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Abstract: The quantum yield of a photochemical reaction is
one of the most fundamental quantities in photochemistry, as it
measures the efficiency of the transduction of light energy into
chemical energy. Nature has evolved photoreceptors in which
the reactivity of a chromophore is enhanced by its molecular
environment to achieve high quantum yields. The retinal
chromophore sterically constrained inside rhodopsin proteins
represents an outstanding example of such a control. In a more
general framework, mechanical forces acting on a molecular
system can strongly modify its reactivity. Herein, we show that
the exertion of tensile forces on a simplified retinal chromo-
phore model provokes a substantial and regular increase in the
trans-to-cis photoisomerization quantum Yyield in a counter-
intuitive way, as these extension forces facilitate the formation
of the more compressed cis photoisomer. A rationale for the
mechanochemical effect on this photoisomerization mecha-
nism is also proposed.

During the last decade mechanochemistry, that is, the
modulation of chemical reactivity by mechanical forces, has
grown considerably owing to the development of techniques
that allow for a controlled application of an external force to
single molecules and molecular materials."! These techniques
include atomic force spectroscopy,™’ the use of force
probes,[4*5] and the insertion of the reacting molecule, that is,
the mechanophore, into a polymer liable to be stretched
mechanically™” or by sonication.”!

Most of the recent advances in mechanochemistry deal
with thermal reactivity (that is, ground state) and, for
instance, have shown that chemical bonds can be selectively
activated,” reactivity rules or trends changed,'” and chem-

iluminescence induced mechanically."" In contrast, the effect
of mechanical forces on photochemical (that is, excited state)
reactivity remains substantially unexplored. In this regard,
some studies on the optomechanical behavior of azobenzene
have been published,'” while computational methods have
been developed for determining the mechanically induced
variation of the excitation energy of a chromophore.[':%
Furthermore, there are few studies on the effect of external
forces on polymers, which demonstrate an increase in the
photodegradation efficiency with mechanical load.!'>®!

Conical intersections (Cls) between the potential energy
surfaces (PESs) of different electronic states provide the
photochemical funnels that mediate nonradiative decay.”
Moreover, the CI topography is known to determine funda-
mental aspects of photoreactivity.'"¥ Recently, a model for
understanding the effect of mechanical forces on the top-
ography of CIs has been developed, providing qualitative
information on the expected change in photochemical
reactivity."”) Nevertheless, a quantitative prediction of such
a mechanically induced reactivity change implies the simu-
lation of the dynamic behavior of stressed excited-state
chromophores. The explicit inclusion of external forces on the
ab initio force field is a common computational strategy to
perform dynamics simulations of stressed systems,””! although
other strategies are also available.[!]

The retinal protonated Schiff base chromophore (RPSB)
of rhodopsin proteins undergoes an ultrafast photoisomeriza-
tion of its central C11=C12 (for example, in animal visual
pigments) or C13=Cl14 (for example, in microbial proton
pumps) double bonds.”!! These are often referred as the
primary event in the photocycle driving the protein func-
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tions.’” The photochemical properties of the retinal chromo-
phore in its protein environment (for example, tunable
absorption maxima, ultrafast photoisomerization and high
photoisomerization quantum yield) have inspired the design
of many molecular switches,”?”! as well as molecular
motors.”*?! Therefore, owing to its biological and techno-
logical relevance, the RPSB constitutes an excellent candi-
date to study the influence of mechanical forces on its
photoreactivity.

It has been shown that the penta-2,4-dieniminium cation
(PSB3) provides a minimal model for retinal chromo-
phore.’> Even in vacuo, PSB3 displays a barrierless PES
that drives an ultrafast photoisomerization around its central
C2=C3 bond, thus replicating some of the dynamic features
observed in rhodopsins.”¥% For this reason, PSB3 has often
been employed for computationally affordable dynamic
studies providing useful information on the general behavior
of RPSB and its possible applications.

Herein, we employ an all-trans-N-methyl-3-methyl-2,4-
hexadieneiminium cation (trisMe-PSB3) derivative featuring
two terminal methyl groups to investigate the impact of
external forces on the chromophore photoisomerization (see
Scheme 1). Our aim is to investigate a situation in which the
effect of macroscopic forces applied to a polymer incorporat-
ing a PSB3 mechanophore can be modeled by forces applied
to its terminal methyl groups.*” In this context, the pulling
force may be assumed to mimic the effect of a polymer chain
in which the force over the mechanophore can be induced
with sonochemistry, or by stretching a film (see Supporting
Information for details).
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Scheme 1. A) The trisMe-PSB3 derivative studied here. The two rele-
vant torsional deformations are indicated as dihedral angles in

a Newman projection. B) Pulling external forces applied to the terminal
methyl groups are shown. The studied photoinduced trans-to-cis photo-
isomerization with added external forces provides a minimum model
for describing the effect of polymer chains (represented by blue
spheres) on the retinal chromophore when, for instance, ultrasound is
applied.
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To simulate the excited state dynamics of a molecular
stressed system, we have implemented non-adiabatic molec-
ular dynamics (NAMD) and Tully’s fewest-switches algorithm
in the quantum-chemistry software MOLCAS 8,/ along with
a module that permits alteration of the ab initio quantum
chemical force field to include the forces illustrated in
Scheme 1 (see Supporting Information for details). All the
electronic structure calculations have been performed with
the multiconfigurational method CASSCF in which all the
electrons and & orbitals have been included in the active space
(see Supporting Information for method details). A set of 60
NAMD trajectories for each applied force, ranging from 0 nN
up to circa 3 nN, has been computed. Additionally, explora-
tion of the topographical properties of ground and excited
state PES has been performed.

In the absence of mechanical forces, our trisMe-PSB3
undergoes trans-to-cis ultrafast photoisomerizarion (S, life-
time ca. 200 fs) with a quantum yield of circa 0.55. The
photoisomerization efficiency is related to the central bond
torsions (that is, ¢c, c,c,c, and @uc,c,ve, S€€ Scheme 1) obeying
the same rules as those previously observed for rhodopsin and
bathorhodopsin,® as well as in other PSB3 models.’! More
specifically, our NAMD simulations without external forces
reveal that trajectories isomerizing to the cis isomer are
determined by the sign of the velocities (that is, direction of
change) of ¢c,c,c,c, and @uc,c,ve at the S,/S, hopping events:
If ¢c,c,c,c, €volves in the excited state by rotating clockwise
(or counterclockwise), the velocity of ¢yc,c,u. at the hopping
point has to present the same momentum, that is, clockwise
(or counterclockwise), for completing the isomerization (see
Figure 1). In other words, both torsions present an in-phase
motion (that is, same sign of the rotational velocities) in
successful isomerization hops, but an out-of-phase motion
(that is, opposite sign of the rotational velocities) for
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Figure 1. Definition of the clockwise and counterclockwise rotation in
the trisMe-PSB3 system as well as the reference values of @,,c,ye and
@c,c,c,c, as defined here for FC and hopping regions (top). Plot of
@Phc,c,ue torsion velocity at the hopping points versus ¢ c,c,c, torsion
velocity (bottom left) and versus @yc,c,ve torsion (bottom right). As

a general rule, all the hopping events giving rise the isomerization
exhibit an in-phase motion of ¢ c,c,c, and @yc,c,ue torsions (black
points), while out-of-phase motion (red points) determines the recov-
ery of the initial trans isomer.
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trajectories reverting to the zrans isomer (See Figure 1). This
rule is not determined by dynamic factors but, mainly, by
electronic factors. More specifically, it is determined by the -
orbital overlap controlling the reconstitution of the C2=C3
double bond immediately after the decay. In fact, as reported
in Ref. [38] and in the Supporting Information, the m-orbital
overlap is not only modulated by twisting modes but also by
the direction of change in C2—C3 bond length (dc,c,). Longer
(shorter) d,c, values at the hop are associated with C2—C3
velocities leading to shorter (longer) bonds immediately after
the decay, thus favoring (disfavoring) a m-orbital overlap
increase and double bond reconstitution.

In the excited state, the @yc,c,v. torsion presents several
oscillations before hopping to the ground state. In contrast,
the @c,c,c,c, torsion does not present relevant changes in the
velocity in S;, not only because it is a lower frequency mode
but also because it is the main relaxation coordinate in S,
preventing its opposite (backward) variation during relaxa-
tion on S; (see Supporting Information for details). This
makes the @yc,cve torsion velocity determine the isomer-
ization direction at the hopping points, since its oscillations
(changing the torsion velocity sign) determine whether the
@c,c,05c, and e, ve torsions are moving in-phase or out-of-
phase. This behavior is also observed qualitatively when the
system is subjected to mechanical pulling forces, independ-
ently of the magnitude of the applied force. Nevertheless, the
inclusion of the forces induces several quantitative changes as
explained below. On the one hand, the hopping points for the
trans-to-cis photoisomerization are reached with smaller
progress of the ¢, c,c,c, torsion on S, (that is, the intersection
space is reached with a smaller rotation of the central double
bond), this effect being more pronounced as the force
magnitude increases. On the other hand, the @yc,c v torsion
is oppositely more advanced at the hopping points, permitting
the system to reach the intersection space when the overlap
between the two interacting m-orbitals across the reactive C2=
C3 bond is close to zero, and therefore ¢uc,c,me + Pc,cocic,
—180° for clockwise and = —540° for counterclockwise
rotation (See Figure 1). In this way, the mechanically
restrained evolution of @c c,c,c, torsion in the excited state
is, to some extent, compensated with the higher torsion of
PHC,CiMe-

Additionally, dc,c, at the hopping points increases with
increasing force as should be expected owing to the strain
directly affecting to the main chain of the chromophore (See
Supporting Information for detailed analysis of dc,c, variation
with mechanical force).

To get insight on the effect of the mechanical forces in the
CI of trisMe-PSB3, the minimum energy Cls with explicit
inclusion of external forces have been determined for the
range of studied force magnitudes (see Supporting Informa-
tion). We observe that the applied pulling forces provoke an
equivalent structural effect for the minimum energy Cls as
those observed dynamically for the hopping points, that is, the
dc,c, value increases with the force magnitude along with
a smaller value of the @, ¢,c,c, and a larger value of @yc,c,me-
The reason for this behavior is simple; the mechanical forces
weaken the central C2=C3 bond owing to their direct effect
on the stretching coordinates. Additionally, the forces oppose
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the @c,c,c,c, torsion towards the cis isomer, because this
motion implies the decrease of the terminal methyl-methyl
distance. Consequently, owing to the mechanical restraint
generated on ¢c c,c,c,, the minimum energy CI is reached by
compensating with a larger change of @yc,c,me, reaching
a zero overlap of the two m-systems as explained above.

The computed manifold of 60 trajectories for each force
magnitude is shown in Figure 2 as a function of the @yc,c,me
coordinate. It can be seen that, as the external force increases,
the fraction of isomerizing trajectories (that is, quantum
yield) also increases, going from circa 55 % in the case of F=
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Figure 2. Plot of the 60 NAMD trajectories computed for each force
magnitude (0.0, 1.4, 2.1 and 2.7 nN), as a function of @yc,c,ve
coordinate (deg). The hopping points are highlighted with blue dots.
The fraction of trajectories giving rise to photoisomerization (blue) or
returning back to the trans isomer (red) is indicated.

0 nN, to circa 80 % for F=2.7 nN. To understand this change
in the quantum yield, it is necessary to investigate how the
applied force modulates the relationship between the veloc-
ities of the key torsional coordinates (¢uc,c,me> Pc,cy05,)-

As anticipated above, an in-phase relationship between
Puc,eme and @c c,c,c, at the time of the hop increases the
isomerization probability of a trajectory.*"

An applied force must affect the factors determining such
phase relationship. While a detailed analysis of these factors is
not trivial and goes beyond the scope of the present work,
these may correspond to a change in the initial condition
distribution, a change in excited state frequency and ampli-
tude of @yc,c,me With respect to @c c,c,c,, Or a change in the
number of trajectories crossing the intersection space more
than once (for example, recrossings of the intersection space
occurring at larger ¢c c,c,c, values may favor an out-of-phase
motion between @yc,c,me and @c c,c,c,)- Irrespective of the
specific cause, our results show that increasing the pulling
external force leads, on average, to smaller ¢c, c,c,c, torsions
at the hopping point, together with a shorter time spent in
regions in which @¢ ¢,c,c, and @yc,c,me are out-of-phase.

These findings are apparent in Figure 3 in which the
correlation between the @yc,c,me and @c c,c,c, is plotted for
two sets of trajectories with 0.0nN and 2.7 nN forces,
respectively. The values of the ¢c c,c,c, torsion are smaller
at the hop for the case of 2.7 nN external force. This is also

Angew. Chem. Int. Ed. 2017, 56, 3842-3846


http://www.angewandte.org

GDCh
~~

_ o
¢C1C2C3C4+¢HC2C3Me_' 180

. -501 @ Isomerization T —
&b @ No Isomerization HOpreg
@ -1004 ~
=
< -1504
™M
O
&N -200
(@)
T
-5 -250-
-3004 0
=0e Hop regio ;. -130 -120 -110 -100 -90
-280 -260 -240 -220 -200 -180 -160 -140 -120 -100 -80
cI:)C1C2C3C4 (degs)
F=2.7nN ¢c1czc304+¢nczcim/¢=‘180°
50 — .
@ Isomerization Hop region
® No Isomerization =
— -100- :
(%
)
)
T -150
g ¢C1C2C3C4=¢HC2C3M’§ )
S -200
O
o
£ 250
< ;
-300 . 0 —
*~Hop region -130 -120 -110 -100 -

-280 —2|60 —2I40 —2|20 —2|00 —1I80 -1 I80 —1210 —1|20 -1 I00 —8|0
$eicacsca (degs)

Figure 3. Evolution of ¢yc,c,ve and @c,c,c,c, torsions for F=0nN and
F=2.7 nN. All the trajectories start at the FC region (¢,c,ue and
@c,c,c5c, = —180°), and evolve clockwise or counterclockwise towards
the hopping regions (green frames). The trajectories are colored
depending on the velocities of @yc,c,ve and @c,c,c,c,, that is, red when
they are out-of-phase and black when they are in-phase. The out-of-
phase situation is especially relevant close to the FC and hopping
regions. As it can be seen from the insets (right), the distribution of
central bond torsion (¢c,c,c,c,) at the hopping points (denoted with
black and red points for isomerization and no isomerization, respec-
tively) is shifted to smaller torsions in the case of external forces

(2.7 nN), while @,i,c,ve are increased to compensate the lower

Pc,c,ci¢, torsion.

evident along the complete trajectories, in which the ¢, c,c,c,
torsion evolves less than the @yc,cve torsion (that is, the
trajectories are shifted with respect to the @c, c,c,c, = @ne,c;me
line, as indicated in Figure 3). Concurrently, the @yc,c,me
value at the hop increases with increasing force, which is
consistent with the need to zero the overlap of the two -
systems involved in the C2=C3 bond forming/breaking.

To identify the out-of-phase regions, in Figure 3 we have
plotted with red color the regions of each trajectory showing
this feature. In both the 0.0 nN and 2.7 nN cases, there is an
out-of-phase region expanding from the Franck—Condon
(FC) region in which a large pyramidalization of C2 and C3
central carbon atoms is observed as has been described
previously.?**¥ Then, the system evolves along the excited
state PES without apparent dephasing. When the system
reaches regions close to the intersection space, it is observed
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that some trajectories reach again an out-of-phase motion of
the central torsions. Nevertheless, there is a substantial
difference between those trajectories with and without pulling
forces: The time spent in the out-of-phase situation is longer
for the no-force manifold, being circa 1.5-fold longer than that
when the force is 2.7 nN. This is in line with the phase
relationship modification arguments discussed above. The
change in phase relationship provides the explanation to the
counterintuitive fact that external forces opposing the trans-
to-cis evolution of the trisMe-PSB3 backbone have the effect
of increasing the isomerization efficiency when the reaction is
induced by light and driven by a barrierless PES (that is,
occurs in the sub-picosecond timescale). Similar counter-
intuitive behavior has been observed previously for the
ground state isomerization of difluorocyclopropanes, in which
an extension force promotes the formation of the more
contracted isomer.*?!

In summary, we employed NAMD trajectories to show
that mechanical forces applied to trisMe-PSB3 increase the
trans—cis photoisomerization quantum yield with a rate of
circa + 0.1 per nN. This increase is counterintuitive, since the
applied extension forces should in principle facilitate the
recovery of the more extended frans isomer. On the contrary,
the opposite is found, and the more compressed cis isomer is
formed with a higher quantum yield.

Our computations support the idea that mechanical forces
induce changes in the PES curvature and topography (that is,
affecting the initial condition generation on the ground state
PES as well as the total forces determining the motion on the
excited state PES). Such changes would, in turn, modify the
phase relationship between molecular modes, such as
@c,c,cc, and @pc,come, critical for determining the ground
state evolution of the trajectory. We have also indicated that
a modification in the dc,c, value or velocity at the hopping
point may have an impact on the quantum yield. However,
a mechanistic model for such an effect goes beyond this first
report.

The results presented here suggest that mechanical forces
may play an important role in controlling ultrafast photo-
reactions affecting, in an unexpected way, the response to
light irradiation of a mechanophore embedded in a polymer
material. An exhaustive knowledge of the effect of the
mechanical forces on the chromophore structure (for exam-
ple, the intersection space) and excited-state dynamics may
provide, as in the studied case, valuable information for
designing novel photoactive molecular or macromolecular
materials.

Acknowledgements

This research was supported by the Spanish MINECO (grants
CTQ2012-36966, CTQ2014-59650-P and CTQ2016-80600-P)
and UAH (Universidad de Alcald) grant CCG2016/EXP-076.
D.R. is grateful to the UAH and the Ministerio de Educacién
y Ciencia (MEC) of Spain for a doctoral fellowship. C.G.-1.
acknowledges MEC for a doctoral fellowship. M.M. thanks
the French National Research Agency for a grant under the
“QMC = Chem” project. M.O. is supported by grant MIUR-

www.angewandte.org

An dte

Chemie

3845


http://www.angewandte.org

GDCh
~—

3846

PRIN 2015, NSF (CHE-1551416) and HFSP (RGP0049/
2012).

Conflict of interest

The authors declare no conflict of interest.

Keywords: mechanochemistry - photoisomerization -
quantum yield control - retinal models - semiclassical dynamics

How to cite: Angew. Chem. Int. Ed. 2017, 56, 3842—-3846
Angew. Chem. 2017, 129, 3900-3904

[1] J. Ribas-Arino, D. Marx, Chem. Rev. 2012, 112, 5412 -5487.

[2] S. Garcia-Manyes, J. Liang, R. Szoszkiewicz, T.-L. Kuo, M.
Fernandez, Nat. Chem. 2009, 1, 236-242.

[3] M. Grandbois, M. Beyer, M. Rief, H. Clausen-Schaumann, H. E.
Gaub, Science 1999, 283, 1727 -1730.

[4] Q.-Z. Yang, Z. Huang, T.J. Kucharski, D. Khvostichenko, J.
Chen, R. Boulatov, Nat. Nanotechnol. 2009, 4, 302 -306.

[5] Z. Huang, Q.-Z. Yang, D. Khvostichenko, T.J. Kucharski, J.
Chen, R. Boulatov, J. Am. Chem. Soc. 2009, 131, 1407 -1409.

[6] D. A. Davis, A. Hamilton, J. Yang, L. D. Cremar, D. Van Gough,
S. L. Potisek, M. T. Ong, P. V. Braun, T. J. Martinez, S. R. White,
J. S. Moore, N. R. Sottos, Nature 2009, 459, 68 —-72.

[7] K. M. Wiggins, J. N. Brantley, C. W. Bielawski, ACS Macro Lett.
2012, 1, 623 -626.

[8] C.R. Hickenboth, J.S. Moore, S.R. White, N. R. Sottos, J.
Baudry, S. R. Wilson, Nature 2007, 446, 423 -427.

[9] A. Piermattei, S. Karthikeyan, R. P. Sijbesma, Nat. Chem. 2009,
1,133-137.

[10] J. Wang, T. B. Kouznetsova, Z. Niu, M. T. Ong, H. M. Klukovich,
A. L. Rheingold, T. J. Martinez, S. L. Craig, Nat. Chem. 2015, 7,
323-327.

[11] Y. Chen, A. Spiering, S. Karthikeyan, G. W. Peters, E. Meijer,
R. P. Sijbesma, Nat. Chem. 2012, 4, 559 -562.

[12] R. Turansky, M. Konopka, N. L. Doltsinis, I. Stich, D. Marx,
Phys. Chem. Chem. Phys. 2010, 12, 13922 -13932.

[13] F. Zapata, M. A. Ferndndez-Gonzilez, D. Rivero, A. Alvarez,
M. Marazzi, L. M. Frutos, J. Chem. Theory Comput. 2014, 10,
312-323.

[14] a) D. Rivero, M. A. Fernandez-Gonzélez, L. M. Frutos, Comput.
Theor. Chem. 2014, 1040, 106—111; b) M. A. Fernandez-Gon-
zélez, D. Rivero, C. Garcia-Iriepa, D. Sampedro, L. M. Frutos, J.
Chem. Theory Comput. 2017, 13, 727-736..

[15] Y. A. Mikheyev, L. Guseva, L. Rogova, D. Y. Toptygin, Polym.
Photochem. 1982, 2, 457 —-474.

[16] E.Baimuratov, D. Saidov, I. Y. Kalontarov, Polym. Degrad. Stab.
1993, 39, 35-39.

[17] F. Bernardi, M. Olivucci, M. A. Robb, Chem. Soc. Rev. 1996, 25,
321-328.

[18] M. Ben-Nun, F. Molnar, K. Schulten, T. J. Martinez, Proc. Natl.
Acad. Sci. USA 2002, 99, 1769-1773.

Communications

An dte

Chemie

Internatic

[19] D. Rivero, A. Valentini, M. A. Fernandez-Gonzalez, F. Zapata,
C. Garcia-Iriepa, D. Sampedro, R. Palmeiro, L. M. Frutos, J.
Chem. Theory Comput. 2015, 11, 3740—-3745.

[20] M. T. Ong, J. Leiding, H. Tao, A. M. Virshup, T. J. Martinez, J.
Am. Chem. Soc. 2009, 131, 6377-6379.

[21] L. M. Frutos, T. Andruniéw, F. Santoro, N. Ferré, M. Olivucci,
Proc. Natl. Acad. Sci. USA 2007, 104, 7764-7769.

[22] R. Mathies, J. Lugtenburg, Handb. Biol. Phys. 2000, 3, 55-90.

[23] T. Andruniéw, S. Fantacci, F. De Angelis, N. Ferré, M. Olivucci,
Angew. Chem. Int. Ed. 2005, 44,6077 —6081; Angew. Chem. 2005,
117, 6231 -6235.

[24] A. Sinicropi, C. Bernini, R. Basosi, M. Olivucci, Photochem.
Photobiol. Sci. 2009, 8, 1639 —1649.

[25] A. Melloni, R. Rossi Paccani, D. Donati, V. Zanirato, A.
Sinicropi, M. L. Parisi, E. Martin, M. Ryazantsev, W. J. Ding,
L. M. Frutos, J. Am. Chem. Soc. 2010, 132, 9310-9319.

[26] M. Blanco-Lomas, S. Samanta, P. J. Campos, G. A. Woolley, D.
Sampedro, J. Am. Chem. Soc. 2012, 134, 6960 —6963.

[27] C. Garcia-Iriepa, M. Marazzi, L. M. Frutos, D. Sampedro, RSC
Adv. 2013, 3, 6241 -6266.

[28] C. Garcia-Iriepa, M. Marazzi, F. Zapata, A. Valentini, D.
Sampedro, L. M. Frutos, J. Phys. Chem. Lett. 2013, 4, 1389 -1396.

[29] G. Marchand, J. Eng, I. Schapiro, A. Valentini, L. M. Frutos, E.
Pieri, M. Olivucci, J. Léonard, E. Gindensperger, J. Phys. Chem.
Lett. 2015, 6, 599-604.

[30] A. Migani, M. A. Robb, M. Olivucci, J. Am. Chem. Soc. 2003,
125, 2804 -2808.

[31] M. Garavelli, P. Celani, F. Bernardi, M. Robb, M. Olivucci, J.
Am. Chem. Soc. 1997, 119, 6891 -6901.

[32] S. Gozem, F. Melaccio, R. Lindh, A. I. Krylov, A. A. Granovsky,
C. Angeli, M. Olivucci, J. Chem. Theory Comput. 2013, 9, 4495 —
4506.

[33] M. Ruckenbauer, M. Barbatti, T. Miiller, H. Lischka, J. Phys.
Chem. A 2013, 117, 2790-2799.

[34] O. Weingart, Chem. Phys. 2008, 349, 348 —355.

[35] T. Vreven, F. Bernardi, M. Garavelli, M. Olivucci, M. A. Robb,
H. B. Schlegel, J. Am. Chem. Soc. 1997, 119, 12687 —12688.

[36] T. Ishida, S. Nanbu, H. Nakamura, J. Phys. Chem. A 2009, 113,
4356-4366.

[37] S. Gozem, F. Melaccio, A. Valentini, M. Filatov, M. Huix-
Rotllant, N. Ferré, L. M. Frutos, C. Angeli, A. L. Krylov, A. A.
Granovsky, J. Chem. Theory Comput. 2014, 10, 3074 —3084.

[38] I Schapiro, M. N. Ryazantsev, L. M. Frutos, N. Ferré, R. Lindh,
M. Olivucci, J. Am. Chem. Soc. 2011, 133, 3354 -3364.

[39] L. Liu, J. Liu, T. J. Martinez, J. Phys. Chem. B 2016, 120, 1940—
1949.

[40] A.L.Black,J. M. Lenhardt, S. L. Craig, J. Mater. Chem. 2011, 21,
1655-1663.

[41] F. Aquilante, J. Autschbach, R.K. Carlson, L. F. Chibotaru,
M. G. Delcey, L. De Vico, I. Fdez. Galvan, N. Ferré, L. M.
Frutos, L. Gagliardi, et al., J. Comput. Chem. 2016, 37, 506—541.

[42] J.M. Lenhardt, M. T. Ong, R. Choe, C.R. Evenhuis, T.J.
Martinez, S. L. Craig, Science 2010, 329, 1057 —1060.

Manuscript received: November 24, 2016
Revised: January 12, 2017
Final Article published: March 2, 2017

www.angewandte.org

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2017, 56, 3842-3846


http://dx.doi.org/10.1021/cr200399q
http://dx.doi.org/10.1038/nchem.207
http://dx.doi.org/10.1126/science.283.5408.1727
http://dx.doi.org/10.1038/nnano.2009.55
http://dx.doi.org/10.1021/ja807113m
http://dx.doi.org/10.1038/nature07970
http://dx.doi.org/10.1021/mz300167y
http://dx.doi.org/10.1021/mz300167y
http://dx.doi.org/10.1038/nature05681
http://dx.doi.org/10.1038/nchem.167
http://dx.doi.org/10.1038/nchem.167
http://dx.doi.org/10.1038/nchem.2185
http://dx.doi.org/10.1038/nchem.2185
http://dx.doi.org/10.1038/nchem.1358
http://dx.doi.org/10.1039/c0cp00588f
http://dx.doi.org/10.1021/ct4007629
http://dx.doi.org/10.1021/ct4007629
http://dx.doi.org/10.1016/j.comptc.2014.04.004
http://dx.doi.org/10.1016/j.comptc.2014.04.004
http://dx.doi.org/10.1016/0144-2880(82)90006-9
http://dx.doi.org/10.1016/0144-2880(82)90006-9
http://dx.doi.org/10.1016/0141-3910(93)90122-Y
http://dx.doi.org/10.1016/0141-3910(93)90122-Y
http://dx.doi.org/10.1039/cs9962500321
http://dx.doi.org/10.1039/cs9962500321
http://dx.doi.org/10.1073/pnas.032658099
http://dx.doi.org/10.1073/pnas.032658099
http://dx.doi.org/10.1021/acs.jctc.5b00375
http://dx.doi.org/10.1021/acs.jctc.5b00375
http://dx.doi.org/10.1021/ja8095834
http://dx.doi.org/10.1021/ja8095834
http://dx.doi.org/10.1073/pnas.0701732104
http://dx.doi.org/10.1016/S1383-8121(00)80005-6
http://dx.doi.org/10.1002/anie.200501145
http://dx.doi.org/10.1002/ange.200501145
http://dx.doi.org/10.1002/ange.200501145
http://dx.doi.org/10.1039/b906271h
http://dx.doi.org/10.1039/b906271h
http://dx.doi.org/10.1021/ja906733q
http://dx.doi.org/10.1021/ja301868p
http://dx.doi.org/10.1039/c2ra22363e
http://dx.doi.org/10.1039/c2ra22363e
http://dx.doi.org/10.1021/jz302152v
http://dx.doi.org/10.1021/jz502644h
http://dx.doi.org/10.1021/jz502644h
http://dx.doi.org/10.1021/ja027352l
http://dx.doi.org/10.1021/ja027352l
http://dx.doi.org/10.1021/ja9610895
http://dx.doi.org/10.1021/ja9610895
http://dx.doi.org/10.1021/ct400460h
http://dx.doi.org/10.1021/ct400460h
http://dx.doi.org/10.1021/jp400401f
http://dx.doi.org/10.1021/jp400401f
http://dx.doi.org/10.1016/j.chemphys.2008.02.020
http://dx.doi.org/10.1021/ja9725763
http://dx.doi.org/10.1021/jp8110315
http://dx.doi.org/10.1021/jp8110315
http://dx.doi.org/10.1021/ct500154k
http://dx.doi.org/10.1021/ja1056196
http://dx.doi.org/10.1021/acs.jpcb.5b09838
http://dx.doi.org/10.1021/acs.jpcb.5b09838
http://dx.doi.org/10.1039/C0JM02636K
http://dx.doi.org/10.1039/C0JM02636K
http://dx.doi.org/10.1002/jcc.24221
http://dx.doi.org/10.1126/science.1193412
http://www.angewandte.org

