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ABSTRACT: We performed ab initio excited-state molecular dynamics simulations of a
gas-phase photoexcited protonated Schiff base (C;—N,=C;—C,=C;—Cy) to search for
control mechanisms of its photoisomerization. The excited molecule twists by ~90° around
either the N,C; bond or the C,C; bond and relaxes to the ground electronic state through a
conical intersection with either a trans or cis outcome. We show that a large initial
distortion of several dihedral angles and a specific normal vibrational mode combining
pyramidalization and double-bond twisting can lead to a preferential rotation of atoms
around the C,C; bond. We also show that selective pretwisting of several dihedral angles in
the initial ground state thermal ensemble (by analogy to a protein pocket) can significantly
increase the fraction of photoreactive (cis — trans) trajectories. We demonstrate that new
ensembles with higher degrees of control over the photoisomerization reaction can be
obtained by a computational directed evolution approach on the ensembles of molecules
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SECTION: Spectroscopy, Photochemistry, and Excited States

Itrafast cis—trans photoisomerization of double bonds in

small photoactive molecules is a first step in many light-
induced biological processes." It can also be used in light-
powered molecular and nanoscale devices.”> Many biological
photoisomerization reactions involve the protonated Schiff base
(PSB) chromophore retinal, which when photoexcited in its
native protein environment leads to vision, light-induced
openinég of channel proteins, and other biological phenom-
ena.*"® Typically, retinal on the ground potential energy
surface (PES), Sy, absorbs light, relaxes, and reaches a conical
intersection (CI) on the first excited PES, S;. Then, it passes
through the CI back to the Sy PES with the initial or changed
(trans, cis) minimum conformation.”?

Photoisomerization was studied in different PSBs and retinal,
located in vacuum, in the presence of counterions, different
solvents, and proteins.'>~>* It was shown that numerous factors
can influence the outcome of photoisomerization reactions,
such as the length of the conjugate chain in the PSB
chromophore,' steric restraints (helicity) imposed on the
chromophore by the protein environment,'”** the topography
of the CL** and the phase of the vibration of the torsional
coordinates coupled to the reactive coordinate.'®*>*® More-
over, the isomerization outcome (yield) for retinal in the native
protein environment can be coherently controlled under weak-
field conditions.”” However, to the best of our knowledge, the
impact of the initial geometry and vibrational excitation on the
reaction outcome of the PSB photoisomerization has not been
systematically studied.
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conversion on S,

We actively search for mechanisms that may be used to
control the photoisomerization outcome of a small photo-
excited PSB, such as the bond selectivity and (trans, cis)
conformation. We use complete active space self-consistent
field (CASSCF) description and ab initio molecular dynamics
to simulate a gas-phase photoexcited PSB with two double
bonds (PSB2), as described in the Methods (Supporting
Information (SI)). Note that PSB2 photoisomerization takes
place on the ionic (1B,) S; state®® as in retinal but does not
feature a “central” trans double bond flanked by a polyene and a
polyeneiminium.

Relaxation Dynamics of the Photoexcited Thermal Ensemble. In
Chart 1, we show the PSB and its two main relaxation paths on
the excited state (S;) electronic PES upon photoexcitation. The
relaxation on S; has two dominant features: (1) “Bond order
inversion” occurs, where N,C;, C,Cs bonds stretch and gain
“single-bond” character while the C;C, bond shortens and
gains “double-bond” character. (2) Twisting by ~90° occurs
around either the N,C; bond or the C,Cs bond. Through this
S, relaxation, the PSB2 reaches a CI seam region corresponding
to one of the two isomerizing double bonds (twisting to
~90°*). At the seam, the molecule hops to S, PES, as
described here by two hopping algorithms, diabatic surface
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hopping (DSH)* and fewest switches hopping (FSH)>'
algorithms. The S, relaxation of PSB2 is similar to that taken
by the (full) retinal Schiff base.'' Whereas we describe the
PSB2 molecule at the CASSCF(4,4)/6-31G* level of theory
(SI), our xMCQDPT2/CASSCF(4,4)/cc-pVTZ calculations
(SL, Figures 2 and 3) and recent studies have shown that
dynamic electron correlation can modify the shape of the S;
PES energy,33 and thus affect the excited-state relaxation. We
use two surface-hopping algorithms to confirm that the
observed correlations between the reaction outcome distribu-
tions and the initial molecular geometries are not dependent on
the hopping method. However, because hops are restricted to
the seam in the DSH algorithm, the excited-state lifetime is
significantly longer if the DSH algorithm is used, in line with
previous observations.*

In Table 1, we summarize the reaction outcome statistics and
the excited-state decay times, Tpgy and Tggy, obtained for 296

Chart 1. Protonated Schiff Base”

“Arrows indicate two main relaxation paths upon photoexcitation:
(red arrows) bond order inversion, where the N,C; and C,Cy bonds
stretch and C;C, shortens; (green arrows) twisting around either the
N,C; or C,C; bonds.

Table 1. S; — S, Reaction Outcome Statistics, Including the
Excited State Decay Time (S, population fitted to e~*%), the
Number of Occurrences of the Specified Reaction Outcome
i, and the Related Percentages

outcome N,C; cis N,C; trans C,C; cis C,C; trans
Tpsu Lfs] 96 + 1 132 +2 49 + 1 S1+1
N psu 132 105 32 27
Pipsy [%] 44.6 355 10.8 9.1

Tpsu [£5] 65+ 1 74 + 1 42 +1 S0+1
N psu 209 172 67 46

Pirsy [%] 42.3 34.8 13.6 9.3

and 494 trajectories in which the DSH and the FSH algorithms
were used,””! respectively. The reaction outcome is classified
according to which double bond (N,C; or C,Cs) twists upon
the initial photoexcitation, and according to the minimum
(trans or cis) in which the molecule ends up in on the S, PES
after the hop. We observe that the N,C; bond (initially cis)
twists in ~80% of the cases (44.6 (42.4) cis and 35.5 (34.8)
trans outcome for DSH (FSH) algorithms), whereas the C,C;
(initially trans) twisting takes place in the remaining ~20%
trajectories. Our simulations indicate that no other relaxation
pathways are accessible to the molecule. The two observed
photoisomerization paths lead to different excited-state decay
times, with the N,C; bond isomerization on S; PES occurring
within 7pgy & 96—132 fs or 7Tpgy & 65—74 fs and the C,C;
bond isomerization occurring within 7pgy & 49—S1 fs or Tpgy &
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Figure 1. (a,)b) Black lines (right axis) show the distributions of the Y
dihedral angles (symmetrized) in the PSB2 molecules in the initial
thermal ensemble. (Integration of the black lines gives the total
number of geometries/trajectories.) The histograms show the relative
values of the different possible photoreaction outcomes, N;y;,/Ny;,, for
each value of the initial dihedral. The data are from the thermal
ensemble trajectories obtained with the FSH algorithm.*! The
procedures used to generate the thermal ensemble are described in
the SL

42—50 fs, in dependence of the hopping algorithm. The
different excited-state lifetimes obtained by the use of the two
hopping algorithms originate in the fact that the hopping
occurs in the DSH method only when the molecule is crossing
the CI seam, whereas in the FSH method the hopping is
allowed prior to the molecule reaching the seam, as discussed
by Fabiano et al.*

To determine why the N,C; isomerization is favored, we
examine the slope of the S; PES in the regions visited by the
molecule immediately after the vertical photoexcitation.
Because the two main relaxation pathways of the molecule
involve torsion of either the CN,C;C or CC,C,C dihedral
angles, we perform rigid scans of the CN,C;C and CC,CC
dihedral angle (y) changes on the S; PES. When doing so, we
keep either the original Sy-like bond lengths (typically
preserved in the initial stage of the S; PES dynamics) or the
inverted S;-like bond lengths (typically appearing within ~5—
10 fs upon the vertical photoexcitation). The dihedral change
scans in these two cases show that when the molecule keeps its
initial Sy-like nuclear positions (bond lengths) the energy
profile for the CC,C;C dihedral change is much steeper than
the profile for the CN,C,C change (SI, Figure 2). In contrast,
after the nuclei (bond lengths) in the molecule adjust to the S;
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Figure 2. Table of reaction outcomes obtained from the dynamics trajectories of photoexcited PSB2 with initial geometries of the cold molecule pre-
excited along individual normal modes. The label (*) indicates modes with “out-of-plane displacements” of their atoms (text). (inset) Three possible
reaction outcomes are marked schematically (isomerization of N,C; bond with trans and cis outcomes and isomerization of C,Cs bond with any
outcome). Mode S (in the PSB2), whose pre-excitation leads to C,Cj isomerization at k,, > 0.3, has prominent displacements of hydrogen atoms
bound to C, and Cg atoms (animation of atomic displacements along the mode § is included in the SI). In these trajectories, we used the DSH

algorithm.*

PES, the energy profile for the CN,C;C change becomes
steeper (SI, Figure 2). This is likely related to the above
observed higher probability (80%) of the N,C; isomerization
pathway. The large probability can be understood from the fact
that the rotation frequency around the C,Cg bond should be
much smaller than the vibration frequency associated with the
bond length rearrangement on the S; PES, which means that
the N,C; channel becomes much more likely. However, certain
initial molecular geometries or nuclear motions may change
this trend upon the photoexcitation.

Control of Bond Selectivity. It is important to understand how
the quantum yield and the bond selectivity can be affected by
the initial geometry of the photoexcited chromophore. The
deformation/pretwisting of the PSB retinal and variation of its
normal modes within a protein pocket may determine the
(enhanced) quantum yield and bond selectivity observed in
nature.'® To pursue this idea, we explore on a large set of initial
PSB2 geometries if certain distortions can significantly
influence the photoreaction pathways and outcomes. We
expand the initial molecular geometries (and velocities) of
the PSB2 thermal ensemble in terms of the internal molecular
coordinates (bond lengths, torsional angles). Alternatively, we
project these geometries on the vibrational normal modes
(discussed later) to see if any of them significantly affect the
outcome. The obtained knowledge may clarify how natural
chromophores operate, and it can also be useful for designing
photoactive molecular devices.

In Figure 1a,b, we show the histograms with relative values of
the different possible photoreaction outcomes, N;y;,/N,, for
each value of the initial dihedral ¥, (Nyin = X N;piny where i is
the reaction outcome and N,};, is the number of trajectories
within a single bin that have outcome i). The two dihedrals
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angles y;, surrounding the C;C, bond, are varied in 4°-wide
bins. As the dihedrals increase from y; & 180 to195—210°, the
probability that the reaction occurs along the C,Cs pathway
increases from 20 to ~30—40%. Therefore, the reaction
outcome (bond selectivity) is sensitive to the molecular
twisting in the region surrounding the C;C, bond. Note that
only a few cases are observed at y; > 210° and that the errors in
the observed outcome distributions become larger as y;
increases. No significant effect on the reaction outcome was
observed when other internal coordinates were considered.

Systematic Pre-excitation of Single Normal Modes. Next, we
examine how the photoisomerization outcome is affected by
the pre-excitation of individual vibrational normal modes of the
molecule. We prepare a set of initial molecular structures, with
the nuclear coordinates R, by pre-exciting (diitorting) a cold
PSB2 molecule, with the nuclear coordinates Ry, along single
normal modes, with unit displacements N,, and excitation
amplitudes k,,

R, =R, + k,N, (1)
The R, coordinates correspond to the molecular geometry at
the S, minimum, calculated at the CASSCF(4,4)/6-31G* level
of theory. Because some of the normal modes represent
rotational motions (curvilinear motion in Cartesian space), we
express N,, in the nonredundant internal coordinates
(described in the SI).

In Figure 2, we show the photoisomerization outcomes for
the cold PSB2 molecule pre-excited along its 42 normal modes.
In 12 of these modes, 10 atoms (SC, IN, 4H) forming the
planar conjugated region show out-of-plane displacements,
while in 30 modes the frame remains planar. Several low-
frequency out-of-plane modes correspond to anti-pyramidaliza-
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tion (“propelling” displacement) of hydrogens around double
bonds (e.g., hydrogens motion around the C,Cs bond in mode
S, shown in the inset of Figure 2) or syn-pyramidalization
(displacement in the same direction) of those hydrogens (e.g,,
the same atoms in modes 11 and 15).>* Upon photoexcitation
of PSB2 to the S; PES, the pre-excitation of almost all of the
modes leads to isomerization of the N,C; double bond,
whereas isomerization of the C,C bond is observed only if the
modes S and 14 are pre-excited. At room temperature, only the
mode 5 would be excited to k,, > 0.3, leading to the C,C; bond
isomerization (Figure 2 in the SI). Interestingly, excitation of
the mode S leads to a displacement of the C,-bound hydrogen
atom and simultaneous change of the y, and y, dihedrals
(Figure 1). Therefore, pretwisting of the y; and y, dihedrals in
mode S might lead to the bond selectivity in the PSB2
photoisomerization reaction.

In Figure 3a, we present the time evolution of the HC,C;H
dihedral on the S; PES for PSB2 initially pre-excited (k,,) along
the mode S (prior to vertical S; — S; photoexcitation). At k,, <
0.375, only the N,C; bond is activated, while pretwisting of the
mode S with k,, > 0.375 leads to activation of the C,C; bond.
As k,, increases, change of the HC,C;H dihedral and eventual
hopping to the Sy PES occurs faster. (The hopping times are 77
and 43 fs for k,, = 0.4 and 1.0, respectively.) Figure 3a also
shows that as k,, grows the outcome of the photoisomerization
around the C,C; bond starts to oscillate between the (trans,
cis) forms.

Normal Mode Analysis of a Thermal Ensemble. We now
examine the modal composition in the initial PSB2
configurations of the thermal ensemble (also analyzed in
Figure 1) to find out how it influences the photoisomerization
outcome. We extract the modal composition by the least-
squares fitting procedure, where we project each initial
configuration R on the “cold” (S,) configuration R, with
added displacements of the normal modes kN,

42
d=IR-Ry— ) kNP

m=1

)

As noted before, all of the vectors are expressed on the basis of
nonredundant internal coordinates.

In Figure 3b, we show histograms with the relative values of
the different possible photoreaction outcomes, N;};,/N,, for
each value of the mode 5 coeflicient k,,_s. We can see that in
the thermal ensemble a higher population of the mode 5 also
leads to an increased probability of the C,Cs bond isomer-
ization. At ks < 0.4, the probability of isomerization is ~20%,
but for kg = 0.4—0.7, it increases to 30—50%. (Only a few initial
geometries have kg > 0.7.)

Control of the (trans, cis) Outcome. Despite the observed
correlations between the initial molecular geometry and the
isomerizing bond, we did not find any correlations between this
geometry and the (trans, cis) reaction outcome (N,C; bond
analyzed). However, these correlations emerged when the
velocities along the internal coordinates were also considered.

In Figure 3¢, we plot the angular velocities for the HN,C;H
(hydrogen) and CN,C;C (carbon) dihedrals at the point of
hopping, sorted according to the reaction outcome. We plot
these results for the DSH (left) and FSH (right) algorithms and
limit our analysis to the cases in which the N,C; bond is
isomerized (80% of all cases). These results reveal that the
(trans, cis) outcome is determined by the sign of the angular
velocity of the HN,C;H torsional angle at the point of hopping
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Figure 3. (a) Time evolution of the HC,C;H dihedral upon the S, —
S, photoexcitation of PSB2 for initial geometries pre-excited along the
normal mode $ (k,,_s, probed in 0.025-wide increments). At kg > 0.35,
the C,Cs bond isomerization becomes activated, as seen in the
dihedral evolution. After reaching the CI, corresponding to geometries
with the twisted HC,C;H and CC,C;C dihedrals, the molecule
eventually hops to the cis outcome (dark blue) or trans outcome (red)
at the C,C; bond. The black line marks the hopping times for all of the
trajectories (DSH algorithm used). (b) Black line (right axis) shows
the distribution of the ks values in the PSB2 molecules in the initial
thermal ensemble. The histograms show the relative values of the
different possible photoreaction outcomes, N;y;,/ Ny, for each value of
the k; (symmetrized). The data are from the thermal ensemble
trajectories analyzed in Figure 1 (FSH algorithm). Legend is the same
as in Figure 1. (c) Angular velocities for the HN,C;H and CN,C;C
dihedrals at the hopping point for all the trajectories, sorted according
to the outcome. (left) DSH and (right) FSH algorithms.

from S, to S, PES, as in other PSBs'®**™ and analogs of the
photoactive yellow protein chromophore.*® However, if the
wave function remains S;-like immediately after the hopping to
the S PES, then the cis or trans outcome may be different than
predicted by the velocity along the HN,C;H torsional angle.””

The correlation of the hydrogen-dihedral velocity with the
(trans, cis) outcome can be explained by the fact that the
direction of the (fast) relative motion of the two hydrogens

dx.doi.org/10.1021/jz400133u | J. Phys. Chem. Lett. 2013, 4, 1005—1011
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dependent evolution of the CN,C,C and HN,C;H dihedrals for a representative trajectory leading to trans outcome around the N,C; bond. (d)
Same for a representative trajectory in which CN,C;C and HN,C;H evolve synchronously.

Table 2. Fractions of Synchronous Trajectories, Py,
DSH and FSH Algorithms

therm. ens. 7 [°]¢ 1 [°]
unconstr. FSH
unconstr. DSH
1 FSH, 7' -17.5 168.6
2 FSH 13.0 150.0
2 DSH 13.0 150.0
3 FSH —20.63 —154.4
3b FSH —20.63 —154.4

Obtained in Different Thermal Ground State Ensembles, Calculated by

73 [°] ¥a [°] e Niaj
7.63% 494

1.0% 296

174.1 6.06% 99
—-1724 18.09% 187
—-172.4 16.24% 193
172.9 14.57% 199
172.9 11.1 14.21% 197

%y,_4 represents C;N,C;C,, N,C;C,Cs, C;C,CsCg, and HN,C;H, respectively. These angles are either free (marked by —) or (harmonically)

restrained to the listed values.

attached to the N, and C; atoms determines the direction in
which the p orbitals (opposing the hydrogens) on those atoms
overlap at the point of hopping and re-establish the double
bond.'”**7*7 Rebuilding of the double bond from these p
orbitals is thus mostly controlled by the hydrogens moving
faster than the much heavier opposing carbons.

Pretwisting Control of the (trans, cis) Outcome. After taking a
closer look at the relaxation dynamics along the N,C; reaction
path on the S, surface, we notice that the change of the
HN,C;H dihedral mostly precedes the change of the CN,C,;C
dihedral; this was also observed in other PSBs.'*”** However,
significant change of both dihedrals is necessary for reaching
the CL (In the optimized CI geometry, both dihedrals are
~90°*.) Tt is of interest to examine further how the dynamics
of the two dihedrals guides the molecule to the CL

In Figure 4ab, we show the time-dependent probability
distributions of the CN,C;C and HN,C;H dihedrals and their
angular velocities, with hopping described by the FSH
algorithm. The data are obtained for photoexcitation from
the thermal ensemble, where only the cases with the N,C;
bond isomerization (prior to S, PES hopping) are considered.
We can see that HN,C;H reaches the twisted geometry (~90°)
prior to CN,C;C. After HN,C;H twists, it starts oscillating
around 90°, whereas CN,C;C still continues changing toward
this angle. A sample of this dynamics is shown on a single
trajectory in Figure 4c. Because the molecule can hop (reach
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CI) when both the CN,C;C and HN,C,H dihedrals are
changed out of plane, CN,C;C needs to catch up with
HN,C;H. This happens at t &~ 40—60 fs, when the HN,C;H
velocities are significantly randomized and partially negative.
Interestingly, in some trajectories of the thermal ensemble
(~7.63% in the FSH algorithm, Table 2), the CN,C;C and
HN,C,H dihedrals evolve in a relatively “synchronous” way, as
seen in Figure 4d. In these synchronous trajectories, the
hopping to the S, PES occurs before HN,C;H (CN,C;C)
reverses the rotation direction.

Our observation that the hydrogen dihedral change precedes
the carbon change is in contrast with the observations made in
longer PSBs. Previous studies'"'®*” have shown that
pretwisting of a conjugated planar frame of the PSBS molecule
or whole retinal, by analogy to retinal in the rhodopsin protein
pocket, can increase the photoisomerization quantum yield (for
example, 72% for 18 trajectories of PSB5'°). In a representative
trajectory of pretwisted PSBS, it was shown that hydrogen and
carbon dihedrals around the active double bond synchronously
reached the twisted CI geometry.

In the light of these observations, it might be interesting to
examine (1) if PSB2 pretwisting can be used as a control knob
for synchronous change of the CN,C;C and HN,C;H dihedrals
during the molecule relaxation on the S; and (2) if the
synchronous change of two dihedrals increases the quantum
yield (trans product at N,C, bond).

dx.doi.org/10.1021/jz400133u | J. Phys. Chem. Lett. 2013, 4, 1005—1011
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To answer the first question, we prepare a thermal ensemble
of PSB2 molecules with a pretwisted conjugated planar frame
and track their photoreaction outcome. We simultaneously
pretwist the thermalized molecule (strong harmonic restraint,
as described in methods) along the three dihedrals, C,N,C;C,
(71), N,C5C,Cs (7,), and C3C,CsCq (75) to the values of
analogous dihedral angles (listed in Table 2) surrounding the
active bond of retinal in rhodopsin.16 As shown in Table 2, in
this pretwisted thermal ensemble 1, the fraction of synchronous
trajectories (see Figure 4d) is 6.06%, whereas in the
unconstrained thermal ensemble (FSH) this fraction is 7.63%.
Therefore, these ensembles have a similar fraction of
synchronous trajectories.

We can preselect certain properties in the new “generation”
of trajectories (offsprings) by analogy to natural evolution and
other optimal control methods.** We generate new ensembles
in which several PSB2 dihedral angles are restrained to values
observed in molecular geometries in the unrestrained ensemble,
which exhibited synchronized change of CN,C;C and
HN,C;H. We extract y,_; from several synchronous trajectories
and generate new ground-state thermal ensembles with these
constrained y,_; values (ensembles 2, 3, and 3b in Table 2). In
Table 2, we show that for these offspring ensembles the fraction
of synchronous trajectories can increase up to 18.09%.

In Table 3, we present the reaction outcomes for the
ensemble 2. These results can help us to answer the second

Table 3. Reaction Outcomes for the Ensemble 2, Evaluated
from 193 and 187 Trajectories using DSH and FSH
Algorithms, Respectively

outcome N,C; cis N,C; trans C,Cs
Pipsu [%] 39.9 46.1 14.0
Pipsu [%] 47.8 39.9 124

question. In particular, they show that the number of N,C;
trans outcomes increases from 34.8% (DSH) and 35.5% (FSH)
in the unrestrained thermal ensemble (Table 1) to 46.1% and
39.9% in the ensemble 2. Therefore, synchronous motion of the
dihedrals surrounding the active double bond increases the
trans photoreaction outcome on the N,C; bond.

In summary, we found that pretwisting of the initial
molecular geometry of the photoexcited PSB2 molecule along
several normal modes (dihedral angles) can significantly
enhance the probability of the C,Cs reaction pathway. In
addition, pretwisting of the PSB2 along several dihedral angles
forming its planar conjugated frame can enhance its cis — trans
isomerization around the N,C; bond, as a result of
synchronized S; PES dynamics of the two dihedral angles
surrounding the rotating double bond. In practical applications,
the required restraints on the initial chromophore structure
may be realized by embedding the chromophore in an
environment in which intermolecular interactions impose the
required restraint or by introducing chemical modifications that
impose intramolecular restrains.*' The above control mecha-
nisms of PSB photoisomerization can have natural counterparts
and can also be useful in various applications relying on
ultrafast photoinduced reactions.

B ASSOCIATED CONTENT

© Supporting Information

Methods, CAS molecular orbitals for the S, state of a
representative initial geometry, CASSCF(4,4)/6-31G* and

1010

xMCQDPT2/CASSCF(4,4)/cc-pVIZ energy profiles of S,
S, and S, electronic states in PSB2 along the interpolated
photoreaction pathways, CASSCF(4,4)/6-31G* energy profiles
for rigid rotation of the CN,C;C and CC,C;C dihedrals in
PSB2, description of the diabatic surface hopping method,
approximation for expressing atomic displacements along
normal modes in internal coordinates, energies of the PSB2
molecules displaced along the modes 1, 2, and S, comparison of
predicted energies and calculated energies of several PSB2
geometries, when multiple normal modes are excited, PSB2
geometry at the S; minimum, references, animation of atomic
displacements along the mode S in PSB2. This material is
available free of charge via the Internet at http://pubs.acs.org.
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