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ABSTRACT: Compressed multistate pair-density functional theory (CMS-
PDFT) is a multistate version of multiconfiguration pair-density functional
theory that can capture the correct topology of coupled potential energy surfaces
(PESs) around conical intersections. In this work, we develop interstate coupling
vectors (ISCs) for CMS-PDFT in the OpenMolcas and PySCF/mrh electronic
structure packages. Yet, the main focus of this work is using ISCs to calculate
minimum-energy conical intersections (MECIs) by CMS-PDFT. This is
performed using the projected constrained optimization method in OpenMolcas,
which uses ISCs to restrain the iterations to the conical intersection seam. We
optimize the S;/Sy MEClIs for ethylene, butadiene, and benzene and show that
CMS-PDEFT gives smooth PESs in the vicinities of the MECIs. Furthermore, the
CMS-PDFT MECIs are in good agreement with the MECI calculated by the

Relative Energy/eV

CMS-PDFT
Conical Intersection

more expensive XMS-CASPT2 method.

B INTRODUCTION

Electronic nonadiabatic transitions are transitions in electronic
states that preserve the electronic spin quantum number and
are more likely to occur in regions where the coupling between
adiabatic states is more pronounced. These regions can occur
near conical intersections, which are multidimensional seams
of molecular structures for which two adiabatic electronic
states are degenerate.' '~ When spin—orbit coupling may be
neglected, conical intersections occur along (F—2)-dimen-
sional seams, where F is the number of internal degrees of
freedom (for polyatomic molecules, F equals 3N,,,,,.—6, where
Nitoms is the number of atoms). Understanding the energies
and locations of conical intersections plays a pivotal role in
unraveling the intricacies of photodynamics and UV—visible
spectroscopy. Additionally, photoexcited molecules typically
have enough energy to access a broad segment of the conical
intersection seam, and the minimum-energy conical inter-
section (MECI, sometimes also called the minimum-energy
crossing point) does not necessarily control the reaction rate or
product distributions.'® Nevertheless, an MECI identifies the
minimum energy required to reach the crossing seam and
frequently serves as the initial foundation for theoretical
comprehension of photochemical reactions.

Accurate calculations of excited electronic states are
challenging, and in many cases, a multiconfiguration wave
function method is needed for useful accuracy.'”'® Conical
intersections are more challenging than typical vertical-
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excitation spectra, and wave functions at a conical intersection
are intrinsically multiconfigurational. Multiconfiguration pair-
density functional theory (MC-PDFT)"”~*" is a method that
uses a multiconfiguration wave function as a reference and
calculates the energy as a sum of the electronic kinetic energy,
electron—nuclear attraction, classical electron—electron repul-
sion, and nonclassical energy that is computed from an on-top
functional. MC-PDFT can be viewed as a multireference
version of Kohn—Sham-DFT (KS-DFT), in which the Slater
determinant is replaced by a multiconfiguration wave function
and the exchange—correlation functional is replaced with an
on-top density functional. Practical on-top density functionals
may be obtained by translations of KS-DFT exchange—
correlation functionals. MC-PDFT can calculate excitation
energies as accurately as CASPT?2 in many cases, but it has a
significantly lower computational cost.”” The state-averaged
version of PDFT (SA-PDFT) uses a state-averaged complete-
active-space self-consistent field (SA-CASSCF) wave function
as the reference and is useful in regions far from conical
intersections. However, SA-PDFT does not always calculate
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excitation energies or potential energy surfaces correctly when
potential energy surfaces (PESs) are close together.

Consistently achieving a PES with accurate topology at and
in proximity to conical intersections demands an approach
where all of the excited states are eigenvectors of the same
effective Hamiltonian. Treatments with this feature are usually
called quasi-degenerate, state-interaction, or multistate meth-
ods. Multistate PDFT methods™ > are extensions of MC-
PDFT in which the final step is the diagonalization of an
effective Hamiltonian in a set of intermediate states that span
the same space as the SA-CASSCF states; this space is called
the model space. Compressed multistate PDFT (CMS-
PDFT)™ is a special case of multistate PDFT in which the
intermediate states are obtained by maximizing the classical
electron—electron repulsion energy. The diagonal elements of
the effective Hamiltonian in the CMS intermediate states are
calculated by MC-PDFT, and the off-diagonal elements are
calculated by a wave function method as in a conventional
configuration interaction calculation. The CMS-PDFT method
gives the correct topology of closely spaced PESs at and near
conical intersections. CMS-PDFT may be compared to
extended multistate complete active space second-order
perturbation theory (XMS-CASPT2),”**" which has been
demonstrated to be a highly accurate quantum chemical
method that can describe important dynamic correlation
effects at and near the conical intersections that control
quenching and other electronically nonadiabatic pro-
cesses.”* > Although CMS-PDFT gives results of comparable
quality, including near conical intersections, it is advantageous
as it is much less expensive.

This paper presents a method to find MECIs by CMS-
PDFT and illustrates applications of this method to ethylene,
butadiene, and benzene. As discussed in a recent review,’®
there are two kinds of algorithms used to find MEClIs: those
using the interstate coupling vector (ISC), h, and those not
using h. Although h is not necessary to find MECIs, when they
are available, “the efficiency of the optimization is substantially
improved.”*® Because the use of g and h allows one to separate
the intersection and branching subspaces, an algorithm that
searches iteratively for the minimum energy on the seam can
be more efficient if it uses h to restrain or constrain the
iterations to the seam. The method presented in this article
optimizes MECIs using the projected constrained optimization
(PCO) with g and h as constraints,”” as implemented in
OpenMolcas.”® The PCO method of ref 37 is an extension of
the core PCO method explained in earlier papers.’”*’

The new element needed for the present work is the
calculation of the h vector. This calculation is similar to the
calculation of analytic gradients and builds on our previous
code for calculating gradients for single-state’’ and state-
averaged""> MC-PDFT and for CMS-PDET.** In this work,
we derive h for CMS-PDFT, and we implement it in the
OpenMo16115‘1’8’45_47 and PySCF/mrh48’49 electronic structure
software packages. We verify the h vector implementation by
comparing the results between the two source codes (see
Supporting Information). OpenMolcas is the only source code
that has an MECI optimization algorithm via the PCO. The
focus of this work is searching for MECI with CMS-PDFT and
not implementing the PCO algorithm in electronic structure
packages. Therefore, the results in this article will focus on
CMS-PDFT MECI calculations using OpenMolcas. We
compare our results to those obtained” with XMS-CASPT2

and two other variants of multistate CASPT2 (MS-CASPT2)
and find excellent agreement.

The Theory section summarizes the CMS-PDFT energy
calculation and provides the relevant equations characterizing
the conical intersection. The Computational Methods section
presents the details of our calculations. We next present the
MECI for ethylene, butadiene, and benzene in the Results and
Discussion section and then end with concluding remarks.

B THEORY

CMS-PDFT involves four steps: (i) an SA-CASSCF
calculation for ng, states; (ii) the transformation of the SA-
CASSCEF eigenvectors to an intermediate basis that spans the
same space (called the model space) as the SA-CASSCF
eigenvectors but maximizes the classical electron—electron
repulsion; (iii) the formation of an ng4 X ng, model space
Hamiltonian in the intermediate basis where the diagonal
elements are obtained from an on-top density functional and
the off-diagonal elements are formed by wave function theory
as in a configuration interaction calculation; (iv) the
diagonalization of the model-space Hamiltonian.

The intermediate states of step ii are the same as the diabatic
states of the Edmiston-Ruedenberg method.”">* The eigen-
values of step iv are the CMS-PDFT approximations to the
state energies; however, the corresponding eigenvectors are
analogous to KS-DFT-optimized Slater determinants in that
they do not directly reflect the physics of electron correlation
that are modeled by the on-top density functional, and they
should not be overinterpreted as proxies for eigenstates of the
molecular Hamiltonian.

The results from step iv are used to calculate the ISC, h,
whose derivation is similar to the derivation** of the nuclear
gradients (see Supporting Information). The ISC, hyy, and the
gradient difference vector, gy, are used to search for and
characterize the branching plane; they are defined as follows

1
S = E(gM - gN) (1)
oo dH()
MY ()

where M and N denote the intersecting states, and A is a
3N,;oms-dimensional vector of nuclear coordinates. The
branching plane defines the tangent intersection space in
which the degeneracy of a conical intersection is locally
broken,>**™>” and the directions of gyvn and hyy define the
branching plane at a given point on the CI seam. In the CMS-
PDFT method, M and N are the states that diagonalize the
CMS-PDFT effective Hamiltonian matrix.

In OpenMolcas, orthonormal linear combinations of hyy and
gy are defined as follows®’

g = g)\0s f + hyysin 3)
h =g  cosf — hyysinf *)
% =g/lgl ()
y = h/Ihl (6)

where f is chosen to make the vectors orthogonal, and eqs 5
and 6 make them orthonormal. Geometries in the branching
plane are then written as
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R(x, y) = R + x& + yy (7)

where R* is the geometry at the conical intersection. We can
also convert these to polar coordinates

r= \/x2+y2

[5) = wesn2)
0 = arccos| — | = arcsin| =
r r 9)

Conical intersections are characterized using pitch (5gh),
asymmetry (Ag,), relative tilt (¢), and tilt heading (6), which
are all functions of g and h. The formulas for these derived
functions are

(8)

1 -~
8, =.—(§g+hh
b 2(gg ) (10)
g-g — hh
A, =S80
gg+hh (11)
o = sf + sﬁ (12)
GMN g GMN ¢
S, = 5 Sy = )
= (g, + 8
SMN = 2 gM gN (13)
s
tan 6, = =
Sx (14)

To simplify the conical intersection characterization, unitless
parameters $ and B are introduced to describe the PES of the
higher and lower surfaces, which are functions of ég,, 0, Ag,
and 6. The equations for £ and B are

2

p < 1, peaked

> (1- Aghcos(ZHS)){

1— Ay > 1, sloped

B=, 4:—@2(3\/(1 + Agh)coszgs)(i/(l - Agh)sinzes)

{< 1, bifurcating

(1s)

> 1, single path (16)

A P value less than 1 indicates that the conical intersection
is a local-minimum-energy point of the upper surface, while a
value greater than 1 indicates that the upper surface is tilted in
such a way that its minimum-energy point is at a lower energy
than the conical intersection. Intersections in these two classes
are referred to as peaked and sloped intersections, respectively.

A B value greater than one indicates only a single local
minimum along the path circling the intersection, and a 8
value less than one indicates multiple minima. Intersections in
these two classes are called single-path intersections and
bifurcating intersections, respectively. This classification may
indicate whether the local topography of the surfaces favors
decay from the conical intersection to one product or to more
than one product, although a definitive conclusion about this
would, in general, require consideration of permutational
symmetry and nonadiabatic dynamics that take account of the
shapes of the PESs beyond the linear region. Further
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discussion of the peak and bifurcation parameters is given in
ref 59, and the original discussion along these lines was given
by Atchity and Ruedenberg.’

Near the conical intersection, the upper and lower surfaces
are linear in the polar coordinate r and are given by

EM(r, 0) = E* + 5ghr(6cos(9 -Q)+ J1+ Agycos 20)

(17a)

EN(r, 0) = E* + Syr(ocos(d — 6) — /1 + Ay,cos 20)

(17b)

where &g, 6, Ay, 1, and 0 are defined above, and E* is the
energy of the conical intersection. (One should not confuse the
notation &y, used for the pitch with a Kronecker delta.) The
MECI are further evaluated in this work by generating
configurations in the branch plane using eq 7 and comparing
their respective CMS-PDFT single-point energies with eq 17a
(see Computational Methods for more details). Additionally,
the presence of a conical intersection is confirmed by
calculating the line integral of the wave function derivative
coupling (byy, see Supporting Information) in a closed circle
around the MECI. A value of 7 verifies the presence of the
conical intersection.”®”®" This line integral is equivalent to the
following expression®” (eq 18) and is used to evaluate the line
integral in this work.

515 by-dR
0

1 2
gh

2r
bY\do

do

f27t 1
0 1+ Agcos20
(18)

B COMPUTATIONAL METHODS

CMS-PDFT ISCs are implemented into both OpenMolcas
v23.02 (tag 466-g944b24d44) and PySCF/mrh. As numerical
interstate coupling values are not readily available to compare
with our analytical ISCs, we first check the CMS-PDFT
interstate coupling implementation by comparing the results
obtained with the two codes. The quantities we use to quantify
the agreement between the codes are the mean unsigned
difference (MUD), the norm of the average of the vectors
(JIAVG]|), the norm of the difference of the vectors obtained
with the two codes (||DIFF]||), and the cos(0) between the two
vectors. We find good agreement between the two codes; as
the focus of this paper is using CMS-PDFT to search for
MECIs, we direct the reader to the Supporting Information for
more details regarding the comparison.

We use the CMS-PDFT ISCs to compute MECI structures
for ethylene, butadiene, and benzene with the PCO
method’”*”*” in OpenMolcas. We compare our results with
the work of Nishimoto et al,’® who calculated S,/S, MECI
structures and conical intersections for various kinds of
multistate CASPT2, including MS-CASPT2, XMS-
CASPT2,°> extended dynamically weighted (XDW-
CASPT2),® and rotated multistate (RMS)-CASPT2.°*
Symmetry constraints were used neither in ref 50 nor in the
CMS-PDFT calculations. The calculations of Nishimoto et
al.>® used the atomic compact Cholesky decomposition,®*®
but this is not used in our CMS-PDFT gradient implementa-
tion. The Cholesky decomposition negligibly affects the results

https://doi.org/10.1021/acs.jpca.3c07048
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Figure 1. (a) CMS-PDFT PESs of the S; and S, electronic states of pyramidalized ethylene in the branching plane of the CMS-PDFT MECL. (b)
CMS-PDFT energy difference between S, and S in the branching plane of the SA-CASSCF MECI. The CMS-PDFT MECI geometry is depicted

at the bottom.

and is used to decrease the computation cost of the two
electron integrals.

The SA-CASSCEF calculations for ethylene, butadiene, and
benzene are averaged over three, two, and two states,
respectively. The active space for ethylene includes 6 active
electrons within 4 active orbitals (6e, 40); that for butadiene
was (4e, 40), and that for benzene was (6e, 60). To compare
exactly with Nishimoto et al,’° ethylene and butadiene
calculations used a cc-pVDZ basis set, and benzene
calculations used a cc-pVTZ basis set. We note that, in
general, a molecule may have multiple MECIs, and the
calculated structures can depend significantly on details such as
the number of averaged states and the active space size. See, for
example, ref 37. Since the present work is not a complete study
of the full conical intersection seams but rather a
demonstration of a new method of locating MECIs, we limit
our study to the structures found in the two-state calculations
of Nishimoto et al.’° The CMS-PDFT calculations used the
tPBE on-top functional.'”~*"** All optimizations used an
ultrafine grid and no rotational invariance for the quadrature,
and default threshold values were used for the SCF iterations,
CMS intermediate-state iterations, and Lagrange multiplier
solutions.

MECI calculations required the use of the SLAPAF module
of OpenMolcas to update the structures during geometry
optimizations. The tolerance in the SLAPAF optimization
module of OpenMolcas was set equal to 107> au for all MECI
optimizations. The initial geometries for optimizations of
ethylene and butadiene are the XMS-CASPT2 MECI
structures reported in the Supporting Information of ref 50,
and the starting geometry for benzene is the XMS-CASPT2
MECI structure reported in the Supporting Information of ref
67.

Once MECI structures are optimized, geometries in the
branching plane are generated according to eq 7, and single-
point energy calculations for each structure are performed and
compared to energies using eq 17a. The single-point energy
calculations had tighter convergence thresholds for the SA-
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CASSCF and CMS intermediate state iterations by 1 order of
magnitude. This meant that the SA-CASSCF energy, SA-
CASSCEF orbital rotation matrix, SA-CASSCF energy gradient,
and the CMS intermediate-state thresholds were set to 107,
1075, 1075, and 1077 a. u,, respectively.

Comparing the energies from eq 17a to the single-point
energy calculations is used to validate the theoretical derivation
and the accuracy of the implementation.

B RESULTS AND DISCUSSION

An objective of ref 50 and the present work is to confirm the
smoothness of the calculated PESs around the MECIs. This is
motivated by the fact that MS-CASPT2 was shown to have
unphysical behavior around conical intersections of the
molecules in ref 50 due to the noninvariance with respect to
unitary rotations among the reference states.”**** Nishimoto
et al. showed discontinuities around the conical intersection in
MS-CASPT2, while, for the most part, XMS-CASPT2, XDW-
CASPT?2, and RMS-CASPT2 have smooth PESs around their
MECIs and around SA-CASSCF conical intersections.””

Ethylene. Figure 1 shows that the calculated PESs for
pyramidalized ethylene are smooth both in the branching plane
of the CMS-PDFT MECI and in the branching plane of the
SA-CASSCF MECIL The PES around the conical intersection
was generated using configurations that were five radial
displacements from the conical intersection, each separated
by 0.01 A, and 20 structures angularly around the conical
intersection.

Figure 2 compares the linear approximation of eq 17a to
single-point energy calculations for pyramidalized ethylene.
Since the linear approximations are calculated from nuclear
gradients and ISCs, their agreement with single-point energies
is a consistency check, and the figure shows that the check is
well satisfied. The mean unsigned differences between these
linear approximations and the single-point energies for the
lower and upper electronic states are only 0.47 and 0.30 uEj,
respectively. We further apply the linear approximation to

https://doi.org/10.1021/acs.jpca.3c07048
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ES1 ESo ' <E> unitary transformations of the reference states. For both
04 AE Single Point methods, diagonalization of the Hamiltonian in the inter-
0'3 7 mediate basis was successful in producing smooth PESs.
_ 0'2 X Figure 4 compares the CMS-PDFT first-order energy
Lg 0- i 7 approximation to single-point energy calculations for s-trans-
< 0
4 o1 \_/ ES1,ES <E>
w -0 AE —— Single Point  ©
02} ] 0.4
_0-3 0‘3 \/\/
X =X —! X
+ +y . Yy +. 0.2

Figure 2. CMS-PDFT energies around the CMS-PDFT MECI for
pyramidalized ethylene with r set to 0.001 A. The black lines
correspond to the first-order energies calculated according to eq 173;
the blue and green lines correspond to the energy difference and
average energy, respectively, of the first-order energies. In red circles
are single-point CMS-PDFT energies.

determine the line integral around the MECI according to eq
18, and we obtain 3.14159.

The P and B parameters for the CMS-PDFT MECI of
pyramidalized ethylene are 0.46 and 1.26, respectively, which
correspond to a peaked sin§le—path conical intersection. This
same character was found™ with the XMS-CASPT2, XDW-
CASPT2, and RMS-CASPT2 methods. The peaked single-path
character of the conical intersection is illustrated in Figure 2,
where the upper surface does not drop below the conical
intersection (indicating a peaked intersection), and the lower
surface has a single local minimum (indicating a single-path
intersection).

Butadiene. We performed a similar analysis on s-trans-
butadiene. Reference 50 showed that XMS-CASPT2 yields
smooth potential energies around its MECI and has only small
irregularities in the energy difference around the SA-CASSCF
conical intersection. In Figure 3a, we show that the CMS-
PDFT energies in the branching plane around the CMS-PDFT
MECI are smooth, and in Figure 3b, we show that they are
smooth in the vicinity of the SA-CASSCF MECI. CMS-PDFT
and XMS-CASPT2 both use intermediate states that are

0.1

T~
L

+y -y +X

E-EX (mE;,)

-0.1
-0.2
-0.3

+X =X

0

Figure 4. CMS-PDFT energies around the CMS-PDFT MECI for s-
trans-butadiene with r set to 0.001 A. Black lines are the first-order
energies, and green and blue lines are the energy difference and
average energy, respectively, of these approximate first-order energies.
Red circles are single-point CMS-PDFT energies.

butadiene. As for ethylene, we notice agreement between the
approximate and exact CMS-PDFT energies in black and red,
respectively. The mean unsigned differences for the lower and
upper states are 0.54 and 0.61 uEy, respectively, and the line
integral around the MECI according to eq 18 is 3.141593. The
P and B parameters are 0.63 and 1.94, respectively, which
indicates another peaked, single-path conical intersection. This
is further illustrated in Figure 4, with the upper electronic
surface not going below the conical intersection and the lower
surface not having a single local minimum.

Benzene. There are several local minima on the conical
intersection seam of benzene.”” Previous work by spin-flip
time-dependent DFT,”" quasi-degenerate partially contracted
n-electron valence state second-order perturbation theory
(QD-PC-NEVPT2),”’ and extended multiconfiguration
quasi-degenerate perturbation theory (XMC-QDPT2)* iden-

a) b)
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v 00 < o0.00 i
v=1 =
© 02 O
g 02 a
-0.01
—0.4 0.1
-0.04 0.00 0.04
X 0.00
x4 0.04 -0.04 yiA —0.0255 0.0
)

)

by 2

Figure 3. (a) CMS-PDFT PESs of the S, and S, electronic states of s-trans-butadiene in the branching plane of the CMS-PDFT MECL. (b) CMS-
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tified eight such structures; however, one structure was found
to be a saddle point in the intersection space’’ and was
excluded from further analysis.’”’> Here, we investigated the
five lowest-energy structures of the remaining seven MECIs;
following ref 67, these are labeled structures 1—4 and 6. Figure
S shows the relative energies of the MECIs for benzene relative

7.0
6.5 1
2 6.0
3
) 5.54
£5.0]
g 4.5 WM SA-CASSCF
=R [0 XMS-CASPT2
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FC 1 2 3 4 6
Structure

Figure 5. Relative energies for the structures of benzene. All energies
are relative to the Sy optimized ground state. FC denotes the vertically
excited Franck—Condon point. SA-CASSCF (red), XMS-CASPT2
(orange), XDW-CASPT?2 (yellow), and RMS-CASPT2 (green) values
are from ref 50, PC-NEVPT2 (blue) values come from ref 67,
XMCQDPT?2 (purple) values are from ref 72, and black vlaue are the
present CMS-PDFT results.

to the Sy optimized ground state energy for SA-CASSCEF,
XMS-CASPT2,°* XDW-CASPT2,%> RMS-CASPT2,°* QD-PC-
NEVPT2,*” XMCQDPT2,”* and CMS-PDFT. We also show
the §,—S, vertical excitation energy at the Franck—Condon
point. All relative energies are calculated for structures
optimized with their respective methods. Using XMS-
CASPT?2 as the reference, all benzene MECI structures were
found to be similar, as shown by an average root-mean-square
deviation (rmsd) value less than 0.1 A for all methods. (See
Supporting Information).

The experimental Franck—Condon (FC) excitation energy
is 4.9 eV,”>"* and Figure 5 shows that CMS-PDFT predicts 5.0
eV, while XMS-CASPT2 predicts 4.97 eV. We therefore take
the XMS-CASPT2 results as our best estimate for the MECI
energies. Figure S shows good agreement (within ~0.1 eV) of
CMS-PDFT with XMS-CASPT2 for all five MECIs.
Furthermore, the CASPT2 variants show structure 1 being
more stable than structure 2, which is more stable than
structure 3, and CMS-PDFT agrees with this energy ordering
predicted by most of the multistate CASPT2 variants.

We further investigated benzene structure 4 in Figure 6 by
showing the smooth PESs near CMS-PDFT’s conical
intersection (Figure 6a) and the smooth CMS-PDFT energy
difference around SA-CASSCF’s conical intersection (Figure
6b). The mean unsigned difference of the first-order energy
curves in Figure 7 and the single-point energies are 0.80 and
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Figure 7. CMS-PDFT energies around the CMS-PDFT MECI for
structure 4 of benzene with r set to 0.001 A. Black lines are the first-
order energies, and green and blue lines are the energy difference and
average energy, respectively, of these approximate first-order energies.
Red circles are single-point CMS-PDFT energies.

0.90 uEy for the lower and upper surfaces, respectively. These
MUDs are the same order of magnitude as for ethylene and
butadiene. The low MUD in all three structures further verifies
the accuracy of the ISC implementation in OpenMolcas. The
line integral around the MECI according to eq 18 for structure
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Figure 6. (a) CMS-PDFT PESs of the S, and S; electronic states of benzene MECI structure 4 in the branching plane of the CMS-PDFT MECL
(b) CMS-PDFT S, and S, energy differences in the branching plane of the SA-CASSCF MECI. The CMS-PDFT MECI geometry is depicted at the

bottom.
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4 is 3.141593, and all other benzene structures also have a line
integral of m. The CMS-PDFT’s conical intersection
corresponds to a peaked (# = 0.01) bifurcating (8 = 0.11)
conical intersection, which differs from the peaked single-path
intersections present in the ethylene and butadiene molecules.
The bifurcating lower PES can be seen in the two energy wells
at + x and — «x in the lower energy surface of Figure 7.
Structures. We calculated the root-mean squared distances
(RMSDs) between the MECI structures for ethylene,
butadiene, and benzene obtained by CMS-PDFT and those
obtained by XMS-CASPT2. The RMSD is 0.20 A for ethylene,
0.05 A for butadiene, and 0.11 A for benzene, and the RMSD
for other CASPT?2 variants relative to XMS-CASPT2 is given
in the Supporting Information. The MECI-S, CMS-PDFT
relative energy differences for ethylene and butadiene are 5.64
and 4.73 eV, respectively. In ref 50, Nishimoto et al. show that
XMS-CASPT2, XDW-CASPT2, and RMS-CASPT?2 show the
S1/Sy MECI in ethylene at the same active space and basis set
to be 4.555, 4.437, and 4.665 eV higher than the Franck—
Condon point, respectively, but they do not report this value
for butadiene. However, ref 72, using a cc-pVTZ basis set,
shows the MECI-S, energy difference for butadiene to be 4.75
eV. The disagreement in the relative energies for ethylene is a
result of different MECI structures (RMSD value of 0.20 A),
while the agreement in the relative energies for butadiene can
be attributed to the better agreement between the MECI
structures (RMSD value of 0.05 A). The difference between
XMS-CASPT2 and CMS-PDFT is larger for ethylene than for
butadiene or benzene. We note that this corresponds to a
CMS-PDFT MECI structure with higher symmetry than that
predicted by other methods—CMS-PDFT predicts a reflection
plane along the carbon—carbon bond. (Symmetry was not
enforced, and the calculation was not initialized from a high-
symmetry geometry.) The carbon—carbon—hydrogen angles
along the reflection plane are 102.1 and 100.3° (Figure 1),
while XMS-CASPT?2 breaks this reflection plane by creating
carbon—carbon—hydrogen angles that are 82.5 and 115.6°. Of
particular interest is the RMSD of benzene structure 4, as the
SA-CASSCF MECI structure differs significantly from the
perturbation theory methods by having an RMSD value of 0.27
A. The CMS-PDFT MECI structure 4 is in much better
agreement with XMS-CASPT2, with a RMSD value of 0.03 A,
which is an order of magnitude smaller than SA-CASSCF.

B CONCLUSIONS

We derived and implemented ISCs for CMS-PDFT. These
ISCs are derived in a fashion similar to the analytic nuclear
gradients for CMS-PDFT, and they are implemented in both
the OpenMolcas and PySCF/mrh electronic structure packages.
We checked the present implementation by comparing the
agreement between the two codes, and we found good
agreement (Supporting Information). However, the focus of
this paper is the use of CMS-PDFT to search for MECIs.
MECI optimizations were performed with routines already
present in OpenMolcas for ethylene, butadiene, and benzene.
We showed that CMS-PDFT provides smooth PESs around
both the CMS-PDFT and CASSCF conical intersections. We
compared our results with various multistate CASPT?2 variants,
and we observed that MECIs optimized with CMS-PDFT have
energetics and characterizations similar to those obtained by
multistate CASPT2 methods. In conclusion, CMS-PDFT is
computationally less expensive than other post-SCF wave
function methods for both energies and gradients, and the
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development of CMS-PDFT ISCs opens the door for efficient
optimization of MEClIs.
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