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Abstract: The structure and visible spectra of a large panel of thioindigo dyes and derivatives have been
evaluated using a TD-PBEO0/6-311+G(2d,p)//PBE0/6-311G(d,p) approach explicitly taking bulk solvent effects
into account by means of the polarizable continuum model. The influence of the solvent characteristics,
the trans—cis isomerization, and the chemical substitution on the benzene rings have been investigated.
In addition, hemi-thioindigo dyes, thiazine-indigo, chromophore-like molecules, and selenoindigo have been
considered. Though the relative oscillator strengths of the two allowed visible transitions in the nonplanar
cis isomers are not always correctly reproduced by theory, the agreement between theoretical and
experimental results is far above expectations. For the 170 cases studied, we obtained a mean unsigned
error on the predicted Amax limited to 6.9 nm or 0.03 eV, with only 6 (4) cases for which the difference
exceeds 20 nm (0.10 eV). These errors are 1 order of magnitude smaller than what has previously been
reported for indigoids. A linear correlation between the central double bond length and the Amax has been
established, while the bond length and vibrational frequency of the carbonyl groups do not correlate with
the thioindigo color. The higher excitation energies of the cis conformers, compared to the trans structures,
result from a less stabilized LUMO in the former case. Indeed, for cis thioindigo, the two electron-rich (in
the excited state) carbonyl units lie close to each other.

I. Introduction core. The modifications proposed can be classified into two
categories. On one hand, one finds substitution of the outer
d phenyl rings in 4-to-7 positions by methyl, halogens, methoxy,
... groups In this way, a large panel of symmetrically
disubstituted indigoids have been obtained. On the other hand,
modifications of the chromophoric center have been achieved
by replacing one or two NH group(s). An early example of
this second category is thioindigo, reported by Friad&r in
190678 In thioindigo, one has substituted nitrogen with sulfur
atoms (X= S in Figure 1), removing internal hydrogen bonds
of indigo and leading to an hypsochromic shift of the maximal
wavelength of absorption, and finally allowing a traitss
isomerism. Remarkably, the hypso-shift was already pointed
out by Friedlader in 1908, as he measured the firdtay of
thioindigo: 547 nm in chloroform, in quantitative agreement
8vith much more recent dat&!! To our knowledge, the first
investigations of 4-to-7 substitution effects on thioindigo are
TURL: http://perso.fundp.ac.bejacquemd; Research Associate of the ~ due to Ettinger and Frietier!? Formanek? Gindraux;* and
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Indigo and its 6,6dibromo derivative Tyrian Purple are
known since antiquity and were already industrially produce
at that time, by extraction from vegetal species and Murex
seashells, respectively? In the early times of organic chem-
istry, the synthesis of indigo and its precursor, indoxyle, was
performed using various strategies by von Bayer, Heumann and
co-workers so that by 1914 only 4% of the world production
of indigo had a plant origin. As efficient vat dyes, indigoids
(Figure 1) are still today one of the most widely used blue-
jeans dyes with a production of15 000 tons per year. The
reduced (leuco, colorless) chemical form is highly soluble in
water and is used in a large dyeing bath, the color appearing
after simple oxidation by air-drying. At the beginning of the
20th century, huge efforts motivated by industrial applicafions
have been performed to synthesize new dyes based on the indig
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Figure 1. Sketch of trans (top left) and cis (top right) indigoids. The H-shaped chromophore and three molecules representative of the chromophoric system
of thioindigo are also depicted.

thioindigo. The major focus of the first group, led byttke, Dokunikhin and Gerasimenko, based in the U.S.S.R., assessed
was the determination of the structure of the chromophoric unit the auxochromic shifts resulting from substitution of thioindigo
of indigoids. Using a combination of (semi-)empirical calcula- by chemical groups (nitro, sulfonate, 3%4> Apart from these
tions and innovative chemical synthesis;ttke and his col- three groups, several other contributions dealing with the
laborators determined the nature of the chromophore, namelychemistry of thioindigo or closely related compounds are
the H-shaped molecule depicted in Figuré”12! They also availablel®46-57 One can especially point out von Heller's
studied the cistrans isomerism of chromophore-like molecules cristallographic studie¥ More recently, thioindigo derivatives
Il andlll (Figure 1)112%24 35 well as the impact of elongation

) Wyman, G. M.; Zarnegar, Bl. Phys. Chem1973 73, 831-837.

of the conjugation path on thignay of Il .1125The second group, E32) Blanc, J.; Ross, D. L1. Phys. Cheml968 72, 2817-2824.

directed by Wyman at the National Bureau of Standards of the (33) EFIGFBQ/IO Haucke, G.; Paetzold, R. Phys. Chem. (Leipzig}977, 258
U.S.A., assessed the variations in the UV/vis spectra, resulting (34) Haucke, G.; Paetzold, Riova Acta Leopold., Suppll97§ 11, 1-123.

e ; ; i inindi 30 (35) Grellmann, K. H.; Hentzschel, Ehem. Phys. Lettl978 53, 545-550.
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by exposure of thioindigo to the appropriate light, as well as
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39

fluoresence measurements of thioindigoids, have been performeds3o) Dokunlkhm N. S.; Gerasimenko, Y. B. Gen. Chem. USSR96Q 30,
31 2-38 i i 655-658.
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have been the focus of several woPRs®® and in particular,

and 619-620 nm in DMSQG%79. On top of that, it is still

thioindigo derivatives substituted by chiral groups are used by difficult to routinely apply techniques such as CAS-PT2, EOM-

Lemieux and its collaborators as dopant in liquid crystal
technologyt®66-68 allowing photoalignemen®

This work aims at predicting and rationalizing thgax of a
series of trans and cis isomers of thioindigo by using ab initio
guantum chemical approaches. The major difficulty in determin-

CC, ... on a large set of dyes. Actually, the most promising

scheme for evaluating the color of dyes in a systematic fashion

is the time-dependent density functional theory (TD-DFT).
Indeed, TD-DFT is often found robust and efficient for
evaluating the low-lying excited spectrum of conjugated

ing the color of organic compounds is the astonishing accuracy molecule&'-84and has beenthe subject of countless applicatfoffs.
of the standard human eye, which can distinguish, in some partsin addition, bulk solvent effects can be accounted for when using
of the visible spectra (typically in the green region), differences TD-DFT.°” We are aware of a few previous TD-DFT investiga-

of coloration corresponding to less than 1 rmux shifts. In

tions for indigoids’98-190 Using B3LYP/6-31G(d), Guillaumont

today’s quantum chemistry, such an accuracy could only be and Nakamurd on one hand, and Xue and co-work&tgn
(possibly) obtained for gas-phase molecules with highly cor- the other hand, studied indigo derivatives, but the differences

related methods, like EOM-CC using high-order excitations and

reported between gas-phase theoretical and solvated experi-

very extended basis sets. This approach is completely out ofmentalimaxare quite large{60 nm on average). The spectrum
computational reach for dyes, molecules possessing numerouf thioindigo was predicted by Fabi&nusing a TD-B3LYP/
m-electrons and used in solution. Nevertheless, in regards t06-31+G(d)/B3LYP/3-21G scheme: /anaxin perfect agreement
practical industrial applications, the target properties are the with vapor experimed? (508 nm) was obtaine®! but the
relative auxochromic shift amplitudes. When theoretical calcula- spectral shift betweehandlll (Figure 1) was estimated to be

tions reach correct estimates of these shiftS{10 nm) as well
as reasonabléyax values 10—15 nm), they could be regarded

—36 nm, only half of the experimental value in the gas phase
(=77 nm)1L1°® However, as we pointed out in a recent

as serious competitors to experimental approaches for develop-methodological contributio#°these large discrepancies might

ing new dyes and/or pigments. Such a “chemical” accuracy for
large molecules is still a real challenge for the modelization

be related to the use of a small basis set and the complete neglect
of solvent effects that are sizable for indigoid dyes, which

approaches. In view of the results obtained since the 1960s,display strong positive solvatochromism effe€tg8

the semiemperical methods, which are particularly useful in

In this paper, we demonstrate the high accuracy of TD-DFT

gaining chemical insights, are not able to consistently deliver for the spectra of thioindigo dyes, once extended basis sets are

quantitative Amax Of indigoids. For instance, Miehe et al.
undershoot thémax of N,N'-alkyl indigo by ~100 nm using a
PPP-CI approach, whereas INDO/S and CNDO/S approaches
underestimate thémax of indigo by 131 and 229 nm, respec-

selected and bulk solvent effects are accounted for. The method
developed is also successfully applied to hemithioindigo,
selenoindigo, and molecules representative of the chromophore.

(75) Wille, E.; Luitke, W. Angew. Chem., Int. Ed. Engl971, 10, 803—-804.

tively.”2 Recently, Fabian also pointed out the (nonunderstood) (76) Haucke, G.; Graness, Gngew. Chem., Int. Ed. Engl995 34, 67—68.

failure of the popular ZINDO method for thioindigo: ZINDO
predicts the first absorption peak bfin the near-UV region

(311 nm)7® Even much more elaborated approaches could be

relatively disappointing. For instance, Serrano-Asdiad Roos

using CAS-PT2 reproduced very accurately the shape of the

spectra of indigd? but their gas-phasémax of 633 nm (1.96
eV)™is about 90 nm above the experimental gas-phase value
(539757654019 or 546 nni”-"9 although in nice agreement with
measurements in polar solvents (6@310 nm in ethanaél~19.62.79
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Table 1. Comparison between Theoretical and Experimental Amax (nm)?@
theory experiment
structure solvent trans cis trans cis ref

| vapor 520 508 19
cyclohexane 540 537/536 11,10/34
CCly 541 540/541 10/17,19
benzene 542 489 546/545/545/543 485/ /486/484 11/26,29/31,30,34/40,10
toluene 542 489 542 485 32
xylene 542 545/525/543/544 127,128/49,110/43/13,10,19
CHCl; 544 495 547/546/550/548/546/548/541 1AB0I491/ | 9/26,27/129/10/21/11/24
TCE 545 551 18,19
EtOH 544 543/542 18,19,20/10,11,62
DMF 548 543 10,130

1] CHCl; 494 465 505/505 1476 21/11
TCE 495 506 18
EtOH 494 502 18,20

5,5-Me-lI EtOH 470 484 18

11 vapor 439 431 22,11
cyclohexane 454 410 (400) 450/450 394/ 11,23,24/62
benzene 456 411 (400) 452/454/454 397/400/ 11/31/62
CHCLs 456 414 (402) 459/458/458 1406/ 11,24/21/62
EtOH 455 416 (396) 453/453 407/ 11,23/62

\% cyclohexane 469 467 24
CCly 469 466 24
benzene 471 467 24
CHCLs 472 467 24
EtOH 473 460 24

aThe theoretical values have been computed with the PCM-PBEO/-G(2d,p)//PCM-PBE0/6-311G(d,p) approach.

II. Computational Details

We have chosen the Gaussiatf@package of programs to perform
the geometry optimizations, vibrational analysis, and excited-state

evaluations.

optimized. From our previous investigati#jt turned out that Adamo
and Barone’s PBE® hybrid functional combined with the split-valence

At each stage, the bulk solvent effects are evaluated by means of
the Polarizable Continuum Model (PC¥N!% In PCM, one divides

the problem into a solute part (thioindigo) lying inside a cavity and a
solvent part (in our case, cyclohexane, tetrachloromethane, benzene,

toluene, xylene, chlorobenzene, chloroform, tetrachloroethane, ethanol,
The ground-state geometry of each molecule has been fully gimethyisulfoxyde, and dimethylformamide) represented as a struc-

tureless material, characterized by its dielectric constant, radius, density,
molecular volume, ... Three solvents, namely xylene, tetrachloroethane

triple-C polarized 6-311G(d,p) basis set provides adequate ground-stateTcg), and dimethylformamide (DMF), are not defined in Gaussi-
geometries. For thioindigo in benzene, using 6-311G(2df,p) instead of 503102 Therefore we tuned the parameters of related molecules,

the 6-311G(d,p) for ground-state minimization would only modify the
C—S distances by 0.01 A and tigax by +1 nm. PBEO is built on the
Perdew-Burke—Ernzerhof pure functiondl? in which the exchange

namely, toluene, dichloroethane, and dimethylsulfoxyfde% PCM
is able to obtain a valid approximation of solvent effects as long as no
specific interactions (such as hydrogen bonds, ion pairing, ...) link the

is weighted (75% DFT/25% HF) accordingly to theoretical consider- gqyte and the solvent molecules. Such specific interactions are unlikely

ations'% Following each optimization, the vibrational spectrum has

in a benzene or Cglsolution but quite probable with EtOH, as

been determined and it has systematically been checked that allhyqgrogen bonds can be formed with the carbonyl groups or the sulfur

vibrational forequenmes are .real. _ lone pairs. Because we study UV/vis spectra, we have selected the
'I'_D-DFT8 methoc_nlqlogy is th_en _used to c_ompute_the low-lying  nonequilibrium PCM solution®.Indeed the absorption process presents

excited states of thioindigo derivatives. Consistent with ref 100, the 5 short characteristic time. Therefore, only the solvent electronic

PBEO0/6-31%G(2d,p) level has been chosen. Note that this basis is gistribution can “adapt” to the new (excited) electronic structure of

more extended than in most previous TD-DFT investigations on dyes. the solute, while molecular motions of the solvent are frozen during

Actually, using 6-31%G(d,p) instead of 6-3:G(2d,p) would lead the proces&’

to nonconvergedimax'® while using 6-313%G(2df,p) instead of

6-311+G(2d,p) does not change significantly the computggk (543

nm instead of 542 nm in benzene). As expected for dyes, the electronic

excitation responsible for the color of thioindigo present a typicat

ar* character often associated with a large oscillator force. For the trans

isomers, the reportethax always corresponds to the transition energy

toward the first dipole-allowed excited state. For some cis isomers, — - - - )
two low-lying excited states, close in energy, present nonnegligible (106) g‘mg;ﬂéﬁ"CBaSrane(’)r}q/e'{s?aﬂjT'b%éﬁgnr?’giéni%s;é’ %"Zhgsfggic"
oscillator forces. In that case, both positions are given that with the (107) Xylene, as toluene, except for: ERS2.27, RSOLV= 3.01, VMOL =
smallest transition probability between brackets. 123.7 which have been set following available physicochemical data. Note
that, in the older experiments, the relative position of the methyl groups
(i.e., ortho, meta, or para) is not given. The above parameters correspond
to p-xylene which is used in the most recent experiments.

(108) 1,1,2,2-Tetrachloroethane, as 1,2-dichloroethane, except for: ‘EB20,
RSOLV = 2.90, VMOL = 105.2 which have been set following available
physicochemical data.

(109) Dimethylformamide, as DMSO, except for: ERS36.70, RSOLV=
2.44, VMOL = 69.6 which have been set following available physico-
chemical data.

I1l. Results

A. Chromophore-like Compounds.In Table 1, the experi-
mental and theoreticalmax Of thioindigo and molecules
representative of its chromophore are compared. First we note

(102) Frisch, M. J. et alGaussian O3revision B.04; Gaussian, Inc.: Wallingford,
CT, 2004.

(103) Adamo, C.; Barone, . Chem. Phys1999 110, 6158-6170.

(104) Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Re. Lett.1996 77, 3865~
3868.

(105) Perdew, J. P.; Ernzerhof, M.; Burke, K.Chem. Physl996 105, 9982-
9985.

J. AM. CHEM. SOC. = VOL. 128, NO. 6, 2006 2075



ARTICLES Jacquemin et al.

that discrepancies of a few nanometers (typically 1 to 2 nm, between the transition probabilities. Fbr, the parallelism

but up to 9 nm in CHG)) are not uncommon between different between Luhmann measurements and TD-DFT results is again
measurements, although some variations could originate in theexceptional, with discrepancies limited to 5 nm, except in EtOH
unit conversion performed on the basis of three-digitem  for which the experimentallaxis surprisingly smaller than that
results of refs 26 and 27. One can also conclude that the 525in cyclohexane.

nm Amaxreported foll by Guha in xylen&11%is either a misprint B. Substitution of Thioindigo. In Tables 2 and 3, we
(545) or an experimental error. compare theoretical PCM-PBEO0/6-3tG(2d,p)//PCM-PBEO/

For solvated thioindigd,, there is a nice agreement between 6-311G(d,pXmax With available experiments for 4-to-7 substi-
experimental and theoreticahax for both trans and cis forms:  tuted thioindigo. This represents an extended set of 55 substi-
the differences do not exceed 6 nm. Moreover, the hypsochromictution patterns with various solvents and conformers, for a total
shift resulting from transcis isomerization is only very slightly ~ of 100 cases. As for the unsubstituted dye, small discrepancies
underestimated<53 nm instead-59 nm of in benzene). The  between experiments (1 to 3 nm) can be noticed. For compounds
more sizable discrepancy, 12 nm, for the gas-phase excitationwith multiple available experiments, we use for comparisons
spectra, could result from the high temperature used to “vapor- the average value of the measurements. However, some of the
ize” thioindigo (unspecified but probably close to 703518 Amax reported by GuH&110jar. Indeed, he reported 494 nm for
like for indigo). At this temperature, vibrations could substan- 7,7-Me in xylene, whereas other available experiments give
tially deform the planar structure, likely resulting in larger 551 nm (in benzene) and 548 nm (in xylene). Likewise, the
average excitation energies. Quite interestingly, the experimental540 NM Amax for 4,4-OMe looks too small in regards to the
Amax are consistently larger in CHEand TCE than in ethanol  figures in TCE!! Therefore, we do not consider the results of
and DMF, though the latter present larger dielectric constants. refs 49 and 110 in our discussion.

For indigo, the reverse is observed: the excitation energies are It has often been argued in the literature that the smallgr
smaller in ethanol than in chloroforfi.The strong solvato-  for the cis conformers originates from their nonplanar confor-
chromism effect in indigo has been interpreted as a result of mation. This assumption is only partially supported by our
hydrogen bonds between ethanol (and other H-bonds solventsyesults. Indeed, we found that most cis thioindigo are planar.
and the carbonyl groups, weakening the=@ double bond Actually, for the present set of dyes, only a substitution iri 4,4
strength and easing the excitati6riTherefore, for thioindigo, positions leads to an off-planar ground state, regardless of the
there is either an unusual solvation process with “polar” chlorine position and nature of the groups in 5-to-7 (anGdt®7)
solvents or the formation of hydrogen bonds between sulfur positions. The central CCCC dihedral angles of nonplanar cis
atoms and ethanol that would compensate for the Coulombic conformers are reported in Table 4. The deformations are always
(dielectric) effect. Even if the PCM approach is not designed moderate (8—5°), smaller in CHCJ than in benzene and almost
to reproduce such refined effects, it always provides accurateindependent of the substituents nature. Only one methyl group
Amax in all selected solvents and acceptable solvatochromismin the 4 position (hydrogen in'}is sufficient to induce the

shifts for unchlorinated solvents-8 nm instead of+-6/+7 nm twisting, but to a smaller extent. As a consequence of the

between cyclohexane and DMF). symmetry breaking, one finds two allowed transitions for cis
Though smaller tham, I, 1ll , andIV present comparable thioindigo with substituents in 4,Avhereas the experimentalists

Amax @S demonstrated by ke 11182524 For || the theoretical report only one transition. However, the ordering of the

Amax are too small by~ —10 nm, but the transcis shift, which transition probabilities for these two peaks is molecule-depend-
is about half the value of thioindigo, is perfectly reproduced ent. In the large majority of cases, it is clear that the most hypso
(—29 nm in CHCY¥). Adding methyl groups in 5 and positions peak is in better agreement with experiment, regardless of the
increases the excitation energy, as correctly foreseen by ourrelative theoretical oscillator strengths. As it is likely that the
model =24 nm versus—18 nm in the experiment)ll , the positions of the peaks are more adequately reproduced by TD-
prototype of the H-chromophore, has been extensively studied DFT than the transition probabilities, we systematically select
in the late 196081223 |n most solvents, the hypsochromic the theoretical hypso-peak for comparisons.

shift only amounts te-90 nm, althoughll possesses only one- To gain further insight into the trarsis hypso-shift, we have
third of the & electrons ofl. In the gas phase, PCM-PBEO drawn in Figure 2 the HOMO and LUMO of a typical thioindigo
predicts a-81 nm displacement, in much better agreement with with a planar cis conformer. Indeed, the first dipole-allowed
the —77 nm experimental value than the86 nm reported by  transition presents a strong HOM® LUMO character for both
Fabian using gas-phase B3LY®For the trans conformer of  conformers. As expected, the frontier orbitals shoeharacters,

[, the agreement between theory and experiment is excellent,are mainly centered on the H-chromophore, and are similar for
the differences for solvatetdhax being consistently smaller than  both conformers. The excitation related to fhigx corresponds

5 nm. For the cis isomers, a nonplanar structure with the centralto a typical# — z* transition in conjugated organic mol-
CCCC dihedral angle around6° to —7° is obtained. Conse-  ecules: the HOMO lies on the sulfur atoms and the central C
quently, two allowed transitions close in energy are predicted, C bond, whereas the LUMO is centered on the singteCC
with the higher-energy transition displaying a smaller oscillator bonds and oxygen atoms. The lower transition energy for the
strength. In the measurements, there is only one maximum eithertrans thioindigo results from the fact that, in that conformation,
between our two peaks or closer to the second one. At this stageeach sulfur loosing electron density is stabilized by a nearby
it is not possible to determine if our approach overshoots the C=0 unit that gains electron density, while, in the excited state
cis Amax by ~10 nm or does not provide a correct balance of cis conformers, both now-electron-deficient sulfurs lie close

(110) Guha, S. K.; Chatterjea, J. N.; Mitra, A. &hem. Ber1961, 94, 2295 (111) If this 540 nm shift is confirmed, this would be the largest solvatochromic
2305. (+14 nm) shift between benzene-like solvent and GAIE.
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Table 2. Theoretical and Experimental Amax (nm) for Symmetrically Disubstituted |
theory experiment
substituent solvent trans cis trans cis ref
4,4-Cl benzene 546 491 (513) 548 486 30
xylene 546 545 13
4,4-OMe xylene 553 540 110
TCE 552 554 12
55-F benzene 565 559 45
5,5-Br benzene 564 508 559/555 1496 34/40
xylene 564 556 13
5,5-Cl benzene 563 559 40
xylene 563 548 13
5,5-Me benzene 556 558 40
xylene 556 562/556 49/128
5,5-CR benzene 535 535 45
5,5-Et cyclohexane 553 546 131
benzene 555 558 131
xylene 555 555 128
55-i Pr xylene 556 556 128
5,5-t Bu cyclohexane 551 548 131
benzene 553 497 554 492 30
xylene 554 556 128
5,5-NO, benzene 531 513 39
5,5-OMe xylene 605 588 110
TCE 613 590 12
5,5-0CK benzene 549 549 45
5,5-OFEt benzene 605 588 42
5,5-SCR benzene 538 548 45
5,5-SO:Me xylene 534 519 43
6,6-Br xylene 534 540 13
6,6-Cl benzene 532 535 30
xylene 532 539/538 13/13
6,6-NO, benzene 585 567 39
6,6-OEt benzene 507 462 515/515/515/516/516/517 459/458/ 1460/458/459 26/29/42/31/30/34
xylene 506 519 13
CHCl; 508 468 521 467 26
6,6-SEt xylene 522 535 13
6,6-SO,Me xylene 559 558 43
7,7-Br benzene 546 546 40
7,7-Cl benzene 546 493 545/544 488 40/30
7,7-Me benzene 545 551 40
xylene 545 494/548 49/128
7,7-Et xylene 543 549 128
7,7-i Pr xylene 551 549 128
7,7-tBu xylene 550 549 128
7,7-NO2 benzene 519 524 39

aNoAddSpHPCM option.P Gas-phase geometry optimization.

together and destabilize each other. The same picture holds forsignificant charge transfer between the donor and the acceptor

groups, a known difficult case for DFT, which tends to
In Tables 2 and 3, the agreement between theoretical andovershoot the amount of transferred charge and consequently

experimental values is excellent, especially for halogens and underestimate the excitation enefd§.114 If one considers only

the now-electron-rich carbonyls.

alkyl substituents, whereas sizable differences appear for nitrotrans thioindigoids with, at least, one substituent in the 4'or 4
and methoxy/ethoxy substituents, especially in pdsitions. position, the MUE amounts to 5.1 nm. The corresponding values
Figure 3 provides the graphical comparison with limits for the are 7.7, 9.3, and 3.9 nm for the 5, 6, and 7 positions,
+10 nm deviations. Considering that this figure is built using respectively. The larger differences in the 5 and 6 positions
different solvents, two conformers, and various substituent primarily originate from the strongly electroactive groups (nitro,
natures (alkyl groups, halogens, sulfonates, ...), the TD-DFT ethoxy) in these positions. For the 22 cis molecules, we found
accuracy is extremely impressive. For the 78 trans conformers, similar results: MSE= —2.0 nm (0.011 eV), MUE= 7.2 nm

the mean signed error (MSE) 130.8 nm (the theory slightly  (0.036 eV), ME= 3.5 nm (0.031 eV), RMS= 9.1 nm (0.045
overestimating the experiment), the mean unsigned error (MUE) eV), and 23% (5/22) of the dyes for which the theory/experiment
amounts to 7.0 nm, the median unsigned error (ME) amounts disagreement exceeds 10 nm (and only one case the theoretical
to 5.0 nm, the residual mean square deviation (RMS) is 11.0 error is above 0.1 eV). Given the good accuracies obtained for
nm, and only 20% (16/78) of the estimations differ from the both unsubstituted and substituted thioindigo, it is foreseen that
experiment by more than 10 nm. The corresponding values in the spectral shifts are also well predicted. Indeed, the evaluation
eV are MSE= 0.001 eV, MUE= 0.028 eV, ME= 0.020 eV,
RMS = 0.042 eV. Only two cases with deviations exceeding
25 nm/0.100 eV have been found: 5-OEND, and 5-OEt,6
NO,. They correspond to pustpull like molecules with a

(112) Champagne, B.; PetgeE.; Jacquemin, D.; van Gisbergen, S.; Baerends,
E.; Soubra-Ghaoui, C.; Robins, K.; Kirtman, B.Phys. Chem. 200Q
104, 4755-4763.

(113) Tozer, D. JJ. Chem. Phys2003 119 12697-12699.

(114) Dreuw, A.; Head-Gordon, M. Am. Chem. So2004 126, 4007-4016.
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Table 3. Theoretical and Experimental Amax (nm) for Substituted |

theory experiment
substituent solvent trans cis trans cis ref
4,4-ClI-7,7-Me xylene 549 554 14
4,455,7,7-Cl benzene 569 528 (502) 564 493 29
4,4-Me-5,8-CI-7,7-OMe xylene 597 591 13
4,4-Me-5,6,7-Ct benzene 549 514 (491) 551 493 29
4,4-Me-6,6-Cl benzene 530 481 (506) 538 483 26,29
CHCl3 530 483 (504) 541 490 26,27
4.4-Me-6,8-CI-7,7-Pr xylene 549 549 15
4-Me-6-Cl-8-OMe benzene 520 471 (496) 527 473 34
4,4-Me-6,8-Br xylene 532 543 13
4,47, 7-Me benzene 545 489 (512) 553 493 30
xylene 544 552 13
4,4,7,7-Me-5,53-Cl benzene 569 529 (492) 568 505 26,29
CHCl3 569 533 (490) 575 515 26,27
4,4-Pr-7,7-Me xylene 554 559 16
4,5-benzo-45-benzo benzene 558 509 (532) 562 500 26
chlorobenzene 559 558 13
CHCl3 557 512 (527) 559 508 26,27
5,5-CI-7,7-Me benzene 565 510 565/563 500/499 26/30
xylene 565 566 13
CHCl3 567 516 568/565 508/ 26/27
5,5-Br-6,6-OFEt benzene 524 479 526 467 26
xylene 524 529 13
CHCl3 525 484 526 476 26
5,5-Br-6,6-NH; xylene 503 519 13
5,5,7,7-Me benzene 560 504 564 491 29
CHCl3 563 568 27
5-NO;, benzene 541 540 41
5-OEt benzene 586 561 42
5-OEt,3-NO, benzene 603 562 42
5-OEt,68-NO; benzene 631 578 42
6,6-CI-7,7-Me benzene 541 487 543 484 30
xylene 541 545 14
6-NO, benzene 572 561 41
6-OEt benzene 525 531 42
6-OEt,3-NO, benzene 522 527 42
6-OEt,8-NO; benzene 558 549 42
6-SOMe xylene 553 552 44

a|n ref 55, they report this dye as being 4Me-5,8,7-Cl. Theoretical simulation for such structure gives.wax of 551 nm for trans and 514 (492) for
cis conformers? NoAddSpHPCM option.¢ Gas-phase geometry optimization.

Table 4. PCM-PBE0/6-311G(d,p) Central CCCC Dihedral Angles 0.2to 0.5 eV*>and 0.3 to 0.4 e\H8respectively. Nevertheless,
(deg) for Nonplanar Cis Thioindigo in the latter case, CAS-PT2 provides significantly improved
substituent solvent angle estimates. For the 11 thiouracils of ref 117 for which measure-
4,4-Cl benzene 4.6 ments are given, the MUE is 0.24 eV for the first> 7* singlet
4,4,53,7,7-Cl benzene 4.8 excitation. In 2004, Jamorski and Casida found experimental
2:2:m2:g:2'—7c_lc ! bt;ennzzeennee : '09 versus theoretical absorption energy differences ranging between
CHCl; 3.6 0.10 and 0.30 eV for alkyl-amino-benzonitrile compoutts.
2-4Mt;—$-(ht/ll-6-0Me Igenzene i.g For a series of chromophores, Masumov and Tretiak obtained
4:4’:7:7-MZ-5,5-CI bee;‘;z:]‘: 6 MUESs of 0.09, 0.11, and 0.20 eV (depending on the chosen
CHCl 54 geometry)}’® Recently, Petit, Maldivi, and Adamo reported
4,5-benzo-45-benzo benzene 5.0 deviations of 0.36-0.40 eV for transition-metal complexé¥,
CHCls 3.2 while da Silva and co-workers obtained, with a PCM-ZINDO//
PCM-B3LYP approach, an MUE of 19 nm and an MSE of 3.8
of these shifts (99 points) leads to MUE 7.4 nm, ME= 4.0 nm, for six cationic dyes in watéf! These investigations use
nm, and 20 cases with deviations over 10 nm. different functionals and basis sets, incorporate or not incor-

One can compare these estimations with recent TD-DFT Porate solvation models, treat various classes of molecules, and

investigations of thémax of dyes or related molecules. For the  (115) cave, R. J.; Castner, E., Jr. W. Phys. Chem. £002 106 12117
set of 22 substituted indigos reported in ref 99 for which 12123. .

. . . (116) Danielsson, J.; Ulicny, J.; Laaksonen,JAAm. Chem. So@001, 123
experimental values are given by the authors, one finds MSE 9817-9821.
= MUE = 56 nm (all theoreticalmaxare too small) and ME= (117 ngUYKSIa, M. K.; Leszczynski, d. Phys. Chem. 2004 108 10367
62 nm. For ther — s* transitions of 100 sulfur-containing  (118) Jamorski-icke, C.; Casida, M. EJ. Phys. Chem. B004 108 7132-

. . ) 7141,

compounds, Fabian obtained an MUE of 0.24 eV (TD-DFT), (119) Masunov, A.: Tretiak, SI. Phys. Chem. B004 108 899-897.

0.40 eV (ZINDO), and 0.20 eV (PPP, only planar molecul@s).  (120) Petit, L.; Maldivi, P.; Adamo, CI. Chem. Theory Compt2005 1, 953—

; ~ ot ; 962.
The typlcal ™ D'_:T error for _the _eXCIta_‘tlor_] energies of (121) Hommen de Mello, P.; Mennucci, B.; Tomasi, J.; da Silva, A. B:Heor.
fluorescent coumarins and uroanic acid derivatives ranges from Chem. Acc2005 113, 274—280.
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Figure 2. Plot of the HOMO (bottom) and LUMO (top) of trans (left) and cis (right)'#CI-thioindigo. They have been obtained at the PCM(benzene)-

PBEO0/6-313G(2d,p)//PCM(benzene)-PBE0/6-311G(d,p) level.

650

625 |

600

575

550 |

Experiment

525

500
475 -
450 4~ T T T T T T T
450 475 500 525 550 575 600 625 650
Theory

Figure 3. Comparisons between experimental and theoretigglin nm

for the set of thioindigos of Tables 2 and 3. The open circles (squares)
indicate the trans (cis) conformers. The central line indicates a perfect match
between experiment and theory, whereas for the molecules inside the two
side lines, the discrepancies are limited to 10 nm.

are not always mainly focused on the first electronic transition.
Consequently a fair comparison is difficult. Nevertheless, it is
clear that the PCM-PBEO0/6-3115(2d,p)//PCM-PBEO0/6-311G-
(d,p) model is extremely adequate for investigating the absorp-
tion spectra of thioindigo derivatives: the errors are between
one-third and one-tenth of what was foreseen based on previous
investigations. Of course, the observed absolute accuracy results
from a careful choice of functional and basis sets for a well-
identified transition in a specific chromophore. Therefore, the
transferability of the absolute accuracy to other systems might
be questionable, even though it is probable that the accuracy
on the computed substitution shifts could apply to similar
compounds.
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Figure 4. Comparison between theoretidalax (in nm) and the optimized
average €0 bond length (in A).
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It is often useful to relate simple chemical descriptors to Figure 5. Comparison between theoretidala (in nm) and the optimized
excitation spectra. In Figures 4 and 5, we compare the theoreticalcentral G=C distance (in A).

Amax Of trans molecules with the DFT-optimized double bond
lengths included in the H-chromophore, i.essO and G=C 122

(122) For nonsymmetrical thioindigo, the average@bond length is reported.

Due to the rigidity of the molecule, the substitution of the outer
phenyl rings has only a limited impact on these distances.
Indeed, the shortest (longest) bonds are 1.211 (1.222) A and
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Table 5. Comparison between PCM-PBEO0/6-311+G(2d,p)//PCM-PBE0/6-311G(d,p) and Experimental Amax (nM) for a Series of Trans

Thioindigo-like Dyes

theory experiment
substituent solvent trans cis trans cis ref
v vapor 548 530/527 19/133
cyclohexane 566 512 (487) 555 473 133
CcCly 567 558 17,19
benzene 568 514 (487) 562 485 133,31
toluene 568 515 (487) 562 485 126
xylene 568 563 19
CHCLg 569 519 (484) 564 495 133
TCE 569 570 18,19
EtOH 568 525 (481) 562/559/559 1478/ 18,19/62/133
VI vapor 464 455 133
cyclohexane 480 476 62,133
benzene 482 480 62,133
CHCLg 481 482 24,62,133
EtOH 481 478 62,133
il cyclohexane 513 466 (502) 508 457 34
benzene 515 468 (502) 514/512 465/467 29/34
xylene 515 517/478 13/52
EtOH 516 510 55
5-Br-VlI cyclohexane 528 476 (509) 517 464 34
benzene 529 476 (509) 517 462 34
xylene 529 521/524 13/52
VIl benzene 517 505 34
xylene 517 545 (508) 13
IX acetonitrile 517 509 64
X cyclohexane 592 497 580 474 34
benzene 595 499 591 483 34
Xl cyclohexane 638 617 34
benzene 642 623 34
Xl DMSO 447 450 56
7,7-Cl-XII DMSO 444 450 (480) 69
Xl CHCLg 433 448 24
~
1.349 (1.354) A for &0 and G=C, respectively. Obviously, '-‘E 1760
there is no simple relationship between thee@ bond length ) ° .
and the position of the first absorption peak (a linear regression > %o ° °
givesR = 0.20), whereas a reasonnable linear correlation is & 1750 o o000 o ¢ .
found with the G=C bond length R =0.78). For indigo, the S LS N
C=0 stretching frequency has been used to study the hydrogen g ° ZDOZO . °
bond strength which influence directlyay 23 However, as can = 1740 | S
be seen in Figure 6, the lack of internal hydrogen bonds in = o T °
« . . . . . @ (o)
thioindigo makes this frequency a poor color indicatBr=€ 1 1730 o
0.06). Of course, other vibrational modes might serve more 5 o °
efficiently as descriptors. But such modes either present a o0 o ° ° o
negligible IR intensity (as the central=€C stretch) or are E 1720 ° °
difficult to analyze because they lie in a region of the spectrum L
in which many displacements contribute to the observed g o
intensity (typically for outer benzene distortion modes). S 1710 °
C. Related CompoundsOur original methodological study 11 500 520 540 560 580 600 620 640
o

has been performed on unsubstituted thioindRjoAs the

H-shaped chromophore (Figure 1) does not include the outer

phenyl rings, the selected level of theory is adequate for the

)\'max (nm)

Figure 6. Comparison between theoretidalax (in nm) and the theoretical
C=O0 vibrational frequency (in crt).

substituted thioindigo, as we have seen above. However, once

the chromophoric moiety is modified, new methodological
investigations are required. As Supporting Information, we
provide such a complete basis set/functidtair*125study for
selenoindigoV). It turns out that the PCM-TD-PBEO0/6-31G-
(2d,p)//PBE0/6-311G(d,p) approach is still adequate Vor
However, we want to underline that further modifications of
the chromophoric center could lead to different conclusions.

(123) Weinstein, J.; Wyman, G. M. Am. Chem. Sod.956 78, 2387-2390.
(124) Baker, J.; Pulay, B. Chem. Phys2002 117, 1441-1449.
(125) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
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For instance, the description of the internal hydrogen bonds in
indigo might require other basis set(s) or functional(s).

In Table 5, the experimental and theoretical spectra of the
thioindigo-derived molecules (Figure 7) are compared. These
systems are representative of the numerous chemical modifica-
tions obtained by (i) changing the heteroatom in the chro-
mophore ¥ and V1), (ii) removing one sulfur atom (hemith-
ioindigo dyes\VIII andVIll ) or adding a third onelX), and
(i) keeping the same chromophoric system but adding
electrons X and Xl). In addition, we have also considered



Thioindigo Dyes: Accurate Visible Spectra with TD-DFT

ARTICLES

X
7!
HN Q
NH
o
7
XII

Figure 7. Representation of the derivatives of the thioindigo family.

thiazine-indigo XII ) and thioepindolidioneXlll ), a conjugated

CLOC

XIII

oscillator forces is inverted but the second peak is in perfect

molecule that presents the same molecular weight as thioindigoagreement with experiment. If the 515 and 487 nm peaks are

but with a chromophoric structure similar b .
As for the values reported in Table 1, our gas-phiagg for

indeed related to transitions to the LUMO, two occupied levels
(HOMO-2 and HOMO) play an important role in both excita-

V and VI are too large, but the experimental and theoretical tions.
results become comparable once solvent effects are included. For the hemithioindigo\(Il , VIII , andIX ), one finds a good

The substitution of sulfur by selenium induces a bathochromic match between PBEO results and measurements, although the

shift of the spectra £18 nm in CHC}) that is slightly
overestimated{25 nm). As for the corresponding thioindigoids,
the hypsochromic shift when going frod to VI is well
reproduced €88 nm instead of-82 nm in CHC}). For cis
selenoindigo ), Ross, Blanc, and Matticoli measured.qax
of 485 nm in toluend?® In the same solvent, we find a nonplanar
cis form with a dihedral €C=C—C angle of 5.4 and almax
of 515 (487) nm. As in some thioindigos, the ordering of the

(126) Ross, D. L.; Blanc, J.; Matticoli, F. J. Am. Chem. S0d97Q 92, 5750-
5752

(127) Knott, E. B.J. Soc. Dyers Colourl951, 67, 302—306. .

(128) Oksengendler, G. M.; Lozinskii, M. QJkrainskij Khimiceskij zirnal
1959 25, 95-98.

(129) Pummerer, R.; Marondel, @hem. Ber196Q 99, 2834-2839.

(130) Wizinger, R.Chimia 1965 19, 339-350.

(131) Meier, H.; Litke, W. J. Liebigs Ann. Cheni981 1303-1333.

(132) Troyanov, H. A.; Oksengendler, G. M.; Kosmomarova, BUKrainskij
Khimiceskij Zirnal 1962 28, 367—370.

(133) Fitjer, L.; Littke, W.Chem. Ber1972 105 919-928.

effect of the bromine substitution is overshot. For the cis vat
scarlet G,VIl, Rogers et a#? and Haucke and Paetzétd
measuredmax Of 465/467 nm in benzene, whereas we obtained
468 (502) nm with the correct ordering of oscillator strength.
For VIII , Haucke gave one absorption (505 nm), whereas
Formanek, in a similar solvent, reported two (508 and 545 nm).
Our 517 nmAmax goes more in support of Haucke’s results.
For X, Miziguchi predicted at the ZINDO/AM1 level thgnax

to be 393 nm instead of 509 nm. On the other hand, our
procedure leads to quantitative agreement (517 nm). Although
possessing much moreelectrons tham and being planaiX
shows almax at a shorter wavelength. This is because the first
dipole-allowed transition related to an HOMQUMO excita-

tion (see Figure 8) takes place at 805 nm but presents a
negligible oscillator force (0.0002). The 517 nm peak mainly
corresponds to a HOMO-t LUMO transition, with a small
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Figure 8. Sketch of the selected molecular orbitalsi¥f. The HOMO label is 109 (top left); the LUMO label is 110 (right).

Figure 9. Representation of the HOMO (bottom) and LUMO (top) of 7,7
Cl-thiazine-indigo.

HOMO-4— LUMO contribution. As can be seen on Figure 8,
the HOMO-1 and LUMO ofX are very similar to the HOMO
and LUMO ofl, given the symmetry breaking.

is obvious that the increase of,ax obtained when extending
the conjugation system in the— | — X — XI series is slightly
overshot by theory. The experimente{CHCI3)—XI (benzene)
shiftis+121 nm, whereas we predi¢tl50 nm. Such a scaling
problem of DFT for large conjugated compounds has been
reported previously for excited-state energies as well as the
related nonlinear optics properties (see refs 112, 114, and
references therein). For thiazine-indigdll(), we are in perfect
agreement with both experiments, though Senju and Miziguchi
assigned the 480 nm shouléfeto the 0-0 transition, which

we do not support. Note that the X-ray diffraction finds planar
7,7-CI-X1l 89 whereas we found a bent compound in DMSO,
indicating strong solid-state effects. F&ill , imposing the
planarity would result in & 14 nm bathoshift. The HOMO and
LUMO of trans 7,7-Cl-thiazine-indigo (Figure 9) look like those

of thioindigo (Figure 2), but with a tiny electronic density on
the sulfur atoms in the LUMO that nevertheless slightly
destabilizes the electron density on the oxygen of the carbonyl
group, increases the energy of the LUMO, and could explain
the smallerimax Of XII compared td. The first absorption of
thioepindolidione occurs at higher energies than the correspond-
ing chomophordV , which is quite counterintuitive. This effect

is reproduced by theory but is overestimated (39 nm instead of
19 nm).

IV. Conclusions

We have evaluated the visible spectra of a large panel of

In X andXl, one has replaced one or two of the five-member thioindigoids with PCM-TD-DFT using the PBEO functional
rings by six-member rings and added extra phenyl rings, leading and extended atomic basis sets. Two problems occur, namely,
to a bathoshift in both theory and experiment. Nevertheless, it the incorrect description of relative oscillator strengths in some
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cis isomers and the overshooting of theconjugated path length appears to be a good indicator of the color of substituted
elongation effect. Having said that, the agreement betweenthioindigo (the reverse assertion might be an instant tool when
theoretical and experimentghaxis exceptional. Indeed, for the in the lab), whereas the=€0 length and stretching frequency
170 cases treated in this study, the required accuracy for thedo not correlate with thémax.
design of new dyes has been reached: the mean signed error is We are currently extending this investigation to indigoids and
1.2 nm and the mean unsigned error is 6.9 nm, whereas theother classes of dyes to confirm the transferability of our
rms deviation amounts to 9.8 nm, although our set includes transmethodology.
and cis isomers, substituted thioindigo, model, and large
molecules. These figures are 1 order of magnitude smaller than Acknowledgment. D.J. and E.P. thank the Belgian National
expected from previous TD-DFT investigations. This high Fund for Scientific Research for their research associate
absolute accuracy results from a careful methodological choice Positions. J.P. acknowledges the FRIA (Belgian “Fonds pour
for a well-indentified transition in a given chromophoric class, |a formation la Recherche dans I'Industrie et dans I'Agriculture”)
and the computational approach should therefore not be usedor his PhD grant. The calculations have been performed on
for other compounds without checking and/or adaptations. the Interuniversity Scientific Computing Facility (ISCF), in-
Nevertheless, the accuracy on the computed substitution shifts stalled at the FaculseUniversitaires Notre-Dame de la Paix
which is more likely to be transferable, is completely compa- (Namur, Belgium), for which the authors gratefully acknowledge
rable. Consequently, this work demonstrates that once suf-the financial support of the FNRS-FRFC and the “Loterie
ficiently extended basis sets are used and bulk solvent effectsNationale” for the convention number 2.4578.02 and of the
are accounted for, TD-DFT can be an adequate tool for FUNDP.
quantitative predictions of thdq.x of dyes, even without
statistical posttreatment.

It was found that the majority of the cis thioindigoids are
planar and their hypso-character originates from repulsion of
electron densities in the excited state. The central double bondJA056676H

Supporting Information Available: Complete ref 102 and
methodological study fotrans-selenoindigo. This material is
available free of charge via the Internet at http://pubs.acs.org.
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