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A Tiny Excited-State Barrier Can Induce a
Multiexponential Decay of the Retinal
Chromophore: A Quantum Dynamics
Investigation**

Massimo Olivucci,* Alessandro Lami, and
Fabrizio Santoro*

The N-alkyl protonated Schiff base of retinal (PSBR) is the
chromophore of rhodopsin proteins,!™ a large class of
transmembrane photoreceptors comprising the human
retina visual pigment rhodopsin (Rh) and the bacterial
proton pump bacteriorhodopsin (bR). In these receptors,
PSBR undergoes an efficient cis—trans photoisomerization
(e.g., the 1l-cis to all-trans isomerization marked with a
curved arrow in Scheme 1) which, ultimately, triggers a
conformational change of the protein. It has been established
that in solution the excited-state decay of PSBR is multi-
exponential and shows a fast (subpicosecond to picosecond)
and a slow (picosecond) component, whose values depend on
the type of signal recorded, the probing wavelength, and the
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Scheme 1. The N-alkyl-protonated Schiff base of retinal (PSBR).

nature of the solvent.*”) More recently, evidence for multi-
exponential excited-state decay has also been reported for
Rh®** and bR.I""

The precise origin of the observed PSBR multiexponen-
tial decay is unknown. Several models have been proposed
such as the existence of competing excited-state isomerization
paths!”! (for example, one reactive and one nonreactive path
as demonstrated in ref. [9]) or the occurrence of an isomer-
ization path splitting,” or the generation of a vibrationally hot
photoproduct followed by cooling."'! The possibility that a
multiexponential decay arises from dynamics along a single
coordinate has also been discussed.'” Herein, we present an
investigation on a different origin of multiexponential decay:
the dynamics prompted by the specific shape of the excited-
state potential-energy surface.

Ab initio CASPT2//CASSCEF calculations on the reaction
path of different isolated PSBR models,"*'® and more
recently on Rh,”” have invariably shown that the isomer-
ization path on the excited state (S;) involves mainly two
nuclear modes. The process begins with the relaxation of the
Franck—Condon (FC) structure along a collective C—C
stretching (double-bond expansion and single-bond contrac-
tion) mode of the chromophore backbone. It then proceeds
along the torsion corresponding to the change from cis to
trans; this torsion leads to a conical intersection (CI) between
the S; and the ground-state (S,) potential-energy surfaces. The
essential features of the calculated surface, which are in line
with the indication of time-resolved experiments,'?* are
reproduced by the simple analytical potential V< [Eq. (1)]

Ve (xXoy0) = ag xsz\ (xs/xscq)ytz 1

with b, > 0.7 As illustrated in Figure 1a, a vibrational wave
packet released at FC initially evolves along the stretching
coordinate x, V© is bound along y, when x,<0, but it is
unbound (i.e., gives the wave packet an acceleration towards
large y, values) when x,>0 (Figure 1b). This anharmonic
feature creates a shallow valley around the origin (SP) and,
for x, > 0, a decay channel along y,, whose existence has been
documented by mapping the minimum-energy path for
realistic PSBR models.'® V does not describe the region of
the conical intersection, which must be thought somewhere
along the channels. Below, we assume that once the wave
packet is entered into the decay channels, it will irreversibly
proceed towards the CI and decay to S,.

Because of its low dimensionality V provides an attrac-
tive model for the study of the quantum dynamics of the
photoinduced wave packet. While we do not try to reproduce
experimental data, we show that the peculiar topology of the
S, energy surface of PSBR may be responsible for biexpo-
nential decay. In particular, we show that such a decay regime
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Figure 1. a) 3D plot of the potential V; the initial wave packet at

t=0 is superimposed. x, and y, are given in atomic units.
Two lines on the x,p, plane mark the borders of the NR region
(—4 au <y, <4 au). The curved arrow indicates the minimum-
energy path (labeled MEP) towards negative values of y, (an
equivalent MEP develops towards positive values of y,).

b) Profiles of the potential with no barrier (V<), with a sym-
metric barrier (V®), and with an asymmetric barrier (asymme-
try parameter ¢,: 0.2, 0.3, 0.4, 0.5 kcal mol™" bohr™). A) x, =
—0.475 au (FC); the larger ¢, the more shifted the minimum
is towards negative y, values. The cross section of the initial
wave packet is given as a gray Gaussian. B) x,=0.475 au
(TP); the larger c, the higher the barrier for positive y, and the
lower the barrier for negative y,.

is induced by the presence of a flat energy ridge
located between the SP and CI regions.

We begin by looking at a barrierless potential. The
parameters of Equation (1) are fixed by assuming
typical values for pure stretching (w, = 1500 cm ™, a, =
12myw?, my=1u; u=atomic mass unit, ® =¥) and
torsional frequencies (w,=200cm™, b =12m,w?
my=1u). The FC point is located at x,(0) =x,,=
—0.475 au by imposing an energy gap of 6 kcalmol™
between the points FC and SP, which is consistent
with the results of ab initio calculations.™ To study
how the wave packet moves along the SP—CI
channel, we monitor Pyg(#), which describes the
population in the nonreactive (NR) region compris-
ing FC and SP (see Figure 1a) or, in other words, the
transient S, population of PSBR. The results (see the
thick gray line in Figure 2a,b) demonstrate that after
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an induction time of about 50 fs there is a substantial
monoexponential decay of Pyg(f) with a time constant of
about 150 fs (see the Supporting Information for a table with
the exponential fits of Pyg(¢) for the S, potential).

The presence of a barrier < 1 kcalmol™ on the S surface
has been detected experimentally® and is consistent with
CASPT2//CASSCEF calculations on a realistic PSBR model.['"]
We now show that energy ridges (Figure 2c¢, dotted lines)—
which start at x,=0 and y, ==+ 1.26 au, increase linearly for
x,>0 (along the stretching), and impose a tiny torsional
barrier (B™ of 0.6 kcalmol ' at the turning-point (TP) level
(see V® Figure 1b, plot B)—have a drastic effect on the decay
dynamics. Naming V® the potential with a barrier (see the
Supporting Information for mathematical details), we report
in Figures 2a and b the Pyg(f) function. As apparent from an
inspection of the graphs, the barrier switches the S; popula-
tion decay from monoexponential to biexponential with time
constants of 257 fs (19 % of the population) and 2110 fs (81 %
of the population). The appearance of the biexponential
decay does not depend on a specific choice of the V®
parameters; for example, the biexponential decay persists if
the barrier is moved along y, between 0.8 and 1.5 au and its
height is fixed to the value of 0.6 kcalmol™' (the time
constants and the populations of the fast and slow compo-
nents vary significantly). Furthermore, the extension of the
ridge to negative x, values, which creates a barrier along the
MEDP, should prompt the biexponential regime more readily.

Figure 2¢ provides a mechanistic interpretation of the
biexponential regime. The tiny barrier in the region of the
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Figure 2. Decay of the quantum NR population, Pyg(t): a) linear scale; b) semilogarithmic
scale. Potentials V< (thick gray line), V® (solid line), and V®+cy, (curves marked by the c,
values 0.2, 0.3, 0.4, 0.5 kcal mol™"bohr™'; for ¢,=0.2 the classical result is also given).
Notice that the larger c, the faster the decay. Inset: detail of the decay for V2. c) Schematic
representation of a fast (F) and slow (S) trajectory on a contour plot of V<. The positions
of the V® energy ridges are marked by two dotted lines.
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turning point restrains the decay of a large subset of
trajectories that temporarily remain in the NR region (S
trajectory) rather than evolve immediately along the SP—CI
channel (F trajectory). However, the introduction of a barrier
does not cause an “isomerization path splitting”. In fact, the
wave packet oscillates along the stretching mode in the SP
region without splitting. What actually happens is a progres-
sive loss of population of the NR region that enters the SP—
CI channel of no return (for an analysis of the flow of the
population in the SP—CI channel as a function of the
stretching x, see the Supporting Information).

The investigation of the origin of the biexponential decay
in the protein environment (e.g., in Rh*” or bRI'Y) requires
the detailed understanding of the PSBR V® topology in these
systems. While this is outside the scope of the present work,
we can easily introduce in V® the zero-order effect of the
chiral protein cavity, that is, the breaking of the mirror
symmetry of the torsional potential. This is done through an
additional term, c;y,, which shifts the equilibrium position
along y,, removes the symmetry of the barriers for positive
torsion values (B7™) and for negative torsion values (B™™),
and decreases the size of the SP valley (see Figure 1b and the
Supporting Information).

In Figure 2a,b, we report the changes of Pyr(f) as a
function of the increase of the asymmetry parameter c,. It is
apparent that even when ¢, induces a limited symmetry
breaking (see Figure 1b and the Supporting Information),
both time constants of the biexponential fit decrease (i.e., the
overall decay is faster) and more remarkably the population
decay with the faster kinetic increases while the population
decay with the slower kinetic decreases (for c¢,=0.2 kcal-
mol 'bohr~! these are 62% for the fast decay and 38 % for
the slow decay). When ¢,=0.5 kcalmol 'bohr™' the slow
component disappears and the biexponential fit collapses into
the monoexponential one with a time constant of 72 fs. These
results show that, according to our basic model, the symmetry
breaking induced by the protein cavity would decrease the
multiexponential character of the decay, which would ulti-
mately lead to a monoexponential behavior due to the
removal of the plateau around SP and the decrease of the
barrier along one sense of rotation (B™™ < BT™ in Figure 1b).

The comparison between quantum and classical Pyg() for
the case ¢, =0.2 kcalmol 'bohr™! (see Figures 2a,b) demon-
strates that quantum effects, like tunneling, are essential for
the correct description of the slower decay of the NR
population. In fact, classical trajectories (see the Supporting
Information) do not reproduce the behavior described above
but predict that after the fast decay, a part of the wave packet
remains unreactive and is permanently trapped on the SP
valley.

In conclusion, exploratory quantum dynamics on a two-
dimensional analytical potential that mimics the PSBR S,
potential derived through ab initio quantum chemical calcu-
lations provides a novel explanation for the observed
biexponential decay of the excited-state population. Such an
explanation may be proposed for other systems featuring a
biexponential decay with a fast component in the sub-
picosecond regime. The motion of the wave packet is strongly
affected by the existence of a tiny barrier along the channel
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leading to the conical intersection. This phenomenon is
general (as an example it still survives for w,~700 cm™' and
w,~500 cm™") and depends on the topology of the S, surface.
The sensitivity of the quantum dynamics of the wave packet
to the precise features of the potential is also reflected by the
chaotic behavior found for classical trajectories released on
VC. This fact and other details of the investigation reported
above will be documented in a forthcoming publication.

Experimental Procedure

Quantum dynamical calculations were performed assuming the
simple kinetic operator T= (2m,)~' &/0x* + (2m,) " FI0y? (my=m, =
1 u) by adopting the Fourier method,” and propagating the wave
packet through an orthogonalized Lanczos algorithm.”-?l We assume
an FC excitation from the ground (harmonic) vibrational state of the
Sy surface to S; and equal frequencies on the S, (v, ;) and S(w,, w,)
surfaces (w.=w, w,=w,). An initial thermal distribution of the
torsional states increases, moderately, the population of the fast
component of the biexponential decay.

Supporting Information includes: Computational details; a
mathematical expression for the V® potential; a table of the
exponential fits of quantum Pyg(f) for different values of the S,
potential; a table reporting the positions and heights of the barriers
for the different potentials considered and the comparison between
mono- and biexponential fits; further discussion of the reaction
mechanism through the analysis of snapshots of the wave packet and
through the study of the Pyg(f) decay as a function of x,.
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