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/Abstract: Azobenzene and its derivatives are one of the
most widespread molecular scaffolds used in a range of
modern applications, as well as in fundamental research.
After photoexcitation, azo-based photoswitches revert back
to the most stable isomer on a timescale (t,,) that deter-
mines the range of potential applications. Attempts to bring
t, to extreme values prompted the development of azo-
benzene and azoheteroarene derivatives that either reba-
lance the E- and Z-isomer stabilities, or exploit unconven-
tional thermal isomerization mechanisms. In the former case,
one successful strategy has been the creation of macrocycle
strain, which tends to impact the E/Z stability asymmetrically,
and thus significantly modify t;,, On the bright side,
bridged derivatives have shown an improved optical switch-

N

ing owing to the higher quantum yields and absence of
degradation. However, in most (if not all) cases, bridged de-
rivatives display a reversed thermal stability (more stable Z-
isomer), and smaller t; , than the acyclic counterparts, which
restricts their potential interest to applications requiring a
fast forward and backwards switch. In this paper, the impact
of alkyl bridges on the thermal stability of phenyl-azoheter-
oarenes is investigated by using computational methods,
and it is revealed that it is indeed possible to combine such
improved photoswitching characteristics while preserving
the regular thermal stability (more stable E-isomer), and in-
creased t;,, values under the appropriate connectivity and
bridge length.

/

Introduction

Molecular switches are able to modify their properties upon
application of an external stimulus like heat, pressure, pH, or
light, the latter being especially advantageous owing to is se-
lectivity and immediacy. As a result, photoswitches are being
used in material sciences,””’ medicine,”” biology,””’ optical data
storage,” and molecular machines or actuators.” One of the
most studied families of photoswitches are azobenzene (AB)
derivatives,” which display a trans—cis isomerization upon exci-
tation to the low-lying nz* (S,—S,;) or ma* (S,—S,) bands.
Once in its metastable state (generally the Z-isomer), the mole-
cule can be switched back to its most stable state (generally
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the E-isomer) through either a similar photochemical process,
or through thermal relaxation to the ground state. The time-
scale associated with the latter process (t;),) is a key character-
istic of a photoswitch, as it defines the range of potential ap-
plications for which it can be used. Those with t;,, on the
order of nanoseconds are promising candidates to be used in
real-time information transmission,”” whereas those with ti)
longer than a year can be used for optical data storage,” as
they ensure the integrity of the data for an extended period of
time.

Such diversity of potential applications has motivated the
development of new types of photoswitches. An example is
azoheteroarenes, which replace one or the two Ph rings of AB
with an heteroarene.f! The plethora of available heteroaryl
rings offer a larger structural diversity®'? and leads to a broad-
er range of t;,,, which spans from 281 ns for an azopyridine
derivative,"® to 46 years for an ortho-substituted arylazopyra-
zole.™ A strategy to further modify t,, is to incorporate the
azo-bond into a macrocycle, as it generates ring strain, which
modifies the relative thermal stability of the E/Z-isomers.'>2"
This strategy has been recently exploited to modify the half-
life time (i.e., t,,) of a hydrazone-based photoswitch.”” The
acyclic compound had an extraordinary half-life time of
5357 years, whereas that of bridged derivatives spanned 0.047
and 996 years.”? The impact of ring strain on cyclic AB-poly-
mers has been discussed in the past by Rau,">'® Nobuyu-
ki"*' and others.”**1 More recently, experimental® and
computational®?" work described the photoisomerization of
a bridged AB, in which the two phenyl rings are connected
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with an alkyl chain. The constrained AB presented several ad-
vantages compared with the acyclic AB: the band separation
was larger, the quantum yield was enhanced, and the photo-
isomerization was faster”**? As a side-effect, the bridge re-
versed the relative stability of the two isomers, converting the
E-isomer into the metastable one, with a very fast thermal
back-reaction to the Z-isomer of only 4.5 h."¥ The decrease of
ti, is, indeed, a general trend when bridges are employed to-
gether with azo-dyes. That is only useful for applications bene-
fiting from a fast forward and backward switching, essentially
limiting the range of applications of bridged azo-dyes. It is
thus important to understand whether bridged azo derivatives
unavoidably lead to reversed E/Z stabilities and short t, ,, or al-
ternatively, if it is possible to preserve the regular E/Z stability
and increase t,, through the adequate bridge length and
design.

In this computational study, we aim at answering this point
by investigating the impact of alkyl bridges on the thermal sta-
bility of phenyl-azoheteroarenes based on 3-pyrazole and 2-
imidazole (3-pz 1 and 2-im 2). Our selection is based on the
fact that these heteroarene families showed E/Z thermal stabili-
ties that were at the edge of the explored values in a recent
computational screening.*® Moreover, azopyrazoles and azo-
imidazoles are two of the azoheteroarenes families that have
received the most attention in recent years.*'® Herein, we
present the evolution of the half-life times associated with
both the inversion and rotation thermal relaxation mechanisms
with bridge length. Although bridges tend to shorten t,,, we
could identify some cases in which the E-isomer remains as
the most stable, and ¢, is enhanced with respect to the acy-
clic compound. Given the importance of steric constrains on
the molecular motion, we also investigated the photoisomer-
ization mechanism and kinetics of selected bridged derivatives
by using surface hopping molecular dynamics. The impact of
bridges on the photoisomerization is significant, especially in
shorter ones, leading to much faster relaxation kinetics, and to
the photoswitch exclusively exploring the rotational mecha-
nism, which is traditionally associated with higher quantum
yields. Therefore, this study might contribute to the design of
improved azoheteroarenes undergoing a fast and efficient (i.e.,
with high quantum yield) photoisomerization, and extreme t, ,
values.

Methodology and Computational Details
Compounds and nomenclature

The compounds studied in this work are derived from 3-pyrazole
and 2-imidazole, in which an alkyl bridge connects the phenyl and
heteroarene rings. The length of the bridge varies, generating
series of compounds based on the same heteroarene and connec-
tivity. The nomenclature of those series follows a three-digit code.
The first number indicates the heteroarene fragment (1 for 3-pyra-
zole, 2 for 2-imidazole). The second and third digits indicate the
position (see Scheme 1) to which the bridge is attached on the
phenyl and heteroarene rings (in this order). To mention a specific
compound in a series, a fourth digit indicates the number of
carbon atoms in the alkyl bridge. In the first series, labelled 111n,
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Scheme 1. (Top): Nomenclature scheme and (below) representation of the

heteroarene families explored in this manuscript. The red numbers are used
in the series nomenclature to indicate the bridge anchoring sites.

the alkyl bridge connects the ortho position of the Ph group, and
the ortho-C atom of the 3-Pz. This series spans bridges having
from 1 to 6 C atoms (i.e., from 1111 to 1116). The equivalent series
using 2-imidazole as the heteroarene leads to series 211n, which
also spans from 2111 to 2116 (n=1-6). A difference with respect
to the 111n series is that in 211n the bridge is attached to the het-
eroarene through the N atom. Therefore, the comparison between
the two series serves to evaluate the importance of the bridge-
ring connectivity. Finally, the substitution at the ortho- (Ph) and the
meta-C atom (het) is studied in the series labelled 112n, which
spans from 1122 to 1128 (n=2-8). Preliminary studies have been
carried out by exploring other possible connectivities (section S4 in
the Supporting Information). However, the impact of the bridge on
ti» was found to be either much smaller, or very similar to that of
the main series discussed here. Therefore, we did not pursue a
more complete study.

Rotation versus inversion mechanism of thermal relaxation

The rotation and inversion mechanisms compete in the photo-
and thermal isomerization of AB and its derivatives.***® Under
light irradiation, the preferred pathway depends on the region of
the S, potential energy surface (PES), which is explored after excita-
tion (and subsequent decay) to either S, or S,*>% In turn, the
thermal relaxation occurs completely in the ground state (S,) PES,
without involvement of any excited state. In that case, inversion
occurs through a transition state (TS) with one of the CNN angles
at approximately 180° (TS,,,),"® whereas rotation goes through a
TS with a CNNC dihedral angle of approximately 90° (TS,). Under
the thermal pathway, the rotation mechanism along S, requires
the hemolytic cleavage of the azo N=N bond at sufficiently twisted
geometries. Therefore, the TS needs to be described as either a
triplet (T,) or as a singlet bi-radical (open-shell singlet, OSS), with
one unpaired electron in each azo N atom. Notice that in the latter
case, the OSS description must be forced within DFT by using the
broken symmetry (BS) approach,® and spin decontamination tech-
niques (e.g., Yamaguchi equation®”) can be applied to correct its
energy (see section S6 in the Supporting Information).

In AB, evidence for both mechanisms associated with thermal re-
laxation can be found in the literature.****¢ A computational
study™ (at the CASPT2 level) and earlier experimental work®” sug-
gest that a non-adiabatic rotational pathway (S,—T,—S,) should
be accessible and lower in energy. However, experimental studies
showed that the rate of isomerization and the activation free
volume are independent of the solvent polarity, which excludes
the rotational pathway (as the associated TS is polar).®”*® In push-
pull AB derivatives (ppAB), it has been reported that the mecha-
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nism depends on the solvent, with a preference towards rotation
in polar environments.”*%¢" Considering that our computations
are conducted in the gas phase, and that azoheteroarenes based
on 1 and 2 (even unsubstituted ones) have a different degree of
push—pull character (which implies that both AB and ppAB could
be regarded as the reference),®**%? it is hardly possible to antici-
pate the preferred thermal relaxation pathway of the systems stud-
ied herein. Therefore, we considered both inversion and rotation
as possible mechanisms. As we will see later, the results suggest
that inversion is the active thermal pathway.

Half-life times and conformers

The rate constant k of the thermal relaxation and its corresponding
half-life time (t;,) are calculated from the relative free energy dif-
ference (AG”) between the lowest TS and the metastable state,
using Eyring equation with T=300 K and assuming a first-order re-
laxation kinetics (for k). The transmission coefficient is taken as 1
for simplicity, although a study determined that it ranges between
0.2 and 0.4 for AB and a ppAB.®® The Eyring equation is routinely
used to assess the thermal relaxation in azo-dyes.!"*”

The minima and TS of the acyclic azoheteroarenes 1 and 2 have
multiple conformers as the two aromatic rings attached to the azo
group are different, and the heteroarenes are non-symmetric upon
rotation about the NNCC/N angle. In alkyl-bridged derivatives, the
conformational space is further enlarged owing to the rotational
flexibility of the bridge. It is important to search for the most
stable conformers among them, as errors in the evaluation of AG”
lead to significant changes to t;, owing to the exponential term
in Eyring equation. To do so, we have used the protocol described
in section S1 (in the Supporting Information). It includes the explic-
it evaluation of the ring conformers, an energy scan along dihedral
angles in the bridge, and a more thorough evaluation by using
metadynamics for specific systems. In the Eyring equation, we
have employed the AG” computed from the lowest-energy con-
formers at each stationary point (minima and TS). Thus, we assume
that higher-energy conformers can interconvert towards the most
stable without a barrier. An alternative is to Boltzmann-weight the
different conformer energies in the calculation of the rate con-
stants and the resulting t,,. This has been done for series 111n,
with negligible changes on the estimated t, , values.

Computational details

The optimization of the E- and Z-isomer minima, and the TS search
has been done at the wB97X-D/6-31G(d) level as implemented in
Gaussian09 (G09).*®! Computations using the PBE0-D3BJ and M06-L
functionals can be found in section S2 (in the Supporting Informa-
tion). All zero-gradient points are further verified with a frequency
computation, which also provides the thermal corrections to evalu-
ate the free energy of each point.

The metadynamics mentioned in section 2.3 (in the Supporting In-
formation) ran at the xTB level (see section S3 in the Supporting In-
formation).*” The output of such metadynamics is a trajectory con-
sisting of a large collection of conformers. These are then clustered
(see Figure S2.1. in the Supporting Information) by using the T-dis-
tributed Stochastic Neighbor Embedding (t-SNE) projection, and
the OPTICS algorithm as implemented in the Scikit-learn pack-
age.”™ The two t-SNE main coordinates are obtained from dihedral
angles inside the ring containing the azo group, and hence the
clustering focuses on conformers created by the alkyl bridge.

The Non-Adiabatic Molecular Dynamics (NAMD) simulations were
performed with Newton-X"®" interfaced with G09. Based on previ-
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ous benchmarks, we used linear-response TDDFT"*”" within
the Tamm-Dancoff approximation (TDA), the wB97X-D function-
al,">7¥ and the 6-31G(d) basis set. 500 Initial conditions were gen-
erated from the Wigner distribution based on the harmonic oscilla-
tor, four states (S,-S;), a Lorentzian broadening of 0.1 eV, an anhar-
monicity factor of 3, and a temperature of 300 K. From these initial
conditions, we obtain the initial geometries and velocities for the
trajectories. The trajectories are initiated at S; and S, by using the
respective Franck-Condon (FC) energies and a width of +/—0.1 eV.
25 Trajectories are propagated for each state and compound.
Time-derivative couplings”® were computed between all states
except S, which is excluded due to the difficulties of TDA to de-
scribe the multi-reference character of the electronic wavefunction
near a S;-S, conical intersection (Coln). Accordingly, trajectories ran
for a maximum of 1000 fs or until an S,-S, energy gap below
0.1 eV is reached. In the latter case, it is assumed that the actual
Coln is very similar to the final geometry, and that it should be
reached immediately after in time. Trajectories are propagated in
the microcanonical NVE ensemble, and the energy is conserved
within 0.5 eV. Notice that the termination criterion does not pre-
suppose the character of the S, (nmt* or ;tz®). In practice, however,
in all terminated trajectories, S, is the nm* state. In general, we
favor the nomenclature nm*/mm* to specifically refer to these
states, and the S,-S, nomenclature when the state character is not
relevant, only the order.

Results and Discussion
E/Z thermal stability

In acyclic AB and azoheteroarene derivatives, the E-isomer is
typically the most stable one, so the thermal relaxation refers
to the conversion from the metastable Z-isomer to the
most-stable E-isomer. That is the case of the bare 1 and 2, in
which AG;_, is —12 and —10 kcalmol™, respectively. This sce-
nario is reversed in the short bridge derivatives (n=1, 2)
for the 111n and 211n series (positive AG;_,, see Figure 1a),
in agreement with what has been reported for AB.>? A
major contribution to this trend is that shorter bridges enforce
much more strain to the E- than to the Z-isomer (see Fig-
ure 1b), mainly on the aromatic system (see Figures S3.1 and
S3.2 in the Supporting Information). Such strain on the E-
isomer diminishes with longer bridges, but that of the Z-
isomer evolves differently depending on the connectivity (see
Figure 1b—-c), remaining almost constant in the ortho/ortho
substitution, and decreasing slowly in the ortho/meta. As a
result, the regular E/Z thermal stability is eventually recovered
(negative AG,_, values in Figure 1a). This occurs from n=3
onwards in the ortho/ortho series (i.e., 111n and 211n), and
from n=6 onwards in the ortho/meta series (i.e., 112n). The
latter case is especially interesting as AG;_, never reaches simi-
lar values to the acyclic compounds (ca. —10 kcalmol™). That
is because the E-isomer strain remains larger for long bridges
under the ortho/meta substitution (112n case, see Figure 1c¢)
than under the ortho/ortho substitution (111n case, see Fig-
ure 1b). As a result, the E- and Z-isomers are almost degener-
ate during a window of bridge lengths that extends from n=6
to a least n=28 (see Figure 1a). Within that window, neither of
the two states is particularly destabilized, unlike the TS ener-
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Figure 1. (a) Computed values for the relative E/Z-isomer energy in the 111n (red), 112n (green), and 211n (blue) series. The values of the non-substituted 1
and 2 compounds are shown with stars (1 in green/red and 2 in blue). Also shown is the energy penalty associated with strain in the most stable conformers
of the stationary points along the (b) 111n and (c) 112n series. Our strain evaluation method does not capture the portion of strain arising from the two
bonds connecting the bridge with the two rings (see section S2 in the Supporting Information). Given that this the major source of strain in 1111, a reliable
value for this system could not be provided in (b). All energies are computed at the ®B97X-D/6-31G(d) level (see results with MO6L and PBEO in section S2 in

the Supporting Information).
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Figure 2. Calculated thermal relaxation half-life times (t, ,) associated with the (left) inversion and (right) rotation thermal pathways in the 111n (red), 112n
(green), and 211n (blue) series. Colored stars indicate the values associated with the acyclic counterparts (1 in green/red and 2 in blue). These are computed
from the wB97X-D/6-31G(d) energies of the isomers’ minima (Figure 1a) and transition states, together with the Eyring equation. In the rotation pathway, the
TS is computed as an open-shell singlet (OSS) bi-radical with the two unpaired electrons in each azo N atom. The rotational TS could not be characterized for
compound 2111, and hence the associated t;, could not be estimated and plotted.

gies, which are still largely affected by strain. That is the per-
fect scenario to obtain long half-life times.

Half-life times (t, ;)

The half-life time of the metastable state is proportional to the
energy difference between itself and the TS (AG?). As dis-
cussed above, shorter bridges penalize the stability of the E-
more than the Z-isomer, which leads to a reversed thermal sta-
bility, and very short t,,, values (see Figure 2). The strain of the
minima is reduced when using longer bridges, but the penalty
on the TS energies (both TS;,, and TS,,;) remains much larger
(see Figure 1b-c).”? As a result, AG” and the associated t,,
are systematically increased along with the bridge length (see
Figure 2). Series 111n and 211n display the same trend, which
suggests that the impact of the bridge is similar for 1 and 2.
However, the 211n series is generally shifted towards shorter
ti» values with respect to the 111n one (compare blue and
red lines in Figure 2). Such difference cannot be explained by
the intrinsic differences in the heteroarene, as the acyclic com-
pounds barely display any difference in AG;_;, or t,/, (see stars
in Figures 1 and 2). Instead, it might be due to the change in
connectivity, as the bridge is attached to the heteroarene ring
through either a C or a N atom in the 111n and 211n series, re-
spectively. A similar observation is discussed in section S4 (in
the Supporting Information). Finally, we notice that com-
pounds 1112 and 2112 display slightly shorter t,,, values (2
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and 0.25 s, respectively) than the C,-AB reported by Siewertsen
and collaborators (4.5 h).

When comparison between experimental and computational
ti/» values is possible, differences of one order of magnitude
are common in the literature.™™ For instance, the ortho-
methyl-substituted analogs of 1 and 2 (1’ and 2') showed ex-
perimental (computed) t,, values of 74 (33) days and 9 (19)
h,"® respectively. In that case, the computational results
were obtained with PBEO-D3 (similar ones were obtained with
MO06-2x) and concerned the inversion pathway, as it was found
that rotation was unfavorable. Our computations for the un-
substituted 1 and 2, carried out with the wB97X-D functional,
lead to t;, values of 321 and 89 days, respectively, for the
same inversion pathway. Although these cannot be directly
compared with the aforementioned results for 1" and 2’
(74 days and 9h), such significant difference suggests that
wB97X-D overestimates t,/, (see Figure S2.2 in the Supporting
Information). When using PBEQ +D3BJ, the resulting t,, values
for 1 and 2 are 43 and 3 days, much closer to the values re-
ported for 1" and 2'. The significant difference in t,,, among
functionals results from a change of only approximately 2 kcal
mol~" in the evaluation of AG”, which highlights the difficulty
of predicting t,,, values accurately. However, both functionals
retrieve the same relative t,, between 1 and 2, which sug-
gests that the trends are correct. This point is further con-
firmed by the results contained in section S2 (in the Support-
ing Information). Therefore, for the main discussion, we priori-
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tized the results with wB97X-D for the sake of its better de-
scription of the photochemistry of azo-dyes.2% ¢

Interestingly, the rotational pathway is in some cases much
faster than inversion (see Table $6.2 in the Supporting Informa-
tion). The greatest difference between pathways is found for
the acyclic azoheteroarenes, with t;, on the order of 104 and
4min for 1 and 2, respectively (compared with 321 and
89 days for inversion). These are much smaller than the experi-
mental t,,, values reported in similar N-containing heteroar-
enes, even considering the computational error. It is therefore
unlikely than the rotation pathway is actually accessible under
experimental conditions, at least not in all compounds, in line
with the interpretation in recent literature reports.""' A possi-
ble explanation could be drawn from the thiazole-based het-
eroarenes reported by Velasco and co-workers.”” These sys-
tems are able to undergo a rapid thermal isomerization under
the ns timescale, and with a dependence on the solvent polari-
ty, as expected for systems following the rotation mechanism.
It is possible that these sulfur-containing heteroarenes increase
the rate of (S,—T,—S,) intersystem crossing (associated with
the rotational pathway) by virtue of the larger spin-orbit cou-
pling of the heavy atom, making the non-adiabatic rotation
pathway competitive to the inversion one. However, such pos-
sibility can be discarded when considering the heavy-atom-
free arylazoindazoles of Otten and co-workers,”® which accord-
ing to DFT computations of the energy barrier and activation
entropy, show a preference for the rotation mechanism. Anoth-
er possibility is that either the functional, or the environment
(i.e., gas phase), might be misrepresenting the rotational path-
way. To test this possibility, we have recomputed the inversion
and rotation pathways of the main series by using the hybrid
PBEO-D3BJ functional and the meta-GGA MO6L functional, and
obtained the same picture as with ®B97X-D (see section S2 in
the Supporting Information). The incorporation of water or di-
chloromethane solvent using the PCM implicit model also
does not change the picture provided by any of the investigat-
ed functionals. Therefore, it remains an open question as to
why most heteroarenes explore the inversion mechanism for
thermal isomerization while having a rotational transition state
lower in energy, as described by our and previous®” computa-
tions.

Photochemistry of short- and long-bridged derivatives

To evaluate the impact of the bridge on the photochemistry of
the azoheteroarene derivatives, we have studied com-
pounds 2113 and 1127. These are examples of short- and
long-bridge derivatives, respectively. We have selected these
specific compounds because both feature the E-isomer as the
most stable one. That is an advantage for practical reasons
and in long-bridge derivatives, the E-isomer has brighter transi-
tions at Franck-Condon (FC) than the Z-isomer (see Tables S5.1
and S5.2 in the Supporting Information for nit* and mi* state
energies and oscillator strength), and also for the sake of com-
parison, because recent literature has dealt with the E-to-Z
photoisomerization of 1 and 2,%? providing an excellent op-
portunity to compare the photochemistry of bridged versus
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non-bridged azoheteroarenes. Moreover, using a compound
with a shorter bridge than 2113 would have implied the study
of the Z-to-E isomerization, which is expected to be less affect-
ed by a bridge.”™ To study the photoisomerization of 2113
and 1127, we have used the same computational protocol as
in ref. [62]. That is, we performed non-adiabatic molecular dy-
namics simulations (NAMD) based on the fewest-switches sur-
face hopping method.”® Swarms of 25 trajectories were initiat-
ed at both the S; (nzt*) and S, (mm*) states for 1127 and 2113,
which are located at 433/268 nm and 449/300 nm, respectively,
at the Franck-Condon geometry (the evolution of the nx* and
ntt* bands with the bridge length can be found in section S5
in the Supporting Information, revealing a significant increase
of band separation for short-bridged derivatives). The trajecto-
ries are then propagated until an S,-S, energy gap below
0.1 eV is reached (see Computational Details). At this point, it
is assumed that population transfer to the ground state will
occur, leading to either of the two minima (E or 2).

The mechanism of photoisomerization in both AB and azo-
heteroarenes is determined by the character of the S,/S, coni-
cal intersection (Coln), which is reached during the trajectory.
The main Colns are associated with the rotation (Coln,) and in-
version (Colng) motions.”” %% Coln, and Coln, are indeed the
extremes of a crossing seam,® with the former (latter) at the
low (high) energy end, as in AB.*®®*¥ Unsubstituted com-
pounds 1 and 2 feature a similar distribution of Coln,- and
Colng-like structures within the crossing seam, which indicates
that both rotation and inversion pathways are accessible.”?
Such scenario is completely different in bridged azoheteroar-
enes; we observe in Figure 3 a pronounced preference of both
1127 and 2113 towards the rotation pathway. One reason is
that the E-isomer minima of both compounds already show a
non-planar CNNC angle, so the initial structures are indeed
closer to the Coln,-like region of the crossing seam than in
acyclic heteroarenes. This has been previously identified as a
driving force towards a fast photoisomerization in bridged
AB.”® Another reason is that the opening of the CNN angles
associated with the inversion pathway is energetically too un-
favorable, presumably owing to the steric constrains: the tra-
jectories of 2113 barely explore CNN angles above 140° (see
Figure S5.2 in the Supporting Information), which is where the
inversion-like Coln appear in 1 and 2.%? The longer bridge in
1127 alleviates the steric hindrance, so this region is increas-
ingly explored along the trajectories (see Figure S5.2 in the
Supporting Information), and thus the distribution of Coln ex-
tends more towards inversion (see Figure 3).

The photoisomerization kinetics are significantly faster for
the bridged azoheteroarenes 2113 and 1127 than for the acy-
clic parent compounds (1 and 2, Table 1).°? That is mainly as-
sessed from the time required to reach a Coln in our trajecto-
ries (tcom), and also with ts; and t,, described as the time
spent in S, and S, states, respectively. In unsubstituted azohe-
teroarenes, the S,/S, decay is ultrafast (100-200 fs), whereas
the overall time to reach an S,/S, Coln after irradiation is ap-
proximately 500 fs, with small differences depending on the
compound and on the excitation energy.®? In the bridged het-
eroarenes 2113 and 1127, the photoisomerization is signifi-
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Figure 3. Space of CNN and CNNC angles featured by the relevant geometries in all trajectories of (left) 1, from ref. [62], (middle) 2113, and (right) 1127 (the
structure of the E-isomer minima is also shown). The CNNC angle is evaluated as the deviation from planarity, with 0° corresponding to the E-isomer, and 90°
corresponding to CNNC either +90 or —90°. In color, the geometries that reached an S,/S, Coln before the time limit (1 ps). The color code indicates trajecto-
ries initiated at S, (red) and S, (green). In dark gray, all geometries at which a hopping between S, and S, occurred. These results are extracted from NAMD

trajectories at the wB97X-D/6-31G(d) level.

Table 1. Comparison of the photoisomerization kinetics of com-
pounds 2113 and 1127, with a short and a long alkyl bridge, respectively,
and the unsubstituted compounds 2 and 1, studied in ref. [62]. It shows
the (top) ratio of trajectories reaching a Coln before the time limit (1 ps),
and (below) the characteristic times described in the main text. See
Table S5.3 (in the Supporting Information) for an assessment of the error
associated with these values.

cantly faster. In the case of 2113, all 25 trajectories initiated at
S, and S, reach an S,/S, Coln at an average t.,, of 27 and
165 fs, respectively. In both cases, the S, PES leads very effi-
ciently towards a Coln, with very short residence times in S,
(ts;) of 27 and 37 fs. Thus, the longer tc,, associated with the
S, excitation is exclusively due to the extra S,—S, relaxation
step, the timescale of which (t;, = 128 fs) is indeed very similar
to the non-bridge compound (ts, = 113 fs).%? That is because
the S,—S, relaxation occurs at geometries close to the E-
isomer minima, and thus it does not require significant molec-
ular motion that could be affected by the steric hindrance
caused by the bridge. The kinetics of 1127, with a longer
bridge than 2113 (n=7 vs. 3), lies between those of 1 and
2113, in terms of both the S,—S; and $;—S5, relaxation times
(compare ts; and t,, respectively). In contrast to 2113, excita-
tion to the mw* state (S,) leads to a shorter ts; than under
direct excitation to S;. That is also the case of the acyclic 1 and
2, and is due to warmer molecules having access to a broader
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region of the crossing seam (see Figure S5.2 in the Supporting
Information), thus reaching a Coln faster. It is, thus, only in the
case of the short-bridged 2113 that both S, and S, excitations
lead to photoisomerization in the same timescale.

i Conclusion

Initial Compound

state 2113 2 n2 1 We have evaluated the thermal stability and the thermal relax-
R S, 1.0 1.0 1.0 0.84 ation half-life times (t;,) of phenyl-azoheteroarene photo-

:2 1.0 0.96 0.96 0.56 switches based on 3-pz (1) and 2-im (2), in which the two
tcon . 27 330 282 419 . .

s, 165 373 386 530 rln.gs are conne.cted through an alkyl bridge. We have expll(?red
te S, 27 330 282 419 bridges of varying length, and anchored at different positions

S, 37 260 160 250 on the aromatic rings. We obtained wide range of half-life
ts2 5 0 0 0 0 times that span 15 orders of magnitude (in the inversion path-

S, 128 113 226 280

way only), from the microsecond to the year timescale. This
supports the use of bridges to tune the thermal stability of
azoheteroarenes, as proposed in the literature for other fami-
lies of photoswitches.?>?>? Qur results support the general
trend observed in experiments that bridges tend to re-
duce t,,. However, we show that it is possible to recover, or
even increase, the half-life times of acyclic compounds, by
using long bridges. Moreover, although short bridges reverse
the E/Z thermal stability, a window of bridge lengths exists for
which the regular stability can be preserved. This behavior is
the result of the variable impact of strain on the relative stabili-
ty of the TS and the E- and Z-minima.

The impact of the bridge on the photoisomerization kinetics
has been studied by using surface-hopping molecular dynam-
ics on two systems representing extreme cases. A 2-imidazole
heteroarene with a 3C-bridge attached in ortho positions
(2113) features a regular E/Z stability, one of the shortest t, ),
(ca. 10 ms), and it undergoes the E-to-Z photoisomerization
ten times faster than the acyclic parent compound, under both
S, and S, excitation. In turn, a 3-pyrazole derivative with a long
7C-bridge attached in ortho (Ph) and meta (het) positions
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(1127) features a regular E/Z stability, the longest computed
ti» (ca. 47 years), and a comparatively fast E-to-Z photoisom-
erization. In both cases, the photoisomerization proceeds
through the rotational pathway, which is associated with a
higher efficiency (better quantum yields), as reported in other
constrained azo-dyes.””

Overall, we unravel how alkyl bridges modify the relative E/Z
thermal stability of two azoheteroarene families, the associated
half-life times (through the TS energies), and the photoisomer-
ization pathway and kinetics.

Dataset

A dataset is available at Zenodo with all minimum-energy and the
non-adiabatic molecular dynamics trajectories (https://doi.org/
10.5281/zen0d0.4043290).

Acknowledgments

The authors are grateful to the EPFL for the allocation of com-
puter time. S.\V. acknowledges funding from the European
Union’s H2020 research and innovation programme (grant
agreement MSCA-IF-2017 #794519). R.F. and C.C. acknowledge
funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation pro-
gramme (grant agreement #817977).

Conflict of interest

The authors declare no conflict of interest.

Keywords: azoheteroarenes -  macrocycle  strains

photoisomerization - thermal stability

[1] A.H. Gelebart, D.J. Mulder, M. Varga, A. Konya, G. Vantomme, E. W.
Meijer, R. L. B. Selinger, D. J. Broer, Nature 2017, 546, 632-636.
[2] W.A. Velema, W. Szymanski, B. L. Feringa, J. Am. Chem. Soc. 2014, 136,
2178-2191.
[3]1 A. A. Beharry, G. A. Woolley, Chem. Soc. Rev. 2011, 40, 4422 -4437.
[4] S. Hvilsted, C. Sanchez, R. Alcala, J. Mater. Chem. 2009, 19, 6641 -6648.
[5] Y. Yu, M. Nakano, T. Ikeda, Nature 2003, 425, 145.
[6] H. M. D. Bandara, S. C. Burdette, Chem. Soc. Rev. 2012, 41, 1809-1825.
[7] J. Garcia-Amords, D. Velasco, Beilstein J. Org. Chem. 2012, 8, 1003-1017.
[8] S. Crespi, N. A. Simeth, B. Kdnig, Nat. Rev. Chem. 2019, 3, 133-146.
[9] S. Crespi, N. A. Simeth, A. Bellisario, M. Fagnoni, B. Konig, J. Phys. Chem.
A 2019, 123, 1814-1823.
[10] N. A. Simeth, S. Crespi, M. Fagnoni, B. Kénig, J. Am. Chem. Soc. 2018,
140, 2940-2946.
[11] J. Calbo, C.E. Weston, A.J.P. White, H.S. Rzepa, J. Contreras-Garcia,
M. J. Fuchter, J. Am. Chem. Soc. 2017, 139, 1261-1274.
[12] J. Garcia-Amords, M. Reig, A. Cuadrado, M. Ortega, S. Nonell, D. Velasco,
Chem. Commun. 2014, 50, 11462 -11464.
[13] J. Garcia-Amor6s, S. Nonell, D. Velasco, Chem. Commun. 2012, 48,
3421-3423.
[14] J. Calbo, A.R. Thawani, R.S. L. Gibson, A. J. P. White, M. J. Fuchter, Beil-
stein J. Org. Chem. 2019, 15, 2753 -2764.
[15] H. Rau, E. Lueddecke, J. Am. Chem. Soc. 1982, 104, 1616-1620.
[16] D. Réttger, H. Rau, J. Photochem. Photobiol. A 1996, 101, 205-214.
[17] S. A. Nagamani, Y. Norikane, N. Tamaoki, J. Org. Chem. 2005, 70, 9304 -
9313.
[18] Y. Norikane, N. Tamaoki, Eur. J. Org. Chem. 2006, 1296 -1302.

Chem. Eur. J. 2021, 27, 419-426 www.chemeurj.org

425

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]
[46]

[47]

[48]

[49]
[50]
[51]
[52]
[53]

[54]
[55]

[56]
[57]
[58]

[59]

E. Bassotti, P. Carbone, A. Credi, M. Di Stefano, S. Masiero, F. Negri, G.
Orlandi, G. P. Spada, J. Phys. Chem. A 2006, 110, 12385-12394.

L. Schweighauser, D. Haussinger, M. Neuburger, H. A. Wegner, Org.
Biomol. Chem. 2014, 12, 3371-3379.

M. Hammerich, C. Schitt, C. Stdhler, P. Lentes, F. Rohricht, R. Hoppner,
R. Herges, J. Am. Chem. Soc. 2016, 138, 13111-13114.

Q. Li, H. Qian, B. Shao, R.P. Hughes, I. Aprahamian, J. Am. Chem. Soc.
2018, 140, 11829-11835.

C. Slavov, C. Yang, L. Schweighauser, H. A. Wegner, A. Dreuw, J. Wacht-
veitl, ChemPhysChem 2017, 18, 2137 -2141.

E. Wagner-Wysiecka, N. tukasik, J.F. Biernat, E. Luboch, J. Inclusion
Phenom. Macrocyclic Chem. 2018, 90, 189-257.

R. Siewertsen, H. Neumann, B. Buchheim-Stehn, R. Herges, C. Nather, F.
Renth, F. Temps, J. Am. Chem. Soc. 2009, 131, 15594 -15595.

M. Béckmann, N. L. Doltsinis, D. Marx, Angew. Chem. Int. Ed. 2010, 49,
3382-3384; Angew. Chem. 2010, 122, 3454 -3456.

0. Carstensen, J. Sielk, J. B. Schénborn, G. Granucci, B. Hartke, J. Chem.
Phys. 2010, 133, 124305.

A.-H. Gao, B. Li, P-Y. Zhang, K-L. Han, J. Chem. Phys. 2012, 137, 204305.
L. Liu, Y. Wang, Q. Fang, J. Chem. Phys. 2017, 146, 064308.

S. Vela, C. Kriiger, C. Corminboeuf, Phys. Chem. Chem. Phys. 2019, 21,
20782-20790.

C. E. Weston, R. D. Richardson, P. R. Haycock, A. J. P. White, M. J. Fuchter,
J. Am. Chem. Soc. 2014, 136, 11878-11881.

R.S. L. Gibson, J. Calbo, M. J. Fuchter, ChemPhotoChem 2019, 3, 372-
377.

L. Stricker, M. Bockmann, T. M. Kirse, N. L. Doltsinis, B. J. Ravoo, Chem.
Eur. J. 2018, 24, 8639-8647.

Z-Y. Zhang, Y. He, Y. Zhou, C. Yu, L. Han, T. Li, Chem. Eur. J. 2019, 25,
13402-13410.

J. Otsuki, K. Suwa, K. K. Sarker, C. Sinha, J. Phys. Chem. A 2007, 111,
1403 -1409.

J. Otsuki, K. Suwa, K. Narutaki, C. Sinha, I. Yoshikawa, K. Araki, J. Phys.
Chem. A 2005, 709, 8064 —8069.

C. Schitt, G. Heitmann, T. Wendler, B. Krahwinkel, R. Herges, J. Org.
Chem. 2016, 81, 1206-1215.

T. Wendler, C. Schitt, C. Néather, R. Herges, J. Org. Chem. 2012, 77,
3284-3287.

I. K. Ledney, T.-Q. Ye, R. E. Hester, J. N. Moore, J. Phys. Chem. 1996, 100,
13338-13341.

T. Nagele, R. Hoche, W. Zinth, J. Wachtveitl, Chem. Phys. Lett. 1997, 272,
489-495.

T. Fujino, S.Y. Arzhantsey, T. Tahara, J. Phys. Chem. A 2001, 105, 8123 -
8129.

T. Fujino, T. Tahara, J. Phys. Chem. A 2000, 104, 4203 -4210.

H. Satzger, S. Sporlein, C. Root, J. Wachtveitl, W. Zinth, P. Gilch, Chem.
Phys. Lett. 2003, 372, 216-223.

A. Cembran, F. Bernardi, M. Garavelli, L. Gagliardi, G. Orlandi, J. Am.
Chem. Soc. 2004, 126, 3234-3243.

T. Ishikawa, T. Noro, T. Shoda, J. Chem. Phys. 2001, 115, 7503 -7512.

I. Conti, M. Garavelli, G. Orlandi, J. Am. Chem. Soc. 2008, 130, 5216—
5230.

L. Creatini, T. Cusati, G. Granucci, M. Persico, Chem. Phys. 2008, 347,
492-502.

Y. Harabuchi, M. Ishii, A. Nakayama, T. Noro, T. Taketsugu, J. Chem. Phys.
2013, 738, 064305.

P. Bortolus, S. Monti, J. Phys. Chem. 1979, 83, 648-652.

T. Asano, T. Yano, T. Okada, J. Am. Chem. Soc. 1982, 104, 4900-4904.

E. Fischer, J. Am. Chem. Soc. 1960, 82, 3249-3252.

S. Malkin, E. Fischer, J. Phys. Chem. 1962, 66, 2482 - 2486.

In contrast to the inversion mechanism under light irradiation, which in-
volves a Coln with the two CNN angles at around 150°.

L. Noodleman, J. Chem. Phys. 1981, 74, 5737 -5743.

T. Soda, Y. Kitagawa, T. Onishi, Y. Takano, Y. Shigeta, H. Nagao, Y. Yoshio-
ka, K. Yamaguchi, Chem. Phys. Lett. 2000, 319, 223 -230.

D. R. Kearns, J. Phys. Chem. 1965, 69, 1062 -1065.

E.R. Talaty, J. C. Fargo, Chem. Commun. 1967, 65 -66.

P. Haberfield, P. M. Block, M.S. Lux, J. Am. Chem. Soc. 1975, 97, 5804 -
5806.

A. Muzdalo, P. Saalfrank, J. Vreede, M. Santer, J. Chem. Theory Comput.
2018, 14, 2042-2051.

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.5281/zenodo.4043290
https://doi.org/10.5281/zenodo.4043290
https://doi.org/10.1038/nature22987
https://doi.org/10.1038/nature22987
https://doi.org/10.1038/nature22987
https://doi.org/10.1021/ja413063e
https://doi.org/10.1021/ja413063e
https://doi.org/10.1021/ja413063e
https://doi.org/10.1021/ja413063e
https://doi.org/10.1039/c1cs15023e
https://doi.org/10.1039/c1cs15023e
https://doi.org/10.1039/c1cs15023e
https://doi.org/10.1039/b900930m
https://doi.org/10.1039/b900930m
https://doi.org/10.1039/b900930m
https://doi.org/10.1038/425145a
https://doi.org/10.1039/C1CS15179G
https://doi.org/10.1039/C1CS15179G
https://doi.org/10.1039/C1CS15179G
https://doi.org/10.3762/bjoc.8.113
https://doi.org/10.3762/bjoc.8.113
https://doi.org/10.3762/bjoc.8.113
https://doi.org/10.1038/s41570-019-0074-6
https://doi.org/10.1038/s41570-019-0074-6
https://doi.org/10.1038/s41570-019-0074-6
https://doi.org/10.1021/acs.jpca.8b11734
https://doi.org/10.1021/acs.jpca.8b11734
https://doi.org/10.1021/acs.jpca.8b11734
https://doi.org/10.1021/acs.jpca.8b11734
https://doi.org/10.1021/jacs.7b12871
https://doi.org/10.1021/jacs.7b12871
https://doi.org/10.1021/jacs.7b12871
https://doi.org/10.1021/jacs.7b12871
https://doi.org/10.1021/jacs.6b11626
https://doi.org/10.1021/jacs.6b11626
https://doi.org/10.1021/jacs.6b11626
https://doi.org/10.1039/C4CC05331A
https://doi.org/10.1039/C4CC05331A
https://doi.org/10.1039/C4CC05331A
https://doi.org/10.1039/c2cc17782j
https://doi.org/10.1039/c2cc17782j
https://doi.org/10.1039/c2cc17782j
https://doi.org/10.1039/c2cc17782j
https://doi.org/10.3762/bjoc.15.266
https://doi.org/10.3762/bjoc.15.266
https://doi.org/10.3762/bjoc.15.266
https://doi.org/10.3762/bjoc.15.266
https://doi.org/10.1021/ja00370a028
https://doi.org/10.1021/ja00370a028
https://doi.org/10.1021/ja00370a028
https://doi.org/10.1016/S1010-6030(96)04355-9
https://doi.org/10.1016/S1010-6030(96)04355-9
https://doi.org/10.1016/S1010-6030(96)04355-9
https://doi.org/10.1021/jo0513616
https://doi.org/10.1021/jo0513616
https://doi.org/10.1021/jo0513616
https://doi.org/10.1002/ejoc.200500682
https://doi.org/10.1002/ejoc.200500682
https://doi.org/10.1002/ejoc.200500682
https://doi.org/10.1021/jp062428b
https://doi.org/10.1021/jp062428b
https://doi.org/10.1021/jp062428b
https://doi.org/10.1039/c4ob00230j
https://doi.org/10.1039/c4ob00230j
https://doi.org/10.1039/c4ob00230j
https://doi.org/10.1039/c4ob00230j
https://doi.org/10.1021/jacs.6b05846
https://doi.org/10.1021/jacs.6b05846
https://doi.org/10.1021/jacs.6b05846
https://doi.org/10.1021/jacs.8b07612
https://doi.org/10.1021/jacs.8b07612
https://doi.org/10.1021/jacs.8b07612
https://doi.org/10.1021/jacs.8b07612
https://doi.org/10.1002/cphc.201700384
https://doi.org/10.1002/cphc.201700384
https://doi.org/10.1002/cphc.201700384
https://doi.org/10.1007/s10847-017-0779-4
https://doi.org/10.1007/s10847-017-0779-4
https://doi.org/10.1007/s10847-017-0779-4
https://doi.org/10.1007/s10847-017-0779-4
https://doi.org/10.1021/ja906547d
https://doi.org/10.1021/ja906547d
https://doi.org/10.1021/ja906547d
https://doi.org/10.1002/anie.200907039
https://doi.org/10.1002/anie.200907039
https://doi.org/10.1002/anie.200907039
https://doi.org/10.1002/anie.200907039
https://doi.org/10.1002/ange.200907039
https://doi.org/10.1002/ange.200907039
https://doi.org/10.1002/ange.200907039
https://doi.org/10.1063/1.3479397
https://doi.org/10.1063/1.3479397
https://doi.org/10.1063/1.4767459
https://doi.org/10.1063/1.4974896
https://doi.org/10.1039/C9CP03831K
https://doi.org/10.1039/C9CP03831K
https://doi.org/10.1039/C9CP03831K
https://doi.org/10.1039/C9CP03831K
https://doi.org/10.1021/ja505444d
https://doi.org/10.1021/ja505444d
https://doi.org/10.1021/ja505444d
https://doi.org/10.1002/cptc.201900065
https://doi.org/10.1002/cptc.201900065
https://doi.org/10.1002/cptc.201900065
https://doi.org/10.1002/chem.201800587
https://doi.org/10.1002/chem.201800587
https://doi.org/10.1002/chem.201800587
https://doi.org/10.1002/chem.201800587
https://doi.org/10.1002/chem.201902897
https://doi.org/10.1002/chem.201902897
https://doi.org/10.1002/chem.201902897
https://doi.org/10.1002/chem.201902897
https://doi.org/10.1021/jp066816p
https://doi.org/10.1021/jp066816p
https://doi.org/10.1021/jp066816p
https://doi.org/10.1021/jp066816p
https://doi.org/10.1021/jp0531917
https://doi.org/10.1021/jp0531917
https://doi.org/10.1021/jp0531917
https://doi.org/10.1021/jp0531917
https://doi.org/10.1021/acs.joc.5b02817
https://doi.org/10.1021/acs.joc.5b02817
https://doi.org/10.1021/acs.joc.5b02817
https://doi.org/10.1021/acs.joc.5b02817
https://doi.org/10.1021/jo202688x
https://doi.org/10.1021/jo202688x
https://doi.org/10.1021/jo202688x
https://doi.org/10.1021/jo202688x
https://doi.org/10.1021/jp9610067
https://doi.org/10.1021/jp9610067
https://doi.org/10.1021/jp9610067
https://doi.org/10.1021/jp9610067
https://doi.org/10.1016/S0009-2614(97)00531-9
https://doi.org/10.1016/S0009-2614(97)00531-9
https://doi.org/10.1016/S0009-2614(97)00531-9
https://doi.org/10.1016/S0009-2614(97)00531-9
https://doi.org/10.1021/jp0110713
https://doi.org/10.1021/jp0110713
https://doi.org/10.1021/jp0110713
https://doi.org/10.1021/jp992757m
https://doi.org/10.1021/jp992757m
https://doi.org/10.1021/jp992757m
https://doi.org/10.1016/S0009-2614(03)00364-6
https://doi.org/10.1016/S0009-2614(03)00364-6
https://doi.org/10.1016/S0009-2614(03)00364-6
https://doi.org/10.1016/S0009-2614(03)00364-6
https://doi.org/10.1021/ja038327y
https://doi.org/10.1021/ja038327y
https://doi.org/10.1021/ja038327y
https://doi.org/10.1021/ja038327y
https://doi.org/10.1063/1.1406975
https://doi.org/10.1063/1.1406975
https://doi.org/10.1063/1.1406975
https://doi.org/10.1021/ja710275e
https://doi.org/10.1021/ja710275e
https://doi.org/10.1021/ja710275e
https://doi.org/10.1016/j.chemphys.2007.09.048
https://doi.org/10.1016/j.chemphys.2007.09.048
https://doi.org/10.1016/j.chemphys.2007.09.048
https://doi.org/10.1016/j.chemphys.2007.09.048
https://doi.org/10.1063/1.4790611
https://doi.org/10.1063/1.4790611
https://doi.org/10.1021/j100469a002
https://doi.org/10.1021/j100469a002
https://doi.org/10.1021/j100469a002
https://doi.org/10.1021/ja00382a026
https://doi.org/10.1021/ja00382a026
https://doi.org/10.1021/ja00382a026
https://doi.org/10.1021/ja01498a005
https://doi.org/10.1021/ja01498a005
https://doi.org/10.1021/ja01498a005
https://doi.org/10.1021/j100818a038
https://doi.org/10.1021/j100818a038
https://doi.org/10.1021/j100818a038
https://doi.org/10.1063/1.440939
https://doi.org/10.1063/1.440939
https://doi.org/10.1063/1.440939
https://doi.org/10.1016/S0009-2614(00)00166-4
https://doi.org/10.1016/S0009-2614(00)00166-4
https://doi.org/10.1016/S0009-2614(00)00166-4
https://doi.org/10.1021/j100887a504
https://doi.org/10.1021/j100887a504
https://doi.org/10.1021/j100887a504
https://doi.org/10.1021/ja00853a025
https://doi.org/10.1021/ja00853a025
https://doi.org/10.1021/ja00853a025
http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202003926

[60] J. Doki¢, M. Gothe, J. Wirth, M. V. Peters, J. Schwarz, S. Hecht, P. Saal- [71]1 M. E. Casida, Recent Advances in Density Functional Methods, World Sci-
frank, J. Phys. Chem. A 2009, 113, 6763 -6773. entific, Singapore, pp. 155-192.

[61] It is, however, not clear whether the computations in the previous ref- [72] J.-D. Chai, M. Head-Gordon, J. Chem. Phys. 2008, 128, 084106.
erence used the T, or OSS states to characterize the rotational pathway, [73] J.-D. Chai, M. Head-Gordon, Phys. Chem. Chem. Phys. 2008, 10, 6615 -
or a close-shell singlet higher in energy. 6620.

[62] S. Vela, C. Corminboeuf, Chem. Eur. J. 2020, 26, 14724-14729. [74] J. Pittner, H. Lischka, M. Barbatti, Chem. Phys. 2009, 356, 147 - 152.

[63] Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. [75] Notice that strain is not the only effect that dictates the TS;,, and TS,
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Men- energies. The usual electronic effects and non-covalent interactions also
nucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, contribute, albeit such terms are not explicitly evaluated.

A.F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, [76] There seems to be an inconsistency between the values given in
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Table S4 and Figure S29 of that reference. For Figure S29 to be correct,
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, the values in Table S4 should be in hours and not in seconds as speci-
M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Ko- fied in the caption.

bayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. lyen- [77]1 J. Garcia-Amorés, B. Maerz, M. Reig, A. Cuadrado, L. Blancafort, E. Sa-
gar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. moylova, D. Velasco, Chem. Eur. J. 2019, 25, 7726-7732.

Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, [78] R. Travieso-Puente, S. Budzak, J. Chen, P. Stacko, J. T. B. H. Jastrzebski, D.
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, Jacquemin, E. Otten, J. Am. Chem. Soc. 2017, 139, 3328-3331.

K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, [79] S. Hammes-Schiffer, J. C. Tully, J. Chem. Phys. 1994, 101, 4657 - 4667.

S. Dapprich, A.D. Daniels, O. Farkas, J. B. Foresman, J.V. Ortiz, J. Cio- [80] J. Casellas, G. Alcover-Fortuny, C. De Graaf, M. Reguero, Materials 2017,
slowski, D. J. Fox, Gaussian, Inc. Wallingford CT, 2009. 10, 1342.

[64] S. Grimme, J. Chem. Theory Comput. 2019, 15, 2847 -2862. [81] L. Wang, C. Yi, H. Zou, J. Xu, W. Xu, J. Phys. Org. Chem. 2009, 22, 888-

[65] F. Pedregosa, G. Varoquaux, A. Gramfort, V. Michel, B. Thirion, O. Grisel, 896.

M. Blondel, P. Prettenhofer, R. Weiss, V. Dubourg, J. Vanderplas, A. [82] L. Cechova, J. Kind, M. Draginsky, J. Filo, Z. Janeba, C. M. Thiele, M.
Passos, D. Cournapeau, M. Brucher, M. Perrot, E. Duchesnay, J. Mach. Cigan, E. Prochazkovd, J. Org. Chem. 2018, 83, 5986 -5998.
Learn. Res. 2011, 12, 2825-2830. [83] A. Nenov, R. Borrego-Varillas, A. Oriana, L. Ganzer, F. Segatta, I. Conti, J.

[66] M. Barbatti, M. Ruckenbauer, F. Plasser, J. Pittner, G. Granucci, M. Persico, Segarra-Marti, J. Omachi, M. Dapor, S. Taioli, C. Manzoni, S. Mukamel, G.
H. Lischka, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2014, 4, 26-33. Cerullo, M. Garavelli, J. Phys. Chem. Lett. 2018, 9, 1534-1541.

[67] M. Barbatti, G. Granucci, M. Ruckenbauer, F. Plasser, R. Crespo-Otero, J.

Pittner, M. Persico, H. Lischka, NEWTON-X: A package for Newtonian dy-
namics close to the crossing seam. Version 2, 2016, www.newtonx.org. X .

[68] D. Jacquemin, E. A. Perpete, G. E. Scuseria, I. Ciofini, C. Adamo, J. Chem. Mar.muscrlpt recelYed: AUQUSt 26,2020
Theory Comput. 2007, 3, 123~ 135. Revised manuscript received: September 27, 2020

[69] T-T. Yin, Z.-X. Zhao, H.-X. Zhang, New J. Chem. 2017, 41, 1659-1669. Accepted manuscript online: September 29, 2020

[70] E. Runge, E. K. U. Gross, Phys. Rev. Lett. 1984, 52, 997 - 1000. Version of record online: November 26, 2020

Chem. Eur. J. 2021, 27, 419-426

www.chemeurj.org

426

© 2020 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202002321
https://doi.org/10.1002/chem.202002321
https://doi.org/10.1002/chem.202002321
https://doi.org/10.1021/acs.jctc.9b00143
https://doi.org/10.1021/acs.jctc.9b00143
https://doi.org/10.1021/acs.jctc.9b00143
http://www.newtonx.org
https://doi.org/10.1039/C6NJ03095E
https://doi.org/10.1039/C6NJ03095E
https://doi.org/10.1039/C6NJ03095E
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1103/PhysRevLett.52.997
https://doi.org/10.1063/1.2834918
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1039/b810189b
https://doi.org/10.1016/j.chemphys.2008.10.013
https://doi.org/10.1016/j.chemphys.2008.10.013
https://doi.org/10.1016/j.chemphys.2008.10.013
https://doi.org/10.1021/jacs.6b12585
https://doi.org/10.1021/jacs.6b12585
https://doi.org/10.1021/jacs.6b12585
https://doi.org/10.3390/ma10121342
https://doi.org/10.3390/ma10121342
https://doi.org/10.1002/poc.1538
https://doi.org/10.1002/poc.1538
https://doi.org/10.1002/poc.1538
https://doi.org/10.1021/acs.jpclett.8b00152
https://doi.org/10.1021/acs.jpclett.8b00152
https://doi.org/10.1021/acs.jpclett.8b00152
http://www.chemeurj.org

