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A Theoretical Study of the Indigoid Dyes and Their Chromophore 

Luis Serrano-And&* and Bjorn 0. Roos 

Abstract: A theoretical study of the elec- 
tronic spectra of indigo, bispyrroleindigo, 
and the H-chromophore, thought to be 
the basic structure leading to the intense 
absorption in the visible spectrum of the 
indigoid dyes, has been performed by 
means of the complete active space (CAS) 
SCF method and the multiconfigura- 
tional second-order perturbation theory 

(CASPT2). The calculations include exci- 
tation energies, oscillator strengths, and 
transition moment directions for the va- 

lence singlet states of the molecules. The 
assumption that the H-chromophore is re- 
sponsible for the absorption in the visible 
spectrum is quantitatively revisited with 
the help of the modern ah initio method- 

Keywords ologies and the main features of these 
a b  initio calculations * chromophores molecules are theoretically analyzed. - dyes * electronic structure - indigo some of them for the first time. 

lntroduction 

In theory, visible absorption spectroscopy is no more important 
than other spectroscopic methods, but it has been the subject of 
particular interest over many years, for obvious reasons: we 
perceive compounds that absorb in the range 400-700 nm 
(3.10-1.77 eV) as being colored, and compounds that absorb 
strongly at  these frequencies can be used as colorants, dyes, or 
pigments. Known since ancient times, colorants became indus- 
trially important with W. H. Perkin’s discovery of the first syn- 
thetic dye, mauve, in 1856. It was soon realized that compounds 
absorbing in the visible region differed from those absorbing at  
higher energies, namely, near ultraviolet, in that they contained 
complex combinations of what Witt named chromophores in 
1876,[‘’ that is, one or several groups of unsaturated species 
responsible for absorption in the low-frequency region of the 
spectrum. 

Empirical theories about color and constitution were devel- 
oped by spectroscopists a t  the beginning of this century, but, 
with the development of the valence bond theory, the concept of 
resonance was thought to have provided the final explanation for 
the phenomenon of color. Bury suggested in 1935 that color was 
actually due to the oscillation of bonding between two Kekult. 
structures.[’] The initial success of resonance theories led to the 
elaboration of Knott’s rules,’’] which allow solvatochromic 
shifts to  be predicted by examining all possible resonance forms 
according to stability criteria. The number of exceptions to  these 
rules began to increase, and the first molecular orbital calcula- 
tions showed that a large number of resonance structures should 
be included to obtain even a qualitative understanding of the 
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absorption bands. One of the greatest achievements of the 
semiempirical molecular orbital theories was obtained in 1960’s 
and related to  the indigoid-type dyes. 

Indigo (also referred to as indigotin, 2,2’-bisindoleindigo, or 
2,2’-biindoline-3,3’-dione; I in Figure 1) is a blue pigment, which 
is insoluble in water and which must be first reduced to  the water 
soluble leuco form and then reoxidized to become a blue dye 
locked within the fiber. It is one of the most ancient natural dyes 
obtained both in Asia from the so-called indigo plant and in 
Europe from dyers’ woad, and it is still one o f  the most prevalent 
dyes used to obtain the blue color ~ f j e a n s . [ ~ . ~ ]  One of its deriva- 
tives, 6.6‘-bromoindigo is known as  Tyrian purple. It was ob- 
tained from glandular secretions of some molluscan species in 
the Mediterranean Sea in such small quantities that wearing 
clothes dyed with it became a privilege of Greek kings and 
Roman emperors. The synthetic form is still used today to  ob- 
tain violet colors.[3, 41 The structure of indigo was elucidated by 
von Baeyer between 1866 and 1883, but it was only in 1928 that 
Reis and Schenider succeeded in determining its trans configura- 
tion by X-ray analysis.[31 Qualitative and empirical theories of 
color and constitution were unable to explain the blue color of 
the indigo dye and the red color of its sulfur-containing ana- 
logue (-S- replacing -NH-) . Therefore the proposed structure 
was repeatedly questioned.[31 

Four resonance structures were initially proposed to explain 
the color of indigo: neutral I ,  two structures with a negative 
charge on one of the oxygen atoms and a positive charge on  the 
nitrogen of the second moiety, and the so-called quadrupole 
merocyanine structure with a negative charge on each oxygen 
and a positive charge on each nitrogen. In the quadrupole struc- 
ture the benzene ring is explicitly considered to  be part of the 
chromophore. In 1965 Leupold and Dahne[” applied the ex- 
tended Huckel molecular orbital method to  this problem, and 
they concluded that the ground state of indigo was best regarded 
as a resonance structure between the neutral and the quadrupole 
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Figure 1 ,  Structure and a ioni  labeling for indigo ( I ) .  bispyrroleindigo (11). and thc 
H-chromophorr (111) (C2,,  \ymmeiry) 

merocyanine structure a term coined by them. More sophisti- 
cated calculations using the Hiickel method"] and later the PPP 

mainly performed by Klessinger and co-workers 
between 1966 and 1973, suggested that the fundamental chro- 
mophore of indigo was the cross-conjugated system 111, desig- 
nated as H-chromophore by Dlhne  and Leupold'"] because of 
its shape. The structure of the indigo chromophore, identified 
by purely theoretical methods, was confirmed by Klessinger and 
co-workers. They synthesized simple modcls analogous to in- 
digo, such as tetramethylbispyrroleindigo (a tetramethyl deriva- 
tive of 11) and other derivatives,r'O.l'l in which no addiiional 
unsaturated bonds could be rorined other than those of the 
H-chromophore.['I 

Indigo was therefore classified as a donor-acceptor chro- 
mogcn where the amino groups act as the electron donors and 
the carbonyl groups as the electron acceptors. The position of 
thc lowest absorption band (and therefore the color) in indigo 
varies strongly with its environment, ranging from red (540 nm, 
2.30 eV) in the gas phase. to violet (588 nm. 2.1 1 eV) in a nonpo- 
lar solvent such as CC1,. to blue in polar solvents such as 
ethanol (606 mi, 2.05 eV) or in the solid state.[3.". 1 2 ]  The intro- 
duction of substituents in the benzene rings has no pronounced 
effect, probably due to tlie secondary role of the rings. and thc 
band maxima in a tetrachloroethane solution fall between 570 
and 645 nm (2.1 8 and 1.92 eV)"] depending on the substituents. 
Substitutions at the 5,5'-positions (7 from the carbonyl carbon) 
lead to bathochromic shifts, and substitutions at  6,6' (y froin the 
nitrogens) to hypsochromic shifts. This is the case in 6,6'-dibro- 
nioindigo, which is purple in polar solvcnts owing to an absorp- 
tion at 590 nm (2.10 eV).1121 Replacing the nitrogens in indigo 
by poorer donating systems like sulfur or oxygen leads to large 
hypsochromic shifts. Thcrc is a rich literature about the synthe- 
sis and properties of indigoid dyes and related compounds, but 
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from the structural point of view the most important conclusion 
is that it is impossible to establish simple qualitative rules for the 
correlation between the structure and the electronic spectrum of 
n-electronic molecular systems.[31 In most of cases the use of 
high-quality quantum chcrnical methods is unavoidable. 

The visible and near-ultraviolet spectrum of indigo in ethanol 
up to 220 nin (5.64 eV) is composed of four main bands with the 
following band maxima and extinction coefficients (in parenthe- 
ses): 2.0 (15800), 3.5-3.9 ( IOOOO) ,  4.4 (2690O), and 5.2eV 
(19 900).[61 The semiempirical studies on the system were limited 
to the lowest singlet state. The present study tries to perform a 
complete study of the nuin features of the indigo molecule by 
means of the ab initio CASSCF/CASPT2 method.['3.141 The 
size and structure of the indigo molecule means that it is neces- 
sary to make certain approximations. The x valence electron 
correlation, involving 22 electrons and 20 orbitals, cannot fully 
be accounted for a t  the CASSCF level. It will therefore bccomc 
necessary to treat part or the n electrons as inactive and use the 
CASPT2 method for all remaining contributions to the correla- 
tion energy. 

The present study was performed in the following way. Ini- 
tially, the valence states of the H-chromophore system (111), 
including n --t x* and n + n* singlet states, will be studied. 
Then, the valence n + x* spectrum of bispyrroleindigo (11), the 
closest system to indigo where all n valence electrons and or- 
bitals can be included in the active space, will be studied. The 
final study will be performed on the n + n* spcctrum of indigo 
itself (1). Both the H-chromophore and bispyrroleindigo will be 
used to test different aspects as the basis-set or active-space 
selection. The analysis of the results will be used to revisit the 
H-chroinophore hypothesis in it quantitative way, and will per- 
mit a bcttcr understanding of the basic features of the indigoid 
dyes. 

Methods and Computational Details 

Ground states geometries: No gas-phase ground state experimental cquilibri- 
um geometries h a w  been reported for the molecules under consideration. Our 
ground state geometries were therefore optimized at the CASSCF level of 
theory employing an atomic natural orbital (ANO) type basis set[' contract- 
ed t o  C,N,O 3s2pldlH 2s built fioiii the primitive set C.N.O(l0~6p3d) '  
H(4s)"'' for H-chroniophore and bispyrroleindigo. The geometry optimiza- 
tion on thc indigo inoleculc was carricd out with a basis set contracted to 
C,N.O 3s2p,H 2s owing to the larger size o f the  system. The molecules were 
maintained in a planar arrangement in agreement with findings obtained by 
X-ray diffraction ineasurements~' 'I (C2, ,  symmetry) and were placed in the .q 
plane. The active spaces employed in [he optimizations include the rc.rc* 
orbitals and electrons, except in indigo where some of them were treated as 
being inactive. The sizes are: H-chi-omophore, X orbitals and 10 electrons; 
bispyrroleindigo. 12  orbitals and 14 electrons; and indigo, 12 orbitals and 14 
electrons. 

B a s k e t  and active-space selection: The large size of the indigoid dyes makes 
i t  neccssery to limit the size of the basis betb. To study the effect o f  the Ixisis 
set reduction o n  the excited states of these systems. u'e coinpiled tlie results 
for the n 4 rc* valence states of the H-chromophore computed with three 
different ANO-type[''] basis sets (Table 1 ) .  As previous experience also 
shows."" the most important quality losses in excitation energies appcar 
when the polarization functions are dt-opped from the basis set. On the other 
hand, the change from the basis set C,N,O 4 s 3 p l d , H  2s to C.N.0 3s2p Id H 
2s typically leads to deviations in the excitation energies between 0.1 and 
0.2 eV. This latter basis set will be used in the calculations on bispyrroleindigo 
and indigo. 
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Table I .  Calculated CASPTZ excitation energies (eV) and oscillator strengths (f) 
for then + n* excited singlet statcs of the H-chromophore in different basis sets [a]. 

4s3pld 3s2pld 3s2p 
Stzte PT2 f Pr2  f' PT2 .f 

1 '8, (n + a*) 2.40 
2 ' B, (a + n*) 6.32 
3 ' B ,  (a + n*) 6.49 
4 ' B , ( n + x * )  7.43 
5 ' 8 , ( n + s * )  7.49 

2 ' A g ( a - t X * )  3.78 
3 ' A ,  (a + n*) 

51.4, (n + n*) 6.81 

4.82 
4 ' A ,  (a --t a*) 5.52 

0.127 
0.072 
0.473 

0.100 

forb. 
forb. 
forb. 
forb. 

0.054 

2.47 n.13o 
6.40 0.119 

7.37 0 . 0 ~ 5  
6.52 0.426 

7.46 0.125 

3.79 forb. 
5.17 forb. 
5.32 forb. 
6.91 forb. 

2.85 0.156 
6.81 0.502 
6.84 0.100 
7.86 0.094 
7.93 0 1 1 2  

4.25 forb. 
5.73 forb. 
5.61 forb. 
7.27 rorb. 

la] All ANO-type basis sets, 2s for hydrogen, ref. [17], with additional I s lp ld  
dlffuae [unctions. 

The indigo molecule has 2011,rr* orbitals and 2211 electrons. To study the x 
spectrum of the molecule it would be desirable to include all the s,n* orbitals 
in the active space for the CASSCF treatment. This is not possible, and 
therefore some appropriate selection of the space is necessary. The procedure 
for making the selection is not straightforward. and in the following we show 
one possible way of dealing with large systems within the present methodol- 
ogy. The bispyrroleindigo will be used lirst to illustrate the procedure. We will 
use the natural occupation numbers from a RASSCF calculation as a criteri- 
on for the importance of an  orbital in the dcscription of an electronic state. 
The restricted active space (RAS) SCF was employed to ana- 
lyze the E + H *  excited states. In the RASSCF method the inactwe and 
secondary space have the same properlics as for the CAS wave function. The 
active space is, however, divided into three subspaces: RAS1, RAS2, and 
RAS3. RAS 1 and RAS 3 spaces consist of orbitals in which a certain number 
of holes and electrons, respectively, are allowed. In the present study we have 
only considered single excitations from RAS 1 to RAS3. In the RAS2 space 
the arbitrary occupation of thc orbitals is retained. 
We performed an RASSCF calculation for bispyrroleindigo in which the II 
space was divided into three subspaces: RASI ,  including two ( I ,  and two h, 
orbitals; RAS2, three a, and three b, orbitals; and RAS3, including one ( I ,  

and one h, orbitals. A maximum of one hole and one electron are allowcd in 
RAS 1 and RAS3, respectively. Table 2 shows the SCF orbital energies we 
used as a criterion to divide the RAS space. Also Table 2 contains the natural 
occupation o f t h e  bispyrroleindigo 11 orbitals for both the RASSCF and the 
CASSCF calculations. A basis set contracted to C,N.O 3s2p/H 2s was em- 
ployed for these test calculations. In bispyrroleindigo all 1211,a' orbitals can 
be included into the CASSCF space. A usual criterion for considering a 
particular orbital a s  being important for the description of an excited state is 
that it should have a CASSCF occupation of higher than 0.05 or lower than 
1.95. in  bispyrroleindigo the low-lying ( I ,  and 6, orbitals are of minor impor- 
tance for the six lower ' B ,  excited states. This is perfectly reflected in the RAS 
calculations with the occupations 2.00 o r  1.99 in all cases. Both orbitals could 
then be excluded from the active space if necessary. In general orbitals with 
occupations of 1.96-1.97 or 0.03-0.04 in the RASSCF calculation are a t  the 
limit. Smaller or larger occupancies, respectively, imply that the orbital must 
be included in the activc space. On the other hand. in both the RASSCF and 
CASSCF calculations, the 2r1, orbital seems to be essential in describing the 
3 ' B ,  state. A CASSCF calculation that does not include this orbital could 
only be used to compute the lower states. The same study can be performed 
for the 'A, states. The RASSCF and CASSCF excitation energies (with 
respect the ' A ,  ground state) and especially the oscillator strengths can differ 

I t  can be concluded that a RASSCF study of the natural occupation numbers 
is a useful way to select the orbitals involved in the description of the states. 
In indigo it is not possible to include all 20 II orbitals in the CASSCF active 
space. Table 3 compiles the results of a RASSCF calciilation on the indigo 
molecule. Here the SCF orbital energies were also used to partition the active 
space. The two lowest 11 orbitals were considered to be too low in energy and 
are not included in the active space. The RAS space was divided as follows: 
RAS 1, two a, and two h, orbitals, RAS2, fivc u,, and five h, and RAS 3, two 
u, and two b, orbitals. The results show that the 2u,  and Zh, orbitals, which 
have a constant occupation of 1.99 in all the studied states, can be left 
inactive. All the orbitals included in RAS2 seem to be important. The four 
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Table 2. SCF orbital energies (a) and RASSCF (b) and CASSCF (c) occupation num- 
bers for the n orbitals in the '8, states of the bispyrroleindigo molecule (ANO-type 
C,N.O [3s2p]: H [2s] basis set). The excitation energies (AE,  eV) iind oscillator .;trenpths 
(f) also included 
a) SCF energies (eV). 

Orbital 1 2 3 4 5  h 

( I , ,  -17.29 -14.22 -10.96 -8.35 3.44 h.4X 
h, -16.09 -14.45 -9.57 0.40 5.01 ti.76 

b) RASSCF natural occupation numbers. 

RAS 1 RAS 2 RAS 3 
State Orblral 1 2 3 4 5  6 AE / 

I ' B ,  u, 1.99 1.96 
h, 1.99 1.98 

2 ' B ,  (I%, 1.99 1.97 
1.99 1.98 

3 'BLL ( I ,  1.99 1.42 
h, 1.99 1.93 

4 '8 ,  ( I ,  1.99 1.96 
h, 1.99 1.96 

5 ' B ,  ( I ,  2.00 1.81 
h, 1.99 1.80 

6'8,. ( I , ,  1.99 1.91 
h, 1.99 1.88 

h, 

1.90 1.04 0.10 0.03 4.07 0.30 

1.69 1.11 0.23 0.04 5.40 0.1x 
1 . 7 ~  1.05 o 1 1  0.04 
1.94 I 62 0.27 0.04 6.93 0.15 

1.90 1.02 0 06 0.02 

1.65 1.01 0 10 0.03 
1.82 1.26 0 50 0.06 7.66 0.1') 
1.53 0.33 0.57 0.03 
1.86 1.33 0.40 0.10 x.00 0.27 
1.55 0.99 0.IX 0.09 
1.78 1.14 0.42 0.07 Y 80 (1.01 
1.69 0.67 0 43 0.04 

c) CASSCF natural occupation numbers; C.N.0 [3s2pId,'H [Is] + I s  Ip Id 

Statc Orhitirl 1 2 3 4 5  6 A E  1 

I ' B ,  N, 1.98 1.95 1.90 1.05 0 I 1  0.06 1.71 0.16 
13, 1.97 1.95 1.90 1.01 o .ox  0.04 

218, ( I ,  1.98 1.94 1.70 1.12 0.24 0.07 5 43 0.14 

3 ' 8 ,  1.97 1.34 1.90 1.69 0.23 0.07 6 . ~ 3  0.0') 
h, 1.98 1.95 1.76 1.07 0.13 0.07 

I ) ,  1 . ~ 7  1.87 1.72 1.07 0.10 o.o6 
4'8, u, 1.97 1.91 1.82 1.46 0.59 0.10 7.72 0.23 

h, 1.96 1.91 1.44 0.40 0.36 0.06 

h, 1.97 1.73 1.78 0.96 0 42 0.09 

h, 1.96 1.90 1.64 0.58 0.52 0.05 

~ I B ,  u, 1.97 1.84 1 7 7  1.13 0 2 5  o.10 7.70 0.01 

6 ' 8 ,  (I,,  1.97 1.90 1.68 1 2 5  0.4X 0 0 8  8.20 0.17 

highest orbitals have, however, a low occupation in all the states. I t  is to be 
expected that they have only a minor influence. The 3u,, and 3h, orbitals are 
at the limit observed for bispyrroleindigo. They can be included with the ten 
orbitals of RAS 2 in the active space leading to a valence space of I 2  orbitals 
and 14 electron. If the space were too limited, this would be observed when 
performing the second-order perturbaton. If' more active orbitals were rc- 
quired, excitations involving these orbitals would appear a s  strong intruder 
states. The same treatment performed for the ' A ,  states led to the same 
conclusions. A similar study was carried out using an SDTQ RASSCF calcu- 
lation including the valence n space in RAS 1 and the valence II* space in 
RAS3. The conclusions obtained led to the same orbital selection. 
Finally i t  is interesting to  note the small sensitivity n f the  CASPTZ excitation 
energies towards the active-space size, once the minimum number ol'orbitals 
is included. We performed CASPT2 calculations on the '4 states of 
bispyrroleindigo using the full 12 orbitak/l4 electrons active space and a 
reduced 10 orbitalsll0 electrons space, where the Ih ,  and l a ,  orbitals are kept 
inactive. The previous RASSCF study led us to conclude that these nrbitals 
play a minor role in the description of the statcs. We use the small 3s2p/2s 
basis set and no diffuse functions. The computed excitation energies for five 
'B, states for bispyrroleindigo in the 12 orbitals, 14 electrons calculation 
were: 2.31, 4.37, 5.42, 5.64. and 6.09 eV, respectively. For the 10 orbitals 
10 electrons calculation the computed excitation energies %ere: 2 45. 4.33. 
5.60, 5.73, 6.14eV, respectively. These results are within the expected 0.1 ~ 

0.2 eV accuracy and confirm that the reduction in the active space IS appro- 
priatc. 

Calculations of the vertical electronic spectra: ANO-type basis set of higher 
quality were used in the calculations of the excitation energies. Initially. a 
basis set contracted to C,N,O 4s3p ld /H  2s from the primitive set 
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Table 3 SCF orbit;tl energies (a) and RASSCF (b) occupation numbers for the n orbitals in the ' B ,  states of the indigo molecule (ANO-type C,N,O [3s2p]/H [2s] basis set). 
The excitation energies ( A E ,  eV) and oscillator strengths If) are also included 

a) SCF energies (evj. 

Orbital 1 2 3 4 5 6 7 8 9 10 

1% - 17.70 -14.45 -14.11 -10.59 -10.17 -8.02 1.74 3.31 5.33 6.51 
h, - 16.67 - 14.65 - 13.43 -10.22 -9  15 0 01 2.90 3.79 1.36 7.90 

b) RASSCF natural occupation numbers. 

RAS 1 RAS 2 RAS 3 
State Orbital 1 2 3 4 3 6 7 8 9 10 BE / 

1.99 1.98 
1.99 1.97 
1.99 1.97 
1.99 1.97 
1.99 1.97 
1.99 1.96 
1.99 1.97 
1.99 1.96 
1.99 1.96 
1.99 1.97 
1.99 1.97 
1.99 1.97 

1.90 1.91 1.05 0.13 0.09 

1.87 1.69 1.08 0.11 0.12 

1.91 1.86 0.97 0.11 0.08 
1.32 1.90 1.60 0.18 0.11 

1.84 1.45 1.80 0.34 0.14 
1.85 1.67 0.62 0.19 0.11 
1.85 1.70 1.07 0.37 0.10 
1.63 1.88 0.82 0.49 0.09 
1.86 1.56 1.49 0.29 0.20 
1.85 1.63 0.76 0.23 0.14 
1.59 1.87 1.26 0.30 0.11 
1.85 1.59 1.06 0.16 0.20 

0.01 0.01 3.71 0.30 
0.01 0.02 
0.01 0.02 5.52 0.18 
0.02 0.02 
0.02 0.01 5.70 0.33 
0.01 0.02 
0.02 0.01 6.34 0.06 
0.01 0.02 
0.02 0.02 6.48 0.15 
0.01 0.03 
0.03 0 02 7.46 0.44 
0.02 0.02 

C,N,0(14s9p4d) H(6s)'l7] was used to compute the full set of excited states 
in the H-chromophore system. It was supplcmented with a l s l p l d  set or 
Rydberg type functions (contracted from 8 primitivcs of each angular mo- 
mentum type), which were constructed following a procedure described ear- 
lier,'i31 and were placed at the charge centroid. These diffuse functions are 
essential for the description of the Rydberg states and for the minimization 
of spurious interaction between Rydberg and valence states."41 The calcula- 
tions of the spectra of bispyrroleindigo and indigo used a basis set contracted 
to C.N,O 3sZpldjH 2s plus the additional l s l p l d  diffuse functions. The 
carbon, nitrogen, and oxygen 1s orbitals were kept frozen in the form deter- 
mined by the ground state SCF wave function and were not included in the 
calculation of the correlation energy. 
The CASPTZ method[I4. 2 ' .  calculates the first-order wave function and 
the second-order energy with a CASSCF wave function constituting the 
reference function. Thus, initially the multiconfigurational wave functions are 
determined at the CASSCF level of a p p r o ~ i m a t i o n . ' ~ ~ '  Orbitals and transi- 
tion densities are obtained at this level. Only the dynamic correlation energy 
is obtained by the second-order perturbation treatment. All the remaining 
properties are obtained from the CASSCF wave function. Recently, a level 
shift operator has been introduced[241 to the CASPTZ approach, which re- 
moves the effect of intruder states. The description of this technique can be 
found in the original  article^.'*^.^^] The method has been given the acronym 
LS-CASPTZ. A value of 0.3 au was used for the level shift in all the computed 
states. The CAS state interaction method (CASSI) was used to compute 
transition properties.[261 Intensities were obtained by combining the CASSCF 
transition moments with CASPT2 evaluated excitation energies, a method 
that has proven to give accurate results in a number of previous applica- 
t i o n ~ . [ ' ~ . * ~ ~  The molecule is placed in the xy plane (x long axis and y short 
axis of the molecule), and the coordinate origin is the inversion center of the 
molecule. Transition moment directions are therefore defined as angles from 
horizontal axis x to vertical axis y (positive direction). 

The selection of the appropriate active space is the crucial step in the 
CASSCF/CASPT2 approach. In general, the active space should include all 
orbitals with occupation numbers appreciably different from two or zero in 
any of the excited states under consideration. This means that all near-degen- 
eracy effects are included in the CASSCF reference function, and consequent- 
ly there will bc no large terms in the perturbation expansion. The limit of 
13-14 orbitals that can be included in the active space in present implemen- 
tations of the CASSCF method sometimes makes it difficult to choose an 
appropriate active space in studies of a large number of excited states. Table 4 
lists the active spaces employed in the present study. For the valence T[ + K* 
states the minimum active space should be that including all valence TI,TI* 

orbital and electrons. The recommended procedure is to always include dif- 
fuse functions in the basis set and Rydberg type orbitals in the active space, 
as has been done for the H-chromophore. As listed in Table 4, the spaces used 
for the H-chromophore include the eight valence T[ orbitals and the three TI 

Table 4. CASSCF wave functions (number of active orbitals and electrons) em- 
ployed to compute the valence aingiet excited slates of the H-chromophore. 
bispyrroleindigo, and indigo. 

Wave function [a] Statcs No. conf. [b] N,,,,,, [c] 

H-chromophore 
CASSCF(0056)(10) 

CASSCF(1156)(14) 

Bispyrroleindigo 
CASSCF(0076)(14) 
CASSCF(0067)( 14) 

Indigo 
CASSCF(0076)( 14) 
CASSCF(0067)(14) 

30 592 
30392 

1 80 774 
1 80 774 

368 432 
367732 

368 432 
367 732 

[a] In parentheses: number of active orbitals of symmetry CASSCF- 
(a,b,n,b,j(number of active electrons); C,, symmetry. [b] Number of configura- 
tions in the CASSCF wave function. [c] Number of states included in the average 
CASSCF calculation. 

Rydberg orbitals 3p, (a,  symmetry) and 3d,,, 3d,, (h, symmetry) for the 
K -+ n* states, and two more lone pair n orbitals for the n + n* states. In 
bispyrroleindigo and indigo only one orbital has been added to the valence 
space to  include one Rydberg orbital. If there is more than one Rydberg 
orbital belonging to this symmetry, a second calculation can be performed 
where the initial Rydberg orbital is deleted from the orbital space and is 
replaced by the second Rydberg orbital. This is the case for the ' B ,  states in 
bispyrroleindigo and indigo. As the lowest Rydberg orbitals are deleted from 
the orbital space, we are not going to study the Rydberg states in 
bispyrroleindigo and indigo. All the computed excitation energies use the 
ground state energy computed as an average root with the same active space. 
All calculations were performed with the MOLCAS-31z71 program package 
on IBM RSi6000 workstations. It might be worth mentioning that the indigo 
calculations are among the largest performed with the MOLCAS system. The 
size of the basis set is 309 ANOs in C,, symmetry. 

Results and Discussion 

The electronic spectrum of the H-chromophore: In Table 5 the 
results obtained for the valence n --+ n* and n + n* excited states 
of the H-chromophore (111) system are compiled (the results 
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Tdble 5 Calculated excitation energies (ev), oscillator strengths (f) ,and transtion 
moment directions (TM,,, , ") for the excited singlet states in the H-chromophore [a] 

State Excit. energ. PPP [b] 
CAS PT2 .f TMd,, [CI E (eV) .f 

1 'B, (n - n*) 4.66 2.40 0.127 + i 6  2.74 0.34 
1 'B, (n - n*) 4.43 3.30 forb. ~ - - 

1 'A ,  (n - n*) 4.53 3.50 6 x 1 0 - '  ~ 
~ 

21.4, (n + n*) 5.08 3.63 forb. - 4.34 forb. 

2 ' A .  ( n  -n*) 6.62 4.93 4 ~ 1 0 - ~  - - ~ 

2 B, (n + n*) 6.13 5.13 forb. ~ 
~ 

3 'A, (n-n*)  7.14 5.19 forb. ~ - ~ 

2 'B, (n + x*) 8.49 6.32 0.072 +23 6.22 0.14 

3 'B, (n + n*) 8.94 6.26 forb. ~ 
~ 

3'B,(n-n*) 8.71 6.49 0.473 -77 - ~ 

4'B, (n + n') 10.23 6.79 forb. - ~ 

4'A, (n - n*) 9.22 7.06 forb. - ~ - 

5 ' 8 ,  (x-71~)  10.58 7.49 0.100 +48 - ~ 

4'A, (n - n*) 6.64 4 73 forb. ~ 5.20 forb. 

3 ' A ,  (n + n*) 8.94 6.23 1 x 1 0  - ~ ~ 

4'A, (n - n*) 10.28 6.49 ~ X I O - ~  ~ ~ 

4'6,  (n - n*) 9.76 7.43 0.054 +29 ~ 

[a] Basis set A N 0  C,N,O [4s3pld], H [2s]. [b] Semiempirical PPP values from 
ref. [7]. [c] 'Transition moment directions defined in the text. 

with the largest basis set C,N,O [4s 3p Id], H [2s] are considered 
here). Five valence excited states of ' A ,  symmetry and four of 
B, symmetry form the valence TI -+ TI* spectrum of the system. 

Considering the orbital structure of the system with three 
double bonds and (2,l)-occupied and (1,2)-empty (a, ,b,) 7c or- 
bitals, a simple model based on single excitations would predict 

nine valence TI+TC* states, four with ' A ,  and five with ' E , ,  
symmetry. However, the multiconfigurational character of the 
states, with important contributions from double excitations, 
destroys such a simple single-excitation description. The ' A ,  
states are one-photon forbidden, owing to symmetry consider- 
ations, and the most relevant features of the spectrum will there- 
fore be produced by transitions to the ' B ,  one-photon allowed 
states. The 1 ' B ,  state results mainly from the excitation from 
the HOMO to the LUMO orbital (cf. Table 6). The analysis of 
the SCF orbital energies indicates that the HOMO orbital lies 
around 5 eV higher in energy than the HOMO - 1 orbital at this 
level of calculation. The destabilization of the HOMO orbital 
with respect to the remaining occupied orbitals, but mainly the 
low energy of the LUMO orbital, lead to a low-energy 
HOMO + LUMO excitation and places the 1 ' B ,  state at 
2.40 eV, within the range of the visible spectrum. The compari- 
son of the Mulliken population analysis of the ground and the 
1 ' B ,  state confirms that the charge transfer taking place be- 
tween the nitrogen and the atoms forming the C=O bond is 
approximately 0.4e. The nature of the 1 'B , ,  state shows the 
importance of the nitrogen atoms as electron donors. When 
nitrogen is substituted by less electron donating atoms, like 
sulfur, a substantial shift of the lowest band to higher energies 
is observed in the indigoid dyes.L3I 

The 1 ' B ,  state has a computed energy of 2.40 eV and an 
oscillator strength of 0.64. The following intense ' B ,  states are 
also calculated to be valence TI + TI* states with energies of 6.32 

Table 6. CASSCF wave function composition, excitation energies (PT2, eV), oscillator strengths (f), and net charge transfer per atom for the excited IB,  states of the 
H-chromophore, bispyrroleindigo, and indigo [a]. 

Net charge transfer per atom [h] 
State Configuration [c] W [c] (%) PT2 f B Z  C ,  C ,  C2 C ,  N, 0, 

1 In, H - L  76 2.47 0.13 ~ -0.26 + 0.07 + m i  -0.14 
2 '6 ,  H + L + 2  21 6.40 0.12 ~ - -0.18 -0.01 +0.06 +().I4 

H-chromophore 
~ - 

H - 2 - L  10 
H - 4 - L  10 

H - L + 2  33 
H , H - I - L , L  11 

~ ~ 3'B. H - 4 - L  35 6.52 0.43 -0.19 -0.01 + a 2 8  -0.15 

Bispyrroleindigo 
1'3" H - L  60 2.19 0.16 ~ -0.08 +0.13 -0.15 -0.15 +0.40 -0.13 
2'8,  H - 2 - L  25 4.11 0.14 ~ -0.14 +0.20 -0.22 + 0.04 +0.22 -0.10 

H,H - 2  - L,L 21 
H.H + L,L+2 10 
H - L  10 

H - I - L  18 

H - L f l  20 

3 'B, H - 3 - L  25 5.1 1 0.09 ~ -0.10 +o. in  -0.20 - 0.03 +n.17 +0.07 

4'B, H - 2  --t L + 2  32 5.30 0.23 -0.04 - o m  -0.22 + 0.07 + n . i x  +o.o3 ~ 

Indigo 

2 '8 ,  H - 4 + L  20 3.49 0.05 t 0 .02  -0.08 - 0.02 -0.08 - 0.02 +0.16 -0.06 
I 'B, H - L  63 1.96 0.15 + 0.06 + 0.02 + o . w  -0.10 -0.12 +0.20 -0.12 

3'B, H - 2 + L  29 3.55 0.41 -0.02 +o.no + 0.00 -0.08 + 0.08 +0.08 -0 i n  

418, H - 2 - L  20 3.59 0.01 +0.04 - 0.04 f0.16 -0.10 -0.10 +O.IO -0.12 

5 ' 6 ,  H - L + 2  12 3.93 0.07 f0.04 -0.02 - 0.04 -0.12 + 0.02 f0.16 -0.12 

6'B, H - 2 - L  17 4.71 0 12 -0.02 f0.02 +0.08 -0.12 - 0.04 + a 1 2  -0.10 

H - L  12 
H - 4 - L  12 

H - 4 - L  14 
H - l + L + I  I1 

H,H - 3 - L,L 11 

H,H-I -L,L 16 
9'B, H - 6 - L  26 5.36 0.22 + o m  +0.06 +0.02 -0.08 - 0.04 f0.06 -0.12 

[a] Basis set: A N 0  C,N,O 3s2pld/H 2s. [b] Based on Mulliken partitions; C, is C ,  in indigo (see Figure 1); Bz represents the remaining carbons. [c] Configurations with 
weight (w )  larger than 30%; H: HOMO, L: LUMO. 
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and 6.49 eV and oscillator strengths of 0.072 and 0.473, rcspcc- 
tively. Other ' B ,  valencc states will lie at  higher energies in the 
spectrum. This state structure can be related to the visible and 
near-ultraviolet spectrum of indigo.16] In the gas phase only, the 
lowest band has been reported at 2.30eV, close to the value 
obtained for the H-chromophore, namely, 2.40 eV. In ethanol 
the band drops to 2.05 eV. This band appears as an isolated 
band in indigo, while two other bands are close to each other at 
higher energies (3.7-3.9 and 4.34 eV).r61 As will be shown later 
the B, transition mainly involves the C, , C,, N and 0, atoms 
(and their symmetry pairs). The addition of new groups to the 
basic H-chromophore system is not going to strongly affect 
these orbitals, and consequently the 1 B, transition has similar 
excitation energies in all three systems. This is not the case for 
the other transitions. Except for the intensity values, the results 
for the excitation energies obtained for the H-chromophore by 
the PPP rnethodI7l basically agree with the CASPT2 results. 

A number of n +?I* excited states werc also studied (cf. 
Table 5 )  in order to locate them in the electronic spectrum. The 
two lowest 1 ' B ,  and 1 ' A ,  states are mainly described by the 
single excitations from the lonc pairs to the LUMO orbital, 
13u,(n) + 3h, and 12b,(n) + 3b,, respectively. They were com- 
puted at 3.30 and 3.50 eV, respectively. The remaining valence 
n + n* states have large contributions for doubly excited config- 
urations. All of them are either one-electron forbidden states or 
have extremely low intensities. 

The electronic spectrum of bispyrroleindigo: Table 7 shows the 
computed results for the bispyrroleindigo molecule (11). The 
valence n + n* spectrum up to 7.4 eV is composed of five 'B, ,  
and six ' A ,  states. The lowest 1 'B, ,  state is computed at 2.19 eV 
with an oscillator strength of 0.164. This energy is lower than the 

Table 7 Calculated excitation energies (eV). oscillator strengths (f) , and transition 
nioiiient dii-ections (TM, ' ) for the excited singlet states in bispyrroleindigo. 

State Excit. cncrg. PPP [a] 
CAS PT2 bxp. [b] f TM,,, [cl E (evl  f 

I 1 B u ( n - n * j  

2 ' B ,  (n  - n*) 
2 '  4, (n -+ R*J 

3 ' A ,  (n  - n') 
3 l B , ( n " n * )  
4 ' 8" (n + n*) 

S ' A ,  ( n -  n*j 
6 ' A n  (n-n[* j  

4 ' A ,  (n -+ n*) 

5 ' 8 ,  ( H  + a*) 
7'A, (H - n*J 

4.41 2.19 2.35 
4.60 2.12 ~ 

6.09 4.11 ~ 

7.14 4.X4 ~ 

7.49 5.11 ~~ 

x.34 5.30 ~ 

5.84 5.58 ~ 

8.34 5.76 ~ 

7.56 5.x1 ~ 

X.42 5.90 ~ 

8 3x 7.44 ~ 

0.164 
forb. 
0.135 
forb. 
0.091 
0 221 
forb. 
forb. 
forb. 
0.006 
forb. 

f 4 1  2.55 0.34 
2.92 forb. 

4.69 forb. 
+ 7  4 3 9  0.14 

+25  5.51 ~ 

-71 ~ 

6.06 forb. 
~ 

- 84 

[a] Semiempirical PPP values liom ref. [7] [b] Absorption in ethanol for 3,3'.4.4'- 
te~ramethylhispyrroleindigo [3]. [c] Tranaition moment directions defincd in thc 
text. 

2.47 eV obtained for the same state and basis set in the H-chro- 
mophore, but the basic characteristics of the state, intensity, 
wave function composition, and charge distribution remain sim- 
ilar. Table 6 lists the wave function composition for the ' B ,  
states in bispyrroleindigo. The 1 'BU state is described as the 
HOMO + LUMO one-electron promotion (60 YO), and the net 
charge transfer takes place (in both parts of the molecule) from 
thc nitrogen, C , ,  and C, towards the oxygen, and to ;i minor 

extent from C, to C,. The 2lB, state differs in the H-chro- 
mophore and bispyrroleindigo. While in the H-chromophore 
the second 'BU transition was described by a HOMO ---t 
LUMO + 2 excitation, where the net charge transfer took 
place from the oxygen to the carbonyl carbon C,, in 
bispyrroleindigo it is mainly described by the one-electron pro- 
motion HOMO - 2 + LUMO. The charge transfer in this state 
or bispyrroleindigo is similar to that of the lowest 'BU state, but 
the carbons C, and C, participate inorc significantly in the 
process. As a consequence the excitation energy drops from 
6.40 eV in the H-chromophore to 4.1 1 eV in bispyrroleindigo, 
although the intensities are similar. The contribution of doubly 
excited configurations is more important in bispyrroleindigo (cf. 
Table 6). The state at 4.11 eV can be related to the 3.5-3.9 eV 
band observed in the experimental spectrum of indigo."] In 
bispyrroleindigo the LUMO orbital has an SCF orbital energy 
lower than that in the H-chromophorc. The composition of the 
wave function in the low-lying electronic states is dominated by 
excitations to the LUMO orbital from the different highest oc- 
cupied molecular orbitals. In the H-chromophore, however, 
other virtual orbitals are also important. This tendency will 
continue in indigo, and it will lead to states with lower excitation 
energy. 

The electronic spectrum of indigo: The structure of the indigo 
molecule and some N,N'-substituted indigo dyes in their ground 
state was studied by Abe et a1.[281 at the MNDO level of calcu- 
lation. Indigo was computed to have an almost planar structure 
(twisting angle 0.4"), while the other systems had strongly twist- 
ed structures both in their trans and cis forms. We can compare 
our CASSCF structures to the X-ray diffraction data.[161 I t  
should be noted, however, that large discrepancies are some- 
times found between crystal and gas-phase structures. mainly 
for the double The CASSCF-computed values for the 
bond lengths C,=C', (1.354 A) and C,=O, (1.242 A) (see Fig- 
ure 1) are comparable to the experimental measurements of 1.37 
and 1.22 A, respectively." 61 The discrepancy found for the C, - 
N, bond is much largcr: the computed value is 1.400 A, while 
the measured length is 1.36 A,[' 61 A semiempirical geometry 
optimization at the MNDO level gave a bond length of 1.433 A 
for the same bond.1281 Closer agrecment is found between the 
CASSCF value (1.487 A) and the measured value (1.48 A) for 
the C,-C, length.["] 

Table 8 lists the computed and experimental excitation ener- 
gies for the low-lying n + 7c* valence states of the indigo mole- 
cule together with the computed oscillator strengths and transi- 
tion moment directions. Five ' B ,  and eight ' A ,  form the 
computed spectrum up to 7.5 eV. The lowest 'BU excited state is 
computed at 1.96 eV with an oscillator strength of 0.155. The 
excitation energy is closc to the ' B ,  energy in bispyrroleindigo, 
which shows that the addition of new groups has only a minor 
influence on a transition that is mainly described by the 
HOMO + LUMO one-electron promotion (63 YO of the CASS- 
CF wavc function). Figurc 2 shows the CASSCF HOMO and 
LUMO orbitals for the 1 ' B ,  state of indigo. The excitation 
energy to the 1 'BU state is somewhat lower than the experimen- 
tal excitation energy for indigo in gas phase (2.3 eV), but it falls 
into the expected accuracy range. In ethanol the transition ener- 
gy is 2.0 eV.[61 The Mulliken population analysis shows that a 
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Table 8. Calculated and experimental excitation energies (ev), oscillator strengths 
(f), and transition moment dircctions (TM,,,. ) for the excited singlet states in 
indigo. 

State Excit energ. 
CAS PT2 Exp. [a] f TM,,, [bl 

1 i5L, (n --f n[*) 

3 'Ay (n --f n*) 
Z I A ,  (n --t n*) 

2 B, (n + n*) 
4'A, (n + n*) 
3 'Bl, (x + n*) 
4'B,, (n + n*) 
5 B, (n + n*) 
5 1 . 4 ,  (n + X*) 
6 1 A ,  (n + n*) 
7 ' 4  (n --f n*) 
8 'A ,  (n + n*) 
6 '8 ,  (n + n*) 
7 ' B ,  (n + n*) 

8 'B, (n + n*) 
9 l B , ( n + x * )  

9 ' A ,  (n -+ n*) 

3.63 1.96 2.0 0.155 
3.73 2.64 forb. 
4.67 2.80 - forb. 
6.36 3.49 0.050 
5 . 3  3.53 - forb. 
5.34 3.55 3.6-3.8 .Q.411 

5.92 3 93 - 0.073 
6.36 4 11 - forb. 
6.23 4.33 - forb. 
7.16 4.41 forb. 
6.95 4.64 - [orb. 
7.07 4.71 4.4 0.124 
7.70 5.00 ~~ 0 087 
6.74 5.00 forb. 

7.12 5.36 5.2 0.220 

5.16 3.59 0.009 

7.63 5.10 - n.058 

+ 38 

+ 32 

-4 
+ 4  
-25 

-8 
- 27 

-9  
- 27 

[a] Values for indigo in ethanol; ref. 161. [b] Transition moment directions defined 
in the text. 

HOMO orbital is a strongly bonding orbital for the two central 
carbon atoms C, and C', (see Figure 2), while the LUMO or- 
bital is antibonding for the same atoms and strongly bonding 
for C,-C,. As the 1 ' B ,  state is mainly described by the 
HOMO + LUMO excitation, it can be easily predicted that the 
basic change in geometry taking place in the excited state will be 
the elongation of the central double bond C, =C;, which prob- 
ably will become almost a single bond, and the decrease i n  the 
C ,  -C,  bond length. This structure closely resembles the so- 
called leuco form of indigo, that is, the reduced colorless system 
used to lock the dye in the fiber.[31 

Figures 3 and 4 show the differences in electron density be- 
tween the ground state and the most intense ' B ,  states. The 
negative charge flow from the nitrogens (darker zones) towards 
the oxygens and C, and C, carbons (brighter zones represcnting 
increase in charge) is the common feature in all the studied 
states. The loss of charge for the central C, -C; bond appears in 
all the states, although it is less important in the 1 IB, transition. 
The contribution of the benzene rings to the transitions differs 
in the various ' B ,  states. The 1 ' B ,  transition shows more elec- 
tron density transfer among the benzenoid carbons than was 
expected. The resemblance between the excitation energies of 
bispyrroleindigo and indigo suggest, however, that this plays a 
secondary role. The participation of these carbon atoms is mi- 
nor for the 3 ' B ,  transition, which is computed to  be the most 
intense transition in the spectrum. The remaining transitions 
have different contributions from the ring carbons, but in all of 
them most of the charge transfer is within the central atoms of 
the molecule. 

The effect of substitutions on the visible band of indigo can be 
studied by means of the electron density plots. The picture of the 
1 ' B ,  transition in Figure 3 shows that on excitation the electron 

Figure 2. Molecular orbital composition for the HOMO (top) and LUMO (hot- 
tom) CASSCF orbitals of the 1 'B<, excited state ofthe indigo molecule. The surface 
value for the orbitals is 0.03 au. Positive parts of the orbitals are shaded with a 
darkcr gray tonc. 

charge transfer has taken place basically from the nitrogen 
(+ 0.20e) to the oxygen (- 0.12e), C, (-0.12e), and C, 
( -  0.10e) in each of the two subunits of the molecule, with 
minor contributions from the other atoms. These values are 
lower than those computed for the H-chromophore and 
bispyrroleindigo' One qualitative conclusion that can be drawn 

Figure 3. Electron density differences between the ground state and the I 'B, (top) 
and 3 'B1, (bottom) excited states in indigo. The surface value is 0.004 111. Darker 
zones have a larger density in the ground state. Lighter zones have a larger density 
in the excited state. from the analysis of the CASSCF molecular orbitals is that the 
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Figurc 4. Elcctron dcnsity dili"erences between the ground state and the 6 ' B ,  (top) 
and 9 'B$ ,  (bottom) excited states of indigo. The surface value is 0.004 au. Darkcr 
zones have a larger density in the ground state. Lighter zones have a larger density 
iii the excitcd statc. 

density decreases in the $5'- and 7,7'-positions and increases in 
the 6,6'-positions, while no difference is observed in 4,4'-posi- 
tions. Electron donors, such as halogens or methoxy groups, are 
predicted to cause a bathochromic shift with respect to the un- 
substituted indigo molecule if they are a t  the 5 3 ' -  or 7,7'-posi- 
tions and a hypsochromic shift if they are a t  the 6,6'-positions. 
This is the case for Tyrian purple (6,6'-dibromoindigo), which 
has its visible band at  higher energies than indigo. The effects 
are also observed when chlorine or methoxy groups are the 
sub~ti tuents . '~]  The effect of electron acceptors such as the nitro 
group is the reverse of that of electron donors. 

The second feature observed in the ultraviolet-visible spec- 
trum of indigo in ethanol is a broad band stretching from 3.5 to  
3.9 cV. Our calculations show that there are four ' B, states a t  
close energies. The 3 ' B, state a t  3.55 eV has the largest comput- 
ed intensity. The composition of its wave function (cf. Table 6) 
is similar to the 2 ' B ,  state in bispyrroleindigo computed at  
4.11 eV and is described mainly by the excitation HO- 
MO - 2 + LUMO, with net charge transfer from N,  and C, to 
the carbonyl groups. The larger oscillator strength computed 
for indigo is probably due to  the absence of important doubly 
excited configurations, which appear in the 2 l B ,  state of 
bispyrroleindigo. The other three ' B ,  states computed at  3.49, 
3.59, and 3.93 eV all have smaller intensities than 3'B,. Thc 
third observed band of indigo spectrum at  4.4 eV is the most 
intense one. We relate this band to the computed 6 '6 ,  state a t  
4.71 eV with an oscillator strength of 0.124. It is important to  
note that the oscillator strength is computed as the total area of 
the band and, though the peak at  4.4 eV is the most intense of 
the experimental spectrum['] in ethanol, it is also a sharp band, 
while the 3'B, transition is observed as a broad band. The 
contribution of the benzene ring carbons to the charge transfer 

processes is larger for the 6 'B ,  transition, but, in any case, the 
excitation energy and the intensity are similar to the values for 
the 3'B, band in bispyrroleindigo. Two ' B ,  states are computed 
at 5.00 and 5.10 eV with low intensity and important contribu- 
tions of doubly excited configurations. Finally, the 9'B, state is 
computed at  5.36 eV with an oscillator strength of 0.220, and 
can be assigned to  the band observed in the spectrum of indigo 
at 5.2 eV. This 9 ' B, state is probably related to the 4 ' B ,  state in 
bispyrroleindigo computed at  5.30 eV. 

Eight excited ' A ,  JC + TL* states have been computed for in- 
digo. The two low-lying ' A ,  excited states can be approximately 
described as the classical combination A -  and A+.(301 The 
2 ' A ,  valence state at 2.64 eV is mainly composed by the 
HOMO-I + L U M O  ( 5 0 % )  and H O M O + L U M O + I  
(11 YO) excitations. For  the 3'A, state at 2.80 eV the correspond- 
ing contributions are 11  and 24%, respectively. In addition 
there is a significant participation of doubly excited configura- 
tions in both cases. The low-lying ' A ,  valence excited states in 
the H-chromophore and bispyrroleindigo have similar charac- 
teristics. 

The transition moment directions for the ' B ,  states of the 
three systems studied were also computed. The long-axis direc- 
tion is defined as 0" and the short-axis direction as & 90'. To our 
knowledge there is no experimental information available on 
this property. For all three systems the low-lying transition was 
computed to be basically long-axis polarized, although in indigo 
the value of the angle (+ 38") indicates almost intermediate 
polarization. In the H-chromophore and bispyrroleindigo the 
most intense computed absorption has a clear short-axis polar- 
ization, but not in indigo where all the transitions are long-axis 
polarized. Previous experience indicates[30. 3 1 ,  321 that the effect 
of a solvated or crystalline environment on the value of the 
transition moment directions of the valence states is only small, 
typically & 10-20". 

Conclusions 

The electronic spectra of the indigoid dyes H-chromophore 
(HI), bispyrroleindigo ([I), and indigo (I) have been computed 
by using the CASSCF/CASPT2 method. Excitation energies, 
oscillator strengths, and transition moment directions for the 
different valence states havc been included in the calculations. 
The study supports the old hypothesis[3, 6.  'I that the H-chro- 
mophore structure is responsible for the lowest transition ob- 
served in the visible spectra of indigoid dyes close to  2 eV. The 
structure containing the complete pyrrole-type rings as in 
bispyrroleindigo is, however, the basic model that gives a quan- 
titative agreement with the 1 ' B ,  indigo transition in the visible 
spectrum. The CASPT2-computed excitation energies and in- 
tensities also show that bispyrroleindigo is a good model for the 
intense ' B ,  transitions observed in the indigo spectrum up to 
5.2 eV. Additional states having a benzenoid-type character ap- 
pear in indigo with low intensity. The computed spectrum for 
indigo has four medium to intense ' B ,  transitions at 1.96, 3.55, 
4.71, and 5.36 eV. They can be assigned to the observed features 
in the spectrum of indigo in ethanol a t  2.0, 3.5-3.9, 4.4, and 
5.2 eV, respectively. The present study confirms the ability of 
modern quantum chemistry to provide accurate and quantita- 
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tive answers to problems in chemistry and photophysics involv- 
ing molecules of medium to large size such as indigo and related 
systems, which were previously too large for ab initio methods. 
This was the case for dyes and large and complex molecules in 
general. We can now look to a future in which ab initio methods 
will provide a useful tool for the dye industry. 
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