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Predictive TDDFT Methodology for Aromatic Molecules
UV-Vis properties: from Benchmark to Applications

Matthieu Hédouin,” Eleonora Luppi,” Oliver Ward," David Harrowven,"

Catherine Fressigné,* and Isabelle Chataigner*!

The absorption and emission properties of a series of 44
aromatic molecules have been investigated in Time Dependent
Density Functional Theory (TDDFT) using different exchange-
correlation functionals. Solvent effects have been included
within linear response (LR) and state specific (SS) polarisable
continuum model (PCM). The comparison with experimental
UV-Vis data showed reasonable agreement for all the aromatic
molecules when wB97XD with SS-PCM is used. In particular, we

Introduction

The search for new organic molecules with relevant optical
properties has become increasingly important in recent years
as their application in various light-energy utilizing systems
continues to expand. The optical properties of these mole-
cules arise from complex mechanisms and require an accurate
representation of the absorption bands.” Indeed, the exper-
imental absorption spectra often reveal multiple bands result-
ing from different electronic transitions, with similar
intensities.”™ This observation is even more pronounced in
molecules with electron-donor and electron-acceptor function-
alization, or when hydrogen bonds are present, leading to
modifications in the electronic structure.

In addition to absorption phenomena, emission phenom-
ena are also an interesting electronic transition, both from a
technological and an industrial point of view. Many classes of
molecules are known to have strong fluorescence properties,
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found an accurate linear correlation between experimental and
theoretical results which is revealed in an equation for
absorption and another equation for emission derived from a
linear fitting between theoretical and experimental data.
Through these linear equations we propose a simple, pragmatic
and effective approach able to describe and predict the
absorption and the emission of aromatic molecules with a
reasonable computational cost.

such as coumarins or quinolines, inspiring a huge effort on the
design of new photovoltaic materials,”’ and in the field of
molecular imaging based around such core structures.”

In this context, aromatic dyes are particularly promising.”!
Their molecular structure is obviously one of the key factors
controlling the properties of the resulting materials. When
designing new and efficient fluorescent dyes/sensors, for
example, the ability to access target molecules with a diverse
array of functionality is a key consideration, both in terms of
time and ease of synthesis. However, when the link between
functionalization and the effect it has on optical properties is
unclear, these factors become difficult to assess. In such
circumstances, theoretical chemistry can provide a powerful
tool for predicting the properties of dyes and guiding synthetic
endeavours. Most of these compounds are characterized by
rigid aromatic frameworks where the determination of excited
state properties is strongly influenced by the calculation
method used (size of the basis set, correlation and solvation
model).

The Density Functional Theory (DFT) method is a popular
technique for performing electronic structure calculations, as it
offers advantages in respect of the computational cost and
molecular size ratio, making it suitable for the analysis of a
large number of organic compounds. The extension of DFT to
the time-dependent domain (TDDFT) was proposed 30 years
ago by Runge and Gross.” The subsequent derivation of linear
response TDDFT equations by Casida,”” ensured that it became
a well-established and successful approach for calculating the
excitation energies of organic molecules. The performance of
linear response TDDFT depends on the approximation used for
the exchange-correlation response kernel. Recently, the use of
(range-separated) hybrid approximations was shown to im-
prove the description of Rydberg and charge-transfer excitation
energies."” The effects of the solvent on excitation energies
have been successfully included in TDDFT to rationalize
experimental results."" Different approaches have been pro-
posed in literature: linear response (LR),"? state specific (SS),I"”

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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state specific with linear response correction (cLR)," and
vertical excitation model (VEM)."™ The performance of these
approaches has been investigated for different types of
molecules."™ and it has been pointed out that in some cases
there is a need to simultaneously account for both LR and SS
effects."*"”

Here, we calculated, the absorption and emission energies
of a series of 44 aromatic molecules, in TDDFT using the
solvation method developed by Improrata et al." and com-
pared them to the experimental data. The excitation energies
of the selected organic dyes were obtained using various
functionals for the exchange-correlation kernel and linear-
responses versus state-specific PCM have been investigated.
From this analysis we show an excellent linear fit between
calculated and experimental data. Even if the method does not
include explicitly vibration and temperature effects,"® the linear
correlation is reflected in two equations that fit linearly the
absorption and emission results of aromatic molecules, at a
reasonable computational cost.

Results and Discussion

We began our investigation with a series of fluorene based
electroluminescent materials."® Their emission properties are
tuneable by altering the substitution pattern present.?”
Assuming that the most important UV-Vis properties come
from the aromatic core of the fluorene molecule, we first
performed a Natural Transition Orbital (NTO) analysis for the
electronic transitions of the molecule used experimentally, 1a
full, and the simplified model 1a containing only the fluorene
core (Figure 1).2" The dominant “Particle’—“Hole” contribu-
tions and the associated weights for the first excitation (S,—S$;)
for the model fluorene are illustrated in Figure 1. The S, state,
which determines the absorbance properties, revealed that the
highest occupied natural transition orbital (HONTO) and the
lowest unoccupied natural transition orbital (LUNTO) are mainly
located at the core ring, which confirmed our hypothesis. This
result allowed us to simplify the fluorene molecules studied as

O
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Figure 1. Structure of the experimentally used molecule 1a full (up, left) and
the simplified model 1a (up, right) and calculated natural transition orbitals

(NTOs) of the 1a full (optimized geometry for the excited molecule without

counter-ion) in acetonitrile.
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the aromatic core alone could be used for the calculations
(Figure 1, right).

The absorption properties of the model molecule 1a in
acetonitrile were investigated by TDDFT with linear response
solvation and different functionals (see Supporting Information
(SI), Table S1) containing Grimme’s dispersion corrections and
long-range correction for the Coulomb potential.”?

As shown in Figure 2 (blue sticks), the calculated absolute
error of the absorption wavelength with respect to the
extracted maximum experimental value indicate that the
absorption properties are well reproduced by the functionals
®wB97, ®B97X and wB97XD. The absolute error increased with
hybrid functionals like M062X or CAM-B3LYP, with a maximum
with BLYP-D which is not corrected for the long-range Coulomb
interaction.

Besides the accuracy of the exchange-correlation func-
tionals used, the precision of the computational method to
predict the excited state geometries and the optical properties
is also limited by the description of the solvent. Nevertheless,
to do so requires consideration of the solvation dynamics in
the excited state. To that end, we compared the vertical
excitations describe before using the linear response solvation
(Figure 2, blue stick), with the state-specific solvation (Figure 3
orange stick, See also SI, Table $1).* State-specific solvation is
based on an external iteration approach, chosen to save and
store the ground state solvation and transpose it unchanged to
the excited state geometry. As shown in Figure 2 (orange
sticks), the approach led to more accurate results, with a
significant decrease in the absolute error of absorption A ™
for all functionals. Notably, among the functionals that were
already well performing in linear-response PCM, i.e. ®wB97,
®B97X and wB97XD, we found that, in state-specific PCM, the
functional ®B97XD had a good performance. For the rest of
our study, we thus decided to use ®wB97XD because it gives
more flexibility using different PCM approaches.

I TD-DFT calculation

State specific method
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Figure 2. Absolute errors between the calculated maximum absorption
wavelengths values and the experimental values for molecule 1a, with the
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[a] Experimental absorption wavelengths values (Amax exp®®), in nm, extracted from
UV-Vis spectra deconvolution (See Sl, Fig 1S to 13S).
[b] Calculated absorption wavelengths values (Amax caic?®®), in nm.

Figure 3. comparison of the calculated (nB97XD/6-31 + G**) and experimen-
tal Apa™ of model fluorene molecules.

Absorption properties

The absorptions of different substituted fluorene molecules
were investigated using the state-specific method. In Figure 3,
the experimental (kexpabs) and calculated (A, **) absorptions for
13 model molecules are presented (for complete data, see SI,
Table S2). They revealed an underestimation of the calculated
hea™ absorption values. Notably, a quasi-systematic and
reproducible underestimation of the calculated data was
observed, with a good linear correlation (R*=0.991, Figure 4).
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Figure 4. Graphical correlation between the experimental and the calculated
absorption A,,,,,**, obtained by wB97XD/6-31 4+ G** state specific method, for
the fluorene molecules
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R o The electronic transition exhibits a clear ;—x* character, with
O O 1 oscillator strength up to 0.5. Substitution at one side of the
. R’ N molecules (molecules 1a-g) led to more energetic absorptions,
Rt e Bl with experimental A, expabs values between 303 and 317 nm.
________________________________________________________ T On the other hand, substitution on both sides of the fluorene
Ph core (molecules 1h-m, see Sl) led to less energetic transitions,
0.0 O 0.0 O 0.0 O o with experimental A, absorptions between 326 and 341 nm.
To study the performance of this methodology, its exten-
304, 21735, 210 303, 215b3 205 317, 2152, 208 sion to new aromatic derivatives was undertaken with some
274,254,194 275, 235,193 281, 256,194 dibenzofuranic (2a-c), carbazolic (3a-c) and dibenzothio-
O phenic (4a-c) compounds. These compounds differed from the
O‘O O 0.0 O fluorenes through substitution of the central carbon atom by a
Q heteroatom, thereby extending the aromatic ring system. In
1d 1e Figure 5, )\expab‘ and A, ™ are reported (For complete data, see

306, 217 310, 274, 250, 207 :
275 195 280, 250, 234, 191 Sl, Table S2). For some of these molecules, each being
OMe characterized by an increase of the experimental kexpa'” range.
0.0 O oMo 0.0 O Adding these results to those reported in Figure 4, we still find
a very good linear correlation with the experimental data (R*=

3101,f21o 3071,9213 0.988).

278,193 275, 195 For these compounds, more energetic theoretical transi-

tions were observed, between 223 and 270 nm, except for the
molecule 2a (326 nm). The presence of a heteroatom in the
aromatic core is handled well by our method. A correlation
between the decrease in M., absorption and the electro-
negativity of the central atom is noteworthy. Substitution by a
methylene led to calculated A, values of 303 and 341 nm,

RL = R 2:X=0
Y BY, 3:X=NR'
X 4:X=8
abs [a]
kmaxexp
abs [b]
e Ao
EtS
Oy o
o
2b
380, 290 273, 240
326, 263 247,223 Q
e Dse, I
N N
‘ CH,CH,OH
3a 3b
296l 282
270 250
S S Ph
P
o Ph
4a 4b
295l 284, 266, 253
261 256, 242, 232

[a] Experimental absorption wavelengths values, Aexpa"s, in nm, extracted from

literature data (see Sl). [b] Calculated absorption wavelengths values,
Amax calc™S, in nm. [c] With Si atoms in replacement of Sn atoms for functional
consideration

Figure 5. Comparison of the calculated (wB97XD/6-31 4+ G**) and experimen-
tal hya™ of some dibenzofuranic, dibenzocarbazolic and dibenzothiophenic
molecules.
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while its replacement by a nitrogen atom led to values
between 250 and 270 nm, going to 223 and 263 nm with an
oxygen atom. However, this observation is only valid for
elements within the same period.

We then considered molecules with less extended aromatic
ring systems e.g. indoles 5; more extended aromatic ring
systems e.g. anthracenes 6, and divinylarenes e.g. 7. Some of
these derivatives are listed in Figure 6 (for complete data, see
SI, Table S2) with their experimental and calculated A,
absorptions all showing a good correlation between these
data. As with the previous observations, the indole derivatives
led to more energetic absorption transitions, with calculated
Amax Values between 196 and 285 nm. Extending the aromatic
ring system to anthracene or linking them by alkene
conjugation leads to an increase in the calculated A, in
accordance with the experimental data. Coumarins 8, phenan-
threnes 9 and anthracene-9,10-dione derivatives 10 were also
considered. Some of these compounds are listed in Figure 6
together with the experimental and calculated A,* values
(for complete data, see SI, Table S2). As shown in Figure 6,
phenanthrenes and anthracene-9,10-diones exhibit less ener-

R2
Z>o"So

8 010
abs a]
Mmax exp
abs
[b]
)\max calc
X
CN HE Ph
: S0001000
N N
H H
5a 5b a
280, 270 315, 282 296, 259 395, 315
247, 244 279, 259 270, 242 351, 282

425,305 346
362, 277 S 306

,N_< NR,

OMe O N NH Q O
D O‘O

worrhoko by D MY

8b 9%a R=H:10a  R=Ph:10b

342 500,480, 320,285 417,335,310 443, 360, 340

313 428,406, 290, 253 354,294, 287 367, 317, 302

[a] Experimental wavelengths values, Amax exp , in nm, from literature data (see Sl). [b]
Calculated wavelengths values, Ayaxcaic’ ", in nm.

Figure 6. Analysis of the calculated (nB97XD/6-31 + G**) and experimental

ChemistrySelect 2023, 8, €202301943 (4 of 8)

getic transitions than the other molecules, between 253 and
428 nm, in accordance with the experimental data. The
incorporation of these compounds facilitates an increase in the
Amax @bsorption, with an experimental range between 205 and
500 nm. The linear correlation (R®=0.991) remains quite good
considering the diversity of these molecules and the range of
absorption wavelengths (Figure 7).

This TDDFT with ®wB97XD/6-31+G** with state specific
PCM demonstrated to be a quite accurate strategy to describe
a large variety of molecular systems and wavelengths. The
correlation we found between calculated and experimental
data permitted us to accurately fit the data in a linear equation
which can then be used to predict the absorption properties of
a vast array of aromatic compounds.

Emission properties

The emission properties for these aromatic molecules were also
considered. The calculated A, ™ emissions were determined
by the state specific method with wB97XD. In Figure 8, the
experimental and calculated data are listed and compared. The
electronic transition exhibits a clear m—mn* character, with
oscillator strength up to 0.5.

As shown with the absorption properties, our approach
correctly represents the emission process, and gave a good
prediction of the A" for the fluorene molecules. In
Figure 9, we show that the data fit between calculated and
experimental data for emission with these molecules has a
good linear regression (R?=0.990).

The structures considered above for the absorption proper-
ties were also investigated for the emission process. As with
the absorption properties, a good prediction of the emission
process was observed for these aromatic compounds, as
evidenced by the excellent linear correlation (R*=0.994, Fig-
ure 10).

Expectedly, compounds with the less energetic absorption
transitions (anthracene-9,10-diones 9 and phenanthrenes 10)
also gave less energetic emission values, in the range of 450 to
730 nm. Dibenzofurans 2, dibenzothiophenes 4 and indoles 5

450

i A% = 0.780 A2 +35.312 cosit
R?*=0.991 e
Y
g ™ 3 o
c ot
= ..
w2 300 ‘,f‘
- ‘.
o
Gl ¢
250 ;_”.
s
200 &'”
150

150 200 250 300 350 400 450 500 550 abs

exp (nm)

Figure 7. Graphical correlation between the experimental and the calculated
absorption A, , obtained by ®B97XD/6-31 + G** state specific method, for
the fluorenes (in blue), dibenzothiophenes (in red), dibenzofurans (in black),
carbazoles (in green), indoles (in orange), anthracenes (in light blue),
benzenes (in grey), coumarins (in pink), phenanthrenes (in light green) and
anthracene-9,10-diones (in purple).
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LA D

[a]
1 Mmax exp

Ph

[a] Experimental Amax expe"’ values, in nm, from UV-Vis spectra deconvolution (See
SI, Fig S1 to S13). [b] Calculated Amax caic ", in nM.

Figure 8. Analysis of the calculated (=B97XD/6-31 + G**) and experimental
emission A,,,,"" of fluorene molecules
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390 AT = 2.261 2T, — 560.840
R® = 0.990
£ 380 o~
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390 395 400 405 410 415 420 425 430

exp(nm)

Figure 9. Graphic correlation between the experimental and the calculated
emission A, ™, obtained by ®B97XD/6-31 + G** state specific method, for
the fluorene molecules

gave more energetic emission values. Notably, their range of
experimental A," spans in a range from 337 nm (UV-A) to
695 nm (red light).

ChemistrySelect 2023, 8, €202301943 (5 of 8)
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Figure 10. Graphical correlation between the experimental and the calcu-
lated emission A, obtained by wB97XD/6-31 + G** state specific method,
for the fluorenes (in blue), dibenzothiophenes (in red), dibenzofurans (in
black), carbazoles (in green), indoles (in orange), anthracenes (in light blue),
benzenes (in grey), coumarins (in pink), phenanthrenes (in light green) and
anthracene-9,10-diones (in purple).

The study of calculated vs experimental emission proved
that, as with absorption, the data can be fitted in a linear
equation covering a wide wavelength emission range. There-
fore, this fit is a valuable tool for the design of new aromatic
organic dyes with specific emission characteristics.

Theoretical prediction of absorption and emission of a new
molecule

The previous investigations on absorption and emission
brought us to obtain the two linear equations, from which,
once h, ™ and A, ™ have been calculated it is possible to
accurately predict the experimental values Kexpabs and Ag,™"

Aprea™ = (heae™ — 35.312)/0.780 1)

Morea™ = (heae™ + 485.480)/2.064 2

In order to evaluate our method, and therefore verify the
reliability of the predicted kexpabs and A" we calculated the
optical properties of the dibenzofuran derivative 11 whose
structure is shown in Table 1. We obtained 4 major transitions
(oscillator strength more important than 0.2) in the UV-Vis
range. The results are reported in Table 1. Then, we used Eq. (1)
and (2) to predict the expected experimental values kyp,edabs and
Moreds @s reported in Table 1.

Next, compound 11 was synthesized by the reaction
between 5-acetoxy-3-nitrobenzofuran and the Danishefsky
diene, followed by re-aromatization on heating.”” The synthetic
sample exhibited four kexpabs and four A.,"" maxima, which are
listed and compared in Table 1. The precision of the state-
specific method without correction gave values with errors
ranging from 7.1 to 17.3% in absorption and from 24.0 to
60.0% in emission (see SI, Table S3). After correction with the
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Table 1. Comparison of the predicted (nB97XD/6-31 + G**) and experimen-
tal absorption and emission wavelengths of molecule 11.

AcO
T -on
SERT

Entry A e A pred™ L p—— Apred "

(nm)® (nm) (nm)® (nm)
1 308 292 366 379
2 296 283 346 343
3 256 246 331 332
4 227 226 320 331
[a] Absorption and emission wavelengths values, in nm, extracted from
UV-Vis spectra deconvolution (See SI).

predictive equation, the errors decreased to 0.6-5.6% in
absorption and 0.9-3.5% for emission.

Limits of the theoretical predictions

We also investigated the possibility of expanding our predictive
approach to conjugated alkenes. As a model, we chose one of
the most important and common dyes, -carotene, in its linear
conformation (for structure optimization, see SI, Structure data
section). The state-specific methodology was employed to
determine the calculated UV-Vis properties of this compound.
The corresponding absorption and emission values are listed in
Table 2. The calculated absorption and emission values showed
much larger relative errors when compared to the experimental
data, up to 13%, making it too large to integrate these species
within the same model. This demonstrates that our approach
works for aromatic systems but does not extend to conjugated
alkenes which require the development of a different model.

Conclusions

In conclusion, an investigation into the optical absorptions and
emissions of aromatic dyes with TDDFT/PCM and a state
specific method was undertaken. Of the many functionals
investigated we found ®wB97XD to be highly efficient for
predicting both their absorption and emission spectra over a
wide spectral range. The state specific method permitted the
accurate incorporation of solvent effects in the description of
the vertical excitation energies as well as the ground and
excited relaxation steps. The good correlation achieved

Table 2. Comparison of the calculated (#/B97XD/6-31 + G**) and exper-
imental wavelength absorption values of -carotene.

Entry Mo x> Mo calc”™ Maxexp™ Amaxcalc
(nm)® (nm) (nm)® (nm)
[B-carotene 4524 507.3 570.0 511.5
(linear 401.2 362.1
conformation) 283.0 300.6
264.5 268.1

[a] Absorption maxima value extracted from literature data (See SI).
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between the calculated and experimental data led us to extract
a linear correlation allowing for the prediction of UV-Vis
properties of a diverse array of small aromatic molecules by
correction of the “raw” calculated data. These equations are
obtained from theoretical calculations which do not include
explicitly vibrations and temperature effects. However, these
effects are self-contained in the coefficients of the fitting. This
approach is simple, pragmatic, effective and computationally
profitable to predict the optical properties of a large variety of
aromatic compounds. Of the systems studied, only conjugated
polyalkenes proved intractable using this model. The method
was successfully used to predict the UV-Vis properties of a
molecule prior to its synthesis and evaluation. The excellent
correlation between the experimental data and the predicted
corrected wavelengths, for both absorption and emission,
highlights the relevance of our predictive model.

In the future, it will be interesting to investigate if the linear
correlation is still present for the 0-0 energies, extracting these
energies from experiments and calculating them in TDDFT/SS-
PCM with ®B97XD.”® Furthermore, more insight in the
correlation can be given by a further analysis with other
methods for solvents such as cLR and VEM. An obvious next
step is the extension of this methodology to larger aromatic
systems, and those containing metals, which will be under-
taken in the near future.

Computational methods

For this study DFT and TDDFT with PCM have been used. The
hybrid functional ®wB97XD combined with the 6-31+ G(d,p)
basis set provide an adequate description of the geometries
and excitations in both ground- and excited states for the
different molecules. The ground- and excited-state geometries
of each molecule have been fully optimised without any
symmetry restriction. The ground-state geometry optimisations
are repeated for all conformers of the molecules, and the
corresponding excited state calculations arise from the most
stable conformer. Following each optimisation in the ground or
in the excited state, the harmonic frequencies have been
computed and systematically checked in order to confirm that
all vibrational frequencies are real and not imaginary, to
correspond to minima.

TDDFT methodology was used to investigate the excited
states of interest. In accordance with the geometry optimiza-
tion, the ®B97XD/6-31 + G(d,p) level was chosen. The lowest 20
singlet-singlet vertical electronic excitations were calculated,
and only the major ones were chosen (oscillator strength up to
0.1). The geometry of the lowest singlet excited state of each
compound was relaxed using TDDFT, followed by harmonic
frequencies calculations to verify the presence of a minimum.

The state-specific method was used in order to take into
account the solvent effect described by PCM. For the
absorption, the molecule was optimised in its ground-state and
the information about solvation were stored. Then the vertical
excitation was calculated using the solvation previously stored
in a non-equilibrium calculation. In the case of emission, the
molecule was optimised in its excited-state and also in this

© 2023 The Authors. ChemistrySelect published by Wiley-VCH GmbH
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case the information about solvation was stored. Then the
ground-state energy at this geometry, with the non-equilibrium
solvation stored previously was calculated. The difference
between the energies in the excited and ground state give the
vertical emission energy.

TDDFT calculations were performed using 16 functionals :
GGA with dispersion model (BLYP-D),*® hybrid functionals
(B3LYP,”” B3LYP-D,' B3P86,”® APFD,” M062X,*” N12SX,5"
MN12SX,2? HSEH1PBE®? and HISSbPBE),*® hybrid functionals
with  1-dependent gradient corrected (TPSSH®?  and
tHCTHhyb)®* and Long-Range corrected functionals (CAM-
B3LYP,®® wB97, ®B97X and wB97XD).¥’ wB97XD/6-31+ G(d,p)
was then selected as the most appropriate method.

All calculations were performed using the Gaussian16
software and the models of electron density of various energy
levels were visualized on GaussView version 6.1.

Supporting Information Summary

Supporting information section describes the computed carte-
sian coordinates for all compounds (Ground state, Excited state
and Excited state, relaxed), Tables S1-S3%¥ and Figures S1-S14
(Experimental absorption and emission of fluorene molecules
la-Tmand 11).
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