In water solution 6,6’-dibromoindigo has a blue color
(590 nm) whereas the color of dyed cloths (on wool) is pur-
ple (520 nm).[5.6.14 This unusual shift of the absorption max-
imum from 590 nm to 520 nm might be a result of
conformational changes in the compound. Some authors
have proposed the IR and RAMAN spectra of the compound
as well as the X-ray crystal structure of the dye immobilized
on wool.[514151 The experimental findings of Cooksey
et al.l514] have given an evidence only for one conformer of
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6,6’-dibromoindigo. This is the planar conformer with the two
carbonyl groups located on opposite sides of the molecule.

The crystal structure of 6,6’-dibromoindigo has been
discussed in details by Truger.[*6] However the first crystal-
lographic study of the compound has been carried out
several decades before that by Susse et al.['”] and Larsen et
al.'81 They have proposed space group P2:/a and P2;/c. The
study of Susse et al.['7l have reported the next unit cell
parametersa=115A,b=4.85A, c=12.6 A, B=104.0°. The
molecules in the unit cell form H-bonds with four neighbor-
ing molecules and also form ri-stacked aggregates. (1€

The aim of the research is to try to explain the high
sunlight stability of the pigment Tyrian purple or the com-
pound 6,6’-dibromoindigo (DBI). The investigation of the UV
light phenomena is outside the scope of the current paper.

THEORETICAL METHODS

The ground-state equilibrium geometry of DBI was
optimized at the BLYP/cc-pVDZ level of theory in the gas
phase. Subsequent optimizations of the ground-state
geometry of the compound were performed in water,
acetonitrile and chloroform surroundings at the same level
applying polarizable continuum model (PCM). The gas
phase equilibrium geometry of DBI was also reoptimizaed
at the CASSCF(2,2)/STO-3G* level of theory. At the same
level we also found two conical intersections So/ S1. One of
them is connected with a mutual orientation of the two 6-
bromoindigo rings while the second one is connected with
a deviation of one of the bromine atoms out of the
molecular plane. It should be mentioned that the
attempts to enlarge the active space and to use better
basis set failed because of the large size of the molecule
and the presence of two bromines. The CASSCF structures
were used only to perform linear interpolation in internal
coordinates (LIIC).

The vertical excitation energies of DBl were
calculated at the BLYP/cc-pVDZ level of theory with the
ground-state equilibrium geometries found in different
media (gas phase, water, acetonitrile and chloroform) with
PCM. The accuracy of the TD-DFT methods has been
discussed in lots of theoretical investigations and it has
been demonstrated that they predict reliable excited state
properties.[19-21] |t has been proven that the TD-DFT is one
of the most powerful and accurate method for such
explorations.[291 For DBI the DFT method has predicted
close results to the experimental UV absorption maxima.[22]
The accuracy of the BLYP functional was commented in our
recent paper23l and we found that this functional predicts
excitation energies close to the experimental UV absorp-
tion maxima of organic compounds in solvents.

In order to get the excited-state reaction paths of the
mechanisms connecting the ground-state minimum of DBI
with the two conical intersections S / S1 we performed linear
interpolation in internal coordinates. In this approach we
used the CASSCF structures. The LIIC approach was
performed by the linear equation:

Q; = Q{1) + [QE) — Q1)] (1)

where Q(l) is the i-th coordinate of the initial structure
(ground state of DBI); Qi(E) is the same coordinate of the
final structure (conical intersection So / S1); € is the interpol-
ation parameter, whose values are in the interval 0 (initial
structure) + 1 (final structure) and it is regarded as a reac-
tion coordinate here. Between the initial and the final
structure the LIIC approach led to several structures whose
vertical excitation energies were computed at the TD
BLYP/cc-pVDZ level.

The calculations were carried out with the GAUSSIAN
03 commercial program packagel?yl and the structures
were visualized with the ChemCraft program.[25]

RESULTS AND DISCUSSION

Ground-State Equilibrium Geometry and
Conical Intersections So/S: of DBI

The gas-phase ground-state equilibrium geometry of DBI
obtained at the BLYP level is presented in Figure 1a. As seen
the molecule is planar and the two carbonyl groups are
located on opposite sides of the molecule. We tried to
optimize another planar conformer of DBI with two
carbonyl groups located on one side of the molecule (S-cis-
conformer) but the calculations failed without locating a
minimum. Perhaps it is due to the strong repulsion
between the two oxygen atoms. The S-cis-conformer of DBI
has been not reported in the available literature.[6.22]

The conical intersection Cla has a non-planar geom-
etry (Figure 1b). It describes a mutual motion of the two
aromatic fragments one to another. It could be associated
with a rotation around the Ci6 = Cg bond similar to ethyl-
ene.l?®l |n other words so-called “ethylene-like” conical
intersection is realized.[26271 As known the main deac-
tivation channels of nucleic acid bases are connected with
non-radiative excited-state deactivation through ethylene-
like conical intersections So / S;.128-31

The conical intersection Clg shows a structure with
one bromine atom out of the molecular plane: <C3C,C,C¢ =
68.6°% <C1C2C23C4 = —68.6°%; <Bri,C,C1C¢ = —92.1°. Similar
conical intersection has been found for 5-fluorouracil32
and it well describes the non-radiative deactivation of the
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(b)

Figure 1. (a) BLYP-ground-state equilibrium geometry of DBI; (b) CASSCF-conical intersection Cla of DBI connected with a C16Cs
twist; (c) CASSCF-conical intersection Clg connected with a deviation of one bromine atom out of the molecular plane.

compound. In fact this conical intersection So / Sy is a crossing
point between the ground state PES and the rut” PES.[32

Vertical Excitation Energies

The calculated vertical excitation energies of the ground-
state equilibrium structure of DBI in different surroundings
are given in Table 1. Selected molecular orbitals involved in
the electron transitions are given in Figure 2. The lowest-
lying excited state in all phases is the spectroscopically
active nmn” excited state. As seen the passage from the gas
phase to solvent provokes a red-shift of the vertical
excitation energy of the first bright excited state. This effect
can be seen also from the simulated UV spectra in Figure 3
of DBI in the different phases. The dielectric properties of
the solvents do not influence the vertical excitation energy
of this excited state. The same effect has been observed by
Sheppard et al.?3] for indigo in vacuum and non-polar
solvent CCl; and the polar solvent acetone. In these
solvents the absorption maxima for the lowest-lying
excited state were found to be at 2.271 eV (546 nm), 2.066
eV (600 nm) and 2.077 eV (597 nm) respectively. This
absorption for DBI has been registered at 2.073 (598 nm)
eV in DMSO0I2234 and methanol.5 The bathochromic effect
of indigoides, in this number DBI, has been also well
documented in the work of Gtowacki et al.[36

M%

n-MO ( HOI\/IO 2

" -MO (LUMO)

" -MO (LUMO+1)

Figure 2. Selected BLYP-molecular orbitals in the gas phase,
involved in the electron transitions.

The vertical excitation energies about 3.8 eV corre-
spond to the electron transition =" for which we calcu-
lated the largest value of the oscillator strength in all
phases. The values should correspond to the most intensive

Table 1. BLYP-vertical excitation energies (VEE) of DBI in
different surroundings, all in eV. The oscillator strength is
given in brackets.

Gas phase Water Acetonitrile Chloroform

State  VEE State  VEE  State VEE State VEE

g 2006 . 1894 . 1894 . 1894
(0.2543) (0.3204) (0.3219) (0.3349)

e 2255 4. 2216, . 2217 . 2228
(0.0) (0.0) (0.0) (0.0)

o 2269, . 2288, . 2287 . 2278
(0.0) (0.0) (0.0) (0.0)

e 2660 . 2695 . 2694 ., . 2685
(0.0) (0.0) (0.0) (0.0)

o 2718 2702 2701 . 2693
(0.2287) (0.2784) (0.2798) (0.2913)

g 3894 . 3858 . 3857 ., . 3848
(0.5889) (0.7565) (0.7588) (0.7775)
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Figure 3. Theoretical (BLYP) UV absorption maxima of DBl in
different phases (GP — gas phase; W — water; AN —
acetonitrile; CF — chloroform). The spectra were simulated
using Lorenzian broadening of the bands. The ground-
statate structures were optimized in the gas phase and in a
given solvent (PCM).

DOI: 10.5562/cca3732

Croat. Chem. Acta 2020, 93(3), 177182



180

V. B. DELCHEV: Photoinduced Phenomena in 6,6’-Dibromoindigo ...

ROATICA
CT
A

band in the experimental spectrum of DBI in solvents. The
simulated bands are given in Figure 3. They show a slight
solvatochromic effect: the decrease of the dielectric
constant of the solvent leads to a hardly visible red-shift of
the maximum.

The simulated bands in the middle interval of wave-
lengths 430—-480 nm show the same trend as for the most
intensive band. The bands correspond to the vertical exci-
tation energies of DBI at about 2.7 eV which we assigned to
the nt” excited states either.

Excited-State Reaction Paths

To check the high photostability of DBI when exposed to
visible light we performed a linear interpolation in internal
coordinates between the ground-state minimum and the
conical intersections So / S1. The BLYP-linearly interpolated
excited-state reaction curves in the gas phase and water
surroundings are presented in Figure 4 for the transfor-
mations DBI — Cla and DBI = Clg. As seen in both cases the
Inn” excited-state reaction paths show increase of energy
along the reaction coordinate which is unusual behavior of
this state as compared to the canonical nucleic acid bases
and similar mechanisms.[283237-39] |n other words the
conical intersections Cla and Clg are not accessible through
the nnt" excited state reaction paths of the first bright
excited state. Thus pumping this state by excitation with
visible light cannot lead to some photophysical phenomena
which are connected with the non-optical transitions
through conical intersections, in particular the conical
intersections Cla and Clg. The excited DBI to the first rut”

6,

Erels eV

excited state can only participate in optical transition
(fluorescence) to the ground state in the Franck — Condon
area. Non-accessibility of the two conical intersections pre-
vents DBI to be transformed in another structure which
would be responsible for the change of the color of DBI. The
second " and the dark nit” excited-state reaction paths
show also an energy increase along the reaction coordinate.

CONCLUSION

We performed a theoretical study of 6,6’-dibromoindigo at
the TD-DFT level of theory. Itis a component of the ancient
dye Tyrian purple known as “imperial color”. We studied
the vertical excitation energies and the theoretical absorp-
tion spectra of the compound. It was found that the pas-
sage from the gas phase to solvents the lowest-lying rt”
excited state, which is the first spectroscopically active
state, underwent a considerable red-shift in the visible part
of the spectrum. Two conical intersections So/ S; between
the ground state and the lowest-lying excited state were
also located. Their structures were used to perform linear
interpolation in internal coordinates between the ground-
state minimum of the compound and the conical intersec-
tions. The obtained excited-state reaction paths revealed
that the conical intersections are not accessible through
the energy curves of the lowest-lying excited state. In other
words, with respect to these mechanisms, the main deacti-
vation of the first excited state of 6,6’-dibromoindigo is an
optical transition S; — So, which could explain the high
photostability of the pigment when exposed to visible light.

7,

Figure 4. Linearly-interpolated excited-state reaction paths of the reactions a) DBl = Cla and b) DBl = Clg. The triangles (A)
describe the reaction curves for the mechanisms in water surroundings, while the circles (0) are for the gas-phase mechanism.
The relative energy was calculated according to the energy of the ground-state equilibrium geometry in water surroundings
(-6022.633987 a.u.). The x-axis is scaled according to the values of the interpolation parameter €.
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