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The structural and electronic properties of methoxy substituted cinnamates with five
different substituted positions were investigated using the time-dependent density functional
theory (TD-DFT) and symmetry-adapted cluster configuration interaction (SAC-CI)
methods. These series included cis- and trans-isomers of ortho-(1), meta-(2), and para-(3)-
monomethoxy and 2,4,5-(4) and 2,4,6-(5) trimethoxy substituted compounds. The ground
state geometries were obtained at the B3LYP/6-31G(d) and B3LYP/6-311G(d) levels of
theory, whereas, the excited state geometries were obtained at the CIS/D95(d) levels of
theory. All the compounds were stable as cis- and trans-isomers in the planar structure in
both the Sy and S; states, except the 2,4,6-(5)-trimethoxy substituted compound. The TD-
B3LYP/6-31G(d) and SAC-CI/D95(d) calculations reproduced the recently observed
absorption and emission spectra satisfactorily. Three low-lying excited states were found to
be relevant for the absorption in the UV blocking energy region. The calculated oscillator
strengths of the trans-isomers were larger than the respective cis-isomers, which is in good
agreement with the experimental data. In the ortho- and meta-monomethoxy substituted
compounds, the most intense peak was assigned as the transition from next HOMO to
LUMO, whereas in the para-monomethoxy substituted compound, it was assigned to the
HOMO to LUMO transition. This feature was interpreted as being from the variation of the
MOs due to the different substituted positions, and was used to explain the behavior of the
excited states of the trimethoxy substituted compounds. The emission from the local
minimum in the planar structure was calculated for the cis- and trans-isomers of the five
compounds. The relaxation pathways which lead to the non-radiative decay were also
investigated briefly. In the TD-DFT and SAC-CI calculations provide reliable results and a
useful insight into the optical properties of these molecules, and therefore, provide a useful

tool for developing UVB blocking compounds with regard to the tuning of the absorption.
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STRUCTURAL AND ELECTRONIC PROPERTIES OF METHOXY
SUBSTITUTED CINNAMATES BASED ON QUANTUM CHEMICAL
CALCULATIONS

INTRODUCTION

The sun emits a wide spectrum of electromagnetic waves, which ultraviolet
radiation (UVR) is the most aggressive towards cellular compounds. Solar UV
radiation reaches the earth as well as our skin, is composed of 5-10% highly energetic
UVB (290-320 nm) and 90-95% UVA (320-400 nm) which less energetic. The UVB
radiation is a directly absorbed by skin surface caused sunburn. Whereas, UVA
radiation is more penetrate into deeper skin layer caused suntan, it had been

considered to produce less harm than UVB.

As the result, sunscreens were initially developed to protect and minimize all
those damaging effects and various photosensitivity and phototoxicity on human skin
against UVB radiation. Esters of 4-methoxycinnamic acid are the most popularly have
been used as UVB screening compounds in various cosmetic formulations. It has an
excellent safety record, is moisturizing, water insoluble, and adheres tenaciously to
the skin.

Moreover, cinnamate is one of the interesting arylene system. Cis-trans
photoisomerization of cinnamate and their derivatives has been the subject of several
investigations. However, only few photophysical properties and photoisomerization
mechanisms have been studied on experimental and theoretical of cinnamic acid and

some unsubstituted cinnamate.

In this work, the structural and electronic properties of the cis- and trans-
isomers of methoxy substituted cinnamates have been theoretically investigated using
the time-dependent density functional theory (TD-DFT) and Symmetry-Adapted
Cluster Configuration Interaction (SAC-CI) methods. The target molecules were

ortho-(1), meta-(2), and para-(3) monomethoxy substituted cinnamates, and 2,4,5-(4)



and 2,4,6-(5) trimethoxy cinnamates, as shown in Figure 1, whose experimental
spectra were reported recently. The vertical absorption and emission spectra were
calculated at the theoretically optimized molecular geometries. The change in
geometry in the first excited state was qualitatively interpreted by using electrostatic
force (ESF) theory were performed by Nakatsuji et al., (1973) and (1981). The
relaxation paths which lead to the non-radiative decay were also briefly addressed.
The difference in electronic transitions among these molecules and the effect of
methoxy substitution at the ortho-, meta-, and para-positions were analyzed. In
addition, the monomethoxy substituted cinnamates were used for explaining the
behavior of trimethoxy substituted cinnamates. The obtained results will lead to the
understanding of photophysical properties of UV absorption and emission transition

between two isomers that can be used in cosmetics.

Compounds R, Rs R4 Rs Rs

1 OCH; H H H H
2 H OCHs H H H
3 H H OCHs H X
4 OCH; H  OCH; OCH; H
5 OCH; H OCH; H  OCHs

Figure 1 Chemical structures of cinnamate derivatives.

Source: Karpkird (2009)



LITERATURE REVIEW

Cinnamates have received much attention, as they are the most widely used
UVB blocking compounds among the various cosmetic sunscreen agents. Recently, 2-
ethylhexyl-4-methoxycinnamate, as well as other cinnamate derivatives, has been
developed by Oriol et al., (2003) and Monhapol et al., (2007) as a commercial
product. Cinnamates achieve UVB blocking from a > absorption followed by a cis—
trans isomerization at the propenyl double bond in the first excited state (S;) and a
relaxation to the ground state (So) involving non-radiative decay, has been
investigated by Pattanaargson et al., (2001) and Wang et al., (2007). Pattanaargson et
al., (2004) has been studied when exposed to sunlight, this UVB filter will change
from octyl-para-methoxy-trans-cinnamate (E-OMC) to octyl-para-methoxy-cis-
cinnamate (Z-OMC). The UV absorption spectrum of this UV filter was also shown to
be affected by solvents. The study showed a bath chromic shift of the Amax in the
UVB region (290-320 nm) from a non-polar solvent to a polar solvent. Although no
other degradation product was detected when E-OMC was exposed to sunlight except
the configurationally isomer Z-OMC, the UVB filtering efficiency was shown to be

decreased.

As a UVB blocking compound, the optical properties, in particular the
photoabsorption efficiency in the UVB energy region is an important factor. In order
to achieve the favorable optical properties, molecular design using the variation of the
substituents has been extensively performed. The photochemistry of the process and
the involvement of a intramolecular charge transfer (ICT) state resulting from a
rotation at the C=C double bond has also been studied by Singh et al., (2008) and
Chakraborty et al., (2006). Smith et al., (1998) shown that diethyl ether enhance
photoisomerisation by competing with and thereby disrupting, the hydrogen bonding
between cinnamic acid and other polyene carboxylic acid molecules which impedes
rotation about their double bonds. Photoisomerisation is reversible and, after a period
of exposure to UV radiation, a photostationary, cis-trans equilibrium is attained. As
the UVB absorbance of the cis-isomer is less than that of the trans-isomer. For
example, Huong et al., (2007) and Pattanaargson et al., (2004) investigated the



photoisomerization of the sun filter ethylhexyl-para-methoxycinnamate (OMC) was
studied under various concentrations in various solvents was measured. The result
indicates that equilibrium of photoisomerization depends upon concentration and
polarity of the solvent used. To explain these special spectral behaviors, the quantum
chemical calculations were performed by Yang et al., (2008) investigated that the
ground state and excited state molecular geometries, electronic structure, absorption

and emission properties.

Several experimental and theoretical studies have been conducted to elucidate
the optical properties and photochemistry of cinnamates. Singh et al., (2008) has been
utilized to investigate the photochemistry of trans-ethyl-para-(dimethylamino)
cinnamate by examining the twist coordinates by using time-dependent density
functional theory (TD-DFT), corroborating the experimental observation that the
formation of an intramolecular charge transfer state is feasible in the excited state.
Recently, the photophysical properties of methoxy substituted cinnamates, i.e., ortho-,
meta-, and para-monomethoxy cinnamates and 2,4,5- and 2,4,6-trimethoxy 2-
ethylhexyl-cinnamates, have been investigated experimentally to develop better UVB
filter compounds are shown as Karpkird et al., (2009). The excited states and
spectroscopic properties of para-hydroxy cinnamate were investigated using TD-DFT
and CASSCF methods by Groot de M. et al., (2009). Pattanaargson et al., (2004) and
Smith et al., (1998) were also observed that the UV absorption and fluorescence are
affected by the solvent, with a shift to longer wavelengths in polar solvents. These
studies have provided some useful insights into the optical properties of these
molecules. However, reliable theoretical work is still necessary to understand the
details of the optical properties of these molecules, such as the difference in the

absorption and emission of the cis- and trans-isomers and the effect of the solvent.

In the quantum chemical calculations are carried out in order to determine the
energy required for configurationally changes. The calculated reaction path between
different structures and the localization of the transition state exhibit a high
photosensitivity in the visible or the near infrared spectrum for this ester and related in

different positions of the aromatic group. The optimized structure obtained for the



configurations reveal a planar molecular system about the conjugated = system. In
2005 and 2007, Suramitr and coworker investigated the torsional energy curves for
the carbazole-based molecules by partial optimization, based on the B3LYP method.
The torsional angle () is defined as @ = 0° corresponds to the cis-isomer and o =
180° corresponds to the trans-isomer. All stationary points located on the torsional
energy were characterized as minima by harmonic frequency calculation for minimum
energy structures all frequencies are real and symmetrical torsional angle

synchronously.

Jacquemin et al., (2007) found that the low-lying excited states using the time
dependent density functional theory (TD-DFT) have been the subject of an intense
study and a detailed understanding of its photochemistry. TD-DFT methodology
allowing excited state optimizations with the inclusion of bulk solvent effects has
been proposed and applied compare gas-phase and solvent effect. In addition, the
wavelengths of absorption and emission have been compared to the available
experimental values. Yang et al., (2008) and Meeto et al., (2008) shown that TD-DFT
was used for the vertical excitation energies and absorption properties calculation and
the optimized geometry in the ground state was employed to perform this vertical TD
calculation. The compounds were performed by single point calculations at the
optimized geometries of the ground state. The excitation energy, based on the first
and second singlet-singlet electronic transitions were studied. The implicit assumption
underlying this approximation is that the lowest singly excited state can be described
by only one singly excited configuration in which an electron is promoted from the
Highest Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular
Orbital (LUMO) are given in Suramitr et al., (2005 and 2007).

The symmetry-adapted cluster configuration interaction (SAC-CI) method was
developed by Nakatsuji and coworkers to obtain a detailed interpretation and
prediction of the molecular spectroscopy and photochemistry of the molecules. The
SAC-CI method has been established by Nakatsuji (1992) and Ehara et al., (2005) as
a reliable and useful method for investigating a wide variety of chemical phenomena
through many successful applications. The method has been utilized for the accurate



theoretical spectroscopy of many m-conjugated systems by Nakatsuji et al., (1985)
and Wan et al., (2000). Nakatsuji et al., (1996, 1998 and 2007) and Fujimoto et al.,
(2005) have also been applied to the photochemistry of biological systems, such as
porphyrins, photosynthetic reaction centers, retinal, and luciferin. Recently, the
photophysical properties and excited state dynamics of fluorescent molecules, such as
fluorine-thiophene oligomers and poly(para-phenylene-vinylene) and poly(para-
phenylene) that are useful for organic light-emitting diodes were investigated and the
absorption/emission spectra of these molecules were elucidated by Poolmee et al.,
(2005) and Saha et al., (2007). These works confirm that the SAC-CI method is useful
for investigating the electronic excitations and excited state dynamics of large r-

conjugated systems.



METHOD OF CALCULATIONS

1. Model setup

The molecular structure of the cis- and trans-isomers of methoxy substituted
ortho-(1), meta-(2), para-(3) monomethoxy substituted cinnamates and 2,4,5-(4) and
2,4,6-(5) trimethoxy substituted cinnamates is shown in Figure 1. In this work, the
structural and electronic properties of the cinnamate compounds are shown in Figure
2(a) were investigated using the TD-DFT methods. Whereas, the model compounds
are shown in Figure 2(b) were investigated using the SAC-CI method by modifying
the hydrocarbon side chain to methyl group. To reduce the computational
requirements without sacrificing the essence of the excitation, as the electronic
structure relevant to the photophysical properties can be described using this

molecular structure.

Figure 2 Molecular structures and atom numbering of the trans-1 compounds for the
(a) TD-DFT and (b) SAC-CI calculations.



2. Geometrical optimization

The molecular structure of the cis- and trans-isomers of methoxy substituted
ortho-(1), meta-(2), para-(3) monomethoxy cinnamates and 2,4,5-(4) and 2,4,6-(5)
trimethoxy cinnamates were investigated based on the time-dependent density
functional theory (TD-DFT) and symmetry-adapted cluster configuration interaction
(SAC-CI) methods.

In the TD-DFT calculations, the ground state (Sp) geometries were fully
optimized without restricting the symmetry using the B3LYP/6-31G(d) method along
the torsional angle («C4-C7-Cs-Cyg) are shown in Figure 2(a). Whereas, the SAC-CI
calculations, the ground state (Sp) geometries were fully optimized without restricting
the symmetry using the B3LYP /6-311G(d) method along the torsional angle (~C3-Csg-
C10-C12). In addition, to investigate the energy barrier of the model compound for the
rotation of the methoxy group which affects the optical properties, the ground state
potential energy curves along the rotation (&) of the methoxy group with respect to the
phenyl ring (LC;-C,-O15-C19) Were calculated using the B3LYP/6-311G(d) method

are shown in Figure 2(b).

The potential energy curve of the ortho-(1), meta-(2), and para-(3)
monomethoxy substituted cinnamates, and 2,4,5-(4) and 2,4,6-(5) trimethoxy
cinnamates were investigated by partial optimization, based on the B3LYP/6-31G(d)
method. Each point on the potential energy curve of the ground state was obtained as
a function of the torsional angle ~C3-C4-C;-Cg by fixing ~C3-C4-C7-Cg and its
symmetrical torsional angle synchronously, at 30° intervals, between 0° and 180° and

optimizing all other parameters.

To calculate the emission energy, the geometry optimization was performed
for the first singlet excited (S;) states using the CIS/D95(d) method with restricting
the planar structure, except for the cis-5 compound. The emission from this local

minimum was observed in previous experimental work, although the global minimum



exists in the nonplanar structure where the torsional angle of the ~C3-Cg-C1p-Cy2

chain is around 90°.
3. Electronic properties

The absorption energies were calculated using the TD-DFT and SAC-CI
methods. In the TD-DFT calculations, the vertical excitation energies were calculated
for the optimized geometries of the ground state with the B3LYP/6-31G(d) method.
The effects of solvent inclusion were analyzed by comparisons between gas-phase
and methanol solution systems by the polarized continuum model (PCM). Whereas,
the SAC-CI calculations, the vertical excitation energies were calculated for the
optimized geometries of the ground state with the double-zeta basis set of the
Huzinaga and Dunning plus polarization function (D95(d)).

The emission energies were calculated using the SAC-CI method with the
D95(d) basis sets. The SAC-CI calculations based on the CIS optimized structure
have been validated in many applications for photofunctional molecules and

biological compounds.

To reduce the computational requirement, the singles and doubles (SD)-R
method with the direct calculation of the c-vector, i.e., the direct SAC-CI approach
was used. The perturbation selection technique was used to reduce the computational
cost and a Level-Two accuracy was adopted. The threshold of the linked terms for the
ground state was set to Ay = 5.0 x 10°°. All the product terms generated by the doubles
were included in the SAC calculations. For the excited states, the threshold of the
linked doubles were set to A = 5.0 x 10~ All the product terms generated by the R3S,

and RS, operators were included in the SAC-CI calculations.

All calculations were performed using the Gaussian03 suite of programs
whereas, the SAC/SAC-CI calculations with modifications for executing the direct
SAC-CI method.
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RESULTS AND DISCUSSION

1. TD-DFT calculations

1.1 Molecular geometries

The molecular structure of the cis- and trans-isomers of the cis- and trans-
isomers of methoxy substituted ortho-(1), meta-(2), para-(3) monomethoxy
cinnamates and 2,4,5-(4) and 2,4,6-(5) trimethoxy cinnamates are shown in Figure 3.
As the results, all compounds are stable at cis- and trans-isomers and the torsional
angle (C3-C4-C7-Cg) locates around 0°and 180°, respectively, are displayed in Table
1. All the compounds, except for the cis-5 structure has been distorted by the steric

interaction of methoxy group substitution at ortho-position (R, and Rg) are displayed

in Figure 4.
7
NN
T 9
R
X 0 0

Figure 3 Molecular structure of cis-(top) and trans-(bottom)-isomers of cinnamate

derivatives with atom numbering.
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Table 1 Ground state bond length (A) for cis- and trans-isomer of methoxy
substituted cinnamate were optimized at ground state by the B3LYP/6-
31G(d) level of theory.

cis-isomer trans-isomer
Parameters 1 2 3 4 5 1 2 3 4 5
Bond
lengths

rl 1.398 1.398 1.383 1.400 1.391 1.400 1.401 1394 1.403 1.391
r2 1428 1406 1416 1418 1.418 1.421 1400 1.404 1.411 1.427
r3 1462 1467 1460 1454 1.465 1461 1.464 1.458 1.455 1.454
4 1.358 1.355 1.358 1.361 1.350 1.347 1.345 1.347 1.350 1.352
s 1473 1475 1471 1469 1474 1475 1477 1474 1471 1473
r6 1.361 1.360 1.361 1.363 1.366 1.359 1.357 1.358 1.362 1.364
r 1441 1442 1441 1439 1438 1441 1443 1441 1440 1.438
r8 1530 1529 1530 1530 1.531 1530 1.529 1.530 1.530 1.530
r9 1553 1553 1.553 1553 1,552 1.553 1553 1.552 1.553 1.553
r10 1536 1536 1.536 1536 1536 1.536 1536 1.536 1.536 1.536
ril 1534 1534 1534 1534 1534 1534 1534 1534 1534 1.534
ri2

1532 1532 1532 1532 1532 1532 1532 1532 1532 1.532
Torsional angle (~C;-C4-C;-Cg)
-0.5 0.0 -0.2 0.5 7.1 179.6 179.8 179.6 180.0 179.8
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Figure 4 Intra-molecular hydrogen bonding interaction of cis-5 (left) and trans-5

(right)-isomers of cinnamate derivatives.

1.2 Conformational analysis

The molecular structure of the cis- and trans-isomers of the cis- and trans-
isomers of methoxy substituted ortho-(1), meta-(2), para-(3) monomethoxy
substituted cinnamates and 2,4,5-(4) and 2,4,6-(5) trimethoxy substituted cinnamates
were examined for the torsional angle (~C3-C4-O7-Cg) from 0 to 180° in steps of 30°.
The potential energy curves for this rotation of 5 compounds are shown in Figure 5. It
was found that the torsional angle (~C3-C4-O7-Cg) as 0° are corresponding to cis-
isomer and the torsional angle (~C3-C4-O7-Cg) as 180° are corresponding to the trans-
isomer. At the torsional angle of 90° the energy barrier to the perpendicular
conformation for ortho-(1), meta-(2), para-(3), 2,4,5-(4) and 2,4,6-(5) compounds was
6.27,5.72, 6.89, 7.26 and 7.49 kcal/mol, respectively. Therefore, the torsional energy
barrier of the 2,4,5-(4) and 2,4,6-(5) compounds are higher than the para-(3), ortho-(1),
and meta-(2) compounds. This shows that the ortho-(1), 2,4,5-(4) and 2,4,6-(5)
compounds have intramolecular C-H:-*O hydrogen bond interaction between the

oxygen atom of the methoxy group and the hydrogen atom in the vinylene group .



13

Relative energy (kcal/mol)

_ %J.

T T T T T T T T T T T T T T T

0 20 40 60 80 100 120 140 160 180
Torsional angle (degree)

Figure 5 Ground state potential energy curves along the torsional angle (~C3-C4-O7-
Cg) of methoxy substituted cinnamates obtained by using the B3LYP/6-
31G(d) method.
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1.3 TD-DFT absorption spectra

The vertical excitation energies (Ee) were performed by single point
calculations at the optimized geometries of the ground state by the TD-B3LYP/6-
31G(d) methods. In the Table 2, there are three low-lying excited states to be relevant
in the energy region of the UV absorption. For the gas phase, the mono-substituted
methoxycinnamates are ortho-(cis-1 and trans-1), meta- (cis-2 and trans-2) and para-
(cis-3 and trans-3) found that the largest transition probabilities of ortho- and meta-
positions are the transition from the ground state to the third excited state (So—S3) and
main electronic transitions are corresponding to next HOMO excite to LUMO.
Whereas, the largest transition possibilities of para-position is the transition from the
ground state to the first excited state (So—S1) and corresponding to the electronic
excitation from HOMO to LUMO.

In Table 3, trimethoxy substituted at ortho-, meta- and para-positions (cis-4
and trans-4) give the largest transition from ground state to first excited state (So
—381). The main electronic transition is corresponded to HOMO excite to LUMO, as
same as the compounds which have only substituted at ortho and para position (cis-5
and trans-5). It is indicated that the para-methoxy substitution is an important effect to

electronic properties of cinnamate derivatives, based on Figure 6.



Table 2 Excitation energy (Eey), absorption wavelength (Amax) and oscillator strength (f) of gas phase and solvent effect for the cis-and

trans-isomers of monomethoxy substituted cinnamates calculated using the TD/B3LYP/6-31G(d) level of theory.

Molecule Excited Gas phase Solvent effect Excitation Experiment(nm)
state Eex (V)  Amax(nm) f Eex (V)  Amax(nm) f character MeOH Hexane

cis-1 So — 81 3.86 321 0.28 3.71 334 0.35 060 (H —1L) 313

So — S 4.28 290 0.00 4.32 287 0.38 0.68 (H-2—1L)

So — 83 4.43 280 0.39 4.39 283 0.01 059 (nH — L) 271 274
trans-1 So — 81 3.97 313 0.36 3.77 329 0.41 060 (H —1L) 325

So — S, 4.35 285 0.00 441 281 0.45 068 (H-2—-1L)

So — 83 4.59 270 0.42 4.60 269 0.01 059 (nH —1L) 276 272
cis-2 So — 81 3.76 330 0.04 3.73 332 0.05 065 (H —1L) 313

So — S, 431 288 0.00 4.36 284 0.75 069 (H-2—-1L)

So — 3 4.49 276 0.66 4.42 280 0.01 061 (nH — L) 274 271
trans-2 So — 81 3.97 312 0.06 3.83 324 0.09 062 (H —L) 313

So — S, 4.38 283 0.00 4.42 281 0.84 068 (H2—-1L)

So — 83 4.59 270 0.75 4.61 269 0.00 057 (nH —1L) 278 274
cis-3 So — 81 4.05 306 0.68 3.91 317 0.76 070 (H —1L) 303 296

So — S, 4.37 284 0.00 4.49 276 0.00 0.70 (H-2—-1L)

So — 3 4.56 272 0.01 4.54 273 0.01 061 (nH — L)
trans-3 So — 81 4.20 295 0.91 3.99 311 1.01 063 H —L) 309 290

So — S, 4.43 280 0.00 4.60 269 0.00 068 (H2—-1L)

So — 83 4.66 266 0.02 4.68 265 0.00 051 (nH —1L)

qT



Table 3 Excitation energy (Eex), absorption wavelength (1max) and oscillator strength (f) of gas phase and solvent effect for the cis- and

trans-isomers of trimethoxy substituted cinnamates calculated using the TD/B3LYP/6-31G(d) level of theory.

Molecule Excited Gas phase Solvent effect Excitation Experiment(nm)
state Eex (V)  Amax(nm) f Eex (V)  Amax(nm) f character MeOH Hexane
cis-4 So — 81 3.37 368 0.33 3.30 376 0.43 068 (H —1L) 345 349
So — S 4.28 290 0.39 4.21 295 0.38 0.67 (nH — L)
So — 53 4.40 282 0.00 4.46 278 0.00 069 (H-2—-1L)
trans-4 So — S 3.59 345 0.47 3.40 365 0.54 068 (H —L) 349 348
So — S, 4.42 280 0.00 4.30 288 0.44 069 (H2-—-1L)
So — 83 4.47 278 0.43 4.65 267 0.00 065 (nH —1L)
cis-5 So — 81 3.82 325 0.30 3.70 335 0.35 064 (H —1L) 305 298
So — S, 411 302 0.05 3.99 310 0.06 0.67 (nH — L)
So — 53 4.52 274 0.03 4.61 269 0.02 0.67 (H-2—1L)
trans-5 So — 81 412 301 0.85 3.90 318 0.94 062 (H —L) 320 312
So — S, 4.26 291 0.03 4.02 308 0.04 065 (nH — L)
So — 83 4.45 278 0.00 4.70 264 0.00 068 (H-2—-1L)

o1
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Figure 6 MOs relevant to the low-lying excited states for: (a) trans-1, (b) trans-2,(c)
trans-3, (d) trans-4 and (e) trans-5 of methoxy substituted cinnamates
calculated by using the TD-B3LYP/6-31G(d) method.
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1.4 Solvent effect

For the effects of solvent, all compounds were analyzed by the polarized
continuum model (PCM) in methanol solution systems by using the TD-B3LYP/6-
31G(d) methods (Table 2 and 3). The PCM model calculates the molecular free
energy in solution as the sum over three terms: electrostatic, dispersion-repulsion and
cavitation energy. All three terms are calculated using a cavity defined through
interlocking van der Waals-spheres centered at atomic positions. As the results, the
excitation energies of solvent effect shift to the longer wavelengths than the
experiment results. Because of the PCM methods is the simple method to analyzed

solvent effect in Gaussian03.

Comparison of the oscillator strengths between gas phase and solvent
effect for all the compounds found that the influence of the methanol solution lead to
increases absorption wavelengths. While, the oscillator strengths in gas phase agree
well with the experimental data in UVB absorption spectrum are displayed in Figure 7

and Figure 8.
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Figure 7 TD-DFT absorption spectra of the cis- and trans-isomers of the mono-

methoxy compounds compared with the experimental spectrum in methanol.
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compounds compared with the experimental spectrum in methanol.
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2. SAC-CI calculations

2.1 Structural properties

2.1.1 Ground state and excited state geometries

The ground (Sp) and first excited (S;) state geometries of the cis- and
trans-isomers of ortho-(1), meta-(2), para-(3) and the 2,4,5-(4) and 2,4,6-(5) methoxy
substituted compounds were investigated by B3LYP/6-311G(d) and CIS/D95(d)
methods, respectively. The molecular geometries were fully optimized both of the Sy
and S; state without restricting the symmetry along the torsional angle («C3-Cg-Cyp-
C12). The model structure and atomic numbering of 10 compounds are displayed in
Figure 9. The bond length results of the trans-isomers are shown in Table 4, and those
of the cis-isomers are given in Table 5. All the compounds, except for the cis-5
compound, had local minima in the coplanar structure of the cis- and trans-isomers in
both the Sy and S; states due to m-conjugation. As shown later, in the Sy state, the
rotational energy barrier of the methoxy group is very low, although the planar

structure is the most stable structure.

In the S; state, the global minima are in the form of a nonplanar structure, but
local minima exist in the planar structure. The emission was observed from this local
minimum in the planar structure, and in particular, a strong emission was observed for
compound 2. The lifetime was also measured for all the compounds with regard to
this emission. A characteristic molecule is the cis-5 compound, which has a stable
nonplanar structure with the torsional angle as 7.6° in the Sy state because of steric

effects. A local minimum of the cis-5 compound in the S; state could not be obtained.



(a)

(b)

(c)

(d)

(e)
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Figure 9 Model structure and atom numbering of cis-(left) and trans-(right)-isomers

of (a) ortho-(1) (b) meta-(2) (c) para-(3) (d) 2,4,5-(4) and (e) 2,4,6-(5)-
methoxy substitution calculated by using the SAC-CI method.
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Table 4 Ground state (Sp) and lowest singlet excited state (S;) geometries of trans-
isomers of methoxy substitution calculated by using B3LYP/6-311G(d) and
CIS/D95(d) methods, respectively.

trans-1 trans-2 trans-3 trans-4 trans-5

Parameters So Sl S() Sl So Sl So Sl SO Sl

Bond lengths

MCrCo) 1308 1376 1395 1.366 1.383 1.353 1.401 1.373 1.398 1.372
(CoCo) 1419 1467 1407 1432 1408 1.443 1408 1464 1418 1464
(CsCo) 1460 1400 1463 1403 1458 1.400 1453 1407 1452 1.402
(CoC) 1343 1400 1342 1397 1344 1400 1346 1392 1.348 1448
(CoCr) 1474 1456 1475 1457 1473 1454 1470 1392 1471 1411
(Co0uw) 1358 1336 1.355 1.335 1.358 1337 1.361 1.340 1.363 1.343
r(0-Cys)

1433 1.414 1434 1.414 1434 1414 1342 1412 1.431 1411
Torsional angle(~Cs-Cg-C19-C12)

180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0

Table 5 Ground state (Sp) and lowest singlet excited state (S;) geometries of cis-
isomers of methoxy substitution calculated by using B3LYP/6-311G(d) and
CIS/D95(d) methods, respectively.

cis-1 cis-2 cis-3 cis-4 cis-5
Parameters So Si So S So Si So S So
Bond lengths

r(Cr-Co) 1395 1376 1396 1.372 1.381 1.354 1.398 1.375 1.389

r(CorCs) 1426 1.480 1.403 1424 1414 1448 1416 1473 1415

M(Cs-Ce) 1460 1.406 1.466 1.409 1.459 1.406 1.452 1.413 1.464
r(Ce-Cio) 1.354 1.409 1351 1.404 1.354 1.412 1358 1.402 1.346
r(C0-Ci2) 1471 1456 1.474 1455 1.469 1452 1.467 1.451 1473
r(C12-O14) 1360 1.342 1359 1.340 1.360 1.343 1.362 1.344 1.365
r(014-Cz3)

1432 1.412 1433 1412 1433 1412 1.431 1410 1.430
Torsional angle(«Cs-Cg-C19-C12)

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.6
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Figure 10 A comparison of the changes in C-C and C-O bond lengths along the
conjugation between the ground state and the first singlet excited state (in
parentheses) of: (a) trans-1, (b) trans-2, (c) trans-3, (d) trans-4, and (e)
trans-5 calculated by using the B3LYP/6-311G(d) and CIS/D95(d)

methods, respectively.
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Figure 11 A comparison of the changes in C-C and C-O bond lengths along the
conjugation between the ground state and the first singlet excited state (in
parentheses) of: (a) cis-1, (b) cis-2, (c) cis-3, (d) cis-4, and (e) cis-5
calculated by using the B3LYP/6-311G(d) and CIS/D95(d) methods,

respectively.
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A comparison of the C-C and C-O bond lengths along the conjugation
between the Sp and S; state geometries of the trans-isomers of the methoxy substituted
compounds is shown in Figure 10, and those of the cis-isomers are given in Figure 11.
It was found that the C;-C,, C3-Cg, Ci0-Ciz, C12-O14, and O14-Co3 bond lengths
decrease and the length of the other bonds increases. In the S, state, the C-C bond
alternation exists for both the single and double bonds, but this bond alternation
relaxes in the S; state. Since the excitation is relatively localized in the central unit,
the prominent changes occur in the vinylene unit. For example, in the trans-1
compound, the change in bond length is Ar = +0.048, —0.060, and +0.057 A for C,-Cs,
C3-Cg, and Cg-Cyg, respectively, while the other changes in bond length are within
0.022 A.

2.1.2 Geometry relaxation in excited state

The geometry change in the excited state could be qualitatively
interpreted using ESF theory. We analyzed the geometry relaxation in the S; state of
the trans-3 molecule is displayed in Figure 12. Based on ESF theory, the geometry
change in the excited state is caused by the force acting on the nuclei due to the
change in electron distribution. The molecular geometry is determined by balancing
the atomic dipole (AD), exchange (EC), and gross charge (GC) forces. The difference
in the SAC/SAC-CI electron density between the Sy and S; states in the ground state
geometry is shown in Figure 8. The EC force of the C=C bond decreases because of
the decrease in electron density, while the EC force enhances the C-C bond. For
example, the C;1-C,, C3-Cg, C10-Ci2, C12-O14, and O14-Cy3 bonds shrink where the
electron density increases (blue) and the C,-C3; and Cg-Cyp bonds become longer
where the electron density decreases (yellow). Geometry relaxation of other

molecules can also be explained in the same manner.
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Figure 12 Density difference maps of the trans-3 of methoxy substituted molecules

with a positive diffuse (blue) and a negative diffuse (yellow).

2.1.3 Potential energy curves along torsion

The rotation of the methoxy group relative to the plane of the phenyl
ring was investigated. The ortho-(trans-1), meta-(trans-2) and the para-(trans-3)
substituted compound were examined for the C;-C,-O15-Cy19 angle from 0 to 90° in
steps of 15°. We calculated the potential energy curves with freezing other
coordinates and estimated the energy barrier. The potential energy curves for this
rotation are shown in Figure 13, and these indicate that the most stable conformation
was located at a angle of @ = 0° for the trans-1, trans-2 and trans-3 compounds. At
the rotation angle of 90°, the energy barrier to the perpendicular conformation of the
methoxy group for the trans-1, trans-2 and trans-3 compounds was 2.8, 3.2 and 3.6

kcal/mol, respectively.
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Figure 13 Ground state potential energy curves along the rotation of the methoxy
group (6 for the trans-1 and trans-3 compounds calculated by using the
B3LYP/6-311G(d) method.

This shows that the n-conjugation of the trans-3 compound is slightly more
effective than that of the trans-1 and trans-2 compounds in the planar structure.The
extent of m-conjugation between the methoxy oxygen and the phenyl ring could be
reflected in the C-O bond length; when the bond is shorter, the conjugation is more
effective. In the trans compounds, the C-O bond lengths are 1.360, 1.362, and 1.358
A, for trans-1, trans-2 and trans-3 compounds, respectively. In trans-1, the
intramolecular C—H---O hydrogen bond interaction between the oxygen atom of the
methoxy group and the hydrogen atom in the vinylene group also exists in the trans-1
compound, which causes a reverse effect on the energy barrier. This low rotational
energy barrier of about 1.0 kcal/mol from &€ = 0-30° indicates that a wide range of
nonplanar conformations is possible at room temperature. The effect of the nonplanar

structure on the absorption spectra will be discussed later.
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The ground state potential energy curve is flat along the rotation angle 6 = 0-
30°, where the energy difference is less than 1.0 kcal/mol, and therefore, the
nonplanar conformation contributes to the absorption spectra at room temperature.
Therefore, we calculated the SAC-CI absorption spectra of the trans-1 and trans-3
compounds in the nonplanar structure. The calculated spectra with a rotation angle of
¢ = 0, 15, and 30° are shown in Figure 14. For the trans-1 compound, the lower
energy peak shows a blue shift of about 10 nm from 6= 0 to 30° and this contributes
to the shoulder observed in the higher energy region. Since the HOMO of the trans-1
compound has an anti-phase interaction between the benzene ring and the methoxy
group, the HOMO stabilizes the nonplanar structure, and therefore, the blue shift
occurs in the S; state of the H-L transition. The oscillator strength of the trans-1
compound in the S, and S; states also interchanges along the rotation. The S; state is
strong at € = 0°, while in the distorted structure, the oscillator strength of the S, state
increases. On the other hand, the oscillator strength of the three excited states of the
trans-3 compound does not change much.
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Figure 14 Absorption spectra of the trans-1 (left) and trans-3 (right) compounds at a

torsional angle @ = 0°, 15° and 30° calculated by using the SAC-

CI1/D95(d) method.
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2.2 Electronic properties

2.2.1 SAC-CI absorption spectra

The absorption spectra of the cis- and trans-isomers of the five
methoxy substituted cinnamates were investigated. The vertical excitation energies
were calculated using the SAC-CI/D95(d) method in their ground state optimized
structure. The calculated excitation energies, oscillator strength, and dipole moments
are summarized in Table 6 and Table 7, along with the experimental values observed
in hexane and methanol. The A’states were assigned to the n* excited states with a
large oscillator strength, while the A ”’states were due to the nz* transition. Three low-
lying excited states were found to be relevant in the energy region of the UV
absorption. The higher excited states were also examined, up to around 7 eV, but as
these states are located above 5 eV, they do not contribute to the important energy
region for UVB absorption of 290-320 nm (4.28-3.87 eV). Compound 3 is the

standard commercial product for UVB protection.

For the monomethoxy substituted compounds, the excited states that
contribute to the absorption have a different character that depends on the methoxy
substituted position. In the case of the ortho-(cis-1 and trans-1) and meta-(cis-2 and
trans-2) compounds, the S; state has the highest transition probability, and is
characterized as being the transition from the next HOMO to LUMO (nH-L)
transition, whereas, the highest transition possibility of the para- (cis-3 and trans-3)
compounds was calculated for the Sy—S; transition, and the excitation character is a
HOMO-LUMO (H-L) transition.



Table 6 Excitation energy (Ecx), absorption wavelength (Anax), 0scillator strength (f), excitation character and dipole moment for the cis-

and trans-isomers of monomethoxy substituted cinnamates calculated by using the SAC-CI/D95(d) level of theory.

Molecule State Eex (eV) Amax(NM) f Dipole moment (D) Experiment(nm)
Excitation character [ Uul MeOH Hexane

cis-1 XA' 2.44

1A 3.83 323 0.25 0.77 (H —L) 6.49 1.68 313

1A" 4.49 276 0.00 0.78 (H-3—L) 2.05 1.75

2A 451 275 0.34 0.72 (nH —L) 2.54 0.10 271 274

trans-1 XA' 2.78

1A' 3.87 321 0.26 0.77(H —L) 5.75 1.25 325

1A" 4.23 293 0.00 0.82 (H-3—L) 3.24 2.35

2A 4.64 267 0.38 0.71 (nH —L) 2.75 0.10 276 272
cis-2 XA' 1.09

1A 3.94 314 0.04 0.76 (H —L) 6.65 2.19 313

1A" 4.26 291 0.00 0.82 (H-3—L) 3.56 1.71

2A 4,74 261 0.53 0.73 (nH —L) 3.99 1.14 274 271

trans-2 XA 0.50

1A' 4.06 306 0.12 069 (H —L) 5.31 1.92 313

1A" 4.49 276 0.00 0.80 (H-3—L) 5.42 2.32

2A 4.61 269 0.47 0.62 (nH —L) 2.92 0.98 278 274
cis-3 XA' 0.80

1A 4.13 300 0.59 091 (H —L) 4,54 1.58 303 296

1A" 4.33 286 0.00 0.83 (H-3—L) 4.46 1.68

2A 4.41 281 0.04 0.71 (H —nL) 1.27 0.20

#Values in parentheses show the difference of the dipole moments between the ground and excited states (| figs | — | Figs |)-
b Values show the changes of the dipole moments from the ground state to excited state (| AL |=| Hgs —Hgs | )-

[
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Figure 15 MOs relevant to the low-lying excited states for: (a) ortho-(trans-1),

(b) meta-(trans-2), and (c) para-(trans-3) methoxy substituted molecules.
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Figure 16 MOs relevant to the low-lying excited states for: (a) ortho-(cis-1), (b) meta-

(cis-2), and (c) para-(cis-3) of the methoxy substituted molecules.
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The agreement with the experimental values was satisfactory. The deviations
from the experimental values in peak position were within about 10 nm. For example,
for the cis-2 compound, the calculated values were 261 and 314 nm, compared with
the experimental values of 274 (271) and 313 nm, respectively. For the transition
probability, the observed absorption coefficients of the trans-1 compound are 13,500
and 18,100 M™*cm™ for the lower and higher peaks, respectively, and the calculated

oscillator strengths are 0.26 and 0.38 for these peaks, respectively.

The deviation from the experimental data can be attributed to the solvent
effect and/or our model neglecting the side chain. The polar solvent effect is relatively
small for compounds 1 and 2, as the difference in the experimental excitation energy
between hexane and methanol solutions is within 4 nm, while it is large for compound
3, at 7-19 nm.” The dipole moments of the ground and excited states were calculated
to interpret the solvent effect qualitatively. The calculated dipole moments of the
excited state were larger than that of the ground state, which causes a red shift of the
peaks in a polar solvent. We also calculated the absolute values of the changes of the

dipole moments from the ground state to excited states, | Afi |<| igs —Hgs |, Which are

shown in Table 1, to examine the solvent effect before the solvent reorientation due to
the excitation of cinnamates. The cis-isomers of compounds 1 and 2 showed
differences in their dipole moments between the ground and excited states of 0.10 and
2.89 debye (|Ap|are 0.10 and 1.14 debye), respectively, whereas the difference in
dipole moment of compound 3 was around 3.74 debye (| Api| is 1.58 debye), which
also explains the observed experimental trend. However, our calculations for
compounds 4 and 5 could not explain the experimental data. The cis- and trans-
isomers of compound 4 show a large difference in their dipole moments, around 4.71
and 4.38 debye (| Ap|are 2.23 and 1.72 debye), compared with the energy shift of
only 4 and 1 nm, respectively. This may be explained by the direct interaction

between methanol and cinnamates.
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The trimethoxy substituted compounds at the ortho-, meta-, and para-positions
(cis-4 and trans-4) show two separate peaks, and the strong lowest absorption occurs
around 350 nm. However, this lowest peak is below the UVB region of interest. The
trans-5 compound has the S; state at 307 nm with a large oscillator strength of 0.64.
However, this value is lower than that of the trans-3 compound of 0.76 (S; + S,).
Experimental data also show the same trend. The absorption coefficients were 24,700
and 19,900 M*cm™® in methanol for the trans-3 and trans-5 compounds,
respectively.” The 1A’ and 2A’ states were characterized as being H-L and nH-L
transitions, respectively, for both compounds 4 and 5. The para-methoxy substitution
has an important effect in achieving a large oscillator strength of H-L transition in
cinnamates. Methoxy substitution in the meta position leads to a decrease in the
oscillator strength of the H-L transition as also seen in compound 2. A comparison
with the absorption spectrum of methyl hydroxycinnamate (pCA)® in the gas phase
shows that the substitution of methoxy for OH results in changes in the oscillator
strengths of the S; and S, transitions. The oscillator strength of the H-nL transition
increases in methoxy substituted compound: the TD-DFT calculation predicted that
the S, state has smaller oscillator strength in hydroxy cinammate.



Table 7 Excitation energy (Ecx), absorption wavelength (Anax), 0scillator strength (f), excitation character and dipole moment for the cis-

and trans-isomers of trimethoxy substituted cinnamates calculated by using the SAC-CI1/D95(d) level of theory.

Molecule State Eex (eV) Amax(NM) f Dipole moment (D) Experiment (nm)
Excitation character [uP Aul MeOH  Hexane
cis-4 XA' 3.02
1A' 3.33 372 0.36 0.89(H —L) 7.73 2.23 345 349
1A" 4.30 288 0.00 0.82 (H-3—L) 1.62 1.78
2A 4.34 286 0.24 0.77 (nH —L) 3.82 0.67
trans-4 XA' 3.14
1A' 3.45 360 0.41 0.88(H —L) 7.52 1.72 349 348
2A 4.48 277 0.30 0.73 (nH —L) 4.95 0.77
1A" 4,52 274 0.00 0.79 (H-3—L) 3.35 2.46
cis-5 XA' 2.26
1A 4.09 303 0.24 0.83(H —L) 6.96 1.92 305 298
2A 4.35 285 0.01 0.71 (nH —L) 4.02 0.73
3A 4.56 272 0.11 0.70 (H-4—L) 4.04 0.79
trans-5 XA 5.04
1A' 4.04 307 0.64 0.88(H —L) 5.62 0.29 320 312
2A 4.27 290 0.06 0.74 (nH —L) 6.93 0.78
1A" 4,57 271 0.00 0.79 (H-3—L) 1.32 231

#Values in parentheses show the difference of the dipole moments between the ground and excited states (| figs | — | figs |)-
b Values show the changes of the dipole moments from the ground state to excited state (| AL |=| Hgs —Hgs | )-

LE
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Figure 15 shows the MOs relevant for the three low-lying excited states for the
trans-1, trans-2, and trans-3 compounds. The corresponding MOs for the cis-1, cis-2,
cis-3 compounds and compounds 4 and 5 are shown in Figures 16 and 17. The
patterns of the MOs of the cis form are similar to those of the trans one. The HOMO,
next HOMO, and LUMO are localized on the phenylene vinylene backbone. The
methoxy substitution on the phenyl ring also has a small contribution to the r-
conjugation. HOMO-3 contains the lone pairs of the C=0 bond, and the nz* transition
(1A state) causes a charge transfer from the C=0 bond to the phenylene vinylene. In
the HOMO and next HOMO, the vinyl double bonds form bonding orbitals, and the
single bonds linking the phenyl ring with the vinyl double bond are antibonding. In
the LUMO, the vinyl double bonds are antibonding, and the single bonds are bonding.
On the other hand, the next HOMO and next LUMO of the trans-3 compound are
localized on the benzene ring and the amplitude on vinyl double bond diminishes.
These characters of MOs also explain the geometry changes in the excited states as
mentioned above. The HOMO of the trans-4 compound spreads over the oxygen lone
pairs, which is the origin of the low-lying S; state in the trans-4 compound.



Figure 17 MOs relevant to the low-lying excited states for: (a) cis-4, (b) trans-4,

(c) cis-5, and (d) trans-5 of the trimethoxy substituted molecules.
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The SAC-CI excitation spectra for the monomethoxy substituted molecules
are compared with the experimental absorption spectra in Figure 18. The experimental
spectra were observed in methanol, and the polar solvent effect in terms of the energy
shift was small for the ortho- and meta-substitution (less than 4 nm), and
nonnegligible for para-substitution (10-20 nm) from the experimental evidence.” The
SAC-CI absorption spectrum of the cis-3 substituted compound consists of a single
absorption band, and that of the trans-3 compound consists of closely separated two
peaks, which is in good agreement with the experimental spectra. The absorption
spectra of the ortho-(cis-1 and trans-1) and meta-(cis-2 and trans-2) substituted
compounds consist of two distinct absorption bands. Compound 1 has two peaks with
a large oscillator strength, whereas the spectra of compound 2 show a single strong
peak in the higher energy region, with a shoulder on the lower energy side. These

trends were well reproduced by the present SAC-CI calculations.

The SAC-CI and experimental spectra of the trimethoxy substituted
compounds are compared in Figure 19. For the trimethoxy substituted compounds, the
appearance of the SAC-CI absorption spectra of the cis-4 and trans-4 (ortho-, meta-
and para-substituted) compounds was similar to those of the cis-1 and trans-1 (ortho-
substituted) compounds, showing two distinct bands but with the lower peak having a
higher intensity. This is in good agreement with the experimental measurements. The
absorption of the compound 4 in the lower energy region may be useful for blocking
of the UVA light In contrast, the absorption spectra of the cis-5 and trans-5 (ortho-
and para-substituted) compounds resemble those of the cis-3 and trans-3 (para-
substituted) compounds that show a single band with a small shoulder in the higher

energy region. Our theory also reproduced these experimental data.
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Figure 18 SAC-CI absorption spectra of the cis- and trans-isomers of the
monomethoxy compounds compared with the experimental spectrum in

methanol.



0.10 L L L L L
° | Experiment
3 .
%0_05_ cis-4 |
£ ]
o
£0.00 3
< ]
-005 T T T T T
< I I I I L 1 L
= 0.6
g SAC-CI
A 0.4 -
s |
F 0.2- s
§ ]
S 0.0 | I
0.10 1 " 1 " 1 " 1 " 1
o ] Experiment |
o .
%0.05- cis-5 -
Q2 |
o
£0.00- -
< |
_0.05 T T T T T T
E 1 1 1 1 " 1 "
=) 0.6 - SAC-Cl
& |
o]
3 0.0- | l L
@) — T T 1

Wavelength (nm)

250 275 300 325 350 375 400

42

| Expérimént i
trans-4

Experiment |

i T L T I T T T T T T T T i
250 275 300 325 350 375 400
Wavelength (nm)

Figure 19 SAC-CI absorption spectra of the cis- and trans-isomers of the trimethoxy

compounds compared with the experimental spectrum in methanol.
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The experimental spectra show that the absorption intensity of the trans-
isomers is larger than that of the corresponding cis-isomers in all the compounds. This
indicates that the trans-isomers have better absorption efficiencies than the cis-
isomers do. This trend was also reproduced by our SAC-CI calculations. In general,
the transition dipole moment is determined by the transition dipole integrals and
configuration interaction. In the present case, although the oscillator strength was
distributed over two 1A”and 2A’ from the configuration interaction, the difference
between the cis- and trans-isomers could be attributed to the transition dipole
integrals. The HOMO and LUMO orbitals of the trans-isomer are spread more
broadly than those of the cis-isomer, which leads to the difference in the oscillator

strength.

2.2.2 SAC-CI emission spectra

The emission energies of these molecules have also been calculated
using the SAC-CI method. The stable geometries of the S; state were located using
CIS followed by the SAC-CI calculations of the vertical emission energies. The
calculated emission energies, oscillator strength, and Stokes shifts are compared with
the experimental data in hexane and methanol solutions in Table 8. The dipole

moment and excitation character of each excited state are also given in the same table.



44

Table 8 Excitation energy (Eex), emission wavelength (Anax), 0scillator strength (f),
excitation character and dipole moment for the cis- and trans-isomers of
methoxy substituted cinnamates calculated by using the SAC-CI/D95(d)
level of theory.

Stokes o Dipole Experiment
Eex  Amax ] Excitation
Molecule State f shift Moment (D) (nm)
(eV) (nm) character
(eV) P MeOH Hexane
cis-1 1A* 343 361 041 040 0.83(H—L) 5.50(3.15) 409 361
trans-1 1A* 337 367 044 050 0.85(H—L) 4.68(3.32) 405 359
cis-2 1A* 353 351 0.10 041 0.76 (H—>L) 7.15(1.48) 410 351
trans-2 1A 362 343 029 044 0.84(H—-L) 5.74(1.05) 409 350
cis-3 1A 355 349 063 058 0.91(H-—-L) 2.81(1.63) 468 354
trans-3 1A 352 352 0.61 0.65 0.90(H-L) 4.89(4.37) 462 351
cis-4 1A 292 424 044 041 0.90(H—L) 7.48(3.48) 461 397

trans-4 1A' 304 408 051 041 0090(H—L) 7.19(411) 461 398
trans-5 1A' 343 362 068 061 0090(H—L) 4.43(6.04) 463 358

?Values in parentheses show the dipole moment of the ground state (XA .

All the compounds, except for the cis-5 compound, were calculated to have
the local minima in the planar structure. The global minimum of the excited state is
the conical intersection where the dihedral angle of the C3-Cg-C10-C1, chain is about
90°. Molecules excited to the S; state with sufficient energy relax through this conical
intersection beyond an energy barrier to the ground state by nonradiative decay.
Nonetheless, a weak emission was observed experimentally from this local minimum
of the S; state in the coplanar structure, in particular for compound 2. This emission
from the local minimum of the S; state is discussed in this work. The bond distances

in the S; state of these molecules are shown in Figure 10 and 11.

In general, the SAC-CI calculations reproduced the experimental trends
observed in hexane solution satisfactorily. The emission energies of molecules were

in the order of: compounds 2 and 3 (~350 nm) < compounds 1 and 5 (~360 nm) <
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compound 4 (~400 nm). The deviation from the experimental values was within 10
nm, except for the cis-4 compound. The transition was characterized as the HOMO-
LUMO transition, and the SAC-CI coefficients are localized for this configuration.
The calculated oscillator strengths were in the range 0.41-0.68 for all the molecules,
except for compound 2. As shown in the absorption data, the S; state of compound 2
also had a low oscillator strength in the ground state geometry, and the transition
probability is distributed to the S; state. The calculated Stokes shifts were 0.40-0.50
eV for compounds 1, 2, and 4, and these were slightly larger, 0.58-0.65 eV for
compounds 3 and 5 where the para-position is substituted by a methoxy group. This
means that the excited state geometry relaxations in the S; state of compounds 3 and 5

are larger than those for compounds 1, 2, and 4.

A red shift was observed in methanol for all the compounds. To interpret this
energy shift, the dipole moments of the Sy and S; states calculated for the optimized
geometry of the S; state are compared in Table 2. The calculated dipole moments in
the excited state are larger than those in the ground state, which explains the
experimental red shift qualitatively. The red shift of the emission in methanol was
marked in compounds 3 and 5 (about 100 nm), for which our calculations could not

explain this effect.

2.2.3 Relaxation processes

The relaxation processes in the excited states are important for the
UVB blocking molecules. We examined the S; potential energy surface of trans-2 and
trans-3 which mainly leads to decay by fluorescence and non-radiative decay through
conical intersection, respectively.” Since the SAC-CI method is based on the single-
reference theory, it is difficult to obtain the potential energy surface around the
conical intersection. Then, we tried the CASSCF calculations but failed in the excited
state optimization and even could not get convergence at the geometries of the large
torsion angles. The CIS method is not reliable for these geometries. Therefore, we
performed the SAC-CI partial optimization of the S; state for the torsion angles from

0 to 75 degrees with all the other coordinates being optimized. Because of the
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computational limitation, the small basis sets DZV [3s2p/2s] and restricted active
space (7 occupied and 33 unoccupied MOs) were used and the perturbation selection

of the operator was not performed in the SAC-CI calculations.

The potential energy curves along the minimum energy path of the S; state are
shown for trans-2 and trans-3 in Fig. 11. In trans-2, the energy barrier to the conical
intersection was calculated to be about 5.5 kcal/mol (0.24 eV), while trans-3 has
almost no energy barrier. These calculations qualitatively explain the experimental
fact that the activation energies based on the non-radiative deactive rate of trans-2 and
trans-3 compounds were estimated to be 1.4 and 0.4 kcal/mol, respectively.” The
ground state surface of trans-3 was too steep along the torsion, for which we think the
errors come from the quasi-degenerate character of the states and the restricted active

space.
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3 Quantum Chemical Calculations

Previous study, the quantum chemical calculations of cis- and trans-isomer
methoxy substituted cinnamate were performed by the semi-empircal (PM3) methods
for ground state optimization and ZINDO methods for excited state energies and
transition moments as implemented in the Hyperchem 5.1 program are given in
Karpkird et al., (2009).

Comparison of the excitation energy and oscillator strengths results for cis-
and trans-isomer of the ortho-(1), meta-(2) and para-(3)-monomethoxy substituted
compounds between the calculated with ZINDO, TD-DFT and SAC-CI methods are
shown in Table 9, Table 2 and Table 4, respectively. From Table 9, the semi-
empirical calculation predicts that the lowest excited state is of nn* character for all
character compound and that the next two higher excited states are of mn* character. It
was found that the oscillator strengths of the n—x* transition is very weak comparing
to the m—x* transition is much stronger. For the next two excited states as n—mn*
transition, indicates that the ortho-(1) and meta-(2) compounds have a weaker first
and stronger second n—m* transition, whereas the para-(3) compound has a stronger

first and weaker second T —xt* transition.

Table 9 Calculated transition energies and oscillator strengths (f) for the

monomethoxy cinnamates by using the ZINDO calculation.

Compounds So—S; (n—n*) So—S; (n—1*) So—S;3 (n—1*)
(vicm™) f (viem™) f (viem™) i
cis-1 27400 0.00 33000 0.40 34600 0.23
trans-1 29800 0.00 33500 0.24 36000 0.67
cis-2 27500 0.00 32900 0.13 35500 0.46
trans-2 29600 0.00 34000 0.06 36700 0.80
cis-3 27600 0.00 32700 0.62 34800 0.01

trans-3 29700 0.00 34500 0.61 34800 0.35
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The TD-B3LYP/6-31G(d) calculations for the gas phase based on the Table 4.
For the monomethoxy substituted compounds found that the larger oscillator strengths
of the ortho-(1) and meta-(2) positions are the transition from the ground state to the
third excited state (Sp—S3), whereas, the para-(3) position is the transition from the

ground state to the first excited state (So—S1).

The SAC-CI/D95(d) calculations also shown the A" states were assigned to the
n* excited states with a large oscillator strengths, while the A" states were assigned
to the nm* transition are displayed in Table 6. In the case of the ortho-(1) and meta-
(2) compounds, the third excited state has the highest transition probability, whereas,
the highest transition probability of the para-(3) compound was calculated for So—S1

transition.

Therefore, the cis- and trans-isomer of the ortho-(1), meta-(2) and para-(3)-
monomethoxy substituted compounds based on quantum chemical calculations by
using the ZINDO, TD-DFT and SAC-CI methods provide that the similar results with

the oscillator strengths and the transition.
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CONCLUSIONS

The structural and electronic properties of cinnamate derivatives at five
different substituted positions were investigated using the TD-DFT and SAC-CI
methods. Both the cis- and trans-isomers were examined for ortho-(1), meta-(2), and

para-(3)-monomethoxy and 2,4,5-(4) and 2,4,6-(5) trimethoxy substituted compounds.

All compounds have a local minimum in the cis- and trans-isomers in the
planar structure in both the Sy and S; states, except for the 2,4,6-trimethoxy compound.
The SAC-CI/D95(d) calculations reproduced the recently observed absorption and
emission spectra satisfactorily, and allowed a detailed assignment and interpretation
of the spectra. Three low-lying excited states were found to be relevant for the
absorption in the UV blocking energy region. The calculated oscillator strengths of
the trans-isomers were larger than all the cis-isomers, which is in good agreement
with experimental data. In the monomethoxy compounds at the ortho- and meta-
positions, the most intense peak was assigned to the transition from the next HOMO
to the LUMO, whereas in the para-compound it was assigned to the HOMO-LUMO
transition. This feature was interpreted from the variation of the MOs due to the
different substituted positions, and was used to explain the behavior of the excited

states of the trimethoxy substituted compounds.

Quantum chemical calculations have provided reliable results and a useful
insight into the optical properties of these molecules and therefore provide a useful
tool for developing UVB blocking compounds with regard to the tuning of the
absorption. High absorbance, broad absorption peak with small fluorescence quantum
yield, and low radiative rate are expected for superior UVB sunscreen. Non-radiatve
decay back to the initial ground-state is also relevant. Thus, the theoretical study of
the relaxation process is important to design the superior UVB blocking molecules. In
the present case, both trans and cis-forms can be generated in the course of the
relaxation at around the conical intersection and cis-form also has absorption in the
UVB region.
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Abstract: The photophysical properties of five different substituted positions of 2-
ethylhexyl-cinnamate derivatives were investigated based on quantum chemical
calculations. This series includes trans- and cis-isomers of 2-ethylhexyl-ortho-(1), meta-
(2), para-(3)-methoxycinnamtes, 2,4,5-(4) and 2,4,6-(5)-trimethoxycinnamates. Ground
state geometries were calculated by the density functional theory (DFT) with B3LYP at
6-31G(d) and cc-pVDZ basis sets. Excitation energy calculations were analyzed by the
time-dependent density functional theory (TD-DFT). All compounds absorb UVR
radiation, which provide similar results to experimental data. The absorption
wavelength (220-340 nm) of trans-isomers are higher than all cis- isomers. In addition,
the electronic transition of cinnamates with methoxy substituted at ortho and meta
positions correspond to the electronic excitation from HOMO-1 to LUMO. Whereas,
those for para position correspond to the electronic excitation from HOMO to LUMO.

34™ Congress on Science and Technology of Thailand 1

59



Introduction: The sun emits a wide spectrum of electromagnetic waves of which ultraviolet
radiation (UVR] is the most aggressive towards cellular compounds. Solar UV radiation reaches
the earth as well as our skin, is composed of 5-10% highly energetic UVB (290-320 nm) and
90-95% UVA (320-400 nm) which is less energetic, but penetrates the skin deeper. The UV
radiations are harmful to the human skin. The interesting arylene system is cinnamate which is
widely used as sunscreen agent, 2-ethylhexyl-para-methoxycinnamate as well as other
cinnamate derivatives. In this work, the structural and electronic properties of cis- and trans-
isomers of methoxy substituted 2-ethylhexyl-cinnamates-ortho-(1)-, meta-(2)-, para-(3)-
methoxycinnamate, 2,4,5-(4) and 2,4,6-(5)-trimethoxycinnamates are shown in Table 1. All
compounds were investigated by using quantum chemical calculation. In addition, the mono-
substituted methoxycinnamates were used for explaining the behavior of tri-substituted
methoxycinnamates. The obtained results will lead to the understanding of the UV absorption
and emission properties between two isomers that can be used in cosmetics.

Ra 0
R \\ |\
9]
Ry R
5
Rs

Table 1 Chemical structure of cinnamate derivatives

Compounds R2 R3 R4 RS Ré6
1 OCH; H H H H
2 H OCH; H H H
3 H H OCH- H H
4 OCH; H QOCH; OCH; H
5 OCH; H OCH; H OCH;

Methodology: The torsional energy curve of the c¢is- and frams-isomers of 10
compounds were investigated by partial optimization, based on the B3LYP/6-31G{d)
and B3LYP/cc-pVDZ methods. All calculations were performed by the GAUSSIANO3
and TURBOMOLE suite of programs. The torsional angle (8) is defined as the ¢ bond
that can be rotated at 8 = 0° corresponding to the cis-isomer and 6 = 180° corresponding
to the trans-isomer. Structures at various torsional angles (from 6 = 0° to 180° in steps
of 30°) were partially optimized. All stationary points located on the torsional energy
were characterized as minima by harmonic frequency calculations (for minimum energy
structures, all frequencies are real). Whereas, the vertical excitation energies were
performed by single point calculations at the optimized ground state geometries by
using TD-B3LYP/6-31G(d) and TD-B3LYP/cc-pVDZ calculations.
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Results, Discussion and Conclusion: The structural results of the cis- and frans-
isomers of methoxy substituted 2-cthylhexyl-ortho-(1)-, meta-(2)-, para-(3)-
methoxyeinnamte, 2,4,5-(4) and 2,4,6-(5)-trimethoxycinnamates. All compounds are
stable at cis- and frams-isomers and the torsional angle locates at 0° and 180°
respectively (see Figure 1). An explanation is attributed by the intra-molecular hydrogen
bonding between the hydrogen atom in the compounds and the oxygen atom that
induces the geometry stabilization.

In Table 2 shows the excitation energy for mono-substituted methoxycinnamates. The
largest transition probabilities of ortho- (cis-I and trams-1) and meta- (cis-2 and ifrans-2)
substituted methoxycinnamates are the transition from the ground state to the third excited state
(3¢ =23;) and main electronic transitions are corresponding to HOMO-1 excite to
LUMO.Whereas, the largest transition possibilities of para-substituted methoxycinnamates (cis-
3 and trans-3) is the transition from the ground state to the first excited state (So =2S;) and
corresponding to the electronic excitation from HOMO to LUMO. Tri-methoxy substituted at
ortho, meta and para positions (cis-4 and frans-4) give the largest transition from
ground state to first excited state (Sg —=S;). The main electronic transition is
corresponded to HOMO excite to LUMO, as same as the compounds which have only
substituted at ortho and para position (cis-5 and frans-5). It is indicated that the para-
methoxy substitution is an important effect to electronic properties of 2-ethylhexyl
cinnamate (see Figure 1).

Table 2 Absorption wavelength (Aym). oscillator strengths (), and wave function
composition (wl) for the singlet electronic states of methoxy substituted of 2-ethylhexyl-
cinnamates calculated at TD-B3LYP/6-311G(d)y/B3LYP/6-311G(d) and TD-B3LYP/cc-
pVDZ/B3LYP/ ccpVDZ level of theory.

Transition Amax (nm) 7 wif Expt.*
6-31G(d) & cc-
6-31G(d) | cc-pVDZ | 6-31G(d) | cc-pVDZ pvVDZ
cis-1 S 28 312.69 317.23 0.36 0.36 H =21 6% 313
So 2 8; 269.98 273.03 0.42 0.41 H-1 21 58% 271
trans-1 8, 2 S; | 321.41 32520 0.28 0.28 H =L 60% 325
Sy 2 8; 279.71 281.78 0.39 0.39 H-1=21. 59 276
ciss2 Sy 28 312.03 31538 0.06 0.06 H =L 62% 313
Sy 2 85 270.23 27292 0.75 0.73 H-1=>L 57% 274
trans2 S, 2 S | 33014 33330 0.04 0.04 H =L 6% 313
S 2 8; 275.84 277.94 0.66 0.66 H-1=21 61% 278
ciss3 8y 28 295.19 298.21 0.91 0.90 H =L 63% 303
wrans-3 Sy 28, 302.18 305.48 0.45 0.77 H =L 63% 309
cis-d 8§y 25 326.45 331.33 0.54 0.53 H =L 61% 345
Sy =2 8, 274.94 27797 0.37 0.37 H-1=2L 60%
rans-4 Sy =2 8y 335.75 34036 0.44 0.44 H =L 062% 349
Sy 28, 283.93 286.26 0.32 0.31 H-1=>L 62%
cis-5 Sy 28 300.67 304.44 0.85 0.80 H 2L 062% 305
trans-5 Sy 2 8 | 32477 32543 0.30 0.33 H 2L 64% 320

* Adsorption spectra of cinnamates in methanol solution.
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Figure 1 Torsional energy curves and excitation state of methoxy substituted at ortho-(1)-and
para-(3)-methoxycinnamate derivatives as obtained by B3LYP/6-31G(d)

All compounds absorb UVR radiation, which provide similar results with
experimental data. The absorption wavelength of trans-isomers are higher than all cis-
isomers. The position of mono-methoxy substituted at ortho and meta position are
corresponding to HOMO-1 excite to LUMO. Whereas, para position is corresponding to
HOMO excite to LUMO and were used for explaining the behavior of tri-substituted 2,4,5
(ortho, meta, para) and 2,4,6 (ortho, para)-methoxycinnamates.
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The photophysical properties of five different substituted positions of 2-ethylhexyl-cinnamate
derivatives were investigated based on quantum chemical calculations. This series includes cis- and
trans-isomers of 2-ethylhexyl-ortho(1), meta-(2), para-(3)-mono-methoxycinnamtes, 2,4,5-(4) and
2.4,6-(5)-tri-methoxycinnamates. Ground state geometries were calculated by the density functional
theory (DFT) with BALYP at 6-31G(d) and cc-pVDZ basis sets. Excitation energy calculations were
analyzed by the time-dependent density functional theory (TD-DFT). The effects of solvent
inclusion were analyzed by comparisons between gas-phase and methanol solution systems. All
compounds absorb UVB radiation, which provide similar results to experimental data. The
absorption wavelength (220-340 nm) of trans-isomers are higher than all cis-isomers. In addition,
the electronic transition of 2-ethylhexyl-cinnamate with methoxy substituted at ortho and meta
positions correspond to the electronic excitation from HOMO-1 to LUMO. Whereas, those for para
position correspond to the electronic excitation from HOMO to LUMO.
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The absorption and emission spectra of UVB blocking cinnamate derivatives with five different
substituted positions were investigated using the symmetry-adapted cluster configuration interaction
(SAC-CI) method. This seties included cis- and trans-isomers of ortho-(1), meta-(2), and
para-(3)-monomethoxy substituted compounds and 2,4,5-(4) and 2,4,6-(5)-trimethoxy compounds.
The ground state and excited state geometries were obtained at the B3LYP/6-311G(d) and CIS/D95(d)
levels of theory. All the compounds were stable as cis- and trans-isomers in the planar structure in
both the §; and S states, except the 2.4,6-trimethoxy compound. The SAC-CI/D95(d) calculations
reproduced the recently observed absorption and emission spectra satisfactorily. Three low-lying
excited states were found to be relevant for the ahsorption in the UV blocking enetgy region. The
calculated oscillator strengths of the trams-isomers were larger than the respective cis-isomers, which
is in good agreement with the experimental data. In the ortho- and meta-monomethexy compounds,
the most intense peak was assigned as the transition from next HOMO to LUMO, whereas in the
para-monomethoxy compound, it was assigned te the HOMO to LUMO transition. This feature was
used to explain the behavior of the excited states of the trimethoxy compounds. The emission from the
local minimum in the planar structure was calculated for the cis- and trans-isomers of the five
compounds. Our SAC-CI calculations provide reliable results and a useful tnsight into the optical
properties of these molecules, and therefore, provide a useful tool for developing UVB blocking

compounds.
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/ Introduction: The sun emits a wide spectrum of electromagnetic waves of  Results and Discussion:
which ultraviolet radiation (UV) is the most aggressive towards cellular

Solar UV radiation reaches the earth as well as our skin, is composed of 5-10% highly ok ' o ik
energetic UVB (290-320 nm) and 90-95% UVA (320-400 nm) which is less energetic, & PR T L pamd v TR .
but penetrates the skin deeper. The UV radiations are harmful to the human skin. The |, . . AN vl I g 1 e oAy
interesting arylene system is cinnamate which is widely used as sunscreen agent, 2- I I y L " TaA U 4 [ e L
as well as other cinnamate derivatives. In this  |e™ ™ vy s L B T ek Y i
work, the photophysuml properties of cis- and trans-i of ¢ P o ool (oA, e
2-ethylhexylcinnamates-ortho-(1)-, meta-(2)-, para-(3)-methoxy-cinnamates, 2,4,5-(4)
\ and 2.4,6-(5) m—me(hoxy-annama(es are shown in Table 1. All compounds were cis-1 cis2 dis3 cis-4 ds5
by using : The results will lead to g o 1 senmatic ion of i H-bond i ion in cis-i of met
:‘:m‘:"s";::‘:c"‘::'i :'sevtlhi: ol:\slmeﬁcs and prop, two ituted 2 i obtained from full optimization by Baup/s 316(d,p).
R R | « -
Table 1 Chemical structure of cinnamate derivatives. gy | d ik 3 v w3 = =0 e
o A Py [ o s b a ’ -
] ¢ = L [T "N ¥ " “Ann
trans-1 trans-2 trans-3 trans-4 trans-5
. Figure 2 Schmatic ion of i H-bond is
i 2 i obtained from full optimization by nal.vp/s 31G(d,p)

1 Methodolo‘y: Ground state geometries of the cis- and trans-isomers of 5

were by full optimization, based on the HF/6-31G(d,p) and
BilYP/6-3IG(d,p) methods. All calculations were performed by the GAUSSIANO3 suite
of programs. The torsional angle () is defined as the o bond that can be rotated at 8
= 0° corresponding to the cis-isomer and 8 = 180° corresponding to the trans-isomer.
Whereas, the vertical excitation energies were performed by single point

at the optimized ground state ies by using TD-B3LYP/6-31G(d,p) calculauons
The effects of solvent inclusion were an; by the lik Figure 3 ion of cis- and i of mono-(A) and tri-{B)-methoxy substituted
continuum model (CPCM) in methanol solution systems. 2-ethylhexyl-cinnamates by using TD-B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)

Table 2 Absorption wavelength (Amax), oscillator strengths (f) and wwefunmon (omposamn for the
- singlet electronic states of cis- and of i of methoxy

by using TD-B3LYP/6-316(d,p)//HF/6-31G(d,p) and TD-B3LYP/6-31G(d,p)//B3LYP/6-31G(d,p)
sl 5, S, m n 313 026 322 o8 33 s! H S L (e0%)
S, P8, 22 0200 251 0471 280 0382 282 0038 WA > L (s8%) 271
tans: §,S, 300 029 315 0341 313 0360 330 0413 H > L (60%) 325
Sy ')S. 257 0313 256 0034 71 0.409 270 0000 H1 5 L (59%) 76
ds2 S, S, 315 003 35 0051 331 0037 33 0050 H 5 L (6sx%) 33
528, 260 0455 261 0278 276 0666 281 0000 H1 S L (61%) 274
trans 2 s,-)s, 301 0055 312 007 312 0089 324 0087 H S L (62%) n3
s, 2s, 260 0685 258 0000 271 0740 269 0.000 H1 > L (S7%) 28
|| es3 s,9s, 28 oz 301 0823 M4 072 35 0843 H S L (%) 203
tans3 §, DS, 285 0856 299 0953 296 0897 311 0995 H > L (63%) 309 2
cs4 5,FS, 349 0219 355 0265 366 0285 376 0353 H S L (63%) M5 $ 5 .
vanss S, PS, 334 032 351 0359 MS 0386 365 0430 H > L (62%) 8 45 2 Figyie &), Molscular orbitals ol trans-Eomr jof
55§, 3S, 38 0211 325 0252 1S 0292 335 0M7 H > L (%) 05 HOMO-1 2 HOMO-1 2 methoxy
transs S, 3, 291 0801 300 0850 301 0835 312 0873 H - L (62%) 320 using TD-B3LYP/6-316G(d,p)//B3LYP/6-31G(d,p)
5 - 3 & i trans-1 trans-2
A spectra of in methanol sols
} Conclusions: an absorb UVB radiation, which provide similar ~References:
results with i data. The oscil of trans-i rs are higher  1.Chen, P.C;; Chieh. VC.I Mol. Struct. (Theochem). 2003, 624: 191-200.
than all cis- isomers. The position of mono-methoxy substituted at ortho and meta 25 T B.; S.J. Pharm. 2007, 59, 279-288.

| position are corresponding to HOMO-1 excite to LUMO. Whereas, para position is 3. Meeto, W,; Suramitr, S.; Vannarat, S.; Hannongbusa, S. Chem. Phys. 2008, 349, 1-8.
corresponding to HOMO excite to LUMO and were used for explaining the behavior of 4. Suramitr, S.; Hannongbua, S.; Wolschann, P. J. Mol. Struct. (Theochem). 2007, 807, 109-
tri-substituted 2,4,5 (ortho, meta, para) and 2,4,6 (ortho, para)-methoxycinnamates. 119.
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