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Ultraviolet absorption spectra of 2-ethylhexyl p-methoxycinnamate have been recorded in different sol-
vents and calculated using the time dependent density functional theory. The calculations were per-
formed with the aid of B3LYP, PBE1PBE, M06, and PBEPBE functionals and 6-31+G(2d) basis set. The
geometries were initially optimized using PM5 semiempirical method for the conformational search.

The calculations of excited states were carried out using the time dependent with IEF-PCM solvent reac-
tion field method. The experimental data were obtained in the wavelength range from 200 to 400 nm
using 10 different solvents. The TD-PBE1PBE method shows the best agreement to the experimental

results.

© 2011 Published by Elsevier B.V. Open access under the Elsevier QA license.

1. Introduction

Ultraviolet (UV) radiation reaching the earth surface can be di-
vided into three regions: (i) UVA (320-400 nm) which comprises
95-99% [1] of the UV radiation that reach the surface and a small
amount of UVB (290-320 nm), while UVC (200-290 nm) is filtered
out by the atmosphere. The UV radiation present in sunlight is the
primary cause of non-melanoma skin cancer [2]. Although the role
of UVB in inducing skin cancer and immune suppression is well
known [2], the contribution of UVA to the deleterious effects of
sunlight are related to dermatoheliosis (photoaging), where it pen-
etrates deeper into the skin (160-250 pm) than UVB radiation (17-
49 nm) reaching the vascular network.

Therefore, in recent years, skin cancers, particularly melanomas,
have become an important public health issue and there has been a
considerable interest of new sunscreen products. The required fea-
ture of sunscreens is to spread and block the solar UV light from
UVB/UVA range (290-400 nm) avoiding it to penetrate in the skin.

In order to minimize the effects of ultraviolet radiations to the
skin, some compounds with particular chromophores have been
used in the photoprotectors. Formulations of sunscreens can be di-
vided into organic absorbers and inorganic blockers on the basis of
their mechanism of action [1]. The organic compounds absorb UV
rays with excitation to a higher energy state, which can be repre-
sented by p-aminobenzoic acid, salicylates, cinnamates, benzophe-
nones, butylmethoxydibenzoylmethane, drometrizole, and
trisulfonic acid. The inorganic agents include titanium dioxide
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and zinc oxide, which can offer some visible light protection by
reflecting and/or scattering most of the UV-rays through its high
refractive index [3].

2-Ethylhexyl (2E)-3-(4-methoxyphenyl)prop-2-enoate - also
known as 2-ethylhexyl p-methoxycinnamate and octyl p-meth-
oxycinnamate (OMC) is the most common cinnamate and probably
the most common UV filter used globally (Zmax, 311 nm) [4]. The
behavior of OMC in light has been the subject of several papers
[1,4].

The aim of this Letter is to study the ultraviolet spectrum of
OMC molecule, using the TD-DFT method based on generalized
gradient approximation (GGA) functionals, and analyzes the sol-
vent effects of the experimental data collected in the wavelength
range from 200 to 400 nm. This theoretical study is inserted in
the scope of a research program aiming to design, synthesize,
and perform effectiveness evaluation of new UV absorbing agents.
In this case, it will contribute to the optimization of the new
compounds.

2. Computational details

Theoretical prediction of absorption spectra for polyatomic sys-
tems requires some compromise between computational cost and
accuracy. Time dependent (TD) is the least expensive method for
systems of large number of atoms without including multielectron
excitations. TD density functional theory (DFT) using hybrid DFT/
HF approach, based on the Becke’s three-parameter hybrid method
by means of the Lee-Yang-Parr correlation functional (B3LYP), and
the Perdew-Burke-Erzenrhof exchange-correlation functional
(PBE1PBE), were recently applied to calculate geometrical optimi-
zations and vertical transitions from ground to the low-lying
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Figure 1. Conformational study of OMC molecules. The dihedral angles (¢1, ¢2) were used for the conformational search.

Table 1

Absorption wavelength and energy difference of four lowest stable configurations of OMC at TD-PBE1PBE/6-31+G(2d)//PM5 level. The dihedral angles (degrees) and A, B, C, D, E

structures were shown in Figure 1.

A B C D E
$1 (%) -179.8 179.1 ~178.9 178.5 14
és () 165.0 165.0 —450 15.0 113.9
Wavelength absorption (nm) Acetone 301 308 293 304 281
Benzene 298 306 292 301 281
DMSO 302 310 294 306 282
Ethanol 301 308 293 304 281
Energy difference” (kJ/mol) Acetone 6.42 0.00 13.29 4,76 70.29
Benzene 5.92 0.00 13.95 3.96 61.87
DMSO 6.52 0.00 13.21 4.87 70.95
Ethanol 6.58 0.00 13.32 4.90 70.79

" The (total) energy difference is in relation to the most stable B isomer.

Q 4 ) 4 ¥8

singlet electronic excited states with agreement to the experimen-
tal data [5,6]. The hybrid meta exchange correlation functional,

@ N L6 L ﬁ’}v ¢ i called MO6 [7] and the pure PBEPBE functional were also used.
‘r,_b a5 7 7 \0/1 6 . o The conformational search was carried out with PM5 semiem-
1 % 5 o 4 @ 9 & T 1 pirical method, available in the CacHe program [8]. The minimum
2 4 ® ~ .;" [ b energy conformation was used for the optimization at PBE1PBE/
- ¢ 6-31+G(2d), B3LYP/6-31+G(2d), PBEPBE/6-31+G(2d), and MO06/6-
& - 31+G(2d) levels of theory. These optimized geometries were used
@ for the TD-DFT calculation of the excited states. TD-DFT calcula-
Figure 2. Optimized geometry at PBE1PBE/6-31+G(2d) level. tions have shown a good comparison to experimental absorption

Table 2

Interatomic distances (A), bond (ot), and dihedral angles (¢) (degrees) of OMC. See Figure 2 for the labels.

OMC PBE1PBE/6-31+G(2d) B3LYP/6-31+G(2d) PBEPBE/6-31+G(2d) MO06/6-31+G(2d) Experimental”
d(C1-02) 1.4092 1.4202 1.4282 1.4074 1417
d(02-C3) 1.3498 1.3584 1.3642 13500 1357
d(Cc7=08) 1.2100 1.2143 1.2249 1.2086 1.194
d(C7-09) 1.3460 13552 13702 13472 1324
d(09-C10) 1.4286 1.4413 1.4471 1.4278 1.452
o(1-2-3) 118.08 118.62 117.75 118.20 118.12
%(7-9-10) 115.81 116.38 115.32 116.00 116.19
$(4-5-6-7) 179.55 179.95 179.94 179.91 176.61
$(5-6-7-9) 179.55 179.92 179.99 179.77 174.06

" Experimental data from the MMC molecule [14].
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Figure 3. (a) HOMO orbital and (b) LUMO orbital of OMC molecule optimized at
PBE1PBE/6-31+G(2d) level.

wavelengths [9]. Initially, they have been calculated in the vacuum,
then the solvent effects on the excitation energies were computed
through the integral equation formalism of the polarizable contin-
uum model (IEF-PCM) [10], into the consistent reaction field,
where the solvent is taken into account by means of a polarizable
dielectric medium. The solvents used are the following: dimethyl
sulfoxide (DMSO), acetonitrile, methanol, ethanol, acetone, dichlo-
roethane, dichloromethane, tetrahydrofuran, chloroform, o-xylene,
toluene, xylene-mixture, m-xylene, p-xylene, benzene, and hexane.
The TD and DFT calculations were performed using the Gaussian 09
program package [11].

3. Experimental details

The stock solutions were prepared starting with 0,2 mg of
2-ethylhexyl-4-methoxycinnamate, measured on an analytical bal-
ance (semi-micro), diluted in 10 mL of the following solvents
acetonitrile (ACS, 99.9%), absolute ethanol (ACS/USP, 99.9%),
methanol (HPLC/SPECTRO, 99.99%), chloroform (ACS, 99.8%),
dichloromethane (ACS, 99.5%), hexane (ACS, 95.0%), tetrahydrofu-
ran (HPLC/SPECTRO, 99.8%), and xylene (ACS, 98.5%) purchased
from TEDIA; toluene (ACS/ISO; 99.5%) from Merck and dimethyl-
sulfoxide (ACS, 99.9%) from Synth. These stock solutions were
further diluted in their respective solvents using 125 pL of each
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Figure 4. Theoretical results of solvent effects on absorption wavelengths
compared to the experimental data.

solution to 5 mL to give final concentration of 0,5 mg L~!. The spec-
tra were obtained on Cary 50 Varian spectrophotometer in the
wavelength range from 200 to 400 nm with a scan rate of 60 nm/
min and error of 0.5 nm.

4. Results and discussions

Firstly, we have carried out a conformational study of OMC
using the PM5 semiempirical method. Two dihedral angles were
scanned in order to find the lowest stable conformations. The
PM5 optimized molecules of five lowest energies (Figure 1) from
the conformational search were taken for the calculation of absorp-
tion wavelength at TD-PBE1PBE/6-31+G(2D) level with four differ-
ent solvents, acetone, benzene, DMSO, and ethanol (Table 1). A and
B are trans isomers (in regard to the C=C bond), while C, D, and E
are cis isomers. Table 1 also shows the energy difference of A, C, D,
and E isomers in relation to the B isomer. The B isomer, almost pla-
nar trans-trans structure, showed the lowest energy and was used
for the optimization using different functionals. The wavelength
absorption for the B trans isomer is in accordance to the experi-
mental value of 310 nm in ethanol while the cis isomer has an
experimental absorption value of 301 nm [4,12]. Therefore, the

Table 3
Absorption wavelengths (nm) and oscillator strength (in parenthesis) of OMC molecule at TD-DFT/6-31+G(2d)//DFT/6-31+G(2d) level.
PBE1PBE B3LYP PBEPBE MO06 Experimental
DMSO 310 (1.021) 321 (0.993) 358 (0.898) 317 (0.967) 313
Acetonitrile 309 (1.008) 319 (0.982) 356 (0.884) 315 (0.954) 308
Methanol 309 (1.005) 319 (0.977) 356 (0.881) 315 (0.951) 310
Ethanol 309 (1.011) 319 (0.983) 356 (0.888) 316 (0.957) 311
Acetone 309 (1.010) 319 (0.982) 356 (0.888) 315 (0.957) -
Dichloroethane 310 (1.024) 320 (0.997) 357 (0.905) 316 (0.969) -
Dichloromethane 309 (1.021) 320 (0.993) 356 (0.902) 316 (0.966) 309
Tetrahydrofuran 309 (1.017) 319 (0.990) 356 (0.899) 315 (0.962) 309
Chloroform 309 (1.022) 319 (0.996) 355 (0.908) 315 (0.967) 309
o0-Xylene 308 (1.029) 318 (1.003) 353 (0.914) 315 (0.971) -
Toluene 308 (1.027) 318 (1.001) 353 (0.920) 315 (0.969) 309
Xylene-mixture 308 (1.028) 318 (1.002) 353 (0.920) 315 (0.970) 309
m-Xylene 308 (1.027) 318 (1.002) 353 (0.920) 315 (0.969) -
p-Xylene 308 (1.027) 318 (1.001) 353 (0.920) 315 (0.969) -
Benzene 308 (1.028) 318 (1.002) 353 (0.921) 315 (0.969) -
Hexane 305 (1.006) 315 (0.980) 349 (0.899) 312 (0.947) 306
Vacuum 295 (0.896) 302 (0.871) 336 (0.788) 302 (0.836) -

This table is written in order of decreasing solvent dielectric constant.
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absorption maxima depend on the polarity of the used solvent. The
equilibrium shifted to higher concentration trans OMC when less
polar solvent was used, as trans OMC is more hydrophobic than
cis OMC [12]. It is expected that /. cis-isomer is less than Ayax
trans-isomer [13], which was shown by the calculated values for
the cis and trans isomers (Table 1).

The singlet electronic ground state geometry of OMC molecule
(Figure 2) was firstly optimized in vacuum using DFT. In general,
the optimized geometries show similar results among the methods
used, then only the PBE1PBE results were depicted in Figure 2.
Table 2 shows the optimized geometry results for the B isomer at
different levels of theory. The interatomic distance has a highest
mean standard deviation of 0.0172 A, while the highest standard
mean deviation of angles is 1.13°. Presently, there is no available
experimental data of OMC structure, then the data of methyl 3-
(4-methoxyphenyl) prop-2-enoate or methyl p-methoxycinnamate
(MMC) [14] which have similar chromophore structure (carbon C1
through C13) centers was used to analyze the theoretical results.
The MMC has slightly smaller values of interatomic distances than
the results obtained with DFT methods; the exception is the carbon
ester terminal, OCHs. The largest absolute deviation was found for
the second dihedral angle, of almost 6°. Therefore, the obtained
geometries are in agreement with the experimental result of
MMC. The ground state DFT wave function of OMC consists of 79
occupied orbitals. The HOMO (highest occupied molecular orbital)
is mainly 7 orbital and the LUMO is mainly t* antiligant orbital
(Figure 3). These results suggest that there is no charge transfer
for the HOMO-LUMO transition. Lone pairs are also shown in
Figure 3.

We have calculated the vertical transition, i.e., the Franck-
Condon principle, where the electronic transition is carried out
without changes in the nuclear positions. Table 3 shows the TD
vertical electronic transition wavelengths for the optimized geom-
etries using the 6-31+G(2D) basis set, the IEF-PCM solvent model,
and the B3LYP, PBE1PBE, PBEPBE, and M06 DFT functionals. The
experimental absorption data are also shown in Table 3 for the fol-
lowing solvents: acetonitrile, methanol, ethanol, dichloromethane,
tetrahydrofuran, chloroform, toluene, xylene, and hexane. Often,
the maximum absorption wavelength of OMC was usually sub-
jected to solvent effects, in which bathochromic shifts were ob-
served in more polar solvents [12]. A small red shift of the wide
band is observed when the solvent polarity is increased, indicating
that this band is the result of a m—m* transition. Otherwise, peaks
resulting from n — m* transitions are shifted to shorter wave-
lengths as the solvent polarity increase, due to the solvation of lone
pairs. Therefore, the results mainly suggest m — ©* contribution for
this transition, and the charge transfer remains on the same chro-
mophoric site. The pure density functional, PBEPBE, shows the
largest wavelength absorption for all studied solvents, while
PBE1PBE gives the smallest values, and M06 has the same trend
of B3LYP. Therefore, the hybrid functionals show better agreement
compared to the experimental absorption wavelength than the
pure functional. These results are in accordance to the theoretical
studies that report pure functionals with largest wavelength
absorption [15]. Our experimental data show agreement with the
literature for acetonitrile (308 nm [16]), methanol (310 nm [16]

and 309nm [17]), ethanol (310nm [12]), dichloromethane
(310nm [16]), tetrahydrofuran (308 nm [16]), and toluene
(309 nm [17]). There is also an agreement of the calculated data
with our experimental results (Figure 4). In general, the experi-
mental spectra show a mean value for the maximum absorption
at almost 310 nm in accordance to the mean value of 309 nm for
the literature [12,16,17], excepting the hexane solvent which has
a different behavior with maximum absorption in 290 nm [12],
which is in contrast to our experimental result of 306 nm. Other-
wise this experimental value is in better accordance to the
PBE1PBE value of 305 nm than the one from the literature. Despite
the solvation model is implicit, i.e., the solvent is taken into ac-
count by means of a polarizable dielectric medium, IEF-PCM repro-
duces the qualitative effects of solvatochromic shifts.

5. Conclusions

We have carried out TD-DFT with IEF-PCM solvent model and
recorded the ultraviolet absorption spectra of 2-ethylhexyl-4-
methoxycinnamate. Several functionals were employed: PBE1PBE,
B3LYP, PBEPBE, and M06 methods with 6-31+G(2d) basis set.

The TD-PBE1PBE method shows the best agreement to the
experimental results and the main energy absorption is due to
the HOMO-LUMO transition. The results mainly suggest © — 1*
contribution for this transition. MO6 and B3LYP show basically
the same behavior, while pure functionals have the largest absorp-
tion wavelength.
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