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In this work, both static and dynamic aspects of ne- E photoisomerization of theZj-pentadieniminium

cation, a minimal model of retinal (the chromophore of rhodopsin proteins), are investigated on the basis of
ab initio CASSCF potential energy surfaces taking into account the full set of vibrational degrees of freedom
of the molecule. In particular, the structure of the lowest lying one-dimensional cross-section of the intersection
space formed by the;%nd S energy surfaces has been mapped alon@ theE isomerization of the central

double bond from Dto 18C¢°. The evolution of a semiclassical wave packet toward t{i& 3ntersection

seam on the basis of 70 independently calculated zero-point energy sampled trajectories has been examined.
The results indicate that the photodynamics of Zhe- E isomerization is controlled by a small segment of

the intersection space which intercepts the excited-state reaction path. In addition to the effects of surface
topography, the influence of the kinetic energy on the rate ofZthe E isomerization is also investigated.

1. Introduction descent paths starting at the Fran€kondon point-® Recently,
. . N . the mapping of different excited-state reaction paths has shown
The com_putatlona] Investigation of the mec_han_lsm of a that, in several cases, such paths do not end up at the lowest
photochemical reaction requires the characterization of the energy point of the intersection space (as often assi)nbed

assouate(_j photochemlcgl funiethis is defined as the point at a structurally and energetically different conical interse¢tién,
of the excited-state reaction path where the reactant has a pealy | | this is the point taken as the photochemical funnel in

probapility to decay to the ground state and initia_lte photoproduct mechanistic studies. The minimal model of the retinal chro-
formation. Consequently, the funnel structure is seen as a keymophore of rhodopsin (the human visual pigment), tap (

mechanlstlc element of e>_<C|ted-state reactivity. In many S'ngIet£enta-3,5-dieniminium catioh is one of these compountig; 10
reactions the photochemical funnel has been associated with

conical intersection (Cl) between the excited)(8nd ground 4 A 3 h =NH, (+)

(Sv) state energy surfacéddowever, conical intersections are _ _ — _/=/—

not isolated points of the-dimensional potential energy surface 5 ¥ NH; (+) —_—

(n being the number of vibrational degrees of freedom) but 1 2

belong to a maximallyr{ — 2)-dimensional set of intersection )

points called intersection spat&his fact raises the fundamental In a recent papérwe have reported the mapping of the

problem of assessing if the photochemical funnel may indeed reaction path associated with tie— E isomerization ofl
be associated with a single conical intersection structure or if together with the mapping of a low-lying one-dimensional cross-
the probability of decay is more homogeneously distributed Section of its intersection space. It was shown (see Figure 1)
along a finite segment (i.e., a subset) of the intersection space that the reaction path intercepts the intersection space &t a 70
In the last case it is an intersection space segment that representdvisted conical intersection structure ¢&) and then remains
the mechanistic entity driving the decay, and this is expected Substantially coincident with it up to the lowest energy intersec-
to have a substantial impact on properties such as the reactiorfion found in the system (G#). The remaining portion of the
time scale and quantum yield. intersection space segmeeixtends backwardoward the
Excited-state reaction paths are defined as minimum energy Franck-Condon point of the system (& Clzo) and, in this

paths (MEPs) computed in mass-weighted coordira#en region, becomes roughly parallel to the reaction path.

the reaction is barrierless, these correspond to single steepest 1N€ documented relationship between theréaction path
and Clr — Cl7¢ — Clg intersection space segmentlimaises

some important questions. The first question is related to the
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imperial.ac.uk. nature of the photochemical funnel driving tAe—~ E isomer-
Iu_niveqsit'a Duisburg-Essen. ization in this chromophore. In particular, as mentioned above,
Dipartimento di Chimica, Universitdi Siena. one would like to assess if the conical intersection intercepted
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Ilmperial College London. by the S reaction path (ie., G¥) pr_owdes an acce_ptable mod_el
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the previously mapped low-lying intersection space cross-section
extends well beyond 92up to 180 twisting. (A discussion
about the relationship between the; gl — Clg intersection
space segment and the fg& — Clg» reaction path describing
the § E — Z photoisomerization oR can be found in the
Supporting Information.) Thistfans’ seam is energetically
accessible relative to the Frane€ondon point ofl (FCy) and
therefore must be included in a complete model study ozthe
— E photoisomerization of.

Next we compute and analyze a set of 7Dtf&jectories
generated via zero-point energy sampthapplied to the
reactantl. Remarkably, our trajectory analysis indicates the
following: (i) The decay point assigned only on the basis of
the excited-state reaction path (i.e., a° Mvisted conical
intersection) corresponds to the region where one has the highest
probability of decay of a semiclassical trajectory. (ii) It is also
demonstrated that the decay in this rather “early” region (i.e.,
where the twisting angle is closer to that of the reactant than to
that of the product) does not preclude the achievement of high
guantum yields oZ — E isomerization. Indeed, our simulation
= = ESRP predicts an 80% quantum yield for gas-phdsé\ discussion

Figure 1. Schematic representation of thee®iergy surface involved  of the structural and dynamical factors that account for (i) and
in theZ — E isomerization ofl. The surface fault marks the structural (ii) is given in section 3.2.

difference between the excited-state reaction path (ESRP) and the These results support the idea that the majority of the S

calculated minimum energy intersection seam of thar®l $ energy raiectories follo ite closelv the reaction path and hop in
surfaces (the steepest descent path within the intersection space, ISDP} J " w qul R 10 p p :
the region around the @ conical intersection. The essential

SP is a planar transition structure. For simplicity thes@rface is not
shown. The geometric coordinates correspond to the torsion ageut C ~ point that emerges from these simulations is that for the case
C, and totally symmetric stretching for the excited-state reaction path, under investigation the topography of the sirface controls
and torsion about £-C, and conrotatory torsion about€C3/Cs—Cs the dynamical behavior in a simple classical way.

coupled with G/C, pyramidalization for ISDP. The ESRP and ISDP
curves merge at G§.

Energy

2. Computational Methods

path defines the valley followed by the majority of the excited- The ground and first excited-state potential energy surfaces,
state trajectories or if a significant number of trajectories escape gradient, and force constants were computed with the CASSCF
this valley and decay at points in the intersection space far method as implemented in the GAUSSIANeries of programs.
removed from Cly. The second question is related to the For the trajectory calculations a development version of the
prediction of the quantum yield of th8 — E isomerization. GAUSSIAN99 set of routinéd was used. The active space
Large deviation of the decay from the glregion and along consists of the sixr-electrons distributed in the six-orbitals.
the upper G} — Clye segment is intuitively expected to In all the results presented here a 6-31G* basis set was used.
decrease the quantum yield of the reaction since the decay wouldn the excited-state reaction path mapping, thaer®l $ energies
occur at structures with a torsional deformation displaced toward were computed at the two-root state-average (0.5 weight) level
the reactant geometry. In contrast, deviations in the oppositeto ensure the convergence of the CASSCF wave function only
direction, i.e., along the @ — Clg>» segment, would, when the two surfaces were close in energy. In the intersection
intuitively, increase the reaction quantum yield. To determine space mapping and for the whole duration of the trajectory
which among these different possibilities describes the behavior computation, we used equally weighted state-averaged wave
of the excited-state wave packet, a full statistical treatment of functions for the ground and excited states.
the dynamics is required. 2.1. Computation of Excited-State Reaction Paths and
Here, we compute an ensemble of trajectories that form a Steepest Descent Paths within the Intersection Spac€&he
classical wave packet by means of ab initio CASSCF ditéét  entire intersection space cross-sectionlofliscussed below
semiclassical trajectory computations coupled with surface consists of two segments (see Figure 2}y €t Clg» and Chgy
hopping? to provide an answer to the questions stated above. — Clg», having acislike and atranslike configuration,
Furthermore, we extend the mapping of the intersection space.respectively. In this work the @y — Clg one-dimensional
In particular we report the mappitfpf a low-lying intersection cross-section of the intersection space is computed in terms of
space cross-section havingranslike configuration. Our central  a steepest descent path within the intersection space (ISDP)
objective in this study is to answer the question as to whether using the same methodology previously employed to map the
the chemistry of th& — E isomerization can be described by Clg — Clgp intersection space pakt. This method can be
the reaction path, or whether higher energy regions of the described as a combination of the intrinsic relaxation direction
intersection space that can only be sampled by molecular (IRD) method for finding local steepest descent directions from
dynamics become important. a nonstationary poittand of the conical intersection optimiza-
Despite the differencé3 between the Senergy surface  tion method for locating conical intersections as energy minima
structure of realistic retinal chromophore models and that of within the intersection spac¢8The details of this methodology
our minimal model,1 provides the only system where the are given in refs 8 and 14.
relaxation between the excited-state reaction path and the Itis apparent that a steepest descent line within an intersection
dynamics of a semiclassical wave packet can be tested at thespace is characterized by the choice of the starting point (i.e.,
ab initio CASSCEF level of theory. Our results demonstrate that the origin of the steepest descent path) since this is not
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Figure 2. Energy profiles along the computed reaction patho{F€ Cl;¢-) and intersection space cross-sectiorn{€t Clg» < Clis¢) for the §
Z— E isomerization ofl. The reaction path (R€— Clz¢) and the intersection space cross-sectior-(€1Clgy) data are from ref 8. The structural
parameters are in angstroms and degrees.

univocally determined as in the case of reaction path calcula- conditions) must first be generated to represent the nuclear wave
tions. For theZ — E photoisomerization of the most important packet. The sampling was carried out on the ground-state
geometrical parameter is represented by the central bond torsiorsurface. Thus, the ground-state minimumlofvas optimized,
spanning the 618C° range. A meaningful choice for the and the second derivatives of the energy with respect to the
reference points of theis andtranssegments of the seam would coordinates (i.e., the frequencies) were calculated. The ground-
correspond to the minimal energy intersection points in which state vibrational modes were samgfeat 0 K, and the resulting

the G—C3—C4—Cs dihedral angles are°0and 180, respec- geometries and velocities were used as starting conditions for
tively. The most obvious approach to locate these two points the trajectory calculations.

would be that of using the gradient-driven conical intersection  The trajectory calculations were started in the first electroni-
optimization metho#?° in which the G—C3—C4—Cs torsion cally excited state simulating the Frarekondon excitation
angle is constrained td@180°) and the rest of the geometrical  of the molecule from the ground-state zero-point energy valley
parameters are optimized to minimize the energy. While this to the excited-state;Surface. Trajectories were calculated “on
approach would guarantee that the computed intersection pointthe fly” 1112 by solving Newton’s equations of motion for the

is the lowest energy one subject to the imposed constraint, thenuclei in the full space of coordinates. We use a trust region
conical intersection optimization procedure fails to converge at dynamics scheme that approximates the potential energy surfaces
FCo (see ref 8 for a discussion of this point). For this reason to second order and apply local corrections to fifth order when
we have used a more approximate procedure. We havepropagating the next step in the simulatidi221in this trust
performed a series of constrained geometry optimizations radius scheme the trajectory time step is variable and depends
starting at the optimized lowest energy conical intersection point on the local surface topology. Typical values are between 0.5
Clgz in which the G—C3—C4—Cs dihedral angle value is fixed  and 1.5 fs. The nonadiabatic surface Hoijs determined by

and smoothly augmented from 9 180 by minimizing the propagating the solutions of the time-dependent electronic
S1—So gradient difference. In each step the structure optimized Schralinger equation in concert with nuclear propagation. The
in the previous step is taken as a guess geometry, with thepopulation of the two states, obtained from the projection of
torsional angle further augmented by-85°. While this the time-dependent wave function on the adiabatic basis states,
procedure yields a low-lying G4, the strategy does not fully  is used to determine when the surface hop oc#usster a
guarantee that the located structure corresponds to the loweshop the energy is conserved by correcting the momentum in

energy conical intersection with a 180,—C3—C4—Cs torsion. the direction parallel to the derivative coupling vector.
As mentioned above, the; $eaction path starting from the A set of 70 independently initialized trajectories was followed
Franck-Condon region o2 (FCis¢) and describing the — Z for up to 160 fs, or at least up to a point where a decision could

photoisomerization has also been mapped using the samebe made whether the trajectory would lead to trens (E)
strategy. A discussion of the results of this computation and product or back to theis (Z) educt. The decision is based on
details on the location of Gde and Ch- are included in the the development of the central torsion angle when after a surface
Supporting Information to this paper. hop the system has left the coupling region. This irreversible
2.2. Trajectory Computation. For the semiclassical trajec- “leaving of the hopping region” corresponds to an energy
tory calculations a set of positions and momenta (initial criterion: only when the potential energy of I$as dropped by
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a significant amount relative to that of-Sbetween 15 and 20 ~ TABLE 1: CASSCF 6-31G* Absolute (E) and Relative
kcal mol-l—do we consider the probability of it returning to  (AE)" Energies for the (Z)-Penta-3,5-dieniminium Cation 1
S; as nil. From the direction which the trajectory has taken after  structure state E (au) AE (kcal mol?)

the s_urfz_ace hc_>p, it is then possible to decide whether the final FCy S (—248.26236)
destination will be thetrans or the cis product. We have S (—248.07879)
carefully reviewed each of the trajectories and found the S —248.24918 —59.43
classification confirmed: in the trajectories designatedrasn¥’ . St —248.07206 51.72
the trajectory had moved irreversibly out of the hopping region Clro g'i :232&3238 ?gf’l
toward an increased twist angle; in the trajectories designated Cloz® S —548.15455 005
as ‘cis’ the movement was out of_the hopping region toward a S 24815447 0.00
decreased twisting angle. In a different study we have shown Ciqc S —248.04326 69.79
that our number of trajectories, 70, is sufficient to obtain a S —248.04302 69.94
converged resuf Clzs® S —248.14256 7.56
_ _ S —248.14247 7.53
3. Results and Discussion Clige S —248.07942 47.09
3.1. Intersection Space.In Figure 2 we report the full Cliss % :gig'%gg? ﬂé%
structure of thg compgted low-lying one-dimensional cross- S, —248.13696 11.03
section of the intersection space ¢Ct> Clg» < Cligp) and A So —248.05785 60.63
show its relationship with the previously documete@y — St —248.05364 63.27
Clze S; reaction path describing the excited-state— E A So :gig-gg%g Z‘g-ig
isomerization ofL. In section 3.2 this potential energy data will y % 54810418 3156
be employed as a basis for the discussion and analysis of the S, —248.09769 35.63
trajectories describing the photoisomerization dynamics of the B S —248.09935 34.59
same chromophore. The energies of the critical points discussed St —248.08638 42.73
in the text are collected in Table 1. B' So —248.11728 23.34
The Ch- and Clge conical intersections are found to lie 18 B > :gig'ﬁggg %gg
L above and 5 kcal mot below the FC point ofl > ) )
kcal mol™* abo ' mo . - P L S —248.11397 25.41
respectively. These two conical intersection points have impor- ¢ S —248.07438 50.26
tant common structural features as well as some structural S —248.05618 61.68
differences. As can be seen in Figure 2, both structures have a . S (—248.09693)
large G and a less pronounced; @yramidalization character HMC”Zf S (—248.12500)
325° d to 349). Further, they h | tat AMc-e S (7248.15922)
( > compared to 4. Further, they have a large conrotatory D S, —248.07917 47.25
torsion about the €-C, and G—Cs bonds. As previously S —248.07500 49.89
reported® the pyramidalization and conrotatory torsion coordi- S (—248.0981%9
nates characterize the conical intersections where the central HMDaz: S (—248.13000)
torsion is smaller or larger than @@Bince the Sreaction path HMpo¢ S (—248.16890)
coordinate does not irolve any contribution of these molecular aEnergies relative to the lowest energy conical intersection point,

modes, one can conclude that the reaction path and the Clsz. ® The energies of the first five points along the &=€- Cloz
intersection space seam span rather different regions of the Photoisomerization minimum energy path have been scaled, by means
configuration space until they meet at/g! In the next section of state-average single-point energy calculations, to match the energies

il sh b f ti lvsis of th of all remaining points in Figure 2 computed at the state-average
we will show, Dy means of a comparalive analysIS ol IN€ cagscE jevels Data from ref 8.9 Single-state energies (in parenthe-

intersection space and dynamics data, that the pyramidalizationses).e State average energié$M indicates the starting point of the
coordinate (dominated by pyramidalization @) S responsible MEP on the ground-state surface shown in Figure 8.

for the degeneracy along the&t> Clg» <— Clg¢ intersection

seam. The Gt and Chgp conical intersections and the minimal  Clge — Clg» segment of the intersection space. As previously
energy conical intersection, §{, have quite similar skeletal  reportecE the “distance” between th& — E excited-state

distances. However, at glthe G—C, and G—Cs bond reaction path and the g Clg» intersection seam coordinates
distances are inverted relative to those ag>CIFurther, the  decreases monotonically up to the&tegion where these paths
central bond distance &£C, is slightly longer in the Glke merge (see Figure 1). (iii) The intersection space extends for a

intersection-1.49 A compared to 1.46 A in g4 and Clr. These broad range of €& Cs;—C4—Cs dihedral angles (from Oto
bond length discrepancies account for the large difference in 18¢°), and the majority of this space is energetically accessible
energy of the two conical intersection starting points relative since it lies almost completely below the &@oint.

to FGyr. Of course, as mentioned in section 2.1, we cannot The existence of a well-defined channel on thesSrface
exclude that this difference is overestimated since lower energyleading directly to the Glr intersection implies an increased
structures that we fail to locate may exist. (Notice also that the importance of this point relative to that of other points of the

Cligr — Clg segment is lower in energy than theeCt Clgy intersection space lying “ahead” of or “after” fgl. Thus,
segment. In the Supporting Information to this paper, this topic potentially this region constitutes the majoy S S decay
is discussed.) channel driving thez — E photoisomerization ofl. In the

The data reported in Figure 2 provide the basis for the following section we validate this conjecture via trajectory
discussion of the dynamics in the following section. We show computations.
the following: (i) The reaction path describing the excited-state  3.2. Photoisomerization Dynamics.In this section we

Z — E isomerization ofl leads directly toward a 7Qtwisted investigate the dynamics of a wave packet emulated by an
conical intersection point, G, located 7 kcal mol' above ensemble of 70 semiclassical trajectories generated by zero-
the minimal energy conical intersection point,g&l (i) Clze point energy sampling. The dynamics of the reveltse> Z

is essentially coincident with the &' point located along the  photoisomerization o2, which may be related to the — Z
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space, the energy profile of a 46~ 120° segment of the
computed intersection space has been reported in Figure 3a.
The plot shows that all hopping points are located withir-20
50 kcal motl above the corresponding intersection space
structures (i.e., the one with the same torsional deformation).
. The initial conditions for the trajectory computations are
= Iy ___qsé,.mnimu,;_ obtained by converting thground-statezero-point vibrational

= ; energy intoexcited-staténitial coordinates and momenta. Thus,
= - the majority of the trajectories contain an initial excess (kinetic

AE (kcal mol™)

0 —— Clg' 3+—=

40 50 60 70 80 90 100 110 120 and/or potential) energy with respect to the FranClondon
torsion angle [deg] point. In these conditions, “parallel” intersection space cross-
(a) sections of higher energy (but belonging to the same- (2)-

dimensional set) become accessible (see the dashed energy
profile in Figure 3a). This means that, at decay, the conical

‘325' f §:§ intersection structure reached by each trajectory must be
g 201 distorted relative to that of the corresponding conical intersection
‘;1 5] point lying along our low-lying intersection space cross-section.
2 The nature of this distortion is analyzed in Figure 4 for four

10 significant geometrical parameters. The mearC, and G—

Cs distances are 1.488 and 1.431 A (hopping geometries)
compared to 1.454 and 1.395 A (points in the intersection space)
60 80 100 120 and are therefore expanded with respect to the low-lying
torsion angle [deg] intersection space points (the values for the intersection space

(b) points are averages over the°48- 111° range). The ¢-H

bond (Figure 4c) shows a different behavior and is either

F]igltllf]fe é (g) Scene(;g)t/ di;tribugo? at t?e TOPt r?eft’g_e;ggsr_gz ?hf:tnﬁtci)on lengthened or shorthened with maximum and minimum values
of the G—C4—Cs—C;s torsion. Data refer to the i ; ; ol At
within the si?nulgtionetime (65 over 70). The energyJ of the intersectign of 1.245 and 0.96Q A, respectively. Finally, pyramidalization
space segment {G12C° range) relevant to the excited-state dynamics f"‘t the G cenFer (Elgure 4d), expressed k?y the-€,—C,—Cs
of 1 is also shown as a single line as a function of the-Cs—Cs—Cs improper torsion displays a linear correlation between the degree
torsion. S energies are relative to the minimal energy intersection point Of pyramidalization and the twisting about the centrgt-C,
Clgz. Full circles denote formation & product, and open circles denote  bond. The regression line and the intersection seam curve are
regeneration of educt. A higher energy one-dimensional cross-section gimost superimposed. This result is important since it shows
of the IS is schematically indicated with a dashed line. The ground- that the hopping geometries do have the same key structural

state relaxation of the hop structures at pointsDAis discussed in feat found for the | ving int " i
detail in section 3.3. (b) Distribution of the;€C,—Cs—Cs torsion of eatures found for the low-lying Intersection space cross-section.

the hop geometries. The figure also shows the total number of hops in Further, the tendency to pyramidalize increases when the
a set of 65 trajectories that lead to theduct (dark gray) oE product torsional deformation deviates from the-@C;—Cs—Cs 92°
(light gray) as a function of the 4 C,—Cs—Cs torsion. reference value. A similar behavior has been repdéfttbr
ethylene, for which it has been observed that accessing the
conical intersections requires a substantial distortion along the
pyramidalization of one of the methylene groups from the
twisted geometry.

To determine the origin of the excess potential energy
associated with hopping points, we have carried out the
following numerical experiment. We have considered structures

photoisomerization of retinal PSB in bacteriorhodopsin, will not
be investigated here.

All the trajectories but five in our simulation led to a point
on the $/S; conical intersection at which they hopped within
the simulation time. Figure 3a shows the distribution of the S
potential energy of the hop geometries as a function of the C
C3—C,4—Cs torsion. The fact that the decay occurs for a broad ; ~ARETE
range of dihedral angles (betweer? %id 110) indicates that A and B (circled points in Figure 3a) located 56 and 35 kcal

. . . . . —1 ini i i i
the trajectories are sampling a relatively large portion of the MOl " above the minimal energy conical intersectiondclAs
Cle — Clg» — Cligo intersection seam shown in Figure 2. shown in Figure 5, in both structures the centrg-C,4 bond

The remaining part of the intersection space that is not samplediS Significantly stretched, and this stretching is more pronounced
does not play any role in the photoisomerization dynamics of I the highest energy intersection A. Anoth(_ar main difference
1. Noticeable is that the gradient difference and the derivative IS the G—Ca bond in structure A and £-Cs in structure B,
coupling vector at the decay points show essentially skeletal @1d the CH distances, for instance, the-@ bond that is
deformations and coupled pyramidalizations rather than torsional Compressed by 0.07 A in structure A and stretched by 0.04 A
motion. A dense cluster of points in the-680° range shows in structure B. The A and B conical intersections have also rather
that hopping to Sessentially takes place in a small region of different bond angles as compared to&l
the intersection space betweerf @d 80. The distribution of To estimate the contribution of the stretching deformations
the twisting angle is also shown in Figure 3b. The diagram to the excess potential energy, we have carried out a constrained
shows that there is a maximum around.7Thus, our dynamics  conical intersection optimization (see section 2) starting with
simulations indicate thahe statistically releant region of the the A and B geometries (open and full tilted squares indicate
intersection space (i.e., the one accessed upon excitatith of S; and $ energies relative to that of gl) and optimizing only
is centered on a dihedral angle 6f70° in complete agreement  the bond lengths. These optimizations lead to the relaxed
with predictions made on the basis of the-ZE reaction path structures Aand B (open and full squares) located ca. 3%)(S
calculations shown in Figure.2 and 20 (9) kcal molt above Ciy, respectively. This means
To allow for a more detailed comparison of the structure and that the stretching deformation accounts for ca. 63% and 57%
energy of the hopping and low-lying points in the intersection of the excess energy in the high- and low-energy structures,
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Figure 4. Comparative structural analysis between hop geometries (full tilted squares) and ISDP conical intersection structures (open circles)
based on (a) €&-C, bond, (b) G—Cs bond (c) G—H bond, and (d) € pyramidalization expressed by the-&;—C,—C, improper torsion as a
function of the isomerization angle (i.e.3-6C,—Cs—Cg torsion). Note that a linear correlation between th@@amidalization and the isomerization

angle is obtained. The square of the linear regression coeffid®nis also shown.
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Figure 5. Estimate of the stretching, bending, and torsional potential of the hop geometries A and B in Figure 2 accomplished by means of
constrained conical intersection optimizations. Relaxations of stretchings leadaind”B. Relaxations of stretchings and torsions (except the
reference @-C;—C,—Cs dihedral angle) lead to ‘Aand B'. The structural parameters are in angstroms and degrees.

respectively. To evaluate the excess potential energy stored inleads to structures’Aand B’ (open and full circles) that are
the bending coordinates, we have carried out a second con-higher in energy by 28 and 18 kcal mélcompared to Gly.
strained CI optimization starting with’Aand B and optimizing Thus, there is only very limited relaxation amounting in both
the values of all stretching and dihedral angles except for the cases to 5% of the total potential energy. This means that the
reference @-C3—C4—Cs dihedral angle. This optimization  remaining excess energy is due to bending deformations.
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3.2.1. Quantum Yieldn Figure 3a information is also given
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Figure 7. Distribution of S—S energy gaps at hop geometries in a
set of 65 trajectories of model chromophdre

intersections through regions with energy gaps between 2 and
4 kcal mol?, and the remaining 35 trajectories decay through
regions with larger energy gapSE < 13 kcal mof?). A similar
distribution was reported by Warshel et al. in a recent QM/

on whether the trajectory on the ground state proceeds towardMM simulation for the photoisomerization of the retinal

the product or back to the educt. Full circles show whenEhe

chromophore in bacteriorhodopsgihFinally, we observe that

product is formed, and open circles denote the regeneration ofno correlation was found to exist between the magnitude of the
theZ educt. Of the 70 trajectories, 57 (81%) represent successfulenergy gap and type of photoproduZt\ersusk).

Z — E isomerization events, 8 (11%) start twisting around the
central bond but eventually return to teeduct, 5 (7%) do
not hop within the simulation time (not included in the diagram).
In those simulations we observe the torsion of treNCbond
coupled with N-pyramidalization and strong in-plane skeletal
motions, but essentially no torsion of the=C double bond.

3.3. Ground-State RelaxationIn section 3.2 we have seen
(see Figure 3) that trajectories that decay at small twist angles
(<92°), and are therefore expected to lead to reactant reconstitu-
tion, do instead evolve toward the I8@wisted product.
Similarly, it can be seen that some trajectories that lead to
reconstitution of the starting material (i.e., tAestereoisomer)

And the S and $ surfaces approach each other to not less than display large G—C3;—C4—Cs dihedral angles at the hopping

10 kcal mof.

time. This type of behavior is somehow counterintuitive since

These data show that the reaction is highly selective involving one would expect intersection structures with large twisting
isomerization of the central double bond. In only two cases (3%) angles to lead to photoproduct formation rather than reactant

we observe concomitant isomerization of a different double
bond. TheZ — E photoisomerization reaction quantum yield
of 1 predicted on the basis of the dynamic simulations is 0.81.
The quantum vyield of 1tis-retinal-protonated Schiff base
photoisomerization tall-transis 25%#° in methanol and 67%
in rhodopsin. Thus, the predicted 0.81 quantum yield for the
photoisomerization ofl would make our simulated vacuum
isomerization one of the most efficiedt— E photoreactions
observed in PSBs.

3.2.2. Reaction Time Scal€he average time taken to reach

regeneration. To unveil the factors controlling the product
distribution, we have investigated the geometrical structure and
relaxation paths at the two “extreme” decay points marked as
C and D in Figure 3a.

Trajectories starting from the decay point C without inital
kinetic energy lead back to theduct, thus indicating that the
relaxation path from low torsion angles is determined by the
structure of the potential energy surface. This is consistent with
the intuitively expected result. In the sampled dynamics the
molecule does not follow the same relaxation path but success-

the surface-hopping region provides an estimate of the excited-fully reaches the product valley. More detailed information about
state lifetime. This is ca. 79 fs, consistent with a barrierless the surface topology in the vicinity of a decay point can be
reaction path as the presence of an excited-state barrier wouldobtained by computing the possible relaxation direcfiéh3®
slow the excited-state evolution. Figure 6 shows that 12 on the ground-state surface from this point and the associated

trajectories have short lifetimes<B0 fs), the majority of the
trajectories (i.e., 39) decay with a lifetime of 507 < 100 fs,
and only 14 trajectories decay with significantly longer times

minimal energy paths that lead from here to the corresponding
reactant. Figure 8 shows the calculated MEPs from decay points
C and D. Starting from point C (left), we have located two

(>100 fs). No correlation has been found between lifetimes and relaxation paths leading to theandE species. Both paths are

torsional angles.
3.2.3. Nature of the Surface Crossinghe nature of the
surface crossing is analyzed in terms of the-S, energy gap

extremely steep, supporting the idea that even a limited amount
of properly directed kinetic energy may be enough to success-
fully populate either path. However, from the figure it is evident

at hopping (Figure 7). This quantity indicates whether the decay that the relaxation path leading to tespecies starts in the

occurs in the strict vicinity of a conical intersection point, in

vicinity of C while the relaxation path leading to the photo-

other words, whether the trajectory must reach the intersectionproduct begins at a much larger distance and involves significant
space to decay. When the gap is large, the observation of ageometrical deformation, including an approximately 26-
decay event implies the existence of a large electronic coupling sional deformation about the central bond and bond length

between $and $ in that region. We found that our trajectories
have different energy gaps ranging from 1 to 13 kcal Thol

changes (e.g., the-eN bond). Structurally, the reaction back
to the educt is favored, and the kinetic energy component at

Fifteen trajectories can be classified as passing through strictdecay must be responsible for the fact that the computed

conical intersections as the energy gaph < 2 kcal mol,
20 trajectories decay in the immediate proximity of conical

trajectory does not follow the most favorable relaxation path.
In other words, when in the excited state the torsional coordinate
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Figure 8. Structure of the Spotential energy surface around points C and D shown in Figure 2. The figure shows the energy profiles along the
MEPs starting at C and D and leading to the ground-dfaéedZ minima. The structural parameters are in angstroms and degrees. Energies are
relative to those of C and D.

is activated, the molecule is accelerated along this extremely Initial conditions for the trajectories were obtained using
steep segment of the PES. In most of the cases the torsionaground-state zero-point energy sampling, which provides an
component gains so much momentum that even when decayingensemble of FranckCondon geometries. Despite the existence
at torsional angles below 7Ghe motion is followed in the of a conical intersection for every point along the torsional
ground state regardless of the structure of the PES in this region.coordinate, semiclassical trajectory calculations show that there

At point D, which features a 102orsional deformation (i.e.,  is a preferred reaction channel. Only a limited range of twist
it is displaced toward th& isomer), the situation is different. ~ angles, between 8@nd 80, lead to $—S decay events. This
Again, we have located two very steep relaxation paths leading is in line with MEP studies reported earlier in which the excited-
to the Z and E species. However, in this case, the relaxation State reaction path df was found to connect with the ground
path starting in the close vicinity of the decay point leads, rather state via a Cl with a 70twist angle. These findings support
counterintuitively, to theZ isomer. This means that even in the the idea that the motion toward the crossing section is

absence of kinetic energy decay at point D would lead back to determined by the structure of the excited-state PES rather than
the original reactant. by the initial conditions-geometry and momenteof the excited

The analysis of the extreme decay points C and D indicates Molécule. The zero-point energy in our molecular dynamics
that different situations are possible. In certain cases the surfaceStudy is transferred mainly into modes orthogonal to the reaction
topography controls the reaction outcome and, ultimately, the coordinate (i.e., stretching modes); this energy is not sufficient
reaction quantum yield. In other cases, such as the case of thd® Sample the whole GI-Cligg intersection line, but only a

decay point C, it is really a dynamical effect that determines limited segment near the & minimum. Accordingly, motion
the reaction outcome. along the reaction path is a good description of the photochem-

istry of the ¢)-pentadieniminium cation.

Further analysis of the sampled dynamics reveals that the
photoreaction is nearly diabatic, with half of the trajectories

The photochemistry of theZj-pentadieniminium catiori, decaying at an energy gap of less than 4 kcalthd\lso, the
which is a model system for the chromophore of certain retinal reaction is extremely efficient, with a quantum yield higher than
binding proteins, has been studied with respect todhe E 80%. This strongly supports the idea that the wave packet is
isomerization of the central double bond. We have been able decaying in a way that recalls the classical LandZaener
to locate a low-lying intersection seam connecting theusl model for nonadiabatic transitions. In this context the quantum
S; potential energy surfaces spanning the entire range of twist yield—which is actually higher than the experimentally observed
angles from 0 to 18C°. The fact that essentially no torsion is  value for protonated retinal Schiff bases in solution and in a
involved in the gradient difference and derivative coupling protein environmentwould be the result of a high average
vectors proves that the torsional coordinate that dominates thevelocity at the hopping event, which takes place only-80 fs
reaction path in the excited state is part of the intersection space;after excitation. The calculations suggest that the branching
this explains why the seam persists through all values of the ratio, i.e., the ratio between successful and nonsuccessful
central torsional angle df. hopping events leading to tfeand theZ products, respectively,

4. Conclusions
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