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. COMPUTATIONAL DETAILS

The following electronic-structure methods were used in this work: MP2 (Mgller-Plesset
perturbation theory up to second-order)?!; (strict) ADC(2) (Algebraic Diagrammatic Con-
struction up to second-order)?™ and its Spin-Component Scaled variant (SCS-ADC(2)), CC2
(Coupled-Cluster up to the second-order)?® and SCS-CC2°, DFT (Density Functional The-
ory)”® and LR-TDDFT (Linear-Response Time-Dependent DFT)%1% SA-CASSCF (State-
Averaged Complete Active Space Self-Consistent Field)!!, XMS-CASPT2 (extended Multi-
State Complete Active Space second-order perturbation theory)!?!® in its Single-State,
Single-Reference (SS-SR, used if not stated otherwise) and Multi-State, Multi-Reference
(MS-MR) versions'*1® MR-C| (Multi Reference Configuration Interaction)!® including sin-
gle and double excitations MR-CISD. The calculations were performed with Gaussian09*’
(DFT and LR-TDDFT), Turbomole 7.318 (MP2, ADC(2), SCS-ADC(2), CC2 and SCS-
CC2), BAGEL 1.2'? (SA-CASSCF, SS-SR-XMS-CASPT2), and MOLPRO 2012.12%21 (SA-
CASSCF, MS-MR-XMS-CASPT2, and MR-CISD) program packages.

The PBEO exchange-correlation functional was used for all DFT and LR-TDDFT calcula-
tions?223, within the Tamm-Dancoff approximation. MP2, ADC(2), SCS-ADC(2), CC2, and
SCS-CC2 were performed with frozen core and the Resolution of the Identity (RI)?*. The
standard scaling factors were used for SCS-ADC(2) and SCS-CC2. BAGEL calculations were
performed using Density Fitting (DF) and frozen core. DF and frozen core approximations
were not utilized in MOLPRO calculations. All XMS-CASPT2 calculations employed a real
vertical shift of 0.5 Hartree unless otherwise stated (see Fig. S5 for a test of this value).
The Karlsruhe basis sets def2-SVP and def2-TZVP were employed?>2" — a def2-SVP basis
set should be assumed if not stated otherwise.

For each molecule studied in this work, a linear interpolation in internal coordinates path-
way was calculated between the Franck-Condon geometry (minimum on the S, potential
energy surface, optimized at SCS-MP2/def2-SVP level of theory) and the S;/Sq crossing
points (SCS-MP2/def2-SVP for Sg and SCS-ADC(2)/def2-SVP for S;). The minimum-
energy crossing points close to the Franck-Condon region were located with CIOpt?®. We
note that while the ClOpt code in principle returns minimum-energy conical intersections,
we prefer to coin the geometries obtained in this work ‘crossing points’ (CPs) given that
ADC(2) does not describe adequately the branching space of Sy/S; conical intersections®.

The standard notation XMS(k)-CASPT2(n/m) was used to indicate the details of the cho-
sen active spaces and state-averaging protocol, with n electrons in m active orbitals while k
states are considered. The reference XMS-CASPT?2 energies for each molecule (using a SVP
basis set) were obtained at the following level of theory: XMS(2)-CASPT2(6/5) for formalde-
hyde, XMS(2)-CASPT2(6/5) for acrolein, XMS(3)-CASPT2(6/5) for pyrone, XMS(4)-
CASPT2(12/9) for 2-HPP, and XMS(3)-CASPT2(8/6)/def2-SVP for oxalyl-fluoride. The
natural orbitals for these reference calculations are presented in Fig. S1. The reduced 4/3
active spaces were constructed by keeping only the n, 7, and 7* orbitals localized on the
carbonyl moiety (and a state-averaging over the two lowest electronic states).

Trajectory surface hopping dynamics employed Tully's fewest switches algorithm3° and
were performed with Newton-X version 2.0332 using the Turbomole interface and the
ADC(2) implementation discussed in Ref 33. The initial conditions were randomly selected
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from a Wigner distribution for uncoupled harmonic oscillators, generated from a ground-state
optimized geometry and corresponding vibrational frequencies obtained at SCS-MP2/def2-
SVP level of theory. The excited-state dynamics were initiated in a n7* state for all molecules
and employed a time step of 0.5 fs. Trajectories were stopped whenever they reach a region
of configuration space where the S;/Sqy energy gap was smaller than 0.01 eV. The default
parameters of Newton-X were employed for all dynamics.
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FIG. S1. SA-CASSCF natural orbitals (isovalue of 0.1) employed for the reference XMS-CASPT2
calculation (see text). Top to bottom: formaldehyde, acrolein, pyrone, 2-HPP, and oxalyl fluoride.




1. ADDITIONAL INFORMATION ON FORMALDEHYDE

A. Contributing configurations along the LIIC
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FIG. S2. Contributing configurations to the MS-MR-XMS(2)-CASPT2(4/3)/SVP wavefunctions
along the formaldehyde LIIC pathway: closed shell (CS) configuration, singly-excited configurations
nm* and m*, and doubly-excited configuration obtained from the promotion of a n and a 7 electron
to the m* orbital (n+ m — 7*). These configurations are plotted along the LIIC for the ground-
state (upper panel) and first excited-state (lower panel) wavefunctions. The %T», computed at
the SCS-ADC(2)/SVP level of theory, is shown for S; with an orange dotted line.

Figure S2 shows the different contributions to the ground- and first excited-state wave-
functions based on MS-MR-XMS(2)-CASPT2(4/3), along the LIIC pathway of formalde-
hyde. Close to the FC region, the Sy state is mostly characterized by a closed-shell (CS)
configuration. Moving along the LIIC, one observes that the singly-excited configuration,
m*, gains more importance. The increased weight of this configuration is in line with the
dramatic increase of the D; diagnostic reported in the main text (Fig. 3). The S; state
mostly preserves a dominant nm* configuration. We note a small increase in the doubly-
excited configuration when progressing along the LIIC (in line with the increase in %T, for
SCS-ADC(2)).



B. SCS-ADC(2) vs ADC(2), and the influence of the basis set
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FIG. S3. Comparison between SCS-ADC(2)/SVP (black), SCS-ADC(2)/TZVP (grey) and
ADC(2)/SVP (blue) for the LIIC of formaldehyde (solid line for Sg and dashed line for S1). The
D; diagnostic is given by a dotted orange line (SCS-MP2) or a red line (MP2).

Figure S3 offers a confirmation that the spurious S;/Sq crossing observed in the main
text is also present when employing a larger basis set (TZVP) or standard ADC(2).



C. CC2 and SCS-CC2 vs SCS-ADC(2)

Comparing the LIIC pathway for formaldehyde computed with CC2/SVP and SCS-
CC2/SVP to the one obtained with SCS-ADC(2)/SVP (Fig. S4), it appears that CC2
and SCS-CC2 do not predict the same unphysical crossing between Sg and S;(nm*), despite
a rather high D; diagnostic. This observation does not come as a complete surprise as
numerous reports have shown that CC2 is capable, thanks to its formalism, of describing the
branching space of S;/S, rather accurately®®, in stark contrast with ADC(2).
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FIG. S4. Electronic energies along the LIIC pathway for formaldehyde as obtained with SCS-
ADC(2)/SVP (black), CC2/SVP (grey). and SCS-CC2/SVP (blue). A solid line is used for So
and dashed line for S;. The D; diagnostic is given by a dotted orange line (SCS-CC2) or a red line
(CC2).



D. Influence of the vertical shift on XMS-CASPT2 profile

Figure S5 shows the LIIC for formaldehyde as computed with XMS(2)-CASPT2(6/5)/SVP
using two shifts, 0.1 and 0.5 Hartree. Both curves are in close agreement.
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FIG. S5. Electronic energies along the LIIC pathway for formaldehyde as obtained with XMS(2)-
CASPT2(6/5)/SVP using a 0.1 Ha (light blue) or 0.5 Ha (blue) shift. A solid line is used for Sg
and dashed line for S;. The C=0 bond length is given by an orange dotted line.



1. COMPARING XMS-CASPT2(2/2) WITH XMS-CASPT2(4/3) FOR ALL
MOLECULES

Figure S6 reproduces the comparison (proposed in the main text for formaldehyde) be-
tween XMS-CASPT2(2/2) and XMS-CASPT2(4/3) for all the molecules discussed in this
work. The XMS-CASPT2(2/2) calculations only incorporate the carbonyl n and 7* orbitals
in the active space, while the XMS-CASPT2(4/3) ones include in addition its 7 orbital (all
natural orbitals are given in Fig. S1 above). As observed for the case of formaldehyde, the
(2/2) active space leads to an artificial crossing between S; and Sy for all molecules (see
red lines in Fig. S6), like (SCS-)ADC(2). Upon inclusion of the 7 orbital on the carbonyl
in the active space (XMS-CASPT2(4/3), blue lines in Fig. S6), the artificial crossing is re-
moved and the LIICs obtained are in line with their corresponding XMS-CASPT2 reference
calculations.
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FIG. S6. Electronic energies along along the LIIC pathway for formaldehyde as obtained with
XMS-CASPT2(2/2)/SVP (red) and XMS-CASPT2(4/3)/SVP (blue) for: (a) formaldehyde, (b)
acrolein, (c) pyrone, (d) 2-HPP, and (e) oxalyl fluoride. We note that for oxalyl fluoride the (4/3)
active space does not describe S; accurately and a (8/6) active space is used instead. A solid line
is used for Sg and dashed line for S;. The C=0 bond length is given by an orange dotted line.



IV. LIIC FOR THYMINE

Figure S7 presents the LIIC computed for thymine (not discussed in the main text). The
profile shows that SCS-ADC(2) also exhibits a fictitious crossing between S; (nm* on one of
the C=0) and Sy, in comparison with the reference provided by XMS(5)-CASPT2(12/9).
We also show that XMS(2)-CASPT2(2/2) reproduces the artificial crossing, in line with the
other molecules (see Fig. S6 above).
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FIG. S7. Electronic energies along the LIIC pathway for thymine as obtained with SCS-
ADC(2)/SVP (black), XMS(2)-CASPT2(2/2)/SVP (red) and XMS(5)-CASPT2(12/9)/SVP
(blue). A solid line is used for Sg and dashed line for S;. The D; diagnostic for the SCS-MP2
ground state is shown with a dotted orange line.
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