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1. Introduction

Physical Chemistry Chemical Physics

Substitution effect on the nonradiative decay and trans —
cis photoisomerization route: a guideline to develop
efficient cinnamate based sunscreens

Shin-nosuke Kinoshita,? Yu Harabuchi,” ¢ Yoshiya Inokuchi,® Satoshi Maeda,” ¢ Masahiro Ehara,® ©
Kaoru Yamazaki,*" 8 and Takayuki Ebata **"

Cinnamate derivatives are very useful as a UV protector in nature and a sunscreen reagent in our daily life. They convert
harmful UV energy to thermal one through the effective nonradiative decay (NRD) including trans - cis photoisomerization.
However, the mechanism is not simple because different photoisomeirzation routes have been observed for the different
substituted cinnamates. Here, we theoretically examined the substitution effects at the phenyl ring of methylcinnamate
(MC), the non-substituted cinnamate, on the electronic structure and the NRD route involving the trans® cis isomerization
based on time-dependent density functional theory (TD-DFT). The systematic reaction pathway search using the single-
component artificial force induced reaction (SC-AFIR) method shows that the very efficient photoisomerization route of MC
is essentially described as “*rut* (trans) - *nr* - T1 (3run*) > So (trans or cis)”. We found that for the efficient 'rn* (trans)
- 'nrt* internal conversion (IC), MC should have the substituent at the appropriate position of the phenyl ring to stabilize
the highest occupied m orbital. The substitution at para position of MC slightly lowers the mm* state energy and
photoisomerization undergoes via slightly less efficient “rut* (trans) - *nn* - T1 (3nn*) > So (trans or cis)” pathway. The
substitution at meta or ortho position of MC significantly lowers the nn* state energy so that the energy barrier of IC (‘rtrt*
- nnt*) becomes very high. This substitution leads to the much longer n* state lifetime than MC and para-substituted

“rt* (trans) - C=C bond twisting on 't* > So (trans or

MC, and a change of the dominant photoisomerization route to
cis)”. As a whole, the “‘rtt* - nmt*” IC observed in MC is the most important initial step for the rapid change of the UV
energy to thermal one. We also found that the stabilization of the mt orbital (i) minimizes the energy gap between nrt* and
'nm* at the mm* minimum, and (ii) makes the 0-0 level of mm* higher than 'nmt* as observed in MC. These MC-like

ul

relationships between the 'nmt* and 'nm* energies should be ideal to maximize the “‘nnt* - 'nmt*” IC rate constant according

to Marcus theory.

cinnamates gain attention as the potential protective role against
oxidative damage disease’ and as UV protection reagents for
sunscreen cosmetics, such as known as octinoxate or octyl

Cinnamic acids and cinnamates, that have unsaturated carboxylic or
ester group on their phenyl group, widely exist in nature such as
lignin in plants* and in bacteria as a chromophore.>® In our daily life,
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methoxycinnamate.®® Cinnamates take a stable trans (E) form in the
electronic ground state (So). Upon the UV absorption, they are mostly
excited to the bright mn* state and rapidly relax via several
nonradiative decay (NRD) process, and finally return to the trans (E)
form or isomerize to cis (Z) form.10-14

Here, the rapid NRD from the mm* state and an efficient
conversion of the UV energy to thermal one (vibrational energy)
without producing harmful biproducts may be highly desired for the
good sunscreen reagent. The trans -» cis and cis - trans
photoisomerization is the reversible process.!> * Shindo et al.
examined the quantum yield (¢) for each process for ethylcinnamate
(EC) in ethanol solution.’ They obtained ¢ (trans - cis) is 0.26 and
¢ (cis = trans) is 0.29, and suggested that the half of the
photoexcited species directly deactivates to Sp of the same isomeric
form, and the other half isomerizes via the singlet and/or triplet
states. This is in accordance with the very recent work of Krokidi et
al. who observed two competing deactivation routes in cyclohexane
solution. As to the photophysics of the cis-isomer, recently Zhao et
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Chart 1. Chemical structure of (a) methylcinnamate (MC), (b)
para-hydroxy MC (p-HMC), (c) para-methoxy MC (p-MMC), (d)
meta-HMC (m-HMC) and (e) ortho-HMC (o-HMC).

al. reported that the lifetime of the rut* state of the cis-isomer is
shorter than that of trans in methyl sinapate, and proposed that two
NRD routes, adiabatic and nonadiabatic relaxations, compete in the
cis-isomer, making the short lifetime of the cis-isomer.3

The investigation of the electronic states, their lifetime and
photophysics involving the photoisomerization have been carried
out experimentally using UV and IR spectroscopy, and time-resolved
spectroscopy, as well as by theoretical calculations to quest these
issues.1>*

The nt* state lifetime of the cinnamates and cinnamic acids in
the gas-phase is in the range from a few picoseconds to a few tens of
nanoseconds, which is quite different depending on the substituents
on phenyl group.’®? For example, the lifetime of mm* of
methylcinnamate (MC) is first reported to be less than 10 ps by
picosecond pump-probe spectroscopy by Kinoshita et al?' and
recently obtained to be 4.5 ps by femtosecond pump-probe
spectroscopy.’® A substitution of the OH group at the para-position
of MC leads little change on the rut* lifetime, while the substitution
at ortho- or meta-position elongates the lifetime by three orders of
magnitude.”!® On the other hand, the substitution effect at the
ester part on the rmut* lifetime is rather small. For example, the
reported nmt* lifetime of para-methoxy MC (p-MMC), para-methoxy
EC, and octyl methoxycinnamate is 280 ps, 70 ps and 40 ps,
respectively.l”1822 |n addition, recent work on sinapate ester
indicates that the efficiency of photoprotection is independent of
trans (E) or cis (Z) isomer.2%?% Thus, it is considered that for the
development of effective sunscreen reagent, a modification of the
phenyl group is more efficient.

Form our previous studies, we pointed out three important
issues to investigated the NRD involving the isomerization in the gas
phase. First is the detection and assignment of the transient
electronic state generated during the NRD process. The transient
electronic state was first observed for para-substituted cinnamates
by using nanosecond pump-probe spectroscopy with the probe
(ionization) laser fixed at 193 nm.?¢ Later, the transient electronic
state was assigned to the Ty (3rt*) state for MC, p-hydroxy MC (p-
HMC) and p-MMC shown in Chart 1 (a)-(c) by determining its energy
using tunable deep UV (DUV) laser and by quantum chemical
calculation.1819.21
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Second is the detection of the nmt* state. Although the internal
conversion (IC) from mm* to nm* is thought to be the key NRD
process, the nit* state was hardly detected due to a very small
oscillator strength from Sg and an interference by the nearby ‘r*
absorption. However, the nit* state has been recently observed for
MC by our group.?! The state is located at 660 cm™ (0.082 eV) below
Inrt*. It was also found that the substitution to the phenyl ring
reverses the order of their energies.

Third is the substitution position dependence of the NRD /
photoisomerization route. We reported that in the structural isomers
of HMC (p-, m-, 0-HMC) shown in Chart 1 (b), (d), (e), the
photoisomerization of p-HMC proceeds via “nni* (trans) > > T
(3rtm*) > So (trans or cis)” route, while in m- and o-HMC, the
photoisomerization proceeds vig “rut* (trans) > C=C bond twisting
on the 'nm* > S (trans or cis)” route.’® Thus, there are at least two
photoisomerization routes.

All  the
photoisomerization of cinnamates

that the
is very sensitive to the

above-mentioned results indicate
substitution to phenyl ring. Thus, a systematic theoretical study to
track the possible reaction routes starting from the initial
photoexcited state (trans-form) to the reactant (isomerization to the
cis- form) or going back to the ground state of the original form, as
well as the effect of substitution is highly demanded. In the present
study, we carried out a theoretical calculation to answer this demand.

In the first half of the present study, we describe the systematic
exploration of the photoisomerization route of MC by using the
single-component artificial force induced reaction (SC-AFIR) method
with time dependent density functional theory (TD-DFT) calculation,
successfully applied in drawing the complete

photoisomerization route of cinnamates in our previous study.'®1°
“l.

which was
Here, we found that the route of MC is essentially described as “*mm*
(trans) > nmt* > T; (3nt*) > So (trans or cis)”. This route becomes
important baseline to investigate the substitution effect on the
electronic states and the photoisomerization route of cinnamates.

In the latter part, we discuss a prominent guideline to design
efficient substituted cinnamate based sunscreens by using the
results of the mn* lifetime, and the shapes and energies of the
molecular orbitals (MOs) involved in the rt* and *nmt* transitions of
cinnamates. Here, we found that for the efficient sunscreen,
cinnamate should have an appropriate substituent at phenyl ring to
stabilize the highest occupied m orbital. We also describe the reason
of the modulation of photoisomerization route by substitutions
based on these MO concepts.

2. Theoretical calculations
2. 1 Systematic exploration of the photoisomerization route

For the systematic exploration of the photoisomerization routes, we
perform DFT and TD-DFT calculations with the development version
of the GRRM program® interfaced with the Gaussian 16 quantum
chemistry package®® otherwise mentioned.

First, the IC route from the nmt* state is investigated. The rut*
and nt* minima (EQs), and the transition state (TS) between them
are optimized at the TD-wB97XD/6-311G(d,p) level. The functional

This journal is © The Royal Society of Chemistry 20xx
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Chart 2. The target atoms for SC-AFIR method: All the carbon
atoms, oxygen atoms and hydrogen atoms (indicated as red) in
the vinyl C=C bond.

was used in previous studies and it successfully described the energy
of the electronic states and NRD process of cinnamates.'>?!

Next, the intersystem crossing (ISC) route from the nm* state is
investigated. Minimum energy seams of crossings (MESXs) between
the Sy (*nmt* or 'nm*) and T, (n = 2, 3) states are optimized at the TD-
wB97XD/6-311G(d,p) level. The minimum energy conical
intersections (MECIs) between the T, and T; states are searched by
the SC-AFIR method’® at the TD-wB97XD/6-311G(d,p) level. The
EQs of Ty (3nmt*) and the MESXs between T; (3rn*) and Sp are also
searched at the UwB97XD/6-31G(d) level. The MECI/MESX search
using the SC-AFIR method can investigated much larger
configurational space than manual search and gives us surprising
number of MECI structures. For example, we found 56 S1/So MECls
for 0-HMC in previous study.’® We have already been applied this
method successfully for the nonradiative processes in many organic
and inorganic systems and obtained the low-lying MECIs/MESXs
involved in their nonradiative decay processes.18>8-6>

For the investigation of the direct isomerization route, which is
C=C rotation coordinate on the mn* state, we also optimized the
geometries of nmrt*/So MECIs and TSs on the ™ state. We applied
the energy shift technique®®® for the nm*/Sy MECI to avoid the
instability of TD-DFT calculations nearby the MECI. Initial geometries
of the MECIs are created by the SC-AFIR at the TD-wB97XD/6-31G(d)
level.

In all the SC-AFIR searches, the model collision energy parameter
is set to y = 100 kJ/mol, and all the carbon atoms, oxygen atoms and
hydrogen atoms in the vinyl C=C bond are accounted as the target
atoms as shown in Chart 2. All of the obtained EQs in T1 and T1/So
MESXs are further optimized at the UwB97XD/6-311G(d,p) level, and
all the other TS, MESXs, MECIs and EQs are optimized at the TD-
wB97XD/6-311G(d,p) level.

The decay routes for all the optimized structures are surveyed by
calculating the intrinsic reaction coordinates (IRCs) and the meta-IRC,
where IRC and meta-IRC correspond to the steepest decent path
starting from the first-order saddle point and those from non-
stationary points, respectively.

2. 2 Spin-Orbit coupling constant

To evaluate the efficiency of the ISC (*nrt* or t* - triplet state)
process, the spin-orbit coupling constant (SOC) at the optimized
MESXs are calculated by using the TD-wB97XD/6-311G(d,p) level of
theory using the Breit-Pauli spin-orbit Hamiltonian with effective
charge approximation,®®7! implemented in the PySOC program.’>73
It is known that the SOC values evaluated by TD-wB97XD level of TD-
DFT well reproduce those calculated by computationally more
demanding multistate complete active space second order
perturbation theory (MS-CASPT2).”®> The single-point energy

This journal is © The Royal Society of Chemistry 20xx
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calculation for the SOC evaluation is performed by Gaussian 09
quantum chemistry package.”*

The SOC constant between T; and Sp states at T1/So MESXs are
evaluated at the MS-CASPT275 /ANO-RCC-VTZP”’ level of theory with
active space of 10 electrons in 9 orbitals ([10e, 90]-MS-CASPT2). We
use mean field spin-orbit Hamiltonian and SOC between the T; and
So states.®> The SOC values are evaluated by using restricted active
space state interaction approach.®® We use OpenMolcas 18.09
quantum chemistry package’” for the MS-CASPT2 calculations. The
detailed description of our MS-CASPT2 calculations is documented in
supporting information (SI).

3. Results and Discussion
3.1 The photoisomerization via multi-step NRD process of MC

Figure 1 shows the energy diagram of the excited states and the
photoisomerization route of MC starting from the trans 'nmt™* minima
(EQ 1) to the Ty (>ntt*) minima (EQ 7 and EQ 8). The values with zero-
point vibrational energy (ZPE) correction are also shown in
parentheses. The crosses in Figure 1 indicate MECls or MESXs. We
hereafter define the dihedral angles of C-C=C-C and C-C-O-Me as the
twisting angle around C=C bond and methoxy group, respectively.
According to this definition, the twisting angle around C=C bond for
trans and cis isomers are 180° and 0°, respectively.

We found that the UV excited trans-MC in ™ with low excess
energy rapidly decays to the triplet states and either goes back to the
trans-So or undergoes trans —» cis isomerization as same as para
substituted cinnamates such as p-MMC and p-HMC.'81° Briefly, As
seen in Figure 1, this NRD process starts with the IC to nit* state
followed by ISC to the triplet manifold, first to the T3 (*rrt*) state.
After this ISC, MC relaxes to T, (3nrt*) by IC. OMe torsion in the T,
state changes the character to 3nrt* and promotes IC to Ty (3rut*)
state. MESX between the nrt* and Tz (3nm*) states (MESX 1) was
found near EQ 2. The experimental observation suggests the IC
process within the triplet states completes within 1 ns.!81%21 |n
Figure 2, the energy of T; and ISC routes to Se(trans) and Se(cis),
isomerization route, are shown. The stable structure of the T; state
has the C=C twisted form, which is close to the T:1/So MESXs.
Experimentally, MCin T; finally undergoes a few tens of nanoseconds
ISC to the Sy states of trans or cis form. Hereafter, we will closely look
at each NRD steps.

The first IC from mrt* (EQ 1) to 'nm*(EQ 2) immediately occurs
through the nonplanar avoided crossing type transition state (TS 1)
at 35805 cm™L. This IC is a barrier-less process since the energy of TS
1 with zero-point energy correction (34294 cm™) is lower than that
of EQ 1 (34827 cm™). This explains very well the observation of the
very short (4.5 ps) lifetime of the 'nrt* state in the gas-phase.’> 2! The
planer rtt*/*nrt* MECI 1 was found at 36481 cm™. However, MECI 1
is energetically higher than that via TS 1 by 676 cm™ and MECI 1 dose
not much involved in this IC process.

MC next undergoes ISC to the Tz (3rrt*) state. MESX 1 is found at
35091 cm™ near EQ 2. The energy of MESX 1 is lower than other
MESXs, and the calculated SOC value at MESX 1 (24 cm™) is large
enough for ISC to occur via MESX 1. The energies and SOC values of
other MESXs are shown in Figure S1 and listed in Table S1. MC in T3

J. Name., 2013, 00, 1-3 | 3
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Figure 1. The energy diagram along the decay routes of the photoisomerization of MC from the trans nrt* minima (EQ 1) to the Ty
(3rtt*) minima (EQ 7 and EQ 8) calculated at the wB97XD/6-311G(d,p) level. The values in parentheses are the ZPE corrected ones.
The angles in the structures are the tilting angle of the propenyl C=C bond with respect to the planar structure (trans-form). The

crosses indicate MECls or MESXs.

immediately decays to T, (3rt*) by IC via MECI 2 since the IRC from
MESX 1 to the T3 state directly reaches to MECI 2.

After the IC to the T, (3rrt*) state, the OMe group starts tilting.
This OMe tilting changes the character of the T, from 3nrt* to 3nrt*
by passing through an avoided crossing type TS 3 as same as the IC
from rt* to nm* (TS 1) discussed above. The OMe torsion further
triggers IC to T1 (3rtt*) and MC reaches to the C=C twisted Ty structure
(EQ 7). This multistep IC process from T3 to T; completes within a few
ns according to our previous nanosecond UV-DUV pump-probe
measurement, where only EQ 7 (T1) is experimentally detected.?! The
0-0 energy level of EQ 7 is 17799 cm™, which reasonably agrees with
the experimental value (21790 cm™).2! The C=C bond in EQ 7 is
twisted by 91°, and EQ 7 looks like the TS between trans and cis
isomers. EQ 7 of MC has large excess energy (17028 cm™) so that it
can further isomerize to another T; minima (EQ 8) through TS 5. The
C=C bond in EQ 8 is twisted by 269°.

We also investigated the other T, = T; IC channels apart from
the route via MECI 3. We found that the MECI 3 is the most

4| J. Name., 2012, 00, 1-3

energetically preferable T,/T1as shown in Figures 1 and S2. The OMe
tilted T1/T, MECI like MECIs 3 and 5 is also energetically preferable
for p-MMC.'® However, several other T, > T; IC routes involving
T,/T1 MECIs, described in Figure S2 and S3 in Sl etc., are possible
because of the large excess energy at the T, EQ 3 (5874 cm™) and the
high energy barrier for the OMe tilting (TS 2, 3839 cm™). The
calculated reaction rate for the rate-determining step from EQ 3 to 4
(1.44 x 107 s%, time constant of 69.4 ns) by using Rice-Ramsperger-
Kassel-Marcus (RRKM) theory,?” assuming the 0-0 transition from the
So to lm* (excess energy at EQ 3 is 5874 cm'?), supports this multiple
reaction pathway picture for the T,/T; IC process.

The final step of the multistep ISC is the ISC from the T; (3rt*) to
So state as shown in Figure 2. We found two low-lying T1/So MESXs,
MESX 2 and 3, as shown in the figure. The calculated SOC value at the
[10e,90]-MS-CASPT2/ANO-RCC-VTZP of MESX 2 and MESX 3 is 0.38
and 0.30 cm™, respectively. According to our meta-IRC analysis from
these two MESXs, formation of Sg trans form via the lower-lying

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. The energy diagram and decay routes of isomerization
to cis (EQ 9) and going back to trans from EQ 7 (Ty, 3rnt*). The x-
axis represents the dihedral angle around C=C bond. The angle of
trans-form is defined as 180°.

MESX 2 seems to be energetically more favorable than that of cis-
form (EQ 9) via the higher lying MESX 3.

The nt* state decays to 'nit* (EQ 2) less than 10 ps according to
previous experimental studies.’>?! The time-resolution of our UV-
DUV pump-probe measurement is 6-7 ns and we concluded that the
transient state (T1) is produced faster than this time resolution.?
Thus, the decay process from EQ 1 to EQ 7 involving ISC via MESX 1
occurs within a few ns. The calculated SOC values of T1/So MESXs 2
and 3 (0.38 and 0.30 cm™, respectively) is approximately 100 times
smaller than that of 'nit*/3rut* MESX 1 (24 cm'?). Thus, the ISC from
T to Sostate is much slower and EQs 7 and 8 can be observed by our
UV-DUV pump-probe measurement.

In the gas phase condition such as in a supersonic beam, the MC
at the T, state has large excess energy of 17028 cm™. This large
excess energy can drive MC to (i) ISC via non-IRC pathways (cis
formation via MESX 2 and trans formation via MESX 3), and (ii)
conformation change in the T; state, and (iii) trans 2 cis isomerization
in the Sy state after the ISC. On the other hand, in solution the
collisional cooling will interrupt the isomerization process. Actually,
as was described in introduction, Shindo et al. reported the quantum
yield (¢) for the isomerization of ethyl cinnamate (EC) in ethanol
solution is ¢ (trans - cis) = 0.26 and ¢ (cis - trans) = 0.29, and
suggested that the half of the photoexcited species directly
deactivates to Sy of the same isomeric form.'* For the determination
of the branching ratio of trans / cis isomerization via the multistep
ISC, a detailed nonadiabatic kinetics study including these three
effects is essential.

We also investigated another multistep ISC pathway that MC
directly undergoes ISC from the rrt* to triplet states as suggested by
our group*® and by Moon et al.*®in p-MMC. However, we found that
this pathway plays a very minor role for the decay of the nrt* state
in the case of MC. The character of the all low-lying MESXs around
Inn* EQ 1 is fe* /Prt*, where ISC is not preferable according to El-
Sayed'’s rule as shown in Figure S1. As a result, the value of SOC is too
small (< 1 cm™) to explain the experimentally observed decay of the
Inn* state within 10 ps (Table S1).

3.2 The photoisomerization via C=C bond twisting process on the
ne* PES of MC

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Two competing photoisomerization routes of MC from
EQ 1 (Yut*). Left direction represents the direct
photoisomerization process on the nmt* PES and right direction
represents the IC (EQ 1 - EQ 2) process

Several previous theoretical studies investigated the direct trans -
cis isomerization route via lrut*/Sg since it is essential to examine the
competition between this route and the nt* - nrt* IC for gaining
overall picture of the photoisomarization.7-1%51-53 Here, we also
examined the direct nt* isomerization pathway for MC. We found
that in the gas phase the multi-step photoisomerization route via IC
and ISC discussed in a previous section is preferable than the direct
C=C bond twisting on the rut* PES.

Figure 3 shows the two competing NRD routes connected to
photoisomerization from the rut* minimum (EQ 1) of MC. The right
direction from EQ 1 is IC to *nmt* state (EQ 2) discussed above and the
left direction is the decay route along the C=C bond twisting on the
same rt* PES. We found TS 6 at 35751 cm™, located between EQ 1
and nnt*/So MECI 4. The TS 6 is the result of the avoided crossing
between the first and second mrt* states,®* which consist of several
1t - ¥ configurations such as HOMO (i) - LUMO (it*), HOMO-1 (m)
- LUMO (rt*) (See Figure 5 and Table S3) etc. The MOs involved in
these states are originated from the tand nt* orbitals of benzene ring
and propenyl group as shown in Figure 5. The weight of these m >
n* configurations changes according C=C twisting and makes the
avoided crossing TS 6. After the IC (MECI 4 = So), trans = cis
isomerization will occur in So due to the large excess energy even
though the IRC calculation from MECI 4 reaches to Sp of trans form.
The ZPE-corrected energy of TS 1 is lower than that of TS 6 by 519
cmL, This indicates that the rt* - nmit* IC route (right direction) is
energetically more favorable than that of C=C bond twisting route via
nn* /So MECI. This theoretical result consists with the experimental
result that the T; (>rnm*) corresponds to EQ 7 was detected by
nanosecond UV-DUV pump-probe measurement.?

3.3 Substitution and its position effect on the NRD process: For the
effective NRD of the photoexcited nn* state

We found that for the efficient IC of the mnt* state, the cinnamate
should have an appropriate substituent at the phenyl ring to stabilize
highest occupied 1 orbital. The stabilized it orbital (i) minimizes the
energy gap between nmt* and nrt* at the rt* minimum, and (i)
makes the 0-0 energy level of mmt* higher than nn* state as
observed in MC. These MC-like energetic relationships between rmt*
and nnt* should be ideal to maximize the “rut* > nt*” IC rate
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(a) (b) Table 1 lists the 0-0 transition energies of the rt* and nrt* states
(Eoo (*rimt*) and Ego (*nmt*)) calculated at the wB97XD/6-311G(d,p)
level of theory, which are compared to the observed values.
Although the calculated energies are roughly 1000 cm™ higher than
the observed ones, they show a good agreement for the relative
energies of the two states. The calculated results show that the
substitution at the para position lowers Eq.o (*rit*) but less affects Eq-
o (*nrt*). The calculated Eo.o (*nmt*) values of MC, p-HMC and p-MMC
trans (S,) are located within the range of 420 cm™, while the energy of ‘rut* is
lowered by 1459 cm™ from MC to p-MMC, in good agreement with
the experimental value of 1632 cm™. Especially, the order of the two

states is reversed between MC and para-substituted MC.
Since the IC from the rut* to Inm* states involves the hole transfer
from the n (HOMO-1 or HOMO-2) orbital on carbonyl group to the t
uv (HOMO) orbital as shown in Figure 5, the IC rate constant kic can be

/l\ described approximately by Marcus theory,®®

Energy
cC
<

Energy

kic= ZT[/h | Hinn*-1nn* | 2 (4)\kBT) 2

trans (S;)
’ x expl A8 AGimer-1nee)/ 4 N ks T], (1)

Figure 4. The schematic potential curves of the electronic states

along the photoisomerization coordinate for (a) MC, (b) p-HMC, ~ Where Him~inr, 4, and AGuw-1ue- are the nonadiabatic coupling
p-MMC and (c) m- and 0-HMC, respectively. In the routes of (a) between the nn* to 'nm* states, reorganization energy of the ni*
and (b), the transient T, (rut*) state is mediated. On the other state, and free energy difference between the ni* and !nmt* state,
respectively. Under the low temperature (T~ 10 K) with low-excess
energy experimental condition in gas-phase as our previous
constant according to Marcus theory. In this section, we will closely ~ studies,**?* the entropy contributions to 4, and AGim*1n* eq (1)
look at how substitution varies the energies of molecular orbitals, becomes negligible and is rewritten as the difference of the potential

and modulates the energy level of Inrt* state and NRD mechanism. energies,

hand, in the (c) route, the isomerization occurs on the rut*.

kIC = ZT[/ h IHlnn*»lnn* | 2 (4}\kBT) k&

3.3.1 para-substituted MC x exp[ 4AX Eo.o (*nTT*) — Eoo (re*))2/ 4 A ks T]. (2)
The nrt* lifetime of para-substituted cinnamates is also very short
meaning the efficient initial NRD (tm* > nm* and/or mn* > Here, A is approximated by the sum of |Eg.o (*nr*) - Eoo (*run*)|

3n*).1819.21 This suggests that para-substituted cinnamates can be  and energy difference between nrt* and 'nn* states U ('nm*- 'nn*)
good UV filters if they effectively go back to So or isomerize to the cis ~ at 'rut* EQ is shown as in Figure 6. The effective activation energy £*
(2)-form with high yields. Figure 4 shows the schematic potential ~for the IC process can be written as

curves of the electronic states along the photoisomerization

coordinate for (a) MC, and for (b) p-HMC and p-MMC. The

substitution of the OH or OCHs group at para position of MC slightly

lowers the rmt* transition energy and elongates the rt* lifetime,

but triplet mediated isomerization process is still dominant. 8122

Table 1. Adiabatic energies of the nm* and nit* states, the mt* state lifetime and major NRD route of MC and substituted MC

Calc. (wB97XD/6-311G(d,p)) Exp.
Molecule Eoo (*frun*) / Eoo (*nmt*) / Eoo (*frut*) / 77 (fru*) / Eoo (*nmt*) / Major NRD route

cm? cm? cm? ps cm?
MC 3482732 343232 339602 <103 4.5 b 333007 ‘mr* S nit* S n*> Sy
p-HMC ¢ 33697 34692 32710 <10 — x5 3nm* S 3> S,
p-MMC ¢ ¢ 33368 34743 32328 280 — nn* S 3nn* S 3t S
m-HMC ¢ 33243 34178 31390 10000 — C=C bond twisting on rut*
o-HMC ¢ 32763 34280 31200 6000 — C=C bond twisting on rut*

a) ref. 21, b) ref. 15, c) ref. 19, d) ref. 18, e) ref. 17

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a)-(c) MOs representing nrt* and rut* transitions of
MC, p-HMC and p-MMC, respectively. (d) and (e) MOs
representing two types of rut* transition of m- and o-HMC,
respectively. The configuration interaction coefficients obtained
by TD-wB97XD/6-311G(d,p) level of single point calculations at
the equilibrium structure of the first 'rut* state for each molecule
are also shown.
E* = X Eo-o (1I’1T[*) —Eoo (1T[T[*)
= U (*nmt*- Inm*) + | Ego(*nmt*)— Ego (trumt*) |
+ Eg.o (*nTt*) — Ego (*rumt*). (3)

Eq. (3) is further simplified by considering the sign of
Eoo (1nn*) —Eoo (1T[T[*). For Eoo (1nT[*) —Eoo (1T[T[*) >0,

E* = U (*na*- nn*) + 2(Eoo (*n*) — Eo-0 (*nm™)). (4a)
And for Eg.o (*nrt*) — Ego (*rimt*) < 0,
E* = U (*nn*- lnn*). (4b)

Egs. (4a) and (4b) indicate that minimizing U (*nrt*- 'nt*) at rn* EQ

and satisfying Eqgo (*nt*) = Eg.o (‘rt*) < 0 is a promising strategy to
maximize kicsince A is almost identical for MC, p-HMC and p-MMC as
shown in Table 2. The minimization of U (*nmt*- 'nit*) at ft* EQ can
be achieved by (i) destabilizing mrt* and/or (ii) stabilizing *nm*
(Figure 6).

In order to examine which (i) or (ii) is the more feasible, we
carefully look at the shapes and energies of MOs associating with the
Inn* and nit* transitions. Figure 5 (a)-(c) shows four MOs for MC, p-
HMC and p-MMC, respectively. Table 3 lists the energies of LUMO,
HOMO and HOMO-2 or HOMO-1 calculated at the wB97XD/6-
311G(d,p) level of theory at the first mt* minimum by Gaussian 09

This journal is © The Royal Society of Chemistry 20xx
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Energy

E,o (InTr*) - E,, (rrN_/

Figure 6 A schematic description of the potential energy curves of
MC along the mn* - nm* IC reaction coordinates and the
definitions of the parameters appeared in eq (2)

Table 2 Parameters for Marcus equation (2) evaluated at the
TD-wB97XD/6-311G(d,p) level

Molecule U (*nrt*-nn*)  Eoo (*nmt*) A
/em™! —Eoo (frtm*)/ecm?  /em?
MC 3690 -594 4284
p-HMC 5457 995 4462
p-MMC 5734 1375 4359

quantum chemistry package.’” In these cinnamates, the first mm*
and nrt* transition corresponds to HOMO - LUMO and HOMO-2 (or
HOMO-1) - LUMO transition, respectively. In HOMO of the three
molecules, MO is delocalized on the phenyl ring and vinyl group. It
should be noted that the substitution of the OH or OCH; group at
para position of MC drastically increases the energy of HOMO by 0.5
eV so that the HOMO-LUMO energy gap of p-HMC and p-MMC
becomes smaller than that of MC. On the other hand, the nrt*
transition energy is less affected by the substitution (within 0.2 eV),
since the nonbonding orbital on the C=0 group is far from the
substitution point. These changes result in (i) increasing U (*nm*-
Inn*) at the nt* EQ, and (i) makes the 0-0 energy level of mm*
lower than nrt* state. As a result, the 'nt* - nrt* IC rate is reduced
in para-substituted MC as shown in Table 2 according to Marcus
theory, especially in p-MMC.

The modulation of the HOMO (mt) energy by introducing the
substituent is explained by applying Hammett’s rule.?® The
correlation between the HOMO energy of the substituted benzene
and Hammett ¢ parameter was already estimated.?®°! The plots of
the HOMO energy against the o parameters for various substitution
groups showed a good correlation. According to those plots, the
HOMO of benzene is destabilized by n-donor substitution such as the
OH and OCHj3 group. In addition, the HOMO - LUMO transition
energy is described by three types of Hammett parameter such as gy,
o7 and o .»2 Here, g is the inductive substituent constant, while
the o;f and o; are the m-electronic substituent constants for m-
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Table 3 The orbital energies of MC, p-HMC and p-MMC calculated at the wB97XD/6-311G(d,p) level at the first rut* minimum.

Molecule LUMO (n*) /eV  HOMO () /eV HOMO-1or AE (HOMO-LUMO) /eV  AE (HOMO-LUMO) / cm™
HOMO-2 (n) /eV

MC -0.645 -8.15 -9.68 7.51 60549

p-HMC -0.350 -7.71 -9.54 7.36 59331

p-MMC -0.299 -7.62 -9.50 7.32 59024

donor and m-accepter substituent, respectively. These values for H,
OH and OCHjs groups are listed in Table 4. For example, the transition
energy from S to the rm* state (EUY/eV) for the monosubstituted
benzene is described as,?3

EV = —0.0210; + 1.1940;} — 1.0290; +4.846.  (5)

The calculated and observed EUY of non-substituted benzene,
phenol and anisole are also listed in Table 4.929 This calculated EUY
trend consists with experimental values so that it can also be applied
to cinnamates.

The experimental results reported in previous studies support
the calculated results. The observed Eqo (‘run*), Eoo (*nrt*) and the
nn* lifetime (1) are also listed in Table 1. In the case of MC, the 0-0
transitions of the *nrt* and rnut* states are observed at 33300 cm™
and 33960 cm™, respectively. The observed Eqo (*nmt*) is located at
660 cm™ lower than that of lnt* state. On the other hand, in neither
p-HMC nor p-MMC, the nm* state has not been observed. It is
because Ep.o (*n1t*) of p-HMC and p-MMC is higher than Eqg. (*rtt*) in
those species, as indicated by the calculated ones, the transition to
this state is overlapped with the vibronic bands of the bright rut*
state so that it is hard to discriminate it. The measured rut* lifetime
at v =0 level (1) of p-MMC is much longer than both of MC and p-
HMC. The longer nnt* lifetime of p-MMC is explained by its larger
Ie*-Inmt* energy gap. 161721

The energy difference between rut* and nit* states changes the
rate of the IC and activates the another multistep ISC pathway such
as “nn* (trans) > T, (Cnnt*) > Ty (3rn*) > So (trans or cis)” as
suggested by our group?® and by Moon et al.*° as discussed in p-MMC
previously. Different from MC, the 3nrt* state of p-HMC and p-MMC
is located at much higher energy (~3000 cm?) above the nt* EQ and
below nrt* as shown in Table S2 in SI. For MC, it satisfies Eqg (rut*)
> Eo.o (*n1t*) as shown in Table 1 and fast IC to *nrt* within 10 ps is
the major initial process of the multistep ISC. Population of *nmt* is

large enough for the direct detection by our picosecond UV-UV pump
probe setup.

On the other hands, Eq (*run*) of p-HMC and p-MMC is lower than
Eo.o (*n1t*). This switches the major NRD route to ISC to 3nmt* in the
time scale of picoseconds and only the 3nn* (T;) state becomes
experimentally observable in p-MMC and p-HMC.'81° The lifetime of
the mut* of p-HMC and p-MMC should be also affected by the height
of Inm*/Anmt* MESX, the SOC between nm* and 3nit* states, and the
vibrational density of states of the 3nmt* state. The strategy derived
from Marcus theory discussed in ‘rut* - nit* IC can also be helpful
for improving efficiency of rt* - 3nmt* ISC, which also involves the
hole transfer from carbonyl group to phenyl ring.?’

For further investigation on the substitution effects on the initial
step of multistep ISC and subsequent isomerization dynamics, the
interplay between pump-probe spectroscopies such as time-
resolved photoelectron spectroscopy'>®® and transient absorption
spectroscopy,’® and nonadiabatic reaction dynamics and
spectroscopic studies based on highly accurate wave function based
electronic structure methods® (eg. MS-CASPT2 using large active
space>®, EOM-CCSD, or ADC(3) combined with aug-cc-pVTZ or lager
basis set) is desirable.®3 Especially, the T; = T, transient absorption
combined with UV-DUV pump-probe spectroscopy with an aid of ab-
initio calculations on the T, - T, absorption will give us
complemental information for the T, state we observed in previous
studies.1®1921 A possible experimental setup and the simulated T; >
T, excited state absorption spectra simulated at the [10e,90]-MS-
CASPT2/ANO-RCC-VTZP level of theory are discussed in Sl (Scheme
S1, Figures S5 and S6) Another method is the observation of the
vibrational spectrum of T; state combined with UV-DUV pump-probe
spectroscopy, which was demonstrated for the study of NRD of
thymine by Boldissar et al.®*

3.3.2 meta- and ortho-substituted MC

Table 4. The values of gy, 0;f and g;; of H, OH, OCH3 group and EUV (cm™) of the Sp = mrt* transition of benzene derivatives.
Here, the 0-0 transition of benzene is forbidden so that experimentally predicted value is listed.

Calc. Exp.
Substitution o, oy oy EUV Jev EU /cm? EU /cm?
H (benzene) ¢ 0 0 0 4.85 39086 38086
OH (phenol) 0190  -0.340 0 4.44 35779 36348
OCHs (anisole) 0185  -0.281 0 451 36348 36384

a) ref. 92, b) ref. 93, c) ref. 94, d) ref. 95 e) ref. 96

8| J. Name., 2012, 00, 1-3
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The substitution of the OH group at meta or ortho position of the
phenyl ring of MC further lowers the nrt* transition energy and
drastically elongates the nt* lifetime. As a result, as shown in Figure
4 (c) the substitution at these positions changes the dominant NRD /
photoisomerization route of MC to C=C bond twisting on the rut*
PES described as “mnt* (trans) > C=C bond twisting on rt* > S
(trans or cis)”.

As discussed in section 3.2 for MC, the first and second ‘rmt*
states (‘mm* (1) and mrt* (2), respectively) of cinnamates are
originated from several m = n* configurations such as HOMO (i) >
LUMO (m*), HOMO-1 () - LUMO (n*) and HOMO (mt) - LUMO+1
(m*) where the weight of these configuration is different in the rut*
(1) and rut* (2) states as shown in Table S3. The shape of molecular
orbitals is summarized in Figure 5. The energies of the nt* (1) and
Inn* (2) states depend on the substitution position due to the
different strength of configuration interaction between them.*? As a
result, although the rt* (1) and rt* (2) splitting is small in MC and
p-HMC, the energy level of nnt* (1) of m- and o-HMC becomes
significantly lower than that of MC. As seen in Table 1, the calculated
Eoo (frut*) of m- and o-HMC is lower than that of MC and para-
substituted MC. This is in accordance with the observed Eo. (*rut*) of
m- and 0-HMC to be 2570 and 2760 cm™ lower than that of MC,
respectively, and more than 1000 cm™ lower than those of the para-
substituted MC. The magnitude of the lowering of the calculated
Innt* transition energy seems to be underestimated for m- and o-
HMC. The calculated Eqo (*nmt*) of m- and o-HMC is not drastically
changed compared to Eg (‘ru*); almost same with those of MC and
para-substituted MC (Table 1).

The mixture of HOMO (i) - LUMO (rt*), HOMO-1 (i) > LUMO
(m*) and HOMO (m) > LUMO+1 (rt*) transitions is characteristic to
the electronic states in meta or ortho-disubstituted benzene, the
reduction of symmetry causes extensive configuration interaction
between pure transitions and the interaction results in the larger
splitting of the energy levels, where the splitting for ortho is slightly
larger than that of meta. Same patterns of the two nut* transitions
and MOs were also reported for the structural isomers of HMC and
other cinnamates by using the symmetry-adapted cluster
configuration interaction method, and two distinct ‘nt* transitions
were observed at the absorption spectra of meta and ortho-
cinnamate derivatives and aminostilbene, 4244100

As the experimental results, the drastically long rut* lifetime of
m- and o-HMC, longer by factor of 1000 than that of MC, is attributed
to the inhibition of the mt* - ni* IC and nt* - 3nmt* ISC routes
due to their larger energy barrier than that of MC and para-
substituted MC. As another example, it is reported that the 0-0
transitions of jet-cooled meta and ortho-diethynylbenzene appear at
lower energy than that of para.1®!

4. Conclusions

In this study, we theoretically found that for the efficient sunscreen
UV filter, the cinnamate should have appropriate substituent at
phenyl ring to stabilize the highest occupied m orbital. Stabilization of
the 1 orbital (i) minimizes the energy gap between nt* and nrt* at
the rt* minimum, and (i) makes the 0-0 energy level of it* higher
than nn* state as observed in MC. These MC-like energetic
relationships between rut* and *nit* should be ideal to maximize the

This journal is © The Royal Society of Chemistry 20xx
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nn* > Innt* IC rate constant according to Marcus theory. The
substitution effects on the electronic structure and NRD of the
phenyl ring were discussed in comparison with non-substituted
cinnamate, MC and substituted MC.

The NRD process involving the trans (E) - cis (2)
photoisomerization of MC have been theoretically revealed by the
SC-AFIR method combined with DFT and TD-DFT calculations at the
wB97XD/6-311G(d,p) level. The calculation showed that the efficient
Int* - nnt* IC process is energetically favorable than the C=C bond
twisting process on the mm* PES. Therefore, the dominant
photoisomerization route of MC is concluded as “*rt* (trans) > *nit*
> Ty (3rut*) > S (trans or cis)”.

The substitution effect on the NRD / photoisomerization route of
cinnamates has been further examined with focusing on the
relationship between the experimentally observed nnt* lifetime, and
the shapes and energies of the molecular orbitals (MOs) related with
the rut* and nmt* transitions of cinnamates. The substitution at para
position destabilize HOMO (rt) and lowers the energy of the ‘mm*
state of MC, so that the order of mrt* and nm* state is reversed
between MC and para-substituted MC. This energy inversion
increases the contribution of another sub-nanosecond NRD route
involving Ty (3rut*): mut* (trans) > 3nnt* > Ty (3rn*) > S (trans or
cis). For meta and ortho substituted cinnamates (m- and 0-HMC), the
energy level of rt* is more significantly lowered and energy barrier
of IC (*nm* - nm*) becomes very high. As the results, the direct
nanosecond photoisomerization process twisting C=C bond on the
Int* PES becomes the dominant photoisomerization route in m- and
0-HMC. These results indicate that the substitution to the phenyl ring
drastically changes the photochemistry of the cinnamates, but the
modification of the ester part is less effective. An efficient
substituted cinnamate based sunscreen should therefore have
appropriate substituent at the phenyl ring namely at para position to
stabilize the highest occupied it orbital and enhance the nt* - nit*
IC.

The present study systematically analyzed the substitution effect
on the electronic states and the NRD / photoisomerization route of
cinnamate derivatives with a substituent on the phenyl ring and
revealed that para-substituted cinnamates can be the most effective
sunscreen reagents because the multistep ISC process can rapidly
convert the harmful absorbed UV energy to safety thermal one.

The solvation effect, deprotonation, and protonation are the
other important issues for designing of more practical sunscreen
reagents, although it has not revealed in this study. For the solvation
effect, the laser spectroscopic study on the jet-cooled micro solvated
cluster (1:1 complex with solvent molecule) suggests that H-bonding
between cinnamate and solvated molecule also drastically affects
the NRD process of cinnamate.!6:17.2123.26-28 Dpeprotonation of
cinnamic acid based sunscreens such as coumaric and ferulic acids
drastically changes the mechanism and rate constant of
photoisomerization.*>*° Deprotonation and protonation also
perturb the photochemistry of the other sunscreens: Protonation
and deprotonation affects the photofragmentation dynamics of
oxybenzene sunscreens.!®? Protonation to avobenzone UV-A
sunscreen significantly disrupts the stability of the UV-A active enol
tautomer for enol to keto photoisomerization.!® For understanding
these effects, additional theoretical study, namely systematic
reaction pathway search that we performed in this study and
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nonadiabatic reaction dynamics study based on highly accurate wave
function based electronic structure methods, will be necessary.
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