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Photon absorption by th#ans-p-coumaric acid chromophore Table 1. Vertical Excitation Energies (in eV) for the Neutral Form
(pCA) of photoactive yellow protein (PYP) leads to tramss of the PYP Chromophore?

isomerization, initiating a signaling cascade which ultimately results Syt Syt Syn—nt
in negative phototaxis by the purple bacteriltalorhodospira SA-5-CAS(6/5) 5.67 6.07 7.09
halophila® Thus, an optical signal is converted to mechanical SA-5-CAS(6/5)-PT2 4.93 5.17 5.33
motion on a length scale extending from angstroms to micrometers. gﬁ'g'gﬁgggg oo Z-%% %(;76 n//a

. . ey . . . - - . . n a
A detailed account of the initial events in this process requires EOM-GCSD 192 514 555

investigation of pCA chromophore photodynamics. Ideally, such
studies should span environments ranging from the gas to solution  a Al methods agree on the character of the three lowest excited states.
and protein phases, to elucidate how the protein environment The 6-31G* basis set is used unless otherwise noted. Fge@netry was
controls and directs the photodynamics, and possibly use this OPtimized with B3LYP-DFT/6-31G**.

knowledge to design molecular scale optomechanical devices. Ingejf.consistent field (SA-CAS), and multireference perturbation
this work, we use ab initio quantum chemistry and ab initio multiple (CASPT2) methods (Table 1). As expected, dynamic electron
spawning (AIMS) dynamicgto elucidate the excited-state behavior  correlation has a large effect on the vertical excitation energies.
of isolated pCA, providing a clear explanation of puzzling findings  However, all methods agree on the character of the lowest excited
from recent experiments. ) . . states: $and $ arer—x* states and $is an n—x* state. As in
Although the active form of pCA in PYP is the anion, we study  styrene the lowest two of these excited states arise from combina-
the neutral form here to connect with recent high-resolution gas- tions of az—x* state localized on the alkyl tail and the, taté
phase spectroscopic experimehtShese data provide a special  of the aromatic ring. These results confirm that a low-lying second
opportunity to compare theory and experiment without introducing excited state exists in the neutral pCA chromophore. Although the

uncertainty from a relatively crude treatment of the solution or original assignme#to an n—x* state must be questioned, there is
protein environment. The fluorescence excitation experiments found 5155 5 close-lying but higher-a7* state, as found in the pCA

three distinct energetic regioAsSpectral lines are sharp at low  gnione
excitation energy. With a sharp onset, the spectral lines become 1o address the wavelength-dependent excited-state photo-
broadened as excitation energy is increased. This broadeningchemistry, we have computed potential energy curves for torsion
continues in the hl_ghest energy regime, but the form of the SPeCtrum ahout the isomerizable double bond (dihedral angle denoted.by
changes. In addlt.lon, wavelength-dependent photocheml_stry WasThe energy was minimized on,Swith respect to all other
observed. Isomerizeds-pCA products were detected only in the  coordinates for fixedp, and the results are shown in Figure 1. An
intermediate and high energy regimes, with decreasing isomerizedisomerization barrier exists, as transstilbenel® We find this
product at increasing excitation energy. barrier to be 4.4 kcal/mol (2.1 kcal/mol with CASPT2; Table S9

Given the above observations, Ryan et al. suggested the presencgf supporting Information), in good agreement with the experi-
of a barrier to isomerization om Sestimated to be 3.4 kcal/mol.  mental onset of line broadening. This appears to confirm barrier-
The change in spectral form in the high energy region was attributed ¢rossing as the origin of line broadening, if this barrier-crossing
to the existence of a second electronic excited state, suggested tQan also be connected with excited-state decay. We have carried
be of n—z* character in analogy with previous studies of urocanic ot 3 search for $S, minimal energy conical intersections (MECIS),
acid* The wavelength dependence of the photoisomerization \yhich might form important Sdecay pathways. As expected for
quantum yield is harder to explain. Given a barrier to isomerization 4 conjugated hydrocarbdh, there are low-lying intersections
on S, one would expect higher excess energy to lead to more jpyolying isomerization about the alkyl=€C bond (the corre-
efficient isomerization. The different electronic character ain®ht sponding MECI is described in Table S7 of Supporting Informa-
lead to a state-specific and distinct (relative tg ®elaxation tion). Indeed, the entirety of the coordinate driving path frore
pathway which does not involve torsion. This would be in violation 142 o ® = 90° exhibits a small §S, energy gap and is likely
of Kasha’s rulé and similar to the state of affairs in azobenzéne. very close to a seam of conical intersections. We also located a
We show here that Kasha's rule is in fact perfectly obeyeidans  \EC] (see Figure S5 of Supporting Information) involving a kinked
pCA and that the origin of the observed behavior lies instead in penzene ring which is only 4.2 kcal/mol above thenSnimum.
nonadiabatic recrossing effects and multiple decay channels. Thethis MECI geometry is similar to the previously reported prefulvene
vertical excitation energies afanspCA were computed using  s/5 MECI.12 Thus, with~4 kcal/mol of excess energy, two decay
coupled cluster (EOM-CCSD), state-averaged complete active spacéathways are accessibleone involving a kinked distortion of the

t University of lllinois at Urbana-Champaign. benzene ring and a second involving isomerization about the alkyl

* Universita Stuttgart. C=C double bond.
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Figure 2. Electronic quenching from o S; determined using AIMS
with a SA-5-CAS(6/5) electronic wave function. Almost all of the population
excited to $ has quenched to;Swvithin 30 fs, and the molecule remains
completely planar for the period shown in this graph.

return totrans-pCA, and then “funnel” back down to;$* Similar
behavior has been shown to influence product branching ratios in
unimolecular decomposition of small molecutés.

We have shown that the apparent violation of Kasha'’s rule in
pCA is not a true violation at all. The observed dependence of
Figure 1. Potential energy curve for photoisomerization in the neutral form  product yield on excitation wavelength does not come about from
of the PYP chromophore determined using a SA-5-CAS(6/5) electronic wave 5, g|ectronic state dependence of the reaction pathway. Instead
function and the 6-31G* basis set. The torsional coordigateas varied h . ical i . . . . L ’
from 180 to 90°, and the energy was minimized on Bith respect to all there Is conica 'nt_ersecugn'med'ated no_n"’_‘d'abat'(_: recrossing on
other coordinates for the fixed value @f See Figure S6 and Table S8 in ~ S; Which prevents isomerization more efficiently with increasing
the Supporting Information for CASPT2 results. energy. Population which is trapped in the trans form can then decay

) _ o o to S through an §S; intersection involving a kinked benzene ring
_The experimentally observed increase in isomerization quantum geometry. Longer time dynamics simulations are in progress to
yield with increasing excitation energy on B predicted by the  quantify the relative importance of these two effects on the
presence of the,;Ssomerization barrier. However, the experiments  wavelength-dependent quantum yield. It remains to be seen whether
also find a decrease in the isomerization quantum yield whesi S these effects also occur in solvated or protein environments, and,

excited directly. It is tempting to attribute this to state-specific if so, whether there is any biological significance to this behavior.
chemistry on § that is, a violation of Kasha's rule. However, Figure

1 suggests that state-specific chemistry pw8uld lead to a higher Acknowledgment. This work was supported by the National
propensity for twisting because there is nds®merization barrier. ~ Science Foundation (CHE-02-311876). T.J.M. is a Packard Fellow
Thus, if pCA violated Kasha'’s rule, one would expect a wavelength and Dreyfus Teacher-Scholar.

dependence opposite to that found experimentally. To resolve this
puzzle, we turn to dynamical simulations.

Using a recently developed synthesis of the ARMSBd MolPra3
codes, we modeled direct excitation tg Sampling initial condi-
tions from the Wigner distribution for the harmonic approximation
to the ground state = O vibrational wave function and starting
with a single trajectory basis function in each of five independently
sampled runs. The electronic structure is solved simultaneously with
the nuclear wave packet dynamics using the SA-5-CAS(6/5)
electronic wave function and the 6-31G* basis set. The population
decay (averaged over all initial conditions) is essentially complete
in less than 50 fs (Figure 2). This is insufficient time for much
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Supporting Information Available: CASSCF and CASPT2 ener-
gies and Cartesian coordinates of geometries discussed in the text.
Active space orbitals and CI vectors (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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