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ABSTRACT: We investigate the photoisomerization of a model retinal protonated
Schiff base (trans-PSB3) using ab initio multiple spawning (AIMS) based on
multistate second order perturbation theory (MSPT2). Discrepancies between the
photodynamical mechanism computed with three-root state-averaged complete
active space self-consistent field (SA-3-CASSCF, which does not include dynamic Clier

electron correlation effects) and MSPT?2 show that dynamic correlation is critical in
this photoisomerization reaction. Furthermore, we show that the photodynamics of
trans-PSB3 is not well-described by predictions based on minimum energy conical
intersections (MECIs) or minimum energy conical intersection (CI) seam paths.
Instead, most of the Cls involved in the photoisomerization are far from MECIs and
minimum energy CI seam paths. Thus, both dynamical nuclear effects and dynamic

electron correlation are critical to understanding the photochemical mechanism. 6¢;‘i’v
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1. INTRODUCTION self-consistent field (CASSCF), which describe primarily static
electron correlation. Unfortunately, this has been difficult
because of computational expense, leading to the necessity of
approximate treatments such as scaling of the CASSCF
potential energy surface.””

In this paper, we report on nonadiabatic dynamics
calculations of the excited state of PSB3 using multistate
second order perturbation corrected CAS (MSPT2) to describe
the underlying potential energy surfaces.”” Energy gradients
and nonadiabatic coupling vectors for MSPT2 are calculated
analytically, as described previously.”™** Importantly, the
MSPT2 method includes dynamic electron correlation and
also allows the interaction of the correlated states that is
necessary to describe the region near conical intersections
correctly.

As has been discussed several times previously,” " it is not

has b b hat d i ol : fati at all straightforward to correctly describe the topography of
It has been shown that dynamic electronic correlation can potential energy surfaces around conical intersections. In

have a significant effect on the geometric structures and general, single reference methods such as time-dependent

energetics of minimal energy conical intersections (MECIs) in density functional theory (TDDFT) and single excitation
PSB3."**** Since it has been well-established that conical

intersections play a critical role in promoting nonadiabatic
transitions and electronic quenching in photoisomeriza-

Photoactive proteins in the rhodopsin family are driven by cis—
trans photoisomerization of a retinal protonated Schiff base
(RPSB) chromophore, achieving a variety of functions
including photoreception and ion pumping. For example,
bacteriorhodopsin acts as a photon-driven proton pump
converting light energy into an electrochemical proton gradient
through all-trans to 13-cis photoisomerization of RPSB.'~” The
key role of RPSB photoisomerization in triggering the function
of thodopsins has spurred many experimental”® and theoreti-
cal®™ investigations of the photodynamics in the CH,-
(CH,),,;NH," (PSBn) model protonated Schiff bases. The
trans-penta-2,4-dieniminium cation (C;HgN*, trans-PSB3),
which has only three conjugated double bonds, has attracted
considerable theoretical interest as the simplest model for the
photoisomerization mechanism in these systems.”'*'*!”
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configuration interaction (CIS) lead to severe difficulties
because they cannot model a degenerate ground state.
Although multireference methods can in principle describe
such degeneracy, special care is needed when implementing
perturbative corrections. Specifically, one must end with
diagonalization of an effective Hamiltonian matrix in order
that the “conical” topography can be maintained (as is done in
MSPT2). The “conical” topography implies that there are
exactly two molecular displacements which remove the
degeneracy in first order (for a two-state intersection). When
an intersection does not exhibit this conical topography, one
often finds multiple closely spaced crossings, and this can lead
to artificial population “sloshing” between the states. For
example, instead of simple population transfer from the upper
state to the lower state around the intersection, population
transfer from the upper state to the lower state and shortly
thereafter from the lower state back to the upper state has been
observed.*® Such complicated population dynamics could arise
when the intersection topography was treated correctly, and
thus, it is difficult to predict when this is an artifact of
nonconical topography. This makes the description of non-
adiabatic dynamics highly questionable when the underlying
surfaces have incorrect intersection topography, as in the
commonly used single state CASPT2 method (also often
referred to as SS-CASPT2 or just CASPT2).”

The paper is organized as follows: Section 2 first summarizes
the theoretical methods and presents computational details.
Section 3 first describes the results of conventional time-
independent quantum chemistry analysis of the potential
energy surfaces, including local minima of PSB3 and minimum
energy CI seam paths connecting different MECIs. We then
present the results of ab initio nonadiabatic dynamics
simulations using both CASSCF and MSPT?2 to describe the
potential energy surfaces and their couplings. Finally,
concluding remarks are given in section 4.

2. THEORETICAL METHODS AND SIMULATION
DETAILS

Electronic Structure and Stationary Point Character-
ization. Local minimum and MECI geometries have been
optimized with both CASSCF and MSPT?2 using a version of
Molpro2006°° which was locally modified to calculate analytic
MSPT?2 nonadiabatic couplings.””*' The active space contains
six electrons in six orbitals, which includes all the 7 electrons
and orbitals. The three lowest singlet electronic states are
equally weighted in a state-averaged CASSCF procedure,””*’
and the 6-31G basis set was used;*"** ie, we use SA-3-
CAS(6,6)/6-31G and SA-3-MS-CASPT2(6,6)/6-31G elec-
tronic wave functions. Basis set effects were assessed by
optimizing stationary point and MECI geometries using the
larger 6-31G* basis set. A level shift of 0.2 hartree was used in
the MSPT2 method, and the 1s core orbitals of heavy atoms (C
and N) are not correlated. The twist angle of PSB3, ¢, is
defined by using angle trisectors.”’ The values that we report
here are the changes in the twist angle, i.e., Ay, compared to
the equilibrium geometry of trans-PSB3 on the ground state
(where @b = 180° for all three double bonds). It is important
to point out that CASSCF can be sensitive to both the number
of electrons/orbitals in the active space and also to the number
of states included in the average.””** Although we average over
three states for a consistent comparison of CASSCF and
MSPT?2, it is possible that the CASSCF results would be
somewhat different if only two states were included in the

averaging. Because it includes dynamic electron correlation, the
MSPT2 method is usually not particularly sensitive to the
number of states included in the averaging.

It is well-known that MECIs are not necessarily the most
important points promoting nonadiabatic transitions along the
intersection seam. Thus, it can be important to further
characterize the intersection seam. We do this here with the
seam space nudged elastic band (SS-NEB) method,* that finds
minimal energy paths connecting two MECIs while maintaining
the electronic state degeneracy. We characterize the seam paths
connecting MECIs using both CASSCF and MSPT2. Seam
path calculations at the MSPT?2 level are performed with 14
uncorrelated orbitals (compared with only six uncorrelated
orbitals corresponding to the 1s electrons of heavy atoms in
other MSPT2 calculations used in this work). As shown in
Supporting Information (Table $23), this has little effect on the
relative energies of the MECIs, and thus is not expected to have
a large effect on the seam paths.

It has been suggested that the topography around conical
intersections might be an important indicator of their efficiency
in promoting nonadiabatic transitions. For example, a “peaked”
intersection could act as an efficient funnel, while a “sloped”
intersection might be less effective.** ™" We investigate this
here, necessitating the introduction of parameters that can
succinctly characterize the topography around an intersection.
We use the framework introduced by Yarkony® for this
purpose. Any conical intersection involving two degenerate
electronic states can be characterized by the two molecular
displacements that lift the degeneracy in first order, ie, the
branching plane vectors:

_ 1 0EI ()E]
877 52\ or ~ R

oH
by = <¢’ EW @)

The mixing of the two electronic wave functions ¢; and ¢,
which is arbitrary at a conical intersection where the two states
are degenerate, is chosen to ensure the orthogonality of the
branching plane vectors.”® The branching plane can then be
further characterized by the parameters dg, and Ay:

dgh = \/m (3)
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Here g and h are the lengths of the orthogonal branching plane
vectors. Finally, the topography of the conical intersection can
be related to the “seam coordinate”
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Yarkony then defined tilt parameters s, and s, as
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which provide information about the degree of sloped/peaked
character along each of the two branching plane directions. In
order to make quantitative comparisons between different
conical intersections, Yarkony introduced a length scaling to
obtain
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The four parameters dy, Ay, s, and ¢ suffice to specify the
topography around a particular conical intersection.”® The
parameters dg, and A, describe the sharpness and asymmetry
of the intersection (the degree to which the conical intersection
is ellipsoidal), respectively. The parameters s* and ¢’ vanish for
petfectly peaked (hourglass shaped) intersections, and larger
values imply that the intersection is strongly sloped along the
corresponding branching plane direction(s).

Nonadiabatic Dynamics. Since the full multiple spawning
(FMS) method for nonadiabatic dynamics has been described
in detail,"”*"*"~>* we limit ourselves to a brief summary here.
The total electronic and nuclear wave function of a molecule in
FMS is given as

w(r, R t) = ) 4 (R, )¢,(r; R)
I (10)

where R/r indicate nuclear/electronic coordinates, I is the
electronic state index, and y;(Rt)/¢,(r;R) are nuclear/
electronic wave functions, respectively. The nuclear wave
functions for each electronic state are then expanded in a set
of complex frozen Gaussian nuclear trajectory basis functions
(TBFs)™

%R £) = Y i)y (R Ri(o), Pi(t), 7(¢)) w

each of which is characterized by a time-dependent mean
position Rj(t), mean momentum Pj(t), and phase yj(t). The
complex coefficients cj(t) are determined by solving the fully
coupled time-dependent Schrédinger equation in the basis set
of TBFs. Each of the TBFs evolves on an adiabatic potential
energy surface, following Hamilton’s equations. The basis set is
adaptively expanded during nonadiabatic transitions, through
“spawning”, in order to provide the needed TBFs evolving on a
different electronic state. When FMS is implemented with “on
the fly” solution of the electronic structure problem (energies,
gradients, and nonadiabatic coupling vectors), it is typically
referred to as ab initio multiple spawning (AIMS), which is the
method used here.

We have carried out AIMS simulations of the dynamics of
PSB3 after excitation to the lowest bright electronic state (S;)
using both MSPT2 and CASSCEF in this work. The latter are
provided for comparison, in order to assess the role of dynamic
correlation effects in the nonadiabatic dynamics of PSB3. We
find significant differences, as described below. Initial
conditions are generated by randomly sampling from the
Wigner distribution of the ground vibrational state in the
harmonic approximation around the all-trans minimum on the
ground electronic state (S,). We use a time step of 20 atomic
units (~0.5 fs) to integrate the equations of motion for the
TBFs and their complex coeflicients. When the energy gap
between two electronic states becomes small for any TBF, we
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switch to a smaller time step of S atomic units in order to
ensure accurate integration of the quickly varying complex
coefficients. The time step is adaptively adjusted to even smaller
values if necessary, to ensure classical energy conservation for
each TBF and norm conservation for the entire wave function
during propagation. The dynamics is followed for 200 fs, which
is sufficient for almost all of the population to reach the ground
electronic state. We use 100 distinct initial conditions for the
AIMS-SA3-CASSCF(6,6)/6-31G  dynamics, leading to 651
TBFs after spawning. For the AIMS-SA3-MSPT2(6,6)/6-31G
dynamics, we use 46 initial conditions, leading to 159 TBFs
after spawning. Details of the electronic structure treatment are
as given above; i.e, a level shift of 0.2 atomic units is used for
MSPT?2, and the six 1s orbitals are uncorrelated. As we are
primarily interested in the excited state dynamics of PSB3 here,
TBFs which reach the ground state are decoupled from other
TBFs once their nonadiabatic coupling with other TBFs
becomes negligible. These TBFs are then propagated
independently until the final photoproduct can be identified
on the basis of the twist angles around the single and double
C—C bonds. It should be noted that we do not allow
population transfer to the S, state in the AIMS-SA3-
CASSCF(6,6)/6-31G dynamics because the AIMS-SA3-
MSPT2(6,6)/6-31G dynamics reveals that the S, state is not
involved in the population transfer dynamics. Allowing this
population transfer would make the AIMS-SA3-CASSCF(6,6)/
6-31G dynamics even more dramatically different from the
AIMS-SA3-MSPT2(6,6)/6-31G dynamics.

3. RESULTS AND DISCUSSION

Stationary Structures and Their Relative Energies.
Equilibrium structures of trans-PSB3 in the ground (S,) and
first excited (S;) singlet states were optimized using SA3-
CASSCF(6,6)/6-31G, SA3-MS-CASPT2(6,6)/6-31G, and
SA3-MS-CASPT2(6,6)/6-31G*. The optimized structures are
depicted in Figure 1 along with key geometric parameters
(Cartesian coordinates are available in Supporting Informa-
tion), and the relative energies are depicted in Figure 2. Relative
energies with respect to the Franck—Condon (FC) point are
listed in Table 1. Comparison of the MSPT2 structures
obtained using the 6-31G and 6-31G™* basis sets shows only
minor differences. Thus, we focus primarily on results obtained
with the 6-31G basis set (which is used in the dynamical
simulations discussed below). As can be seen in Table 1, the
lowest singlet excited state is optically bright in both CASSCF
and MSPT2 calculations. The S, state involves considerable
charge transfer from the C=N group to the terminal C=C
group (as shown in more detail in Figure S1), in accord with
previous investigations.”'"'* The CASSCF method over-
estimates the vertical excitation energy of S, in trans-PSB3,
by approximately 16.5 kcal/mol compared to MSPT2.

Although we find several minima on the S; excited state at
the CASSCF level, we find only a single S; minimum using
MSPT?2. In particular, at the CASSCEF level, there are distinct S;
minima corresponding to twisting about the terminal
(Slmin Ter)l central (Slmin Cen)! and CN (Slmin CN) double
bonds. Each of the i1, cow Simin cxv a0d S i rer CASSCE S,
minima exhibits the expected bond-length alternation, as shown
in Figure 1. At the MSPT?2 level, all of the CASSCF S| minima
are no longer stationary points, and there is a single distinct S;
minimum (S cent) With a geometry intermediate between
the CASSCF S Ter and Sy cenr, Minima. The MSPT2
Simin Cen Minimum involves systematic bond elongation
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Figure 1. Stationary points of PSB3 located using SA3-CAS(6,6)/6-
31G, MS-SA3-CASPT2(6,6)/6-31G (geometric parameters in bold),
and MS-SA3-CASPT2(6,6)/6-31G* (geometric parameters in italic).
Bond lengths are given in black text, and twist angles are given in blue
text.

compared to that of the CASSCF minima (where typically only
the twisted bond is significantly elongated). Thus, the S,
potential energy surface is qualitatively changed by the

inclusion of dynamic electronic correlation effects, in agreement
with previous work.”>***

Both CASSCF and MSPT?2 find three S,/S; MECIs, labeled
MECl¢,,, MECIcy, and MECly,,. These correspond to
structures that twist mainly around the central C=C bond,
the C=N bond, and the terminal C=C bond, respectively.
Additionally, CASSCF finds MECIs that are partially twisted
about multiple bonds (MECl ¢, and MEClyp), corresponding
to “hula-twist” or “bicycle-pedal” (Tables S22 and S1§,
respectively) type motion.’*">* Both MSPT2 and CASSCF
agree that the lowest energy of all these is the MECI,,
structure, twisted around the central C=C bond. At the
MSPT?2 level, its relative energy (compared to the S, Franck—
Condon point) is 56.9/60.3 kcal/mol for the 6-31G/6-31G*
basis sets, respectively. The twist angle around the central C=
C bond is 90°, and the central C=C bond length is elongated
to 1.48 A.

However, there are significant differences between the
MSPT?2 and CASSCF results for the remaining MECIs. The
MECI twisted about the C=N bond is the highest energy
among all MECIs at the MSPT2 level. It leads to a highly
twisted geometry, with 96° twisting around C=N and 68°
twisting around the right C—C single bond. For comparison, at
the CASSCF level, MECI.y has the second lowest energy
among the MECIs, with 90° twisting around C=N. The
MECIy,, structure given by MSPT?2 is similar to that predicted
by CASSCE, as shown in Figure 1. Both MSPT2 and CASSCF
structures are twisted around the terminal C=C bond, with no
twisting around other bonds. Table 1 and Figure 2 show that
MEClIy,, is the least energetically favorable among the MEClIs
at the CASSCF level while it has the second lowest energy at
the MSPT?2 level. As shown in Table 1 and Figure 2, the lowest
energy MEClISs at the CASSCEF level are MECl,, and MECl ¢y,
but at the MSPT?2 level these are MECl,, and MEClIy,,. The
parameters characterizing the intersection topography for these
dominant MECIs are given in Table 2. Although there is
reasonable agreement on the topography around the MEClI,,
So/S; intersection, MSPT2 predicts a more peaked topography
compared to that of CASSCF (suggesting that nonadiabatic

160 —— SA3-CAS(6,6)/6-31G
-==- SA3-MS-CASPT2(6,6)/6-31G
------ SA3-MS-CASPT2(6,6)/6-31G*
— TS,
- 2
~ 120 A s —
g s, 91 350k lmin Tr " MECIgr S
% . ’ —
S S, T MECI; S,.; === bttt
é 80 T Imin Ce"lemm Cen sl lmn o~ — MECIT"
MECIy .
°>6 49.8 oe, W — 05.7 89.9
— : —— g
D MECI,,, W«
8] 40 - 901
250 S,
trans-PSB3

cis-PSB3

Figure 2. Energy-level diagram of minima and conical intersections of PSB3 at different potential energy surfaces with SA3-CAS(6,6)/6-31G, MS-
SA3-CASPT2(6,6)/6-31G, and MS-SA3-CASPT2(6,6)/6-31G. Red/blue/orange colors denote the Sy/S,/S, electronic state, respectively. Purple is

used for geometries where S, and S, are degenerate.
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Table 1. Relative Energies (in kcal/mol) of Stationary Point Geometries of PSB3 at the SA3-MS-CASPT2(6,6)/6-31G, SA3-MS-

CASPT2(6,6)/6-31G*, and SA3-CASSCF(6,6)/6-31G levels

structure SA3-CASSCF(6,6)/6-31G
Sy-trans 0.0/113.2%/130.7"
osc str —/1.10/0.09
Sy-cis 3.0/113.07/133.9°
osc str —/0.80/0.16
Simin_CenL 95.2

Simin_Cen 71.3

Stmin_c 777

Simin Ter 104.0

MECI,, 66.1

MECIy 79.1

MECly,, 108.9

MECIe,x 99.4

SA3-MS-CASPT2(6,6)/6-31G

SA3-MS-CASPT2(6,6)/6-31G*

0.0/96.7%/124.2° 0.0/98.3%/125.0"
—/1.25/0.02 —/1.24/0.01
6.9/98.9%/134.8° 3.0/97.2%/128.5"
—/0.73/0.04 —/0.99/0.01

87.5 85.1

56.9 60.3

86.3 87.8

85.4 82.7

“Vertical excitation energy of st excited state relative to Sy-trans. "Vertical excitation energy of 2nd excited state relative to Sy-trans.

Table 2. Comparison of Intersection Topography for the
Lowest-Lying S,/S; MECIs of PSB3, with and without
Dynamic Correlation

structure s/g s/h Ay dg S 5
MECl,.,, (CAS) 016 163 029 013 —002 012
MECI¢y (CAS) 086 044 069 0.2 009 002
MECle, (MSPT2)  —024 115 070 016 —004 007
MECly,, (MSPT2) 006 105 065 022 001 010

transitions might be expected to be more efficient when
dynamic electron correlation is included).

Figure 3 shows the minimum energy CI seam path
connecting the two lowest S;/S, MECIs (MECI,, and
MECIy) at the SA3-CASSCF(6,6)/6-31G level. As will be
shown below (and as expected from the energetics shown in
Figure 2), these are the two MECIs which are most involved in
the CASSCF nonadiabatic dynamics. Two regions of the MECI
seam are energetically accessible after vertical Franck—Condon
excitation. One of these regions exhibits ~90° twisting around
the central C=C bond with 0—70° twisting around the C=N
bond. The other region exhibits ~90° twisting around the C=
N bond with 0—40° twisting around the central C=C bond.
The intersections along the MECI seam in these energetically
allowed regions are quite peaked, while the intersections along
the MECI seam in energetically forbidden regions are quite
sloped (further details in Table S24).

Figure 4 shows the minimum energy CI seam path
connecting the two lowest S;/S, MECIs (MECIy, and
MEClI,,) at the MS-SA3-CASPT2(6,6)/6-31 level (using 14
core orbitals). Again, there are two energetically allowed
regions along the MECI seam and the two MECIs which are
most important in the MSPT2 dynamics to be discussed below.
The first of these exhibits ~90° twisting around the central C=
C bond with 0—50° twisting around the terminal C=C bond.
The second region exhibits ~90° twisting around the terminal
C=C bond with 0—30° twisting around the central C=C
bond. Similar to the situation in Figure 3 (further details are
available in Table S25), the intersections along the MECI seam
in the energetically allowed region are quite peaked, while the
intersections along the MECI seam in the energetically
forbidden region are strongly sloped.

The structural data presented here reveal both similarities
and significant differences in the potential energy surfaces
predicted by CASSCF and MSPT2. This opens the question as
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Figure 3. Minimum energy CI seam path connecting MEClIc,, and
MECIy at the SA3-CAS(6,6)/6-31G level. All energies are relative to
the S, energy at the Franck—Condon point. Upper panel: Projection
of the MECI seam path along the two dominant twisting angles. Lower
panel: Energy (blue) and slope parameter (red) profiles along the
MECI seam path for each of the beads in the seam space nudged
elastic band. The S, energy at the Franck—Condon point is indicated
by the blue dashed line in the lower panel (only intersections lying
below this dashed line are energetically accessible after vertical
excitation).

to how different the dynamics predicted by these methods
would be. This is especially important given that CASSCF
studies of PSB3 (both static and dynamic) have formed the
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Figure 4. As in Figure 3, but for the minimum energy CI seam path
connecting MECl,, and MECly, at the MS-SA3-CASPT2(6,6)/6-31
level (using 14 core orbitals).

basis of much of the current understanding of photo-
isomerization in RPSB.””’

AIMS Dynamics of PSB3. After photoexcitation, the initial
relaxation motion of trans-PSB3 is dominated by stretching
modes resulting in an elongation of the double bonds and
contraction of the single bonds, ie., bond-length alternation
(BLA). As shown in Figure S (and further documented in
Figure S2), this picture holds for both CASSCF and MSPT2
dynamics (although the amplitude of BLA motion is larger in
CASSCF and the damping of this motion is stronger in
MSPT2). Torsional motions begin to occur immediately after
the initial BLA. This is in accord with the well-established two-
mode relaxation model for the excited states of C=C double
bonds.*” In both CASSCF and MSPT2, the dominant outcome
is torsion about the central C=C bond, and this leads to
nonadiabatic transitions to the ground electronic state (vide
infra). However, this is not the only observed pathway in either
CASSCF or MSPT2. As shown in Table 3, CASSCF dynamics
predicts that a significant fraction of the population decays by
twisting about the C—N bond, in addition to small amounts
that decay to S, through torsion about other single and double
bonds. At the CASSCF level, the only bond which is not
observed to twist significantly after photoexcitation is the
terminal C=C bond. In contrast, the MSPT2 dynamics
predicts that the only minor channel is torsion about the
terminal C=C bond.

The excited state lifetime of PSB3 is similar at the MSPT2
and CASSCE levels, as shown in Figure 6a, with a time constant
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Figure S. Time evolution after photoexcitation to S; for the twist angle
around the central C=C bond (solid lines) and the bond-length
alternation (BLA, dashed lines) at the SA3-CAS(6,6)/6-31G (black)
and MS-SA3-CASPT2(6,6)/6-31G (red) levels. Results are averaged
over TBFs which twist about the central C=C bond (see Figure S2
for details about other twist angles).

of 2150 fs. Population transfer does not begin immediately, but
instead there is a latency time corresponding to the time it takes
to begin torsion about one of the bonds and thus to approach
the CI seam. This latency time is shorter in CASSCF (~20 fs)
compared to MSPT2 (x50 fs). The origin of this difference is
the propensity for twisting about the C=N bond in CASSCEF,
which occurs more quickly than isomerization about other
bonds (compare Figure S2 with Figure S). This is also evident
in Figure 6b; we show the excited state population as a function
of time for the subset of TBFs which isomerize about the
central C=C bond (which is the major channel in both
CASSCF and MSPT?2). For CASSCF, comparison with Figure
6a shows that the quenching latency for this subset is
substantially longer than that for the total population trace.
This indicates that it is torsion about the C=N bond which
leads to a shorter quenching latency in CASSCF compared to
that of MSPT2. We also note that for this majority decay
channel (isomerization about the central C=C bond), the
excited state quenching is faster in MSPT2. This is consistent
with the more peaked character of the relevant MEClI,, in
MSPT?2 as discussed above.

Using both CASSCF and MSPT2, the AIMS simulations
predict that the dominant quenching mechanism in trans-PSB3
is due to torsion about the C=C bond. This major channel is
more dominant (89% of the time) in MSPT2 compared to
CASSCF (76% of the time). We now turn to a more detailed
analysis of the nonadiabatic process. In Figure 7, we show the
propensity for and efliciency of nonadiabatic transitions as a
function of the two most important torsional coordinates, the
central C=C bond and the C=N/C=C,,aq bond for
CASSCF/MSPT?2, respectively. Note that we choose a different
second torsion angle in CASSCF and MSPT2 because the
minor channel is different for these two cases, as discussed
above. The upper panel of Figure 7 shows the distribution on
S, that spawns to S,. For each initial condition, this distribution
consists of a population-weighted sum of the density for S,
TBFs (often referred to as the “parent TBFs”) at the “spawning
time”, when the nonadiabatic coupling is maximal. These
distributions are then averaged over all initial conditions. The
relevant MECIs (and the CI seam) are marked on the figure,
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Table 3. Fraction of S, Population That Underwent Nonadiabatic Transitions from S, through Torsion about Different Bonds

twisting bonds

SA3-CASSCE(6,6)/6-31G

SA3-MS-CASPT2(6,6)/6-31G

terminal C=C 11 + 9%
central C=C 76 + 3% 89 + 1%
C=N 23 + 4%
right C—C 0.5%“
central C=C and C=N 02 + 2%
right C—C and C=N 0.5 + 8%
a .
Only one trajectory, no error bar has been calculated.
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Figure 6. (a) Population dynamics of isolated trans-PSB3 after
photoexcitation using SA3-CAS(6,6)/6-31G (blue) and MS-SA3-
CASPT2(6,6)/6-31G (red). (b) Population dynamics for the subset of
TBFs which twist about the central C=C bond after photoexcitation.

and one can see that, in both the CASSCF and MSPT?2 cases,
the population that spawns to S, is broadly distributed along
the seam. Thus, the minimal energy conical intersection is not a
good descriptor of the location of nonadiabatic transitions. In
the middle panel of Figure 7, we show the population that
quenches to Sy as a result of the spawning. For each initial
condition, this distribution is constructed as the population-
weighted sum of all the TBFs spawned to S, (“child TBFs”).
The population that is assigned to each of these child TBFs
corresponds to the population of the TBF at the end of the
nonadiabatic event (when the TBF exits the spawning region,
ie, when the nonadiabatic coupling becomes insignificant).
The presented distribution is averaged over all initial
conditions. As can be seen from the middle panel, this “child
distribution” is again broadly distributed along the CI seam,
further buttressing the conclusion that nonadiabatic transitions
often occur far from an MECI (but in this case generally close
to the CI seam). Finally, it is interesting to ask about the
relative efficiency of nonadiabatic transitions at different points
along the seam. The lower panel of Figure 7 shows the
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Figure 7. Distribution of spawning geometries projected on twisting
around the central C=C and C=N bonds at the SA3-CAS(6,6)/6-
31G level (left panels), and projected on twisting around the central
and terminal C=C bonds at the MS-SA3-CASPT2(6,6)/6-31G level
(right panels). Insets show the distributions projected on the central
C=C bond twisting coordinate. Upper panels correspond to the
distribution of the S; TBFs (“parent TBFs”). Middle panels
correspond to the distribution of spawned TBFs on S, (“child
TBFs”). Lower panels correspond to the transition efficiency.
Nonadiabatic transitions are more efficient in MSPT2 and also
concentrated more strongly near the MECI,, geometry.

distribution of transition efficiency, defined as the distribution
of spawning TBFs weighted by the ratio of the child and parent
populations (the former is evaluated at the end of the
nonadiabatic event, and the latter is evaluated at the beginning
of the nonadiabatic event). Transitions mediated by torsion
about the central C=C bond are much more eflicient in
MSPT2 compared to CASSCFE. This is consistent with the
earlier observation (vide supra) that the MECI,, topography is
more peaked in MSPT2 compared to CASSCF.

Figure 8 presents a schematic summary of trans-PSB3
photodynamics in the first 200 fs as predicted by AIMS/
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Figure 8. Scheme for the excited state reaction mechanism of PSB3
using SA3-CAS(6,6)/6-31G (upper panel) and MS-SA3-CASPT2-
(6,6)/6-31G (lower panel). Note that the population which proceeds
to Simincenr i1 MSPT2 ultimately isomerizes about the terminal or
central C=C bonds.

CASSCF (upper panel) and AIMS/MSPT2 (lower panel).
Both CASSCF and MSPT?2 predict that the dominant outcome
is torsion about the central C=C bond. However, there are
several differences that should be emphasized. First, the minor
channels are completely different, with MSPT2 predicting
torsion about the terminal C=C bond and CASSCEF instead
predicting torsion about the C=N bond. Second, there is an S,
minimum in CASSCF along the way to MECI,,. This leads to
a more sloped character of this MECI compared to MSPT2.
Consequently, the population which decays to S, through
torsion about the central C=C bond in CASSCEF splits almost
equally between cis and trans products. In contrast, there is no
such minimum in MSPT2, and the result is a significant
difference in the photoisomerization quantum vyield for the
population which isomerizes through torsion about the central
C=C bond. Indeed, the combination of fast torsion, no
intervening minimum, and a peaked intersection leads to 79%
of the population forming the cis photoproduct.

4. CONCLUSIONS

In this paper we have compared the photodynamics of trans-
PSB3 as predicted by SA-3-CASSCF and SA-3-MSPT2. Some
aspects of the dynamics are quite similar, such as the dominant
role of torsion about the central C=C bond in promoting
electronic quenching. These aspects support the picture of
RPSB photoisomerization that has been developed using this
model system, including the two-state two-mode relaxation
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model.”” However, there are also some important differences.
Some of these could have been partially anticipated on the basis
of minima and MEClIs alone. For example, there are a number
of distinct local minima on S, in CASSCEF, but only a single S;
local minimum in MSPT2. Furthermore, the energetics and
topography of the MECIs are quite different in CASSCF and
MSPT2. Carrying out the dynamical simulations shows the
detailed impact of these differences. Many minor channels are
observed in CASSCF, and the primary minor channel
corresponds to torsion about the C=N bond. In MSPT2,
there is a single minor channel, and it corresponds to torsion
about the terminal C=C bond. Furthermore, the MECI
corresponding to the dominant decay channel (isomerization
about the central C=C bond) is more peaked in MSPT2 than
in CASSCF. As a consequence, the nonadiabatic transitions are
more efficient in MSPT?2, and the cis:trans photoisomerization
quantum yield deviates significantly from the 1:1 ratio predicted
by CASSCEF.

We also showed that, in both CASSCF and MSPT2, the
nonadiabatic transitions often occur far from a MECL
Nevertheless, the MECI geometries are still useful, as they
provide natural anchor points for seam paths (minimal energy
paths in the intersection space) that can better describe the
dynamics.

This work shows that dynamic electron correlation can be
quite important in excited state dynamics and motivates further
work to incorporate dynamic correlation routinely in photo-
chemical studies. In the case of trans-PSB3, incorporating
dynamic electron correlation into the photochemistry leads to
significant changes in the predicted reaction pathways, the
efficiency of population transfer, and the product quantum
yield. Although we believe that the reported features of the
AIMS-MSPT?2 dynamics should be quite reliable, the bench-
mark status of PSB3 also makes it important to extend these
results to more accurate electronic structure methods.””®" This
remains for future work. We hope that this work will also
motivate experiments on this model system for photo-
isomerization.
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