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The UV absorption spectra of more than 80 substituted coumarins and chromones have been investigated
with the PCM-TD-DFT theoretical scheme using three hybrid functionals (O3LYP, B3LYP, and PBEO) and
taking into account methanol or ethanol solvation effects. For most of the studied derivatives, there are at
least two allowed excited states presenting a strong oscillator strength in the UV region. The first allowed
excitation is associated to a HOMQ.UMO transition whereas the second corresponds to a transition from

the HOMO-1 to the LUMO. Both involve a charge transfer from the benzenic cycle to the pyranone moiety.
Statistically treating the PBEO results allows a prediction oftthgwith small standard deviations: in methanol,

6 nm (0.07 eV) for the first excitationi{®)) and 5 nm (0.08 eV) for the second on&?(), whereas in

ethanol 6 nm (0.08 eV) fotX). and 6 nm (0.13 eV) foi®)

max max

Introduction ’
The compounds of the pyranone class, especially those based NN cFCs N
on coumarin or on chromone cores, give rise to one of the most C<Is /\lE ‘fa (] | ﬁs
extensively investigated and commercially used group of organic E N O’Cz‘\ c7l§ Gy

materials. Pyranone derivatives are built from two fused Cs 0 Cq 0

aromatic Cy(_:les (Figure 1), which can easily be fun_ctionalized Figure 1. Sketch of coumarin (left) and chromone (right) with
by several side groups. These compounds owe their success t@umbering of the substitution positions.

their tailorable properties combined to a high stability. For

instance, the coumarin derivatives are of considerable biological accuracy obtained with more elaborated ab initio approaches.
and medical interest because they show anticoagulant activity The reported studies of the coumarin electronic structure are
effects, though remaining weakly toxidn physicochemical  usually combined with experimental methods: UV photoelectron
applications, their light emission abilities make them the main spectra (UPS) or UV/VIS spectroscopyThe related theoretical
fluorescent dyes used in paints and inks. Indeed, these dyesinyestigations have been performed at the PatiBarr—Pople
often absorbing in the UV region, emit blue-green light and (ppp) CNDO/S3, or AM1 levels of approximation with which
are known to be efficient fluorescent brighten&hs.1929, Krais only pretty average results where produced. For instance,
treated rayon and flax with an extract composed of husk§ of Kachovski et al. obtained PPP and AMnay in puzzling
horse_ chestnut to make them_waterproof. This extract_contalnedagreement with spectroscopic data in ethanol, although solvent
esculin, a fluorescent glucoside now known as 6,7-dihydroxy- offects were not explicitely included in their modeln this
coumarin. The first industrial optical brightener was methyl- contribution, we use the ab initio time-dependent density

umbelliferone (4-Me,7-OH coumarin), which is easily obtained gy ctional theory (TD-DFT), which is often found to be a robust
from resorcinol (benzene 1,3-diol) and 3-oxobutanoate. In 1999, »j 4ccyrate method for evaluating the low-lying excited states

the world production of fluorescent brighteners amounted to . :
. : of conjugated molecules and has been thoroughly applied to
40000 tons of active substanceslowadays, some special solve chemical and physical problefid# Cave et al. studied

fluorescent brighteners are also applied in laser-dye technology,the absorption and emission spectra of six coumarins (coumarin

e ter s 8 uge piretin e desn of v COMBOUNGE1 s 12, 151 52, 155 349 by usng varios o
" frameworks (DFT, CIS, ...) and the 6-311G(d,p) basis's&t.

A.S a first step toward the quoresfc.ent spectra of these These studies have been carried out for selected derivatives only
derivatives, one needs to set up an efficient theoretical scheme

able to provide absorption energies with a high accuracy. In and are therefore not completely compatible with our approach
this scope, we seek the rationalization and the evaluation ofthat we wish to be as genc_aral as possmle._Up to now, no general
the Amax Of absorption for a series of pyranone dyes. The methodolc_)gy ab_let_o pro_wde reliable predictions of UV spectra

molecular modelization techniques now offer a competitive of coumarin derivatives in solvent-phase has, to our knowledge,

alternative for the interpretation of experimental data arising P€€"N Puilt up. In this paper, our aim is to set up such a general

from industrial interest and applications. Though sometimes theoretical procedure, and we strive after the-16 nm
useful for a qualitative insight on experimental features, 2ccuracy that is required for the design of new coumarins and

semiempirical calculations do not qualify to reproduce the high chromones. To hit this target, we use the PCM-TD-DFT/6-
311+G(2d,2p)//PCM-B3LYP/6-311G(2d,2p) computational

* Corresponding author. Tek-32(0)81 724568, Faxt-32(0)81 724567.  SCheme that leads to convergégx as shown by our initial
E-mail: julien.preat@fundp.ac.be. methodological investigatioH.

10.1021/jp061260r CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/15/2006




TD-DFT Investigation of UV Spectra

Methodology

All calculations have been performed with the Gaussidr 03
package, following a two-step procedure: (i) the optimization
of the ground-state geometry with DFT and (ii) the determina-
tion of the vertical electronic transition energies by means of
TD-DFT.18

The geometry optimizations have been performed witgle

threshold that corresponds to root mean square (rms) residual

forces smaller than 10 au for the optimal geometry. After the

minimization process, we check the vibrational spectrum to
ensure that no imaginary frequency is present. The vibrational
frequencies have been evaluated by the analytical determinatio

of the Hessian matrix, consistently using the same level of theory
as in the previous step. However, one should keep in mind that,

for coumarin derivatives presenting large side groups, local
minima might show up and that the absence of negative
eigenvalues does not straightforwardly imply the global mini-
mum.

DFT orbitals are obtained by solving the Koh8ham
equation, involving exchange and correlation (XC) terms.

Numerous XC functionals have been developed, and an adequat

choice is crucial to obtain reliable results. The functionals used

in most studies can be classified in (at least) three groups. In a

first group, one finds the local density approximation (LDA)
functionals. In this scheme, the potential due to a spherical an
uniform distribution of the charge density is allocated to each

electron. Consequently, this approximation is often inappropriate

for studying the excitation spectra of conjugated organic
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wherep; is fixed on the basis of theoretical considerations. We

have selected the 6-311G(2d,2p) basis set (BS) with the B3LYP
functional for the ground-state optimizations and 6-33+1&,-

2p) for the TD-DFT calculations. These BS have been shown
to return convergedmax for a series of coumarind, smaller

BS yielding too smalllmax (in nm).

From a pratical point of view, the coumarins are often used
Iin solution. Formally, the solvent effects can be split into two
components: (i) a perturbation of the UV spectrudindct effect)
and (i) a modification of the ground-state geometiryd{rect

|effect). In coumarins, the direct effects are hugel?2 nm
I_{3/Iathoshift in EtOH] and have to be taken into account.

oreover, the change in the ground-state geometry due to
solvation has small but systematieZ nm bathoshift in EtOH]
impact onlmax and must also be considered for obtaining the
required accuracy. Consequently, the polarizable continuum
model (PCM¥$829 is used for evaluating the (bulk) solvent
effects. In PCM, one divides the problem into a solute part (the
dye) and a solvent part (we have chosen methanol and ethanol,
as in the experiment) represented as a structureless material,
8haracterized by its dielectric constant as well as other param-
eters. PCM is able to obtain a valid approximation of solvent
effects as long as there is no specific interaction between the
solute and the solvent. We have selected the so-called nonequi-

dIibrium PCM solutions, and we refer the reader to ref 12 for

extensive details about this procedure.
To reach the best agreement between theory and experiment,
the results from different approaches are treated by means of a

. . . 2
molecules. In a second group, one finds the gradient correcteds'mple linear regression (SLR) schetié? that analyzes the

functionals (GGA for generalized gradient approximation), for
example, BLYP [Becke’s exchanffeand Lee-Yang—Parr
(LYP)?0 correlation] and PBE (Perdew-Burke—Erzenrhof).
Here, the exchange-correlation potential is a function of both

the density and its gradient. More elaborated functionals such

as the van Voohris and Scuserisshaped VSX& of meta
GGA type, include the density Laplacian or other high-order
term in the XC potential. Compared to LDA, GGA antkta
GGA functionals provide superior results, but they are still
unable to deliver correct values for most molecular properties
(geometries, UV/VIS spectra) of organic dyes. In a third group,
one finds the hybrid functionals that are currently in the mood
for computational chemistry and include a fraction of Hartree

Fock (HF) exchange. In the present work, three hybrids have

been used: O3LYPE B3LYP,24 and PBEG>26 including HF

exchange percentages of 11.61%, 20%, and 25%, respectively!

The two first hybrids are representative of the so-called ACM3
approach and are written as

EXC — ELDA_SC+ﬂ1(EHF—ELDA_HF) +ﬁ2AEGGA_X +
BAEZE (1)

relationship between one dependent variable (the experimental
value) and one independent variable (theoretical values or
properties). To test the significance of a regression, the total
sum of squares (TSS) is split into two components: the model
sum of squares (MSS) and the residual sum of squares (RSS).
If the mathematical model passes through all the original data
points, the MSS is equal to the TSS, the RSS is zero, and the
relationship between the dependent and the independent variable
is meaningful. The accuracy associated to the regression is
measured with the mean average error (MAE), and the level of
the prediction accuracy is provided by the standard deviation
of the residual (SDR), whereas the prediction reliability is given
by the adjusted determination coefficient (adjusi®). The
weaker the SDR, the more accurate the predictive model. In
addition, the higher the adjusté¥, the more reliable are the
predictions.

Results and Discussion

UV Spectra Evaluation. The theoreticalnax reported in the
following correspond to the first singlet excited states with
dipole-allowed transitions (i.e., nonzero oscillator strenigth
from the ground state. Although we express the excitation
energies in nanometers because this unit is often used by

where the GGA corrections on the exchange and correlation colorists, electronvolts are used for the statistical treatment as

energies explicitly appear. Thigare often optimized by a least-

they are more “physical units”. For most of the studied

squares fit on experimental data of gas-phase molecules (suclierivatives, there are two allowed states close in energy in the

as atomization heats, ionization potentials, electroaffinities, ...).
In O3LYP (6; = 0.1161,5, = 0.9262, an¢’3 = 0.8133), the
GGA correction on the exchange is provided by OPTX
whereas the correction on the correlation involves the LYP
functional. In B3LYP (3; = 0.20,42 = 0.72, and3; = 0.83),
one uses Becke’s exchange and LYP correlation. P G=(
0.25) is built on the ACM1 model:

EXC — ﬂlEHF + (1 _ ﬁl)EGGAfx + EGGA*C (2)

UVIVIS region, characterized by a large transition probabifity?

The first absorption bandi{2)] is typically of medium inten-
sity and is observed in the vicinity of 290 nm (for chromone)
and 330 nm (for coumarinf.®!) is associated to an excitation
from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO). The second
absorption bandzlﬁ’ay] is of comparatively higher intensity and
involves an excitation from the HOMO-1 to the LUMO. It is
observed in the 200 nm (for chromone) and 300 nm region (for
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TABLE 1: 1@ —2% (in nm) Provided by TD-O3LYP,
TD-B3LYP, TD-PBE0/6-311G+(2d,2p), and SLR Method in

Ethanol?
lmax
eq 4- eq 3-
compounds O3LYP B3LYP PBEO AZ, 1%, exp ref
coumarin 287310 2806-301 272-294 275 312 274311 35
3-Me 290-305 281298 273-291 276 309 275308 35
4-Me 284-307 276-298 269-291 272 309 274307 35
5-Me 301321 295-309 288-300 291 317 275315 34
6-Me 288-324 282-313 274-306 277 322 278320 34
7-Me 294-311 285-303 276-297 279 314 283313 34
8-Me 294-319 288-307 280-299 283 316 283310 34

3,4-diMe 289-307 286-300 272-294 275 312 273308 35
4,6-diMe 285-320 278-310 270-302 273 318 273318 35
4,7-diMe 290-308 280-301 272-294 275 312 278314 35
4,8-diMe 291-315 284-304 276-296 279 313 27+#311 35

3-OH 240-314 232-308 225-301 228 318 236311 34
4-OH 276-297 269-291 262-284 265 303 268303 34
5-OH 247-299 239-294 233-288 235 305 256298 34
6-OH 286-363 280-346 273-336 276 348 286345 34
7-OH 254-321 247313 2406-306 243 322 246325 36
8-OH 263-299 250-293 246-286 249 304 253292 34
7,6-diOH 355 340 331 343 348 34

4-Me,5-OH 251294 243-289 236-283 239 302 256294 36
4-Me,6-OH 2506-284 242-277 235-266 238 287 227275 36
4-Me,7-NEp 285-380 248-361 244-350 247 360 243375 34

6-Me,4-OH 307 300 293 311 314 34
3,6-diCl,  294-319 283-308 276-300 279 317 286320 34
4-MeO
7-Cl 310 303 296 313 313 34
4-Br 291-317 284-308 277300 280 317 27+318 34
4-MeO, 287-303 278-296 276-289 273 307 272310 34
3-Me
4-MeO,7- 249-301 240-293 233-286 235 305 225290 34
OH,5-Me
4,6-diMeO  276-340 269-326 262-316 265 331 276327 34
5-MeO 301 296 290 308 298 34
HOMO 5-MeO, 254-344 246-330 240-320 243 334 247330 34
7-OH
Figure 2. Representation of the coumarin HOMO-1, HOMO, and 5,7-diMeO 254317 246-304 239-295 242 312 245325 34
LUMO. They have been obtained at the PCM(EtOH)-B3LYP/6-311G 6,7,8-triMeO 259-359 238-346 229-334 232 346 228343 34
(2d,2p)//PCM(EtOH)-B3LYP/6-311G(22)) level. For coumarin, the 7-MeO, 314 305 298 315 325 34
first excitation process involves a HOMO LUMO transition whereas ?'3"'0 255304 246315 240-308 243 324 242325 34
the second excitation is a HOMO=% LUMO transition. -me
7-MeO,4-  255-307 246-298 240-291 243 309 242309 34
OH,5-Me
coumarin) and is due to the benzenoid absorption. As can be g-gﬁO, 262-358 252-343 246-333 249 345 257351 34
seen on Flgure_ 2 the excitation processes in coumarin (and 4-NMe 310 301 204 312 306 34
chromone derviatives) involve typical — & transitions and chromone 292 283 276 296 298 35
are related to a charge transfer from the benzenic cycle to the 2-Me 260-290 254-282 222-275 225 295 225295 35

2,3-diMe 264-298 258-288 227281 229 300 225299 35

pyragc))ne moiety, but with a larger redistribution of the charges 2'6diMe  264-200 257-290 226-283 228 302 225303 35
for Afly 2,7-diMe  270-288 263-280 223-273 225 293 225294 35
The results of the theoretical evaluations are compared with ~ 2:8-diMe  265-298 240-288 235-280 238 299 225299 35

w

. . -Me 262-298 256-289 223-281 225 300 225304 35
experimental measurements in Tables 1 (EtOH) and 2 (MeOH). 5-OH,2-Me 242-343 229-326 229-316 232 331 226326 36

SinceA) andA? are not localized in the same region of the =~ 6-OH,2-Me 245-331 238-318 232-309 234 324 226326 36
electromagnetic spectrum and are related to different molecular 7-OH.2-Me  243-293 235-282 2206-274 223 294 226302 36
orbitals, we treat them distinctly. The two solvents have also  2All geometries are obtained at the B3LYP/6-311G(2d,2p) level.
to be considered separately as potential specific sekatvent During the calculations, bulk solvent effects are modelized by the PCM
interactions are not included in the PCM model. In general TD- model.

DFT excitation energies are within a 0.4 eV deviation from o ) . o )
experiment® For the imax Of organic dyes the average errors investigations. From the results listed in Table 3, it is not obwoqs
are often smaller than this upper limit. For instance, Guillaumont t0 choose among O3LYP, B3LYP, or PBEO on the only basis
and Nakamura calculated the maximum absorption wavelength©f the agreement with experimentala,. Indeed, using the MAE

of several organic dyes (indigo, azobenzene, phenylamine,criterium, O3LYP appears to be the more accurate hybrid for
hydrazone, anthraquinone, etc.) with an average deviation closela, evaluation whereas PBEO and B3LYP would be func-
to 0.20 eV For coumarins Cave et al. have estimated the C102, tionals of choice forllfﬁ)ax calculations. Actually, one is often
C152, C153, and C343 vertical energies of maximal absorption interested in auxochromic shifts not in absolitg,. The fitted-

with a precission varying from 0.10 to 0.43 é%whereas in parameter-free PBEO vyields the best agreement between theo-
an earlier contribution the same authors provided a nice accuracyretical and experimental shifts for the substituted pyranone (the
(40.08 eV) for the C151 UV spectrum in several solvéfits. MAE on the whole ethanol set is only of 0.07 eV for PBEO as
Table 3 provides the MAE deduced from the present TD-DFT compared to 0.10 and 0.12 eV for B3LYP and O3LYP,
calculations. Our MAE on the whole set bfaxis of the same respectively). Figure 3 depicts the nice correlation between
order (between 0.10 and 0.30 eV) as these previous TD-DFT PCM(EtOH)-TD-PBEO and the experimental auxochromic
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TABLE 2: 2@ —2%) (in nm) Provided by TD-O3LYP,

TD-B3LYP, TD-PBE0/6-311G+(2d,2p), and SLR Method for
Substituted Coumarins in MethanoPk

lmax
eq 6- eq 5-

compounds O3LYP B3LYP PBEO A&, % exp ref
3,4,6-tiMe 287315 279-306 271299 279 316 275318 33
3,4,7-tiMe 292311 282-304 273-298 281 315 281313 33
4-OH 276-297 269-291 262-284 272 303 268302 33
4,5-diOH 289 283 277 297 292 33
4,6-diOH 281339 273-327 267-319 276 333 276320 33
4-Me,5-OH 251294 243-289 236-283 250 302 256294 33
4-Me,5,7-diOH 308-332 298-318 289-309 294 324 294320 34
4-Me 6-OH  284-357 276-341 270-331 278 343 274342 33
4-Me,6,7-diOH 299-351 288-337 279-328 286 340 294345 33
4-Me,7-OH 251319 244-310 238-303 252 319 252322 33
5-Me,7-OH 327 319 312 327 328 34
8-Me,7-OH  256-326 248-315 242-308 255 323 258327 34
4-MeO,7-Me  276-294 268-288 261281 271 300 267303 34
4-MeO,8-Me  279-298 272-290 265-283 274 302 268306 33
4,6-diMeO  276-340 269-326 262-316 272 330 286326 33
4,7-diMeO  286-305 271296 263-289 272 307 286305 34
4,7,8-tiMeO 296 288 282 301 304 33
5-MeO,4-OH 291 284 278 298 294 34
7-MeO,8-Me  252-330 248-318 240-310 254 345 256323 34
6-MeO,7-OH 301332 247-322 242-314 255 325 252344 34
6-MeO,4-Me 284361 277-343 270-333 278 345 273340 34
7-MeO,4-Me  252-306 241-299 234-292 249 310 249321 34

a All geometries are obtained at the B3LYP/6-311G(2d,2p) level.
During the calculations, bulk solvent effects are modelized through
the PCM model.

TABLE 3: MAE (in nm and eV) Related to TD-DFT
Calculations in both Ethanol and Methanol

EtOH MeOH
M A A Mo
nm eV nm eV nm eV nm eV
O3LYP 18 0.32 6 0.07 9 0.14 8 0.09
B3LYP 10 0.19 9 0.12 6 010 10 0.13
PBEO 5 010 17 023 10 0.19 16 0.22
SLR—PBEO 4 0.09 4  0.05 3 0.06 5 0.06
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Figure 4. Comparison of experimental and theoreticdf) of
absorption for the set of derivatives of Table 1.

For instance, the(?) . ., for 6-OH and 5-OH, differ by 47
nm in experiment, and theory provides the same value (48 nm).
The A%, c.on Of 4-Me,5-OH and 4-Me,6-OH are separated by
19 nm in experiment, nicely reproduced by the 15 nm theoretical
difference.

From a more general point of view, the major errors be-

shifts. This suggests that the theory/experiment discrepanciesiveen theory and experiment originates from (i) the temp-
found with PBEO are related to systematic and quasi-constanterature effects, which are only partly included in our solva-
errors for coumarin and chromone dyes. Indeed, the sign (batho/tion model; (i) the vibrational effects that are not taken into

hypso) of the shift is almost always correctly predicted: only 7

account; and (iii) more essentially, the fact that PCM does not

Sh|fts (9%) present errors exceeding 10 nm, and no d|screpancwxpl|c|tly take intO account H-bOﬂdS. Neverthe|eSS, for the |atter,
larger than 15 nm is observed. Additionnally (Table 1), PBE0 dealing specific interactions requires the determination of, at

efficiently simulates the differences between position isomers.

80
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Theory

80
-80 -60

40 20 0 20 40 60 80

Experiment

Figure 3. Comparison between experimental (EtOH) and PBEO
auxochromic shifts (in nm) for substitued forms of pyranone dye. The
central line indicates a perfect match whereas the two side lines are
borders for+£10 nm discrepancies.

least, the first of the coordination spheres embedding each
compounds. It would require a huge computational efforts and
would ruin our approach that we want as general as possible.
The statistical treatment partly helps to correct these discrep-
ancies.

To improve the predictive abilities of our model, a SLR
treatment of TD-DFT results has been performed. It turns out
that PBEO is the most reliable hybrid: it presents the highest
adjustedR? (0.8910 as an average over &lla). On the other
hand, O3LYP is the less reliable hybrid with a 0.7481 adjusted
R?, whereas B3LYP provides an intermediate correlation coef-
ficient. The calibration of the PBE®D .« leads to a set of four
equations in such a way that the experimental values (in nm)
are optimaly reproduced in both solvents. These equations
allow to overcome the initial systematig,ax underestimation
of the TD-PBEO calculations. For the ethanol series, the effects
of this correction are shown in Figures 4 and 5. The first
equation

(1)—Exp.
max—EtOH

(1)—-PBEO
max—EtOH

A =57.475+ 0.8644

®3)
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Figure 5. Comparison of experimental and theoretidé,f;IX of
absorption for the set of derivatives of Table 1.

provides aR? of 0.8902 (adjustedr? of 0.8878). The related
MAE is limited to 4 nm (or 0.05 eV for the corresponding eV
equation). Compared to the 17 nm (0.23 eV) non-fitted MAE

Preat et al.

R2 (0.9143) provides a MAE limited to 4 nm or 0.09 eV and
allows a prediction with at 6 nm (& 0.13 eV) error:

M gion = 1.379+ 1.005.2 25, (4)

In methanol,
AW B = 62.557+ 0.847%) FEEY (5)
2@ B =57.299+ 0.818.2) FPES (6)

deliver adjusted?? of 0.8531 and 0.8912 with MAE values of
5 and 6 nm (or 0.06 and 0.04 eV) fot) and 12
respectively. This is at least 3 orders of magnitude more accurate
than non-fitted values. The accuracy on the prediction (SDR)
is 6 nm (0.07 eV) for™)_and 5 nm (0.08 eV) foi?, . Similar
statistical post-treatments have been peformed on B3LYP and
O3LYP results, and as expected, it turns out that they remain
less accurate than PBEO. Indeed, the MAE for all theg, are

of 7 nm (0.10 eV) for O3LYP and 5 nm (0.09 eV) for B3LYP

at least 0.03 eV higher than their PBEO counterpart, backing
up our choice for PBEO in the pyranone study. SLR post-
treatment authorizes a more accurate evaluation of excitation
energies for most position isomers and can also resolve difficult
cases (methoxy-derivatives), while limiting the largest theory/
experiment discrepancies to relatively small figures (13 nm for
5,7-diMeO A% ., and 10 nm for 7-MeO,8-OHY. . o

in cases where TD-PBEO gives larger errors (30 nm for 5,7-
diMeO and 27 nm for 7-MeO,8-OH). For the amino derivatives,
the correction of theoretical results is weaker, that is, the theory/
experiment discrepancies remain substantial: 15 nm for 4-Me, 7-
NEt, A% con and 12 nm for C44012 .., as shown in
Tables 1 and 4. For this type of compounds, fitee rotation
around the bond between the amine and the coumarin core might

(Table 3), eq 3 is obviously much more accurate. The SDR, pe activated in solution. Indeed for 4-§FNH,-coumarin (also
which measures the magnitude of the accuracy for the designgnown as C151), Cave et Hl.obtained a structural local

of new dyes is of 6 nm (i.e4%L 50 = 129 + 6 nm @ 0.08

minimum featuring a ring-N-H angle of 60 (its value is 20

eV). For the second peak in ethanol, eq 4 has a high adjustedat the global minimum) for which the calculated ground-state

TABLE 4: Comparison between the Experimental (EtOH) and Theoretical A%, — A%, of Coumarin Derivatives?

compounds O3LYP B3LYP PBEO eqi, eq 3%, exp (EtOH) ref
7-Me,6-NQ 296-366 287346 2806-329 283 342 264316 33
7,8-diOH 355 335 324 337 335 34
7-Me,4-OH 286-300 2723-293 265-287 268 305 245304 34
7-NHy,4-Me (C440) 351 338 329 342 354 37
C540A 444 420 406 408 422 37
azomethine-A 329370 288-352 289-348 292 358 278344 6
azomethine-B 304354 2906-342 281332 284 344 293321 6
azomethine-C 303385 293-368 286-358 289 369 278365 6
azomethine-D 303341 2906-331 282-321 285 335 274328 6
azomethine-E 303361 293-348 287339 290 350 28+339 6
azomethine-F 375527 357484 342-454 345 450 279385 6
azomethine-G 410402 374-396 355-384 358 389 269356 6
2 All values are in nm.
TABLE 5: Comparison between the Experimental (MeOH) and TheoreticalA2) — A} of Coumarin Derivatives?

compounds O3LYP B3LYP PBEO eq? eq 5.8 exp (MeOH) ref
4,7-diOH 304 298 291 309 304 34
7,5-diOH 254-319 247309 24G6-300 254 317 263329 34
3,4-diMe,7-OH 321 312 304 320 322 34
7-MeO,5-Me 252-333 245-323 239-314 253 328 256327 34
4,7-diMeO,5-Me 305 296 289 307 306 34
5,7-diMe0O,4-Me 256-340 247325 241316 255 330 252320 34

a All values are in nm.
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OFs limited to 12 nm or 0.14 eV foil}) and 9 nm or 0.17 eV for

X 2@ This is in complete agreement with the SDR of egs 5 and
6. On the other hand, for the EtOH series, the computed MAE

N oo are slightly larger (13 nm or 0.12 eV fai2) and 25 nm or
0.36 eV forlfﬁ;x; i.e., the accuracy is still satisfactory). As
C540 A expected for amino coumarins, these figures confirm the good
N transferability of our procedure foidmax determination in
4 m different solvents. Moreover, on the full set of the compounds
H oo treated in this study, only three cases with deviations exceeding

25 nm have been found: 7-Me,6-MO@oumarin andtrans
azomethine-F and -G (Figure 6), molecules presenting a
HOO\/N N signifiant charge transfert involving the nitro group. For these
4 m molecules, it is well-known that conventional (TD)-DFT
07 o overshoots the charge transfer and underestimates the related
trans-azomethine-B transition energie$?~42 Nevertheless our model is still on the
\ trail for azomethine derivatives for which the MAE on thgax
/N\Q\/N N is of 23 nm, the same order of magnitude as our previous TD-
7 m DFT investigations of large systems derived from fluoro-
0 anthraquinone dyeS.This definitively confirms the validity of
trans-azomethine-C egs 3-6 for a quantitative evaluation of the electronic excitation

trans-azomethine-A

energies of substitued pyranones.
%\/N S Conclusions
7 . . .
N/ m We have established a procedure able to quantitatively
o}

evaluate the absorption spectrum of pyranone derivatives in

trans-azomethine-D ethanol and methanol. On the only basis of the agreement with
[o)\/N N experimental data, it was not obvious to choose among O3LYP,

Y anid m B3LYP, and PBEO. Nevertheless, using the auxochromic shift

0~ Yo criterium, we favor PBEO as this hybrid offers a nice agreement
trans-azomethine-E between theory and measurements. With PBEO, the theoretical

NO, auxochromic shifts are well-reproduced, and more essentially,

the sign (batho/hypso) of the shift is almost always correctly
predicted. For each solvent, calibration curves improve the

] 2 /N N accuracy of thelmax. For about eigthy substitued pyranones,
Y m the required accuracy for the design of new molecules has been
(egNe} reached. Indeed, the mean average error is 9 nm (0.13 eV), in

trans-azomethine-F line with previous TD-DFT results obtained for anthraquinone

and thioindigo dye4*45This high accuracy results in part from

NO; the selection of an extended basis set and from the explicit

QN consideration of bulk solvent effects. It is our experience that
[ Y i m such effects are essential to obtain a satisfying experiment/theory
o Xp agreement as well as a sound predictive ability. We are currently

adapting our methodology to step ahead to the fluorescence
spectra calculation of pyranones.

trans-azomethine-G
Figure 6. Sketch of C540 A and other studied azomethine dyes.
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