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Abstract This study examined absorption properties of 2-
styrylpyridine, trans-2-(m-cyanostyryl)pyridine, trans-2-[3-
methyl-(m-cyanostyryl)pyridine, and trans-4-(m-cyanos-
tyryl)pyridine compounds based on theoretical UV/Vis
spectra, with comparisons between time-dependent density
functional theory (TD-DFT) using B3LYP, PBEO, and LC-
wPBE functionals. Basis sets 6-31G(d), 6-31G(d,p), 6-31
+G(d,p), and 6-311+G(d,p) were tested to compare molec-
ular orbital energy values, gap energies, and maxima ab-
sorption wavelengths. UV/Vis spectra were calculated from
fully optimized geometry in B3LYP/6-311+G(d,p) in gas
phase and using the IEFPCM model. B3LYP/6-311+G(d,p)
provided the most stable form, a planar structure with
parameters close to 2-styrylpyridine X-ray data. Isomeric
structures were evaluated by full geometry optimization
using the same theory level. Similar energetic values were
found: ~4.5 kJmol ™' for 2-styrylpyridine and ~1 kJmol ™
for derivative compound isomers. The 2-styrylpyridine iso-
meric structure differed at the pyridine group N-atom posi-
tion; structures considered for the other compounds had the
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cyano group attached to the phenyl ring m-position equiva-
lent. The energy difference was almost negligible between
m-cyano-substituted molecules, but high energy barriers
existed for cyano-substituted phenyl ring torsion. TD-DFT
appeared to be robust and accurate approach. The B3LYP
functional with the 6-31G(d) basis set produced the most
reliable A« values, with mean errors of 0.5 and 12 nm
respect to experimental values, in gas and solution, respec-
tively. The present data describes effects on the A,
changes in the UV/Vis absorption spectra of the electron
acceptor cyano substituent on the phenyl ring, the electron
donor methyl substituent, and the N-atom position on the
electron acceptor pyridine ring, causing slight changes re-
spect to the 2-styrylpyridine title compound.

Keywords Absorption maxima - Frontier molecular
orbitals - TD-DFT calculations

Introduction

For a long time, polymers, oligomeric organic dyes, and
low molecular weight compounds with optical or electri-
cal properties have been widely used in organic materials
with electro-optical applications. Such applications have
demonstrated the importance of further studying struc-
tures showing strong 7-electron conjugation, i.e., with
electron delocalization. In order to understand the rela-
tionship between structure and optical properties, and the
influence of the substituent groups on the absorption and
emission characteristics of these materials, model com-
pounds of low molecular weight have been investigated
both experimentally and theoretically. In particular, low
molecular weight structures containing electron donor
and acceptor groups have been analyzed.
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Styrylpyridines and stilbazoles are experimentally
obtained by a typical condensation reaction of methylpyr-
idines with aromatic aldehydes [1-7] using different cata-
lysts, as well as under catalyst- and solvent-free conditions
[8—10]. The latter method resulted in obtaining crystals that
were good enough to determine the crystalline structure and
characteristics [8—10]. Several styrylpyridines, such as 2-
styrylpyridine, 4-styrylpyridine, 2,6-distyrylpyridine, and
some derivatives of these molecules, have been synthesized
and characterized experimentally [8—11] as well as studied
by theoretical calculations [12—14].

To evaluate the effects of substituents on the electronic
properties of these compounds, absorption and fluorescence
emission spectra have been recorded and compared [10,
15—18]. Percino et al. [10] evaluated the effects of terminal
—ClI and —F substituents in the para-position of the phenyl
ring on the absorption spectra of 2-styrylpyridine; however,
no shift of the maximum absorption wavelength occurred
with the presence of the halogen with respect to the A, of
non-substituted 2-styrylpyridine. Lewis and Weigel [15]
analyzed the absorption and fluorescence spectra of cyano-
aminostilbenes to identify the effects of the cyano; they
found important solvatochromic shifts and meta-amino
effects. Pinto et al. [16] found a more pronounced red shift
and higher electroluminescence efficiency in distyrylben-
zene copolymers with the cyano group attached to the
aromatic ring. Another study examined a series of copoly-
mers of cyano-containing distyrylbenzenes to determine the
effect of cyano and dicyanovinyl groups [17]. A longer Aax
was found for the polymer with a more planar structure, and
introduction of the dicyanovinyl groups into the polymer
main chain resulted in a lower wavelength value for the
higher energy absorption peak than those observed for
cyano-substituted copolymers. In a series of alkoxy-cyano-
substituted diphenylbutadienes [18], the absorption spectra
were insensitive to the number and length of the alkoxy
substituents; only a cyano group attached in the para-posi-
tion on the phenyl ring affected the absorption spectra.

The time-dependent density functional theory (TD-DFT)
[19-23] has been widely used by different authors for cal-
culations of excitation energies and oscillator strengths for
organic systems involving interesting optical properties
[24-36]. In a series of comparative studies on the use
of different functionals with the TD-DFT methodology
[32-35], calculated A, values closest to experimental val-
ues were generally obtained with the functionals PBEO,
MO05-2X, and M06-2X, and the long-range corrected hybrid
functionals CAMB3LYP, LC-PBE, and LC-wPBE in the
analysis of a large set of organic dyes, azobenzenes, anthra-
quinones, indigoids, coumarins, diarylethenes, and other
compounds. Another study of the TD-DFT using several
functionals was performed based on comparison with a
CASPT?2 ab initio approach in prototype organic molecules
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[36]. Here, the results obtained using B3LYP and PBEO
functionals gave results close to those obtained by CASPT2
for small systems, providing a qualitatively good description
of the excitation energies, excited states structures, and their
properties. No significant differences in accuracy have been
found between the absorption spectra results using B3LYP
or PBEO [36].

When performing calculations to be compared with ex-
perimental results such as UV spectra, it is also important to
consider the solvation effects. For this, the continuum meth-
ods are most commonly used because of the relative sim-
plicity and consistency of their physical foundations [37].
The integral equation formalism polarizable continuum
model (PCM) [38], in which the electrostatic interaction
between the solute and the solvent is described in terms of
a surface charge spread on a cavity of molecular shape, has
been shown to be a reliable method for including the solvent
effect in this kind of system [30, 39, 40].

The present study is a theoretical comparative investigation
of the frontier molecular orbitals energies, gap energies, and
the UV/Vis maxima absorption wavelengths (Ap,x) of 2-
styrylpyridine and three model styrylpyridine-like com-
pounds: trans-2-(m-cyanostyryl)pyridine, frans-2-[3-methyl-
(m-cyanostyryl)|pyridine, and trans-4-(m-cyanostyryl)pyri-
dine, using density functional theory calculations. These com-
pounds contain a pyridine ring and a cyano group substituted
in the meta position of the phenyl ring, with the two rings
joined by a double bond (CH = CH) in the trans conformation.
One of the analyzed compounds has a methyl group in the
pyridine ring and was included in order to evaluate its
inductive effect in the system (Fig. 1).

These recently synthesized compounds in our lab might
come in useful as model compounds for the complete char-
acterization of their electronic properties known in stilbene-
like and styrylpyridine-like compounds as possible potential
organic materials to be used in opto-electronic devices [41].

The theoretical results using TD-DFT methods with the
B3LYP [42], PBEO [43], and LC-wPBE [44] functionals
were compared, as well as the results using different basis
sets, including polarization and diffuse functions. The theo-
retical calculations were used to investigate the influence of
the strong electron-withdrawing cyano group (—-C =N) as a
substituent on the phenyl ring of the styrylpyridine-like
compounds, as well as the position of the N atom and of
the electron donor (—CH3) in the pyridine ring.

Methods

Figure 1 presents the chemical structures and numerical
conventions used for the molecules frans-2-(m-cyanostyryl)
pyridine (1), trans-2-[3-methyl-(m-cyanostyryl)]pyridine (2)
and trans-4-(m'-cyanostyryl)pyridine (3). Calculations were
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Fig. 1 Optimized molecular a) 9
structures and numerical d 2
conventions of trans-2-(m- d S P |
cyanostyryl)pyridine (1), trans-

5 6 14 -ad'
2-[3-methyl-(m-cyanostyryl)] 9. /a /a /a
pyridine (2), and trans-4-(m- a 6'3 5

cyanostyryl)pyridine (3) Ja afoé

2-styrylpyridine

Molecule (3)
carried out for four structures—molecules (1-3) and 2- 31+G(d,p) [46], and 6-311+G(d,p) [47] in gas-phase
styrylpyridine for the sake of comparison. The calculations and in solution, including the solvent CHCl; effect
were performed in two steps: using the PCM model [38].
(i) The frontier molecular orbital energies, gap energies,
(i) The geometries of the ground-state were optimized and vertical electronic excitation energies were deter-
using DFT calculations with the B3LYP functional mined using TD-DFT [48] in both phases from
[42] and three different basis sets: 6-31G(d) [45], 6— B3LYP/6-311+G(d,p) optimized geometries.

@ Springer



2018

J Mol Model (2013) 19:2015-2026

Several different functional involving exchange and cor-
relation terms (XC) have recently been proposed. These
include a group of gradient-corrected functionals for general
gradient approximation (GGA), as well as a group
corresponding to the hybrid functionals, including a fraction
of exact exchange, i.e., Hartree-Fock (HF) exchange. In the
B3LYP functional used in this study, the exchange was a
combination of 20 % HF exchange, Slater functional, and
Becke’s GGA correction; the correlation part combined
Vosko, Wilk, Nusair, and LYP functionals. The PBE1PBE
(named PBEO) reflects the mix of 25 % HF and 75 % of
DFT exchange represented by the PBE functional [43],
whereas PBE represents 100 % of the correlation part [49].
In addition, a functional including long-range corrections
was used as the long-range corrected version of WwPBE. The
LC scheme explicitly incorporates the long-range orbital-
orbital interaction part in the exchange functional by com-
bining with the HF exchange integral. The long-range cor-
rected hybrid LC-wPBE involves a single empirical
parameter ;=0.4 bohr ' in the HF exchange integral. The
advantage of LC-wPBE over other global hybrid function-
als is the exact asymptote of the exchange potential; how-
ever, this scheme worsens the accuracy of the excitation
energies [44].

UV/Vis spectra of styrylpyridine compounds are deter-
mined in solution and can be affected by the solvation
effects. Therefore, the PCM model can be used, where the
problem is divided into a solute component (2-styrylpyri-
dine and molecules (1-3)) lying inside a cavity and a solvent
component (chloroform, in our case) represented as a
structure-less material, characterized by its dielectric con-
stant and other parameters. The PCM model is now often
used for many electronic properties, including excited states,
due to its low computational cost compared to gas phase
calculations.

Once the UV/Vis spectra were successively evaluated
using TD-DFT scheme with the B3LYP, PBEO, and LC-
wPBE functionals, the results were compared between them
using different basis sets—including polarization, 6-31G(d)
and 6-31G(d,p), and diffuse functions, 6-31+G(d,p) and 6—
311+G(d,p). The Gaussian 09 package [50] was used for
calculating the geometry optimizations and the UV/Vis
spectra in gas-phase and in solution.

Results and discussion

Molecular structures

We obtained optimized geometries for 2-styrylpyridine and
the three derivatives (model compounds (1-3) shown in

Fig. 1) using the B3LYP method with the 6-31G(d), 6-31
+G(d,p), and 6-311+G(d,p) basis sets. To validate the
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theory level used, we calculated selected optimized param-
eters in gas phase and those including the solvent CHCl;
effect for 2-styrylpyridine, and compared these with X-ray
data [8]. The molecular structure of the title compound has
the phenyl ring located trans to the pyridine ring in relation
to the double bond (Fig. 1a) and shows a planar structure as
is shown in the side view (Fig. 1b) with torsional angles of
0° for both substituent rings. X-ray data showed values of
the bonds C(1)-C(7), C(8)-C(1"), and C(7)-C(8) to be
1.486, 1.462, and 1.321 A, respectively; these typical
double-bond values did not indicate delocalization of the 7
electrons of the two six-membered rings through the C(7)-C
(8) bond, but a localization of the 7t electrons over deter-
mined bonds across the rings [8].

Table 1 summarizes selected parameters of 2-styrylpyridine,
as well as the root-mean-square errors of the calculated
geometric parameters with respect to X-ray data for inter-
nuclear distances, valence angles, and dihedral angles in
gas and solution phases. The root-mean-square €1Tor, Oparameters
is defined as (X' A(value,, — valueXN,ay)2 / n)l/ 2 where 7 is
the number of considered parameters.

We found very similar values of opong With the three
different basis sets in both gas and solution phases, while
the Oyaence Values indicated an improvement when using the
6-311+G(d,p) basis set in gas phase. With respect to
Oginedral, the best value in the gas phase was obtained with
the 6-311+G(d,p) basis set, while in solution phase, the
Odihedral Value in the same theory level was slightly larger
than that obtained using 6-31G(d). Since the B3LYP/6-311
+G(d,p) theory level provided the lowest Oyajence and
Odihedral 1IN gas phase, the optimized geometries calculated
in this theory level were used for calculating the frontier
molecular orbital energies, gap energies, and UV/Vis
spectra.

Table 2 summarizes selected parameters obtained at the
B3LYP/6-311+G(d,p) theory level for molecules (1-3). We
did not observe important changes in the internuclear dis-
tances between the three molecules. The central double
bond C(7)-C(8), and the single bonds C(7)-C(1) and C
(8)-C(1") remained constant between the three structures.
The C-N distances in C(3)-N(2) showed similar values in
the pyridine ring in molecules with the N-atom in position 2
(molecules 1 and 2), which were also similar to the C—N
distance in N(4) —C(3) when the N-atom is in position 4
(molecule 3) (Fig. 1). The valence angles between atoms C
(2)-C(1)-C(7) for molecules (1) and (2) were slightly
smaller than for molecule (3), suggesting a stabilizing effect
between the H atom and the electron pair of the N-atom of
the pyridine ring in molecules (1) and (2). In addition, the
valence angle for C(1)-C(7)-C(8) was ~2 ° larger for mol-
ecule (3) than for molecules (1) and (2). All three molecules
showed a planar structure between the pyridine ring and the
cyano-substituted phenyl, as was clearly indicated by the
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Table 1 Experimental and theo-

retical B3LYP selected structural Parameter ~ X-ray data®  6-31G(d) 6-31+G(d,p) 6-311+G(d,p)

parameters of the equilibrium

structure of 2-styrylpyridine. The Gas PCM Gas PCM Gas PCM

numbering convention is shown

in Fig. 1. Internuclear distances in 7-8 1.321 1.348 1.349 1.349 1.350 1.345 1.345

(A), and valence and dihedral 7-1 1.486 1.466 1.467 1.467 1.468 1.466 1.466

angles in (%) 81" 1.462 1.464 1.464 1.466 1.466 1.464 1.465
4-3 1.397 1.398 1.398 1.400 1.399 1.396 1.396
3-2 1.335 1.332 1.334 1.334 1.336 1.330 1.332
2-1 1.373 1.351 1.352 1.351 1.353 1.348 1.349
1-7-8 125.7 124.0 124.3 124.2 124.6 124.2 124.5
2-1-7 120.5 118.4 118.5 118.7 118.9 118.7 118.8
7-8-1' 125.2 127.5 127.4 127.4 127.3 127.4 127.3
2-1-7-8 2.1 0.1 0.0 0.0 0.0 0.0 0.0
1-7-8-1' -177.0 —180.0 -180.0 -180.0 —180.0 —180.0 -180.0
7-8-1'-2' —4.9 0.0 0.0 —0.1 0.0 —0.3 —0.1
Gbond 0.031 0.032 0.032 0.032 0.030 0.031
Guyalence 2.577 2.548 2514 2.492 2.362 2.505
Gdihedral 3.423 3.434 3.429 3.435 3.409 3.429

Reference [8]

values of the dihedral angles between C(2)-C(1)-C(7)-C(8)
and C(7)-C(8)—C(1")—C(2") (Table 2). No important differ-
ences were found between gas phase values and those with
solvent effects for the three molecules.

Tests of geometry optimization for isomeric structures
revealed interesting facts about the four molecules. The
isomer of 2-styrylpyridine included the N atom in position
6 instead of position 2 (Fig. 1), and was obtained by using a

torsion angle formed between atoms C(2)—C(1)-C(7)-C(8).
For model compounds (1-3), the structures considered were
those with the -CN group attached to the phenyl ring in the
m'-position, or at C(5') instead of C(3’) (Fig. 1), using the
torsion motion through the C(7)-C(8)-C(1")—C(2") dihedral
angle. The calculations for the isomers were performed
using the same theory levels used for 2-styrylpyridine and
molecules (1-3): the B3LYP method with the 6-31G(d), 6—

Table 2 Theoretical selected

structural parameters calculated Parameter Molecule (1) Molecule (2) Molecule (3)

using B3LYP/6-311G(d,p) of the

equilibrium structure of the Gas PCM Gas PCM Gas PCM

styrylpyridine-like compounds

(1-3). The numbering convention 7-8 1.344 1.344 1.344 1.344 1.344 1.345

is shown in Fig. 1. Internuclear 7-1 1.467 1.467 1.468 1.468 1.465 1.465

g;}sf:ggisa?ggi); If‘(ld) valenceand ¢ 1.465 1.465 1.464 1.465 1.466 1.466
4-3 1.397 1.397 1.339 1.402 1.335 1.338
3-2 1.330 1.332 1.335 1.337 1.392 1.391
2-1 1.347 1.349 1.346 1.346 1.402 1.403
3-C 1.433 1.432 1.432 1.432 1.432 1.431
C=N 1.156 1.156 1.155 1.156 1.155 1.156
1-7-8 124.1 124.5 124.1 124.5 126.5 126.1
2-1-7 118.5 118.7 118.4 118.7 119.3 119.3
7-8-1' 127.1 127.0 127.2 127.0 126.9 126.7
2'-3'-C 119.6 119.5 119.6 119.5 119.7 119.6
3'-C=N 180.0 179.9 179.9 179.9 179.9 179.9
2-1-7-8 -0.1 0.0 —0.4 0.1 -0.6 3.1
1-7-8-1' —180.0 180.0 180.0 —180.0 —180.0 180.0
7-8-1'-2' 0.4 0.3 0.7 -0.2 179.2 176.6
1'-2'-3'-C —180.0 —180.0 —180.0 —180.0 180.0 179.9
C-3-2-1 - - -179.9 —180.0 - -
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31+G(d,p), and 6-311+G(d,p) basis sets in gas and solution
phases. For 2-styrylpyridine (2-sty in Fig. 2a), its isomer
(isomer 2-sty) had an energy in the range of 4.536-5.561 kJ
mol !, with a relatively more stable conformer in the three
theory levels. The isomers of molecules (1-3) showed en-
ergy values close to each other (differing by less than 1 kJ
mol ") in the three theory levels. For the molecules (1) and
(2), the structures with the -CN group attached in m- or C(3')
position of the phenyl ring (Fig. 1) were more stable than
their respective isomers (isomer (1) and isomer (2) in Fig. 2b
and c). However, for molecule (3), the m'-position phenyl
substituted compound was energetically more stable than its
respective isomer (isomer (3) in Fig. 2d).

The difference in energy was almost negligible between
m- and m'-cyano-substituted molecules (1-3). However,
high energy barriers were found for the torsion through the
dihedral angle C(7)-C(8)-C(1")—-C(2") between the two iso-
mers for (1), (2), and (3), respectively, within the ranges of
0.574-0.596, 0.313-0.463, and 0.042-0.197 kImol " in gas
phase, and 0.083-0.096, 0.036-0.113, and 0.203-0.222 kJ
mol " in solution phase. Figure 2 shows the relative energies
and energy barriers for the torsion through the dihedral C

(2)-C(1)-C(7)—C(8) for 2-styrylpyridine and C(7)-C(8)-C
(17—C(2") for molecules (1-3) and their respective isomers.
In general, for the four molecules, the energy barriers de-
creased when the basis size was increased; the smallest
energy barrier values were found by using the B3LYP/6—
311G+(d,p) level as gas phase and including PCM contri-
bution. For 2-styrylpyridine, the energy barriers decreased
when the solvent effect was taken into account, while for
molecules (1-3), the barriers calculated in gas phase were
smaller.

The importance of the evaluation of these isomers, be-
tween several possible isomers, is due to the trans-styryl-
pyridines compounds present a high conformational
flexibility through single bonds linking the substituent rings
to the central double bond (Figs. 1 and 2). Theoretically two
more stable isomers with energies very close were found,
while two structural isomers substituted in equivalent meta-
position (C(3’) or C(5') in Fig. 1) are difficult to recognize
using experimental spectroscopic characterization. In addi-
tion, the population of isomers was obtained as a function of
the dihedral torsional angles mentioned above for 2-
styrylpyridine and molecules (1-3) and of potential energy

Fig. 2 Energy barriers for the a) 2-styrylpyridine b) Molecule (1)
torsion through the dihedral
angle C(2)iC§1)-C(7)-C(8) for 400 — 250 —
2-styrylpyridine, and C(7)-C
(8)-C(1)-(2") for molecules (1- B B
3) and their respective isomers 300 — 20.0 —
using B3LYP with 6-31G(d) ’ 2l
(solid line), 6-31+G(d,p) (dash —~ 15.0 —
line), and 6-311G+(d,p) (dash '
dot line) basis sets in gas phase 200 — 7
(black line) and including sol- _ 10.0 —
vent effect (gray line) .
100 — il
e | 1
L -
E 00 0.0
=
= 2-sty TS 2-sty  isomer 2-sty
>
2
@
: C) Molecule (2) d)
[
2 250 — 250 —
=5
& R =
20.0 — 200 —
15.0 — 15.0 —
100 — 100 —
50 — 50 —
0.0 0.0
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function. This model is based on a semiclassical conforma-
tional partition function defined for the overall rotation and the
conformational motions [51]. For all cases, the calculated
population (in %) at room temperature were larger for the 2-
styrylpyridine and molecules (1-3) than their respective iso-
mers in Fig. 2. Values of 17.0 and 2.57 % were obtained for 2-
sty and isomer 2-sty, respectively, in gas phase, while in
solution values of 14.7 and 3.6 % were found, respectively.
For molecules (1-3) the difference between the values of
population respect to their isomers (isomer (1), (2) and (3))
are smaller. In gas phase, 6.9, 6.8, and 6.2 % were calculated
for (1-3), while 5.5, 5.6 and 5.8 % were obtained for their
isomers, respectively. In solution phase, values of 6.6, 6.7 and
6.7 % were calculated for (1-3) and 6.4, 6.4 and 6.0 % for
their respective isomers. With these results, another theoretical
criterion to evaluate the more stables isomers was taken into
consideration for calculating the molecular orbitals, gap ener-
gies and maxima absorption wavelength values.

Molecular orbitals

The energies of the main molecular orbitals, HOMO,
HOMO-1, LUMO, and LUMO+I1, were calculated using
TD/DFT methods with the different basis sets, including
polarization and diffuse functions, 6-31G(d), 6-31G(d,p),
6-31+G(d,p), and 6-311+G(d,p) in gas and solution phases.
Three functionals were tested in the TD/DFT methodology,
B3LYP, PBEO, and LC-wPBE, with the above-mentioned
basis sets. The theoretical gap energy was estimated as AFE
= ELUMO — EHOMO-

All calculations were carried out from the B3LYP/6-311
+G(d,p) optimized geometries for the four molecules, as
described above in the Molecular structures section. Figure 3
shows the main molecular orbitals (HOMO-1, HOMO,
LUMO, LUMO+1) and gap energies for 2-styrylpyridine
and molecules (1-3) for each method in gas and including
the solvent effect using the PCM model.
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40 40
e I N N S 00 o o o e ——— . AR —
TTTTTTTTTTTT * A = = r X rE = TTT
-40 4.15 4.14 4.06 4.05 4.49 4.48 4.40 4.39 8.78 8.77 8.62 8.60 -40 415 4.14 4.06 4.04 449 4.48 4.40 4.39 8.78 8.77 8.62 8.60
LLLLLLV\Lllll LLLL_Y_LL¢llll
0 T — — — = — — X v o v 0o - — — - - — — N~ Ny ¥ v
124 120
S R N R N R T T T T T T T T T T 1
B1 B2 B3 B4 P1 P2 P3 P4 L1 L2 L3 L4 B1 B2 B3 B4 P1 P2 P3 P4 L1 L2 L3 L4
Molecule (1)
40 40
00 = == = 00 = = = —
=== T == T 17 TE == 5== T 17
-40 4.18 417 4.09 4.08 4.52 451 4.44 4.42 8.80 8.79 8.67 8.65 -4.0 4.18 417 4.09 4.08 4.51 4.50 4.44 4.42 8.80 8.79 8.66 8.65
R v v v v v v v v N

11

80 e e

<
_IlE ¢

=

||«
1B
— He—
= H—

— H—
—

|
i
ﬂ
|

<
© T T T T T T T T 1 T J R R I R I B R R
: B1 B2 B3 B4 P1 P2 P3 P4 L1 L2 L3 L4 B1 B2 B3 B4 P1 P2 P3 P4 L1 L2 L3 L4
5
5 Molecule (2)
=
[1T] 40
= = = = 00 = == =
-40 416 415 407 405 449 448 441 439 878 877 863 861 -4.0 45 4s 4\56 435 :ﬁ 438 Ai‘ 4\[3/9 877 876 863 861
N A A = X v v X
wlm=tLttie (T 1] === 1 11
J e I IR BN IR Y IR RN IR SR E R R I BN E N I B N B B R R
B1 B2 B3 B4 P1 P2 3 P4 L1 L2 L3 L. B1 B2 B3 B4 P1 P2 P3 P4 L1 L2 L3 L4
Molecule (3)
40 40
00 = = = 00 = == = =
s =TT = T ss======1 111
-40 422 4.21 413 4.11 4.56 4.55 4.47 4.46 8.86 8.85 8.72 8.70 -40 4.21 4.20 4.12 4.10 4.55 4.54 4.47 445 8.85 8.85 8.70 8.69
2N 2 A 2 A l LLLLLLLLilll
wjFEssss=s2 s (] 17 ===z 1]
121 120
YO T T T T T T T T T 1 T T T T T T T T T T 1
B1 B2 B3 B4 P1 P2 P3 P4 L1 L2 L3 4 B1 B2 B3 B4 P1 P2 P3 P4 L1 L2 L3 L4

Method

Fig. 3 Molecular orbitals and gap energies for 2-styrylpyridine and
molecules (1-3) using TD-B3LYP (B1-B4), TD-PBEO (P1-P4), and
TD-LC-wPBE methods in gas phase and including the solvent effect.

The numbers correspond to the different basis sets used as follows: 6—
31G(d)=1, 6-31G(d,p)=2, 6-31+G(d,p)=3, 6-311+G(d,p)=4
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A comparison was made between the calculated values of
the molecular orbitals and gap energies obtained using TD-
B3LYP, TD-PBEO, and TD-LC-wPBE methods. The aver-
age differences were calculated using each basis set for each
molecule. For further discussion of the results, the key letter
corresponds to the method used—B3LYP (B), PBEO (P),
and LC-wPBE (L)—and the key number correspond to the
different basis set used as follows: 6-31G(d)=1, 6-31G(d,
p)=2, 6-31+G(d,p)=3, and 6-311+G(d,p)=4. The results
obtained with TD-B3LYP and TD-PBEO approaches
showed similar behaviors for the four molecules, while
TD-LC-wPBE results were not in good agreement.

In general, the HOMO-1 and HOMO energy values
obtained using B1-B4 were slightly smaller than those
values obtained using P1-P4 methods; the LUMO and
LUMO+1 values were slightly higher in both phases. The
average differences for HOMO-1, HOMO, LUMO, and
LUMO-+1, respectively, were 0.3, 0.2, 0.1, and 0.1 eV be-
tween B1-B4 and P1-P4 in gas, and 0.3, 0.2, 0.1, and
0.1 eV between B1-B4 and P1-P4 in solution. Slightly
higher gap energies were found when using P1-P4 than
with B1-B4, with an average of 0.3 eV in both phases. On
the other hand, the energy values of the HOMO-1 and
HOMO orbitals obtained by the L1-L4 methods were lower
than those obtained using the B1-B4 and P1-P4 methods,
while the LUMO and LUMO+1 values were higher in both
gas and solution phases. The average differences for L1-L4
for HOMO-1, HOMO, LUMO, and LUMO+1, respectively,
were 2.9, 2.5, 2.0, and 2.2 eV respect to B1-B4, and 2.7,
2.3, 1.9, and 2.0 eV respect P1-P4 in gas. Higher gap
energies were found using L1-L4 than B1-B4 and P1-P4
methods with averages of 4.6 and 4.2 eV, respectively, in
both phases.

The energy values of the molecular orbitals including the
PCM solvent effect were slightly smaller than those calcu-
lated in gas phase. The gap energy values were practically
the same in both phases using the same method (Fig. 3).

With respect to the basis set, it was observed that using
basis including diffuse functions (B3, B4, P3, P4, L3 and
L4) resulted in smaller values of the HOMO-1, HOMO,
LUMO, and LUMO+1 compared to the values obtained
using only polarized functions (B1, B2, P1, P2, L1, and
L2). The smallest molecular orbitals energies values were
obtained with the 6-311+G(d,p) basis set (B4 and P4),
whereas the smallest gap energy was obtained by using only
B4 theory level for all molecules.

UV/Vis spectra properties
TD-DFT (with B3LYP, PBEO, and LC-wPBE) using differ-

ent basis sets (6-31G(d), 6-31G(d,p), 6-31+G(d,p), and 6—
311+G(d,p))—were used to calculate the UV/Vis spectra for
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the 2-styrylpyridine and molecules (1-3) in gas and solution
phases. As previously mentioned only the lowest energy
conformers of the four compounds were studied. The com-
parison between theoretical and experimental UV/Vis spec-
tra was performed with respect to the fully optimized
structure obtained by B3LYP/6-311+G(d,p) calculations.

Table 3 presents the collected maxima absorption wave-
length values (A.x) together with the values calculated in
chloroform solution. The three first low-lying excited states
were computed. For the four molecules, the electronic exci-
tation presented a typical m—7t* character that is often
associated with a large oscillator force. The theoretical Aax
bands were always related to the electronic transition be-
tween So— S, states (denoted as the transition between
molecular orbitals HOMO —LUMO); the corresponding
oscillator strengths are also shown in Table 3. The results
were compared with the available experimental data for 2-
styrylpyridine and molecules (1) and (2) [52]. We compared
the Aax values calculated using TD-B3LYP, TD-PBEO and
TD-LC-wPBE; these data are described using the same
nomenclature as in the Molecular orbitals section.

In gas phase, for 2-styrylpyridine and molecules (1) and
(2), the calculated A,.x showed an error of approximately
2.3, 1.9, and 2.2 %, respectively, with the B1-B4 methods.
With P1-P4, the error was 1.8 % for 2-styrylpyridine, and
1.6 % for molecules (1) and (2); however, the error in-
creased to 10.2 % for 2-styrylpyridine and 10.5 % for (1)
and (2) when L1-L4 were used.

By using TD-DFT schemes, we identified an important
difference between the errors obtained with polarized func-
tions and diffuse functions. In the case of 2-styrylpyridine,
B1 and B2 provided a mean error of 0.3 %, while B3 and B4
increased the mean error to 4.3 %; however P1 and P2
methods gave a mean error of 1.8 % the same as P3 and
P4 methods. Contrary to the behavior of B3LYP functional,
L1 and L2 gave a mean error of 11.7 % larger than 8.8 %
with L3 and L4 methods.

For molecules (1) and (2), errors of 0.1 and 0.3 %, were
obtained using B1 and B2 levels, while including diffuse
functions (B3 and B4) increased the errors to 3.7 and 4.1,
respectively. For P1 and P2, error values of ~2.0 % were
found for 2-styrylpyridine and molecules (1) and (2), while
slightly smaller values (range: 1.2—1.8) were obtained by
using P3 and P4 methods. For L1 and L2, mean errors of
10.5 % were obtained, while by using L3 and L4 the error
values decreased to 9.2 % for both molecules.

Wilberg et al. [53] recommend that the 6-311++G(d, p)
basis set or a larger basis set generally be used for excited
state calculations [54]. However, in our study, using the
B3LYP method with the double-( basis set and only polar-
ization functions, B1 and B2, we found that the error in the
calculated A,,x was <1 % for 2-styrylpyridine and for mol-
ecules (1) and (2) in gas phase. This suggests that although
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diffuse functions are essential to describe Rydberg states
[55], the presence of diffuse functions is not crucial for
calculating the low-lying excited state (first excited state
with non-zero oscillator strength).

We used PCM calculations to include the chloroform
solvent effect on calculated A,,,,. Calculated A,,x Was in-
creased by ~4 % for 2-styrylpyridine and for molecules (1)
and (2) when solvent effect was included compared to gas
phase using B1-B4. When using P1-P4 in solution, an
~2 % increment of the error with respect to gas was found
for 2-styrylpyridine and molecules (1) and (2). L1-L4 meth-
ods gave smaller errors in solution than in gas of ~3 %.

This analysis led us to choose the B3LYP method includ-
ing polarized functions, B1 and B2 in gas phase, as the
method to study the absorption spectra; the values obtained
with this method corresponded well with the experimental
ones. On the other hand, the PBEO method was the most
appropriate for calculating the absorption spectrum in solu-
tion in these molecular systems. TD-LC-wPBE showed
large errors with respect to the experimental maxima ab-
sorption wavelengths, which is in according with the previous
results obtained for other conjugated organic compounds
[33-35]. In these studies, the authors obtained larger mean
absolute errors using TD-LC-wPBE than using TD-PBEOQ
[33] and TD-B3LYP [34, 35].

As an example, the B1 in gas calculated for the three
lowest excited states of 2-styrylpyridine were as follows:
311.6 nm [HOMO—LUMO (99 %), /=0.8922], 291.2 nm
[HOMO-2—LUMO (97 %), f=0.0012], and 271 nm [HO-
MO-1—LUMO (72 %)+HOMO—LUMO+2 (25 %), f=
0.0030]. It is known that the observed intensity is propor-
tional to the square of the oscillator strength; therefore, the
calculated A, was 311.6 nm.

As shown in Table 3, the A, values calculated using B1
method in gas were the closest to the experimental A, values
of 2-styrylpyridine (311 nm) and molecules (1) (309.6 nm)
and (2) (312 nm). However, both methods B3LYP and PBEO
overestimated the calculated values with respect to the exper-
imental A, for the three molecules in solution.

In the similar compounds halogen-substituted styrylpyr-
idines, a strong absorption signal in the 311-318 nm range
was observed for the band of the 7t-7t* transition that is
typically assigned to the double bond; furthermore, no sig-
nificant shifts were observed in the absorption A, values
due to the F- and Cl-substitutions [10]. In our study, similar
behavior was observed for the 2-styrylpyridine cyano-
substituted molecules (1) and (2). The calculated A, val-
ues were closer to the values for 2-styrylpyridine, indicating
that all compounds were located in the frans conformation
and there was not an important effect of the electroatractor —
CN group on the value of Aax.

In accordance with the calculated results, the best value
of Aax for molecule (3) was predicted to be 307.2 nm using
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the TD-B3LYP method with the 6-31G(d) basis set in gas
phase. A similar value of 309 nm was found for the Cl-
substituted 4-styrylpyridine, which also was close to the
Amax for 4-styrylpyridine at 304 nm [10], as it was predicted
in the present study for the cyano-substituted molecule (3).
The difference of ~4 nm between A, of molecule (3) and
the molecule (1) isomer could be attributed to the possible
change caused by the 7t-delocalization length regulated by
the N-position in the pyridine ring. Finally, according to the
results obtained, molecule (3) was the most stable molecular
structure when the —CN group was located in the m'-posi-
tion, indicating the possibility that another stable molecular
structure exists. It would be interesting to perform further
calculations taking into account the conformational flexibil-
ity of the molecule in order to evaluate the effect on its
absorption properties.

Conclusions

The present work is a comparative theoretical study of the
absorption properties of cyano-substituted styrylpyridine
compounds using time-dependent density functional theory
(TD-DFT) methods.

The B3LYP/6-311+G(d,p) level provided the most stable
form for the four studied molecules as planar structures in
gas as well as in solution phases. No important differences
were found between the optimized parameters obtained in
the gas phase and those with chloroform solvent effect for
the four molecules.

The most stable isomeric structures of 2-styrylpyridine
and of the three model styrylpyridine-like compounds were
fully optimized using the same theory level. High energy
barriers were found through the torsion of the cyano-
substituted phenyl ring between the two isomers in mole-
cules (1-3). For molecules (1) and (2), the structures with
the -CN group attached in the meta position of the phenyl
ring were more stable than their respective isomers with the
-CN group attached in the equivalent meta’ position. How-
ever, for molecule (3), the m'-position of the substituted
phenyl was energetically more stable than its respective
isomer. For 2-styrylpyridine, the energy barriers decreased
when the solvent effect was taken into account, while for
molecules (1-3), the barriers calculated in gas phase were
smaller. Furthermore, the calculations allowed us to propose
different isomers that may be present in solution or solid
state, e.g., 2-styrylpyridine might adopt two isomeric forms
where the N-atom can be located at position C(2) or C(6).

The main molecular orbitals and theoretical UV/Vis spec-
tra calculated indicate the possibility of finding a relation-
ship between the structure and absorption properties of the
conjugated compounds substituted with different electron-
withdrawing and electron donor groups.
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In choosing the basis set, when diffuses functions were
included in double-C and triple-( basis sets, the values of
HOMO-1, HOMO, LUMO, and LUMO+1 were smaller
than the values obtained using only polarized functions in
both B3LYP and PBEO functionals. The smallest molecular
orbitals and gap energies were obtained with the triple-C
basis set with diffuse and polarized functions at the TD-
B3LYP/6-311+G(d,p) theory level in all cases.

For both phases, the TD-LC-wPBE method overesti-
mated the theoretical A,,,,x values with regard to experimen-
tal Apax Of 2-styrylpyridine and molecules (1) and (2). The
TD-B3LYP/6-31G(d) values were the closest to the exper-
imental values in the gas phase. However, both methods
B3LYP and PBEO overestimated the calculated values with
respect to experimental A, for the three molecules in
solution.

Our results suggest that is not necessary to use diffuse
functions for calculating the low-lying excited state in these
kinds of compounds when using TD-B3LYP and TD-PBEO
schemes.

Using PCM calculations to include the effect of chloro-
form increased the errors in the A,,, values for 2-
styrylpyridine and molecules (1) and (2) with all methods.
According to the calculated results, the best possible value
predicted for the A, of molecule (3) was 307.2 nm. Based
on the absorption properties determined in the present work,
we suggest that future studies include an exhaustive confor-
mational analysis of molecule (3), as well as the substitution
of other electron acceptor and electron donor groups on its
structure.
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