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1 Excited States of Glycine

In order to investigate the dependence of vertical electronic excitation energies on the number
of model states included in the perturbative calculation, we study the ny — 3s and the
no — 7* transitions in the glycine molecule. The former is the transition to the first excited
state of the totally symmetric irreducible representation (irrep) within the Cy molecular point
group, 2'A’, while the latter is the excitation to the 1'A” state. The glycine molecule has
a very dense set of excited states below 10 eV of both valence and Rydberg type! and it is
thus a suitable model to probe the effect of including various numbers of states of different
character in the model space.

The computational details are as follows. The geometry was optimized at closed-shell
MP2/cc-pVTZ level of theory®? within the C; point group. This calculation was performed
using the Gaussian program package, revision d01.# Then, state-average CASSCF calcula-
tions were performed for the two symmetry irreps. The active space was composed by 8
electrons in 5 a’ and 4 a” molecular orbitals. The former were the ny and ng lone pairs,
the 3s, 3p, and 3p, Rydberg orbitals, while the latter were the three bonding, non-bonding
and anti-bonding 7 orbitals delocalized over the carboxylic acid group and the Rydberg
3p. molecular orbital. The basis set used was the aug-cc-pVTZ one.® Two separate calcu-
lations were carried out, one averaging over 11 'A’ states, while the other one over 7 'A”
states. Including this number of states was necessary in order to target n— 7*, 7 — «*
and transitions to Rydberg states from both n and 7 orbitals. Using these wave functions,
MS-CASPT2 and XMS-CASPT2 calculations were carried out, including different number
of states in the model space starting with 3 states for the 'A’ symmetry sector and 1 state
for the 'A” one. To evaluate the excitation energy of 'A” states, the ground state energy was
computed by a state-specific CASPT2 calculation using only the lowest CASSCF state (out
of the 11 ones available). In the case of MS-CASPT2, calculations were carried out using the
canonical method, as well as with a unique state-average Fock operator used for all states,

in an analogous manner to the work by Kats and Werner®. We shall label results obtained



with the state-average Fock operator as SA-CASPT2. Note that the use of a state-average
Fock operator is completely analogous to XMS-CASPT2, the only difference between the
methods being the use of rotated states in the latter one. All calculations were performed
without the use of the IPEA shift, but including a 0.2 Ej real denominator shift in order
to avoid intruder state problems. These calculations were performed using a development
branch of OpenMolcas,” version 19.11-88-g4984c848.

The vertical transition energies as a function of model space dimension are reported in
Figures 1 and 2 for the 'A’ and the 'A” states, respectively. Canonical MS-CASPT2 shows
the weakest dependence on the model space dimension. The estimated excitation energy is
consistently the same irrespective of the number of reference states, and only for the largest
dimensions they change slightly. On the other hand, both XMS-CASPT2 and SA-CASPT?2
are strongly affected by the number of states included. Given that the only difference between
the two methods is the use of the rotated states in the former and the original CASSCF states
in the latter, this result suggests that it is the use of a unique state-average Fock operator that
makes the energy so strongly dependent on the model space dimension. Furthermore, both
MS-CASPT2 and SA-CASPT2 use the same reference functions, their only difference is the
Fock operator, supporting the conjecture that the differences observed between MS-CASPT?2
and XMS-CASPT2 are due to the state-average Fock operator. Note that MS-CASPT2
might as well show a marked dependence on the model space dimension, in particular when
the type of transitions are not easily identifiable (i.e. they have a mixed character) and
interact strongly with newly included states. Importantly, there is experimental evidence
for the no — 7* transition which is estimated to be between 5.8 and 6.0 eV,® thus meaning
that, at least in this case, state-averaging truly decreases the accuracy of the method. On
the other hand, the oscillations appearing for the ny — 3s transition are within the typical
error of (X)MS-CASPT2 and thus less compromising. The 'A” and 'A” transitions have
been computed at the coupled clusters singles and doubles level of theory as well, being

estimated at 5.88 eV and 6.32 eV, respectively.? The transitions in the example shown
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Figure 1: Vertical excitation energy corresponding to the ny — 3s transition as a function
of the model space dimension.
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Figure 2: Vertical excitation energy corresponding to the no — 7* transition as a function
of the model space dimension.

here were selected because for all methods considered they were clearly identifiable through
the transition density matrix and particle/hole transition natural orbitals. This allowed a

true comparison between a method using a state-specific Fock operator and methods using

a state-average one.



2 Avoided Crossing in LiF

In this section we show additional results for the dissociation of lithium fluoride. First, we
report the potential energy curves in the case only two states are included in the calculation.
The computational details are the same as reported in the main text, with the only difference
being the number of roots considered in both the SA-CASSCF and the various CASPT2
calculations. In Figure 3 we report the results of the reference calculation with MRCISD.

The results for XDW-CASPT2 for ¢ = 50,5000 and the limit { — oo are shown in Figures 4
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Figure 3: Potential energy curves of the two lowest !X states of lithium fluoride. The
zones highlighted in gray correspond to the avoided crossing regions at the CASSCEF level of
theory.

to 6.

In the following, we show additional results obtained in the three-state calculations.
First, we show in Figure 7 the failure of MRCISD+(Q to produce satisfactory potential
energy curves. Note that at the position of the second AC, the Davidson’s correction leads
to an artificial double crossing of the lowest two states. The off-diagonal elements of the Fock
operator for ( — oo in the three-state case (see main text), are reported in Figure 8. Note
that the order of magnitude is the same as the other XDW-CASPT?2 calculations presented in
the main text. The PECs for ( = 500 are presented in Figure 9 and Figure 10 for calculation

with 3 and 2 states, respectively. Density weights and off-diagonal Fock elements are shown
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Figure 4: Potential energy curves of the two lowest !XT states of lithium fluoride. Note that
to a large extent the XMS-CASPT2 curves are covered by the XDW-CASPT2 ones.
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Figure 5: Potential energy curves of the two lowest !XT states of lithium fluoride.
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Figure 6: Potential energy curves of the two lowest !XT states of lithium fluoride.
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Figure 7: Potential energy curves of the three lowest '3+ states of lithium fluoride computed

with MRCISD+Q.
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Figure 8: Absolute values of the elements fgﬁ for ( — oco. From top to bottom the couplings
are for the ground, first excited and second excited state, respectively. Note that for each
state (plot), the Fock operator used to compute the couplings is different.
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Figure 9: Potential energy curves of the three lowest 'X* states of lithium fluoride.
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Figure 10: Potential energy curves of the two lowest !X states of lithium fluoride.

in Figures 11 and 12 for the 3-state calculation with ¢ = 500.
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Figure 11: Weights w? for ¢ = 500.
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Figure 12: Absolute values of the elements fgﬁ for ¢ = 500.



3 Conical intersection of allene

In this section we report additional computational details of the calculation involving the
distorted allene molecule that complement the description in the main text.

The total number of points in the two-dimensional scan is 6561, 81 for each variable.
The scan of the C-C-C-H torsion angle practically corresponds to a pyramidalization of the
external carbon atoms. Note that in the original work, " the assignment of “variable 1”7 and
“variable 2”7 in the surface plots were swapped as compared to the explanation in the text.

The IPEA shift was always set to zero for all methods. For some cases it was necessary
to include a real denominator shift in order to converge the calculation for all points. In
particular the XMS-CASPT?2 calculation used a shift of 0.5 Hartree for any size of the model
space. The XDW-CASPT?2 calculations were thus performed with the same shift in order to
compare its results to the XMS-CASPT2 ones, even though a smaller shift was sufficient to
avoid intruder states.

In order to have visually comparable results to Ref. 10, we plotted the absolute values
of the energy difference between the 1'A’ and 2'A’ states as a colormap with 64 contour
iso-surface lines, using a color palette similar to the one of the original work.

In Figure 13 we report the results for a model space with 6 states for XMS-CASPT2. As
discussed in the main text, the PES remains virtually unchanged upon increase of the model

space dimension.
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Figure 13: Color-mapped isosurface plot of the absolute energy difference (in E}) between
the 1'A’ and 2'A’ states for a model space including 6 states. The calculation was carried
out with XMS-CASPT2.
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4 Vertical excitation energies

In this section we report additional information regarding the computational details for
the calculation of vertical excitation energies. Imposed molecular point group symmetry,
number of active electrons, occupied and active orbitals and real denominator shifts are
listed in Table 1. Note that if a shift was necessary for a method, it was also applied to the

other ones in order to obtain comparable results.

Table 1: Computational details of CASSCF and CASPT2 calculations. The string of num-
bers in the occupied and active orbitals follows the irrep convention of OpenMolcas.

Molecule PG N, Occ. MOs Active MOs Shift
acetamide Cq 6 121 13 0.1
acetone Cyw 6 7411 2102 0.0
adenine Cs 12 290 010 0.1
benzene Cs 6 180 06 0.0
benzoquinone Dy, 12 80030470 03111103 0.1
butadiene Coypn 4 7006 0220 0.0
cyclopentadiene Cy, 4 9106 0220 0.1
cytosine Cs 10 240 08 0.0
formaldehyde Copwy 4 5001 0201 0.0
formamide Cs 6 90 13 0.1
furan Coy 6 9006 0320 0.0
hexatriene Cy, 6 10009 0330 0.0
imidazole Cs 8 140 15 0.1
naphthalene Dy, 10 90600707 02032030 0.2
norbornadiene Coy 4 9635 1111 0.3
octatetraene Coypn 8 130012 0440 0.0
propanamide Cs 6 152 13 0.1
pyrazine Dy, 10 50030440 12101012 0.2
pyridazine Coy 10 9700 1133 0.0
pyridine Cyy 6 11007 0420 0.2
pyrimidine Coy 10 10600 1124 0.1
pyrrole Coy 6 9006 0320 0.0
tetrazine Dy, 14 50020340 12111112 0.1
thymine Cs 12 270 09 0.1
triazine Cs 12 150 36 0.0
uracil Cs 10 240 08 0.0
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