[. Introduction

J. Chem. Theory Compu2008,4, 123-135

Journal of Chemical Theory and Computation

TD-DFT Performance for the Visible Absorption Spectra
of Organic Dyes: Conventional versus Long-Range
Hybrids

Denis Jacquemin,*Eric A. Perpée,’ Gustavo E. Scuseriallaria Ciofini,¢ and
Carlo Adamo*

Laboratoire de Chimie Ttwrique Appligie, Groupe de Chimie-Physique “Thigue et
Structurale, Faculte Universitaires Notre-Dame de la Paix, rue de Bruxelles, 61,
B-5000 Namur, Belgium, Department of Chemistry, Ricevehsity, Houston, Texas
77005, and Ecole Nationale Supmure de Chimie de Paris, Laboratoire Electrochimie
et Chimie Analytigue, UMR CNRS-ENSCP no. 7575, 11, rue Pierre et Marie Curie,
F-75321 Paris Cedex 05, France

Received July 28, 2007

Abstract: The & — a* transitions of more than 100 organic dyes from the major classes of
chromophores (quinones, diazo, ...) have been investigated using a Time-Dependent Density
Functional Theory (TD-DFT) procedure relying on large atomic basis sets and the systematic
modeling of solvent effects. These calculations have been performed with pure (PBE) as well
as conventional (PBEO) and long-range (LR) corrected hybrid functionals (LC-PBE, LC-wPBE,
and CAM-B3LYP). The computed wavelengths are systematically guided by the percentage of
exact exchange included at intermediate interelectronic distance, i.e., the Amax value always
follows the PBE > PBEO > CAM-B3LYP > LC-PBE > LC-wPBE > HF sequence. The functional
giving the best estimates of the experimental transition energies may vary, but PBEO and CAM-
B3LYP tend to outperform all other approaches. The latter functional is shown to be especially
adequate to treat molecules with delocalized excited states. The mean absolute error provided
by PBEO is 22 nm (0.14 eV) with no deviation exceeding 100 nm (0.50 eV): PBEO is able to
deliver reasonable estimates of the color of most organic dyes of practical or industrial interest.
By using a calibration curve, we found that the LR functionals systematically allow an even
more consistent description of the low-lying excited-state energies than the conventional hybrids.
Indeed, linearly corrected LR approaches yield an average error of 10 nm for each dye family.
Therefore, when such statistical treatments can be designed for given sets of dyes, a simple
and rapid theoretical procedure allows both a chemically sound and a numerically accurate
description of the absorption wavelengths.
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phosphorescence) or to the nature of the implied excited

Though dyes could be classified with respect to the chemical states £ — a*/n — x*), one generally groups them
process generating the color (absorption/fluorescence/according to the nature of their chromophoric unit (Figure
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1)173 The two major families of organic dyes with industrial

" applications are 9,10-anthraquinones (AQ) and azobenzenes
(AB), that represents about 30% and 60% of today’s world
dye production, respectively® The longest wavelength of
maximal absorptioni(ay of AQ covers all the visible region
of the electromagnetic spectrum, depending on the nature
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Figure 2. Studied indigoids derivatives.

initio tool for modeling electronic spectra of structures is
the time-dependent density functional theory (TD-DFT).
TD-DFT calculations can incorporate environmental effécts
and quickly give UV/vis spectra for most orgatficz® and
inorgani@®?” dyes. Still, meaningful results can only be
attained with a selection of adequate exchange-correlation

and position of the auxochromic group(s) substituting posi- functionals. It is recognized that conclusions obtained with
hybrid functionals tend to be in better agreement with

tions 1-to-82* AB are extremely versatilewith applications : .

. ) o experimental trends than the values computed with pure
going from core of media storagef central building blocks functionals. Hybrids, originally proposed in the 1990
in molecular motor§~.7Qf COUrse, geveral other chromophores include a fraction ¢) of exactexchange that is computed
related to more specific gpphpaﬂqns can be pmppmted: 1) with the Hartree-Fock (HF) exchange formuP&.4° Despite
naphthc;qumones (NQ)' implied in sever-al- medicinal pro- their countless successes, hybrids also encounter problems
cgsse§; (@) coumarins (CO), Fhe mogt eff|C|ent fluorescent that seem (mostly) independent of the functional selected.
brighteners’” (3) diphenylamine derivatives (DPA), the Typical troublesome properties include van der Waals
typical hair dyes with important biological properti€s?  ¢,c0q41 hond length alternation (BLA) in semiconducting
(4) diarylethenes (DA), the prototype molecular switéh? polymers*243 nonlinear optics (NLO) properties of long
and (5) indigoids derivatives (IG, Figure 2) which give loads z-conjugated chain&* and charge-transfer electronic
of structures with several substitution patterns of the outer ¢ ansitionst’46-4° |n these four cases, no singte value
phenyl rings, of the heteroatoms, as well as different types proyides a small (or consistent) error for increasingly large/
of linkage between the two parts of the molecul@evelop-  gpaced compounds. In fact, these DFT limitations have a
ing molecular modelization approaches allowing an accurate common origin: the so-called shortsightedness of DFT
prediction of the color of dyes is still a major challen§e,  functionals. In other words, the density is not influenced by
because, on the one hand, the average human eye is able t§ change in the nearby electronic distributféf’48 To
tell apart shades differing by 1 nm only, and, on the other cjrcumvent these shortcomings, several strategies have been
hand, actual stains are medium-sized molecules, possess gesigned and applied to the problems listed above: the
dozenr-electrons, and are very sensitive to the environments. correction(s) of the self-interaction er®r52 the inclusion
Therefore, large-scale highly correlated ab initio approachesof the current-density in the formalista>* the addition of
such as EOM-CC, MR-CI, or CAS-PT2 remain out of empirical dispersion ternf8;¢ and the use of optimized
today’s computational reach. Consequently, one could beeffective potential for exact excharfg€® as well as the
inclined to select customized semiempirical approaches suchexplicit consideration of long-range effects (LR)8 This
as ZINDO, but the consistency of such schemes is often latter scheme leads to thmange-separatedhybrids that use
disappointing:”~1® Currently, the most widely applied ab a growing fraction of exact exchange when the interelectronic

T

Figure 1. Sketch of the chromophores investigated in this
study.
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distance increases (see section Il). In contrast, the hybridsstatistical treatment of the theoretidala, before concluding

in which the amount of HF exchange is constant all over in section IV.

the space will be referred to aglobal hybrids in the

following (corventionalor full-range exchangéybrids have  1l. Methodology

also been used in the literature). It has been demonstratedn range-separated functionals, the Coulomb operator is
that range-separated hybrids are very efficient for calculating partitioned a%0.63.65

BLA® or NLO®.67.6882838hroperties in conjugated polymers

as well as for determining properties of weakly bond 1 _1-[atperf(or,)] L e + p erfwr,,)

complexe& 7%80r charge-transfer states in large molecular Mo r Mo
systemg$68.7477.81 Nevertheless, there have been only a few

works establishing the abilities of TD-LR-DFT to reproduce Wherew is the range separation parameter, whiland o
experimental UV/vis spectra for a statistically meaningful + / define the exact exchange percentageat 0 andri.

set of compounds: (1) comparisons of global and range- = @, respectively. Ineq 1, & o+ < 1,0=<a < 1, and
separated functionals performances for the vertical transitionsQ < S = 1, are three conditions to be satisfied. Equation 1
of C=0, N, CH4, H,0, CsHs, and HC=0 demonstrated leads to the partitioning of the total exchange energy into
that, while Rydberg'’s states are much better described with Short-range and long-range contributions:

the latter, differences remain small for valence excited st e

states$#7385(2) the emission properties of low-lying excited- E=ETE 2
states of small molecules have also been investigated, an
similar conclusions have been dra#(3) we have studied
the localizech — z* transitions in nitroso and thiocarbonyl
dyes, and it turned out that all hybrid functionals lead to a
quite similar accurac$® (4) the Amax of four CO dyes are
more accura.;f with global TD—D*FT thgr_w with (unmodifi_ed) plied to B3LYP)® Both LC models usex = 0 andj3 = 1
TD-LR-DFT (5) for thex — transitions of 15 AQ, it in eq 1, i.e. short-range semilocal DFT exchange is combined
has been found that range-separated hybrids are further awa

f . tal val than their alobal ; s b t\With long-range HF exchange integrals. Sincet = 1,
rom experimental vaiues than their giobal counterparts but , exchange potential in LC functionals has the exact
offer a much smaller statistical dispersion of the results,

. . ; . asymptotic behavior. Note that in L@GPBE, the short-range
allowing more valid chemical insights;and (6) on the ymp g

i o . exchange functional can be rigorously deri%ed by
contrary, T[.)'LR'DFT brings no significant correction fof integration of the model exchange héiééIn CAM-B3LYP,
cyanine derivatives, as these dyes present a strong multide

. o = 0.19 andS = 0.46 are plugged in, and the exact

terminantal naturé: asymptote of the exchange potential is lost, while a larger

In this paper, we perform a critical assessment of the percentage of HF exchange is included at short range. The
efficiency and consistency of range-separated hybrids for range separation parameterin LC-PBE and CAM-B3LYP,
computing the maimr — z* transition of industrial organic s set to the standard 0.33 bohwvalue, whereas for LC-
dyes. The generic chromophores we have considered arg,pBE, we use the optimized 0.40 bohwvalue from refs
depicted in Figure 1. It is worth pointing out previous TD- 77 and 78. Recently, such 0.40 bohwalue has been
DFT investigations for these compounds. For AQ, the zgvocated by Fromager and co-work&mwhereas Hirao et
performance of global hybrids has been assessed in refs 194 proposed a reoptimized value of 0.47 bdHor reaction
22, 46, and 8993, while our previous work used TD-LR-  parriersi?s As our goal is to assess the merits of range-
DFT 2 Numerous computations of the UV/Visible spectra separated and global hybrids for visible spectra simulations,
of AB based on TD-DFT have been publisi€&™*butto e have also performed time-dependent calculations with a
our best knowledge none used range-separated hybrids. NQpure functional (PBEY*a global hybrid (PBEO, that contains
DPA, and IG have recently been tackled by two of us in 2504 of exact exchangé}* and the HF approach (in this
refs 99, 100, 101, and 16205, respectively. For CO, one  paper HF results are obtained through the TD-HF approach).
finds severalinvestigations performedwithglobal hybtisi®*  Readers interested in the results of other global hybrids, such
but only one used range-separated functionals and wasas the archetype B3LYP, are refered to 89 for AQ, 109 for
limited to four molecule$® The transition spectra of the cQ, and 105 for IG. The evolution with, of the exact
photochromic DA switches have also been thoroughly exchange percentage used in the six considered models is

)

qn this paper, three range-separated functionals have been
used: (1) the LC (LC: long-range correction) scheme of
Hirac®! applied to the PBE functionat? (2) the LCwPBE
functional by Vydrov and Scuseridand (3) Handy’s CAM-
B3LYP (CAM-B3LYP: Coulomb-attenuating method ap-

investigated, though only with global hybrigfs.11412%n sketched in Figure 3All calculations have been performed
fact,. .the molecules in Flgyres 1 and 2 include most of the ith the Gaussian03 suite of prograf@sexcept for the LR-
families selected by Guillaumont and Nakanf@rgwe DFT calculations that were carried out with a development

excluded cyanine-like dyes that present a multideterminentalyersion of Gaussiak® using their standard TD-DFT pro-
nature) but with (much) more structures in each subset.  cedure (ref 129). For each system, the ground-state structure
This paper is organized as follows. In section II, we briefly has been determined by a standard force-minimization pro-
summarize our computational approach. In section IllA, the cess, and the vibrational spectrum has been determined to
spectra of the various families computed with several pure, systematically check that all vibrational frequencies are real.
global, and range-separated hybrids are compared to experiAll these ground-state calculations have been performed with
mental data. In section 11IB, we examine the possibilities of PBEOQ using a triple: polarized basis set, 6-311G(d,p), that
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get the best theory/experiment matéhHowever, a sys-
tematic computation of such vibronic effects is not practically
feasible for our very extended set.

100 | HF

80
I1l. Results

A. Comparisons with Experiments. The Anax computed for

24 typical AQ dyes are reported in Table 1. For all com-
pounds, the absorption wavelengths systematically obey:
PBE > PBEO> CAM-B3LYP > LC-PBE > LC-wPBE >

PBEOQ HF. This means that the larger the exact exchange ratio at
20+ intermediater;, (see Figure 3), the smaller the calculated
Amax FOr nitroso and thiocarbonyl compounds, such a
0 PBE systematic relationship could not be unravefiégdrobably

due to the more localized nature of the transition in these

1 2 3 4 5 ) — ¥ chromophores: the mixing percentage at smaller
Interelectronic distance (au) | distances had a larger influence. Consistently with our
previous studie$’828%°0PBEQ yieldsAmax in very good
agreement with experimental trends for the short-wavelength
dyes, but the discrepancies significantly increase for the
compounds with the smallest transition energies. Indeed, in
is known for providing converged ground-state structural the lower part of Table 1, it is PBE that yields the best
parameters for the largest majority of the compoulied32 estimates. For the 24 AQ, we obtain mean signed errors
In previous investigations, we have demonstrated that PBE0Q/(MSE, experiment-theory) of 12771, 12, 67, 85, and 53
6-311G(d,p) geometries are perfectly adequate for mostnm for HF, PBE, PBEO, LC-PBE, L&PBE, and CAM-
classes of organic dyes investigated Héf8;10%105122and B3LYP, respectively. The corresponding mean absolute
we refer the interested readers to these publications forerrors (MAE) amount to 127, 74, 19, 67, 85, and 53 nm,
discussion of the basis set effects. TD-DFT is then used toindicating that LR-DFT and HF systematically underestimate
compute the three-to-eight first low-lying excited states of the Amax Consistently with the findings of ref 82, PBEO is
each dye. The resulting electronic excitations have a strongclearly closer to experiment, with a MAE less than half of
7 — m* character associated with a large oscillator force. the second competitor, namely CAM-B3LYP. However, the
We have systematically selected the 6-3Gl(2d,p) basis ordering of the compounds is also crucial for an efficient
set for these TD-DFT calculations, as it yields perfectly molecular design. Range-separated functionals provide the
convergedmax for 1G,102103DPA 101 NQ % and DAIB122dyes. valid 1,4-OH > 1-NH; classification whereas PBEO does
For AQ, a smaller basis set would even be enough to attainnot, but the reverse situation also appears (1,2-OH versus
the saturation of transition energi®€° Therefore, we are  1,8-OH), and cases can also be noted in Table 1 for which
very confident that all results presented here would not haveall approaches fail (2-OMe versus 1,2-OMe).

been significantly affected by a further extension of the basis The situation differs in Table 2 where the spectra of
sets. At each step, the surrounding effects have been included\B derivatives are listed. Model and real-life AB have
by means of the Polarizable Continuum Mot#€hs valuable been considered, though we have not included OH substit-
theory/experiment comparisons indeed require simulation of uents in the panel as such hydroxy-AB tend to undergo
the solvent. Two models have been used the default IEF-tautomerism that might impede straightforward theory/
PCM and the conducting PCM model (C-PCM). Computa- experiment comparisons. On the contrary, several ppsh
tional details might slightly vary from one dye family to molecules (4-N@ 4-NH,, and alike) having a strong
another (radii used to build the cavity, use of smoothing charge-transfer character are tackled in Table 2. As for AQ,
spheres, etc.) because we have set these computationahe methodological ordering @fnax follows the amount of
parameters in order to maintain consistency with previously exact exchange at medium interelectronic distance. Never-
published data. Nevertheless, this should have a completelytheless, CAM-B3LYP has now a slight edge over PBEQO,
negligible impact on the computed wavelengthsin this and the accuracy difference between thg obtained with
paper, we have selected the so-called nonequilibrium pro-global and range-separated approaches becomes less striking
cedure for TD-DFT calculations, that has been specifically than for the AQ listed in Table 1. Indeed, we obtain MAE
designed for the study of absorption procesies. (MSE) of 64 (64) nm, 9090) nm, 25 20) nm, 33 (33)

In many cases, several experimental values are availablenm, 46 (46) nm, and 20 (15) nm for HF, PBE, PBEQO,
and the values reported in Tables-3 correspond to the LC-PBE, LCwPBE, and CAM-B3LYP, respectively. In
average measure. The selection of the theoretical wavelengtffact CAM-B3LYP is particularly efficient for structures
is often straightforward: it is the first transition with a presenting a smallmay, and the theory/experiment discrep-
significant oscillator forcé?:9%-105110.123n fact, to perfectly ancy tends to increase when going down the column. Note
simulate experimental results, the main missing componentsthat for both AB having @max > 500 nm, PBEO is closer
are the vibronic couplings. Indeed, in some cases, theto the experimental reference than the three range-separated
inclusion of Franck-Condon factors could be essential to functionals: the description of charge-transfer dyes is not

60 CAM-B3LYP

40

-exchange percentage

0

Figure 3. Evolution of the percentage of exact exchange
included as the function of the interelectronic distance for the
six models considered.
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Table 1. 9,10-Anthraquinone (AQ) Main Visible Transition, Obtained with the IEF-PCM-TD-X/6-311+G(2d,p)//
IEF-PCM-PBE0/6-311G(d,p) Approach?

subst solvent HF PBE PBEO LC-PBE LC-wPBE CAM-B3LYP exp ref
none ethanol 250 377 321 280 271 294 322 4
2-Me ethanol 252 380 324 282 272 296 324 4
1-Me ethanol 259 399 339 291 280 306 331 4
2-Ome ethanol 286 491 391 328 312 348 363 4
1,2-OMe ethanol 279 482 386 323 307 341 374 4
1-Ome ethanol 279 480 387 333 317 347 378 4
2-OH ethanol 285 507 389 327 311 347 378 4
1-OH ethanol 291 479 398 347 330 360 402 4
1,2,3-OH ethanol 284 471 395 346 328 359 414 4
1,3-OH ethanol 297 491 408 357 339 371 418 4,136
1,8-OH ethanol 302 505 419 368 349 380 429 4
1,5-OH ethanol 300 502 417 361 343 376 432 4
1,5-OH,3-Me ethanol 299 498 415 360 342 374 433 137
1,2-OH ethanol 299 524 426 359 340 376 435 4,136
1,3,8-OH,6-Me ethanol 309 522 433 381 360 394 436 4
2-NH, ethanol 311 587 459 370 349 396 449 138
1,3,6,8-OH ethanol 316 548 451 394 371 408 452 4
1-NH; ethanol 327 557 463 394 374 413 476 138
1,4-OH ethanol 336 530 456 408 389 418 480 4
1,2,4-OH ethanol 332 534 456 406 387 417 483 4
1,4,5-OH ethanol 343 549 469 420 399 430 489 4
1,4,5,8-OH ethanol 365 587 504 454 431 464 560 4
1,4-NH ethanol 404 577 522 474 456 486 592 136
1,4-NHEt ethanol 437 626 568 516 496 528 642 10
2 PBEOQ values are taken from ref 19. All values are in nm.
Table 2. Amax (nm) of Azobenzenes (AB) Computed with the C-PCM-TD-X/6-311+G(2d,p)//C-PCM-PBE0/6-311G(d,p)
Scheme
subst/compound solvent HF PBE PBEO LC-PBE LC-wPBE CAM-B3LYP  exp ref
none EtOH 297 377 342 310 300 325 320 139
4-F EtOH 295 381 345 313 302 326 320 139
4-Me EtOH 301 388 350 316 306 331 323 139
4-Br EtOH 300 403 355 316 305 332 325 139
4,4'-F EtOH 294 386 347 315 304 328 325 139
4,4'-Br EtOH 303 425 367 322 310 339 326 139
4-phenylazomaleinanil CHCl3 302 406 357 318 308 334 329 2
4,4'-Me EtOH 304 396 357 322 311 337 330 139
4-OMe EtOH 306 414 366 329 318 343 344 136,139
4,4'-OMe EtOH 312 433 380 341 329 356 355 136,139
4-NH, MeOH 330 445 399 360 348 375 386 2
4,4'-NH. EtOH 342 475 422 377 363 394 399 136
4-NMe> MeOH 334 477 418 371 357 387 408 2
4-NHPh EtOH 335 524 438 372 357 394 411 2
6'-OBu,2,6-NHy,3,3'-azopdipyridine MeOH 330 442 401 377 366 383 435 2
2'-NH,-azobenzenenaphthalene MeOH 376 496 451 411 397 427 439 2
4-NOy, 4'-NH; 50% EtOH 365 603 483 402 389 428 443 2
2,4-NH,-azobenzenenaphthalene EtOH 338 476 441 381 370 386 451 2
4-NO>, 4'-N(Et)(CH2CH2CN) MeOH 358 629 492 399 384 428 455 2
4-NO>, 4'-NHPh 50% EtOH 363 700 527 408 392 442 483 2
4-NO>, 4'-N(Et)(CH2CH,0H) 50% EtOH 369 662 513 415 399 443 503 2
4-NO3y, 2-Cl,4'-N(Et)(CH2CH,0H) 50% EtOH 372 666 525 425 410 467 517 2

systematically improved by inclusion of LR terms. Finally,

noteworthy mismatch could be detected-QBu,2,6-NH,

3,3-azopdipyridine versus 4H,): all approaches, but

LC-wPBE, disagree with experiments.

Table 3 summarizes our results for a 12 NQ set containing
the molecular ordering is generally correct although one several 2,3-substituted structures that are known to be
particularly problematic for global hybrid€® For these dyes,
CAM-B3LYP outperforms PBEO, but the reverse is true for
NQ with auxochroms at positions 5 and 8. One can also note
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Table 3. First mr — sr* Transition in 1,4-Naphthoquinone (NQ, C-PCM, Top) and Coumarins (CO, IEF-PCM, Bottom)?2

subst solvent HF PBE PBEO LC-PBE LC-wPBE CAM-B3LYP exp ref
1,4-Naphthoquinone
2,3-Cl methanol 258 412 349 296 283 316 337 140
2-OH chcls 252 384 328 287 276 303 338 4,141
2,6-OH ethanol 307 512 427 379 357 397 390 136
5-OMe CHCl3 281 521 411 350 330 368 396 4,141
2,3-Me,6-NH; cyclohexane 306 586 457 382 357 409 410 142
3,5-OH CHCls3 300 480 408 368 349 379 419 4,141
2,5-OH CHCl3 303 522 431 381 357 394 430 4,141
2,3-OH CHCl3 322 582 478 434 401 443 439 4,141
2-NHMe,3-ClI cyclohexane 320 619 494 434 399 449 454 143
2-OMe,5,8-OH CHCl3 353 554 481 430 408 442 475 141
2-Cl,5,8-OH CHCl3 359 561 495 440 418 454 494 141
5-NH2, 8-Ome cyclohexane 361 599 515 464 438 479 564 142
Coumarins

4,7-OH (enol) methanol 249 316 287 274 269 278 309 144
4-Me (enol) ethanol 256 323 291 274 268 279 309 145,146
4-Me,7-OMe (enol) water 260 340 303 285 278 290 322 147,148
4-Me,7-OH (enol) water 261 337 303 284 277 288 323 147-150
7-OMe (enol) water 266 341 306 290 283 295 324 151,152
4-Me,7-OH (cation) water 274 374 330 307 301 312 345 147,149
4-Me,7-OMe (cation) water 273 376 328 309 302 314 352 147
3-CN,7-OH (enol) methanol 284 363 331 315 308 319 355 153
4-Me,7-OH (anion) water 296 405 360 338 330 344 360 149,154,155
3-CN,7-OH (anion) water 315 398 369 363 357 363 408 153

2 All values are obtained through the PCM-TD-X/6-311+G(2d,p)//PCM-PBE0/6-311G(d,p) and are in nm. PBEO values are from refs 99, 100,
and 110 for NQ and CO, respectively.

Table 4. Diphenylamine (DPA, C-PCM, Top) and Diarylethenes (DA, IEF-PCM, Bottom) Anax (nm), Obtained with the
PCM-TD-X/6-311+G(2d,p)//PCM-PBE0/6-311G(d,p) Scheme?

diphenylamine

subst solvent HF PBE PBEO LC-PBE LC-wPBE  CAM-B3LYP exp ref
none hexane 248 320 284 273 265 280 286 156
4-NO; hexane 270 442 364 319 307 339 358 156—160
2,2",4,4'-NO> ethanol 290—245 494—-462 409—-358 362—305 346—295 380—323 402—358 136,140,161
4,4'-NO; methanol 296 499 412 354 340 380 404 162
2,4'-NO; ethanol 296—258 532—455  434-364  370—310 352—-300 397-331 407—-353 161,163,164
2,4-NO, hexane 273—251 490—417 393—-343 344—299 327—288 361—318 411-340 159
2-NO; hexane 289 497 416 364 346 384 415 156,158—160
2,2'-NO; hexane 286 509 417 362 343 383 420 158
2,6-NO; methanol 286 514 419 355 349 379 424 162
diarylethenes
R1, R2 solvent HF PBE PBEO LC-PBE LC-wPBE CAM-B3LYP exp. ref
Cl, Cl Hex 385 541 485 432 410 448 444 165,166
Cl, Ph ACN 415 595 535 461 438 484 485 167
COOH,COOH MeOH 440 700 599 509 477 537 531 165,166
Ph, Ph Benz 456 687 605 507 479 537 531 165
COOEt,COOEt ACN 429 670 578 496 465 520 540 167
p-Pyr., p-Pyr. THF 468 744 636 525 494 559 551 168
CHO, CHO Benz 471 791 670 563 522 592 580 165,166

2 PBEO figures are from refs 101 and 88 for DPA and DA, respectively.

systematic inversions (2,3-Cl versus 2-OH), but none of the 99, 22, 42, 64, and 28 nm (the MSE are 1199, —11, 42,
proposed approach allowslaa.x classification clearly more 64, and 26 nm). These values are in the line of the results
appealing. Indeed, depending on the compounds, smallerobtained for AQ, although differences between PBEO and
(2,6-OH versus 5-OMe) or larger (2-NHMe,3-Cl versus CAM-B3LYP are strongly reduced for NQ.

2-OMe,5,8-OH) proportion of exact exchange might help.  The spectral data obtained for 10 neutral and charged CO
Going from left to right in Table 3, we obtain MAE of 119, are given in Table 3. The evaluation of the visible spectra
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Table 5. Indigoids (IG) Main Visible Transition, Obtained with a IEF-PCM-TD-X/6-311+G(2d,p)//IEF-PCM-PBEO/
6-311G(d,p) Scheme?

structure subst solvent HF PBE PBEO LC-PBE LC-wPBE CAM-B3LYP exp ref

IG-a, X=X'=NH  none CCly 400 651 572 519 490 525 594  169-172
4,4'-Cl CHCl3 402 664 580 524 494 531 605 173,174
4,4'-aza EtOH 414 653 574 528 500 532 600 175
5,5'-NO, TCE 383 637 550 503 475 507 580 176
5,5'-Br CHCl3 407 708 599 534 502 542 611 173,174
6,6'-NO2 TCE 433 820 647 553 522 571 635 176
6,6'-Br TCE 399 636 569 519 490 524 588 176—178
7,7-Me CHCl3 406 671 586 527 498 534 612 174,179
7,7'-aza EtOH 370 624 539 490 461 494 556 175

X=X'=S none CHCls 354 655 544 465 428 483 546  180—187
4,4'-Cl benzene 356 646 546 467 431 484 548 188
5,5'-NO, benzene 348 634 531 461 425 475 513 189
5-OEt,5'-NO,  benzene 367 841 603 487 447 512 562 190
5-OEt,6'-NO,  benzene 377 888 631 497 456 526 578 191
6-NO2 benzene 365 725 572 477 439 499 561 191
7,7'-Br benzene 353 663 546 464 428 481 546 192

X=X'=NMe none benzene 430 692 602 556 526 557 644 193

X=X'=0 none CycloHex 292 524 430 379 358 386 413 194

X=X'=Se none benzene 354 647 568 471 433 496 562 195,196

X=NH, X'=S none benzene 376 657 556 488 456 501 574 197

IG-b none CHCls 339 560 494 448 415 454 505 185,186

IG-c none CHCl3 327 529 456 418 387 424 458  185—187,198

IG-d none CHCl3 323 550 472 427 392 434 467 187

IG-e none DMSO 324 438 395 366 353 374 413 134

IG-f none DMSO 346 582 490 438 415 446 516 134

IG-g none DMSO 329 556 444 371 357 391 455 134

IG-h, X=NH none DMSO 385 649 536 473 448 488 551 134

IG-h, X=S none Benzene 364 631 517 441 413 461 505 197

IG-i none DMSO 391 626 519 437 417 461 491 134

1G-j none methanol 256 368 325 298 290 305 355 199

IG-k none methanol 212 321 285 266 258 271 317 199

2 More details can be found in refs 102—105.

of amino-CO is very challenging as both state-specific PBEO but 27 nm for CAM-B3LYP (other schemes pro-
solvation and vibronic coupling could play a significant duce even larger average errors). Some DPA present two
role 112113 Therefore, only hydroxy-CO are included in our peaks, and the only drawback of PBEO is that the separa-
set. As for the other dyes, HF (PBE) provides the smallest tion between these two absorptionsi] is 70 nm instead
(largest)imaxand hybrids stand in between, with wavelengths of 54 nm for 2,4-NO,-DPA but 50 nm instead of 71 nm
almost proportional to the exact exchange percentage atfor 2,4-NQ,-DPA. However, this problem cannot be cor-
intermediater;,. For CO, PBE, and PBEO yield about the rected by LR-DFT nor PBE nor HF. For the DA of Table 4,
same accuracy but with opposite signed errors. Indeed thethat are characterized by a very delocalized first excited
MSE are 67;-17, 20, 37, 43, and 33 nm for HF, PBE, PBEO, state!?® we have the reverse situation with a large error
LC-PBE, LCwPBE, and CAM-B3LYP, respectively, while  with PBEO (MAE=64 nm), whereas LR-DFT are closer to
the MAE is equal to the MSE but for PBE (19 nm). All the experimental data, especially CAM-B3LYP that provides
hybrids reproduce quite accurately the effect of protonation a MAE of 8 nm and a maximal discrepancy limited to 20
with predicted bathochromic shifts of 2& 2 nm to be nm.
compared to the experimental values of 22 (4-Me,7-OH Table 5 lists the results for more than 30 dyes of the 1G
CO) and 30 nm (4-Me,7-OMeCO). A basic medium  family. For thioindigo (¥=X'=S) derivatives, the PBEO
modifies theimax of 3-CN,7-OH-CO by 53 nm, that is  functional has been found astonishingly effici€hbut is
correctly reproduced by LC-PBE (48 nm) and k?BE (49 less accurate for indigo 6¢X'=NH) dyes for which B3LYP
nm) but underestimated by HF (31 nm), PBE (35 nm), and was more adequat€ In the indirubin/isoindigo series (IG-
PBEO (38 nm). However, for 4-Me,7-OH CO, all hybrids e-IG-i), no global hybrid functional gives the correct ordering
exaggerate the impact of the enol-anion reaction. of the compound&® In the IG-a series, modifying only the
Although DPA dyes show a significant charge-transfer X and X atoms leads to the followingmax ordering (in the
character, global hybrids like PBEO provide very accurate nonpolar aprotic solvents used here): NMe,NMeNH,-
Amax Probably because the distance between the electronNH > NH,S > Se,Se> S,S > 0,0. This order is not
donor and the electron acceptor is rather sifallTable reproduced by HF (that predicts no difference between thio
4 confirms this conclusion with a MAE of 8 nm for and selenoindigo), nor PBE (that incorrectly foresees a bigger
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Amax for sulfur than amine-based compounds) nor PBEO (that Table 6.

Jacquemin et al.

Statistical Analysis for the AQ, AB, and IG

reverses the order of XX'=Se and X=NH, X'=S), but is Series?

correctly predicted by the three range-separated functionals, with linear
a significant chemical success. Of course, for these six without fit correction
structures, the PBEO wavelengths are always much closertamily method MSE MAE RMS R MAE RMS
to experiment than LR-DFT. However, relat|v_e changes are AQ  HF 127 127 132 097 11 14
also better r_eproduced by LR-DFT. For_ |n.stance, the PBE 7 80 078 28 36
yva\_/ele_ngth dl_fference between the selen0|nd_|go_an_d OXy- PBEO 12 19 27 096 12 15
indigo is 3.0 times larger than th&l,.« Separating indigo LC-PBE 67 67 71 0098 8 10
and its N-Me form (149/50 nm). This ratio is exaggerated LC-wPBE 85 85 89 099 8 9
by PBEO (4.6) but reasonably reproduced by LC-PBE (2.5), CAM-B3LYP 53 33 58 098 8 10
LC-wPBE (2.4), and CAM-B3LYP (2.8). Concerning the AB HF 64 64 75 089 15 21
substitution of the outer-phenyl rings, all hybrid schemes PBE -90 90 103 083 22 27
provide the correct ordering for thioindigo and indigo but PBEO -20 25 27 093 12 17
for some cases in which the experimental data are extremely LC-PBE 33 33 43 095 10 14
close (within 1 or 2 nm). In the Wille and'lttke “linkage” LC-0PBE 46 46 54 09 10 14
seriest**all IG-e - 1G-i, HF, PBE, PBEO, and CAM-B3LYP CAM-B3LYP 15 20 28 094 10 16
invert IG-i and IG-f, whereas LC-PBE and L&GPBE predict IG  HF 170 170 174 089 19 26
almost equal absorption wavelengths for these two dyes, that PBE —%6 9% 116 071 34 42
is certainly a major improvement. A couple of thioindigo PBEO 6 19 23093 17 21
structure®¥* for which PBEO produces the largest errors (5- LC-PBE 00 7209710 13
OEt,53-NO; and 5-OEt,6NO,) are overcorrected by LR- LC-wPBE 99 99 101 097 12 14

. CAM-B3LYP 58 58 60 098 10 12

DFT, and even CAM-B3LYP undershoots th&i.x by about HE 116 116 127 076 37 45
50 nm, conflrm!ng that the desprlptlop of charge-transfer PBE 86 87 102 081 30 40
excited states is not systematically improved by range- PBEO 3 2 29 091 22 o8
separated functionals. Overall, the MAE are 170, 96, 19, 70, LC-PBE 5 52 58 094 18 23
99, and 58 nm for HF, PBE, PBEO, LC-PBE, L&PBE, LC-wPBE 71 71 78 094 18 23
and CAM-B3LYP, respectively. This confirms the superiority CAM-B3LYP 37 33 46 093 20 25

of PBEO for absolute wavelength estimations although LR-

chemical conclusions.

B. Statistical Treatment and Corrections. Statistical
analysis for the three main families (AQ, AB, and IG) and
the complete set of dyes are given in Table 6. A graphical
comparison is plotted in Figure 4 for the L&PBE
functional. It is clear that HF (PBE) considerably undershoots
(overestimates) the experimenigl. by 116 and 87 nm on
average. Hybrids perform significantly better for all dye
subsets (but CO). While CAM-B3LYP yields the smallest
MSE and MAE for AB and DA, PBEO appears more efficient
for the other five families. On average, for the full set (118
transitions), we obtain a MAE of 22 nm only with PBEO,
whereas CAM-B3LYP produces almost twice this error.
Nevertheless, the PBEO maximal deviations remain unac-
ceptably large:—74 and+90 nm. In the eV scale, the PBEO
MAE attains 0.14 eV and the RMS is 0.17 eV. As we have
considered a very extended and diverse set of dyes, this value

: k k 2 All include the complete data from Tables 1—-5. All values (but
DFT appears to be authorized to give more consistent R?) are given in nm.
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can be regarded as a new ‘expected accuracy’ for organic//9ure 4. Comparison between the LC-wPBE and measured

dye design with TD-DFT. It is worth comparing this Amax (nm) for the full set.of transitions. The central line indicates
performance with the 0.19 eV (37 nm) MAE obtained with a perfect theory/experiment match.

B3LYP/6-31G by Guillaumont and Nakamura for a smaller ~ To check the consistency between experimental and
set of dyes. The two other extended studies are due to Fabianheoretical data, we have performed simple linear regressions
who reported B3LYP/6-31G(d) MAE of 0.29 and 0.24 eV on the different dye sets. Results are summarized in Table
for # — #* transitions in sulfur-free and sulfur-bearing 6. HF and PBE obviously provide much smaller correlation
molecules, respectively:'35The increased performance here coefficients than the hybrid approaches. Therefore, one can
reported mainly originates in the use of (much) more definitely discard HF and PBE for dye design: they provide
extended basis sets and the explicit consideration of solventnot only the poorest absorption wavelength estimates but also
effects, that are essential for a realistic simulation of the the less consistent auxochromic displacements. Applying a
experimental setups. linear correction to the PBEO data is just useless, as the MAE
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Figure 5. Comparison between experimental Amax and the
values obtained by eq 3.

and RMS are almost unmodified. On the contrary, Rie

J. Chem. Theory Comput., Vol. 4, No. 1, 20081

for studying dyes with a very delocalized excited state. On
the contrary, HF and PBE give very poor estimates with
average errors of 0.97 eV/116 nm and 0.45 eV/87 nm,
respectively. If range-separated hybrids cannot beat PBEO
in terms of absolutelm.y, they provide more consistent
evaluations of the auxochromic shifts. Indeed, linear fittings
demonstrate that LR-functionals systematically give l&ge
Consequently, using a calibration equation such as eq 3 can
considerably improve the accuracy of the LR computations.
This is especially true when the statistical treatment is
performed for a given dye family, for which average errors
close to 10 nm are indeed obtained, allowing an efficient
dye molecular design as it combines nearly quantitative
wavelength estimates to chemically sound classifications. For
the complete set of dyes, using scaled LR-DFT improves
the PBEO MAE by about 20%.

Of course, only low-lyingz* excited states of conjugated
organic molecules have been considered in the present
investigation. Care should be taken before applying eq 3 to
other types of excitations or structures. However, for Rydberg

obtained with the range-separated functionals is at least 0.93states in small molecules it is clear that range-separated
confirming the interest of such approaches for classifying hybrids are adequaé;®#whereas these functionals are as
molecules according to their transition energies. Therefore, accurate as global hybrids for— z* transitions® Therefore,

a linear correction improves the results of the three TD-LR- this contribution paves the way toward accurate, yet afford-
DFT schemes, especially for the two LC functionals. For able, estimations of the excited-state energies of medium and

instance, using

APeS'= —38.63+ 1.295x A-C “PBE (3)

provides a MAE limited to 18 nm and a rms of 23 nm, that
are at least three times smaller than the uncorrected LC-
owPBE data. Additionally, this MAE represents a 20%
improvement over the (raw or fitted) PBEO error. The impact
of eq 3 is illustrated in Figure 5, and it is striking that the
maximal deviations are now limited 657 and—41 nm,
both being smaller than the prior-to-fitting MAE. From Table
6, it is also striking that considering a single dye family and
performing a calibration is extremely efficient as a better
correlation coefficient and smaller average errors are sys-
tematically attained with range-separated functionals. There
fore, if one is able to establish a calibration curve for a given
family of dye, the use of TD-LR-DFT should lead to the
sufficient accuracy for the design of a new dye structure.

IV. Conclusions

Using TD-DFT, we have assessed the efficiency of several
functionals for reproducing the experimental UV/vis—

m* absorption wavelength of a set of 180organic dyes
belonging to the classes of major industrial interest: azoben-

zenes, anthraquinones, indigos, diarylethenes, ... It was found

that the computedmax Systematically obey a PBE PBEO

> CAM-B3LYP > LC-PBE > LC-wPBE > HF order. This
result can be rationalized by the total amount of exact
exchange in each functional. Overall, PBEO provides the
smallest error with an average absolute deviation limited to
0.14 eV/22 nm. We state that this value should be regarded
as a referencexpected PCM'D-PBEO accuracyor low-

lying excited states of conjugated organic compounds. The
second best approach, CAM-B3LYP, suffers larger devia-
tions (0.26 eV/38 nm) but appears particularly well suited

large molecules. We are currently investigating inorganic
structures to test the transferability of this approach.
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