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We propose a new scheme for the direct diabatization of MC-QDPT wave functions. Our new scheme uti-
lizes CASSCF diabatic molecular orbitals (DMOs); this is conceptually simpler than the previous approach
and can lead to smoother diabatic potentials. We validated the new diabatization scheme, in comparison
to CASSCF diabatization and to the original MC-QDPT diabatization scheme, for two test cases, the disso-
ciation of LiF and the reaction of Li + FH ? LiF + H. The results with our new scheme suggest that the new
scheme with CASSCF DMOs would be a good choice for nonadiabatic dynamics studies in the future.

� 2013 Published by Elsevier B.V.
1. Introduction

The widely used Born–Oppenheimer (BO) approximation sepa-
rates the electronic and nuclear motions, which leads to the con-
cepts of adiabatic states and potential energy surfaces (PESs).
Adiabatic PESs are associated with adiabatic electronic states,
which are the eigenstates of the electronic Hamiltonian at each nu-
clear configuration. The couplings between nuclear motions and
electronic motions are usually called nonadiabatic coupling. In
the adiabatic representation, nonadiabatic couplings are off-diago-
nal matrix elements of the nuclear momentum vector and the nu-
clear kinetic energy, although the latter is often neglected in
semiclassical treatments [1]. The former are (3NA – 6)-dimensional
vectors, where NA is the number of atoms in the molecule. The cou-
plings can be rapidly varying in avoided crossing regions where
two or more adiabatic PESs approach closely, and they are singular
along (3NA – 8)-dimensional conical intersection seams; this
makes them inconvenient for dynamical studies of photodissocia-
tion, predissociation, quenching of excited states in collisions,
chemiluminescence, etc. The use of diabatic representations [2]
has been proposed as an alternative approach to study dynamics.
In nonadiabatic representations (any representation except the
adiabatic one), the states are coupled not only by the nuclear
momentum and kinetic energy but also by the electronic Hamilto-
nian; diabatic states are nonadiabatic states whose momentum
and kinetic energy couplings are negligible compared to the elec-
tronic Hamiltonian couplings, which are off-diagonal elements of
the electronic Hamiltonian matrix. The electronic Hamiltonian
couplings are slowly varying, nonsingular scalars and hence are
much more convenient for dynamical calculations. Strictly diabatic
states would be states whose nuclear momentum and kinetic en-
ergy couplings (nonadiabatic couplings) vanish completely and
globally; they do not exist in general [3], so one has to develop
methods to obtain diabatic states whose nonadiabatic couplings
are negligible but not strictly vanishing.

Many methods, based on a variety of criteria, have been pro-
posed to calculate diabatic states, which are not unique, and they
are briefly discussed in Refs. [4,5] (with more than 50 references
to previous treatments). Among these methods, the fourfold-way
diabatization scheme [4–6] proposed by Nakamura and one of
the authors is very promising and has been applied to study of
the photodissociation of ammonia [7–10], bromoacetyl chloride
[11], hydrogen bromide [12], and chlorobromomethane [13]. One
important advantage of the fourfold-way over alternative schemes
is that it is ‘direct’, which in this context means that the diabatic
potentials and couplings calculated at a given geometry are inde-
pendent of any path leading to that geometry. Another important
feature of fourfold-way diabatization is that one obtains N diabatic
electronic states that span the same space as N chosen adiabatic
states (for example, the N lowest).

The fourfold-way algorithm is based on the density matrix, and
it was originally proposed [4] for the diabatization of complete-ac-
tive-space (CAS) self-consistent-field (CASSCF) [14–16] wave func-
tions. However, CASSCF is not quantitatively accurate because it
includes only a small fraction of the dynamical correlation. To in-
clude dynamical correlation, the method was further developed
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for the diabatization of multi-configuration quasi-degenerate per-
turbation theory (MC-QDPT) [17,18], which (like multi-state CAS-
PT2 [19]) is a ‘perturb, then diagonalize’ effective Hamiltonian
variant of the multi-reference perturbation theory (MRPT) [20–
23]. In this Letter, we present a simpler scheme to perform diabati-
zation of MC-QDPT wave functions, and we test its performance for
two test cases, namely, the dissociation of LiF and the reaction
Li + FH ? LiF + H.

In order to obtain diabatic states, the multi-electron wave func-
tions are expressed in terms of diabatic molecular orbitals (DMOs)
rather than the usual canonical molecular orbitals (CMOs) because
the DMOs vary smoothly with geometry, whereas the CMOs need
not be smooth along continuous nuclear-coordinate paths. In the ori-
ginal algorithms, the CASSCF diabatic states were expressed in terms
of DMOs obtained from the CASSCF wave function, and the MC-QDPT
diabatic states were expressed in terms of DMOs obtained using a
density matrix based on the eigenvectors of the MC-QDPT effective
Hamiltonian. In the algorithm presented here, the MC-QDPT diabatic
states are expressed in terms of the CASSCF DMOs; this simplifies the
treatment and, more importantly, it was motivated by our observa-
tion that the CASSCF DMOs are sometimes smoother than the DMOs
that result from the more complicated MC-QDPT procedure. The
quality of the diabatic states is not compromised by using the CASSCF
DMOs because the new diabatic states still span the same space as
the N MC-QDPT adiabatic states that they replace.

We stress that the goal of the diabatization scheme considered
here is to obtain a set of diabatic states that span the same space as
a chosen set of adiabatic states, but for which the coupling by the
nuclear momentum operator is negligible compared to the effect of
coupling by the electronic Hamiltonian. This will allow convenient
treatments of electronically nonadiabatic states. (Since nonadia-
batic states are not unique, some other workers have defined them
with other objectives in mind, for example [24] to account for elec-
tron–nuclear correlation.) Because the diabatic states span the
same space as the adiabatic ones, the method is not designed to
overcome any limitations in the method used to obtain adiabatic
states. For example, if or when the MC-QDPT method makes signif-
icant errors due to an incomplete treatment of electron correlation
or gives nonsmooth adiabatic potential curves near places where
the CASSCF states cross, the diabatization scheme does not correct
these problems. But it does provide a convenient way to carry out
dynamics at the MC-QDPT level, and this level (which is essentially
the same as multistate CASPT2) has been demonstrated to provide
useful accuracy for studying many photochemical processes. Nev-
ertheless, it would be useful in future work to apply this diabatiza-
tion scheme to other methods for calculating sets of ground and
excited state potential energy surfaces, such as extended multi-
configuration quasi-degenerate perturbation theory [25] (XMC-
QDPT) or extended multi-state complete active space second-order
perturbation theory [26] (XMS-CASPT2), which would be expected
to produce smoother adiabatic curves near surfaces crossings, or
even to more significantly different methods such as multirefer-
ence configuration interaction [27–29]. The present simplification
of the method such that the DMOs are determined at the CASSCF
level will facilitate such extensions.

2. Theory

The fourfold-way diabatization scheme is limited (at the pres-
ent time) to complete active space methods (e.g., CASSCF, CASPT2,
and MC-QDPT based on a CASSCF reference). In CAS methods, the
molecular orbitals are divided into three classes: inactive orbitals
that are doubly occupied in all reference configurations, external
orbitals that are unoccupied in all reference configurations, and ac-
tive orbitals that have variable occupation (0, 1, or 2) in reference
configuration state functions (CSFs). The limitation to CAS methods
is because we take advantage of the invariance of CASSCF wave
functions to orbital rotations that do not mix orbitals from the dif-
ferent classes, in particular transformations that mix the active
orbitals among themselves.

We will briefly discuss the fourfold-way diabatization method
and then present our new scheme for diabatization of MC-QDPT
wave functions with CASSCF DMOs. For more details of the original
scheme, please refer to the original fourfold-way diabatization pa-
pers [4,5].

2.1. The original fourfold-way algorithms for diabatization

We obtain N diabatic states /k, with k ¼ 1 . . . N; by orthogonal
transformation (assuming all wave functions are real) of the N adi-
abatic states wn, with n ¼ 1 . . . N; as follows

/k ¼
XN

n¼1

wnTnk ð1Þ

where Tnk is an element of the orthogonal adiabatic-to-diabatic
transformation matrix T. The adiabatic states are linear combina-
tions of L orthonormal CSFs, va,

wn ¼
XL

a¼1

canva ð2Þ

where the coefficients can are obtained variationally or by perturba-
tion methods. We consider systems for which each adiabatic state is
dominated by a small set of CSFs at potential reference geometries,
which are geometries where adiabatic states are almost equal to
diabatic states. At potential reference geometries, one can identify
‘dominant’ CSFs, vd (called diabatic prototypes), that make large
contributions to one and only one of the N adiabatic states of inter-
est, and one can divide them into N groups as follows:

Group G1: {vd}, d ¼ 1 . . . a1; which are mainly important for w1;
Group Gk: {vd}, d ¼ ðak�1 þ 1Þ . . . ak; which are mainly important
for wk;
Group GN: {vd}, d ¼ ðaN�1 þ 1Þ . . . ðaN ¼ MÞ; which are mainly
important for wN.

where M is the total number of diabatic prototypes in all of the
groups. The dominant CSF group lists Gk (with k ¼ 1 . . . NÞ may be
used to form templates of the diabatic states /k, k ¼ 1 . . . N; pro-
vided that we exclude any CSF that would be prominent in more
than one diabatic state as we vary the geometry. One may need
to consider more than one potential reference geometry and make
dominant CSF lists by taking the union of the dominant CSF lists at
each of them. Furthermore, sometimes one needs to add diabatic
prototypes to the lists even when they are not identified at poten-
tial reference geometries.

At any geometry, we can obtain approximate wave functions for
the N adiabatic states wn, with n ¼ 1 . . . N; using either CASSCF or
MC-QDPT. With the predefined dominant CSF lists Gk and the cal-
culated coefficients can of the N adiabatic states wn expressed in
terms of these CSFs, the adiabatic/diabatic transformation matrix
T is determined by the configuration uniformity procedure intro-
duced by Atchity and Ruedenberg [30]. The details of the step to
determine T are given in Refs. [4,5], and we will not change or dis-
cuss them here.

The CSFs in the group lists must be smooth functions along nu-
clear-coordinate paths, as required for them to fulfill their mandate
as diabatic prototypes; thus the molecular orbitals (MOs) that are
used to construct these dominant CSFs have to change smoothly
along paths in nuclear coordinate space. These MOs that change
smoothly are the DMOs we mentioned above.

The fourfold algorithm for constructing DMOs consists of the
threefold density matrix criterion and the maximum overlap refer-



86 K.R. Yang et al. / Chemical Physics Letters 573 (2013) 84–89
ence MOs (MORMO) criterion. The threefold density matrix crite-
rion is the maximization of the functional defined as:

D3 ¼ aNDNO þ aRDON þ aT DTD; ð3Þ

where aN, aR, and aT are predefined parameters. Here we use the
standard values of 2, 1, and 0.5. The functional DNO is called the nat-
ural orbital term and is defined as

DNO ¼ N
Xg

l¼1

ð�pllÞ2; ð4Þ

where g is the number of active MOs used to construct CSFs, and �p
is the state-averaged density matrix (averaged over the N states of
interest). The functional DON is called the occupation number term
and is defined as

DON ¼
Xg

l¼1

XN

n¼1

ðpn
llÞ

2
; ð5Þ

where pn
ll is the one-particle density matrix element of the adia-

batic wave function wn. The third term DTD is called the transition
density term and is defined as

DTD ¼ 2
N � 1

Xg

l¼1

XN

m<n

ðpmn
llÞ

2
; ð6Þ

where pmn is the transition density matrix between adiabatic states
wm and wn.

The MORMO criterion involves introducing k reference MOs uref
s ,

s ¼ 1 . . . k, and a reference orbital functional DRO. For a specific
geometry Q, DRO is defined as [4–6]

DRO ¼
Xk

s¼1

XI

i¼1

XI

j¼1

aref
si asjhniðQÞjnjðQÞi

 !2

; ð7Þ

where I is the number of atomic basis functions, ni(Q), i ¼ 1 . . . I are
the normalized atomic orbitals, and aref

si and asj are the coefficients
of MO uref

s at geometry Qref and Q, respectively.
To apply the fourfold-way to determine DMOs, one first maxi-

mizes DRO by rotating all g active orbitals, and the k rotated MOs
that maximize DRO are taken as the first k DMOs. Then D3 is max-
imized by orbital rotations within the remaining set of g� k active
MOs to determine the remaining DMOs. After determining DMOs
with the fourfold-way, those DMOs need to be ordered according
to the DMOs at nearby geometries to construct consistent CSFs to
obtain the adiabatic/diabatic transformation matrix T based on
configuration uniformity. The determination of the transformation
matrix T is explained in previous work [4,5].

The fourfold-way diabatization algorithm has been imple-
mented for adiabatic states described by both CASSCF and MC-
QDPT wave functions. For CASSCF wave functions, it is very clear
that only DMOs spanning the same space of g active orbitals need
to be determined by the fourfold-way, since the occupancies of
inactive and external orbitals are the same in all CSFs, either dou-
bly occupied or unoccupied. But this requires further justification
for MC-QDPT wave functions. In general the adiabatic state, wMQ

n ,
obtained with MC-QDPT can be written as

wMQ
n ¼

XLCAS

a¼1

canva þ
XL

a¼LCASþ1

canva; ð8Þ

where LCAS is the number of CSFs in the CAS configuration space,
and L is the total number of CSFs. In CSFs va with a ¼ 1 . . . LCAS; all
inactive and external orbitals are doubly occupied and unoccupied,
respectively, as for CASSCF wave functions. But this is not the case
for CSFs va with a ¼ LCAS þ 1 . . . L; in which the occupancies of inac-
tive and external orbitals can differ from 2 and 0. However, if the
active space is chosen large enough for a good description of all N
states, one can expect that

XLCAS

a¼1

c2
an >>

XL

a¼LCASþ1

c2
an: ð9Þ

So we make the assumption that, even when dynamical corre-
lation is included, only the DMOs spanning the active orbital space
need to be determined, while the remaining orbitals can be taken
as CMOs.
2.2. Including dynamical correlation by MC-QDPT with CASSCF DMOs

The original implementation of the fourfold-way diabatization
of MC-QDPT wave functions is conceptually complicated by the
use of MC-QDPT DMOs, and the smooth variation of the DMOs is
dependent on smooth variation of the MC-QDPT effective Hamilto-
nian eigenvectors. Here we propose a simplified scheme to include
dynamical correlation in diabatic states. The first steps are the
same as before: we use the fourfold-way to obtain the CASSCF
DMOs, and then the CASSCF wave functions are expressed in terms
of CSFs constructed with CASSCF DMOs. In the previous MC-QCPT
algorithm, the CASSCF DMOs are only used as initial MOs in the
MC-QDPT adiabatic calculations, and we determine the final DMOs
by applying the fourfold-way at the MC-QDPT level (these new
DMOs are the MC-QDPT DMOs); then we express the wave func-
tion by Eq. (8) where va is a CSF expressed in terms of MC-QDPT
DMOs for the active space and CMOs for the inactive and virtual
spaces. Finally the coefficients of Eq. (8) are used with the prede-
fined dominant CSF lists in the configurational uniformity scheme
to obtain the diabatic states.

In contrast, in the new method we skip the step to obtain MC-
QDPT DMOs, and we replace Eq. (8) by

wMQ
n ¼

XLCAS

a¼1

c0
anv

0
a þ

XL

a¼LCASþ1

c0
anv

0
a ð10Þ

where v0
a is a CSF expressed in terms of CASSCF DMOs for the active

space and CMOs for the inactive and virtual spaces. With the prede-
fined dominant CSF lists and the coefficients in Eq. (10), we calcu-
late the adiabatic/diabatic transformation matrix and do the
diabatization of MC-QDPT adiabatic states without the complication
of MC-QDPT DMOs.
3. Applications

This section will illustrate the new diabatization scheme pre-
sented in Section 2 by applying it to two test systems, the dissoci-
ation of LiF and the reaction Li + FH ? LiF + H. The two test cases
are quite different, and they provide critical tests of the new meth-
od. The first case was chosen because it is a classic case [31] of a
curve crossing whose location is very sensitive to dynamical corre-
lation. In particular the curve crossing of the ionic and covalent
interactions occurs at a much larger distance when dynamical cor-
relation is fully included. This provides a severe test of the applica-
bility of using CASSCF DMOs in a calculation with post-CASSCF
dynamical correlation. The second test case was chosen because
it is a multi-arrangement reaction system where the DMOs derived
by the fourfold-way must change their character smoothly along a
reaction pathway [4,5], which required an extension (in previous
work) of the original configurational uniformity concept of Atchity
and Ruedenberg [30].

All calculations were carried out with a locally modified version
of the HONDOPLUS v5.2 program [32,33]. Computational details and
results are given in the following two subsections.
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3.1. First test case: LiF dissociation (1 1R+, 2 1R+)

The two lowest 1R+states of LiF exhibit an ionic–covalent dia-
batic curve crossing at large bond length. LiF is a good example
to test a diabatization scheme since the location of its weakly
avoided crossing of the adiabats is very sensitive to dynamical cor-
relation; the location of the avoided crossing point is quite differ-
ent for CASSCF and MC-QDPT wave functions. It is therefore a
good check to demonstrate that our new scheme is able to give
the proper location of the diabatic crossing in LiF.

The basis set we used is 6-311G(3df,3pd) [34,35] augmented by
diffuse s and p functions with exponents 0.0052 (s) and 0.0097 (p)
for Li and 0.089 (s) and 0.083 (p) for F. The active space contains
the 2s orbital of Li and the 2p and 3p orbitals of F; this choice
gives an active space with 6 electrons in 7 orbitals. The 1s orbitals
of the Li and F atoms and the 2s orbitals of F were kept doubly
occupied in the CASSCF calcuations, but only the two sets of 1s
orbitals are kept doubly occupied in the MC-QDPT calculations.

The geometry with an Li–F bond length of 3.0 a0 was taken as
the reference geometry to obtain the dominant CSF lists, which
are G1 = {v1} and G2 = {v2}, where v1 is (4r)2(5r)0(1p)4 and v2 is
(4r)1(5r)1(1p)4. No reference orbital is needed, so we used (aN,
aR, aT; c) = (2, 1, 0.5; 0) to determine the CASSCF and MC-QDPT
DMOs for the original CASSCF and MC-QDPT diabatization schemes
and for the new diabatization scheme in which MC-QDPT wave
functions are expressed in terms of CASSCF DMOs.

The adiabatic potential energy curves V1 and V2, the diabatic po-
tential energy curves U11 and U22, and the diabatic coupling U12 ob-
tained by diabatization of CASSCF wave functions with CASSCF
DMOs are shown in Figure 1a. The adiabatic potential energy
curves have an avoided crossing at large bond length, and the
two diabatic potential energy curves (the ionic U11 and the cova-
lent U22) cross each other near rLiF = 10.5 a0, which is much smaller
than the experimental [36] distance of 13.7 a0. The calculated adi-
abatic potential energy curves and diabatic coupling by diabatiza-
tion of MC-QDPT wave functions with MC-QDPT DMOs, are shown
in Figure 1b. By including dynamical correlation, the diabatic states
obtained by MC-QDPT cross at rLiF = 12.5 a0, which is a significant
improvement over CASSCF. The physical reason for the improved
performance of the MC-QDPT method is that the electron affinity
of fluorine is greatly improved by including dynamical correlation,
as is well known from previous work [37].

With our new scheme, we first obtained CASSCF DMOs. Then
the adiabatic MC-QDPT wave functions were expressed in terms
of the CASSCF DMOs and were used for direct diabatization to ob-
tain the energies of diabatic states and diabatic couplings. The cal-
culated adiabatic and diabatic potential energy curves and diabatic
couplings are shown in Figure 1 c. The diabatic states U11 and U22
Figure 1. Potential energy curves of the two lowest 1R+states of LiF. V1 and V2 are adiaba
take the zero of energy as the ground-state energy of the dissociation limit. (a) Diabatizat
DMOs and MC-QDPT wave functions; (c) diabatization with CASSCF DMOs and MC-QDP
calculated by our new scheme with CASSCF DMOs cross at
rLiF = 12.5 a0, which is the same distance as found with the more
complicated scheme with MC-QDPT DMOs. Not only do we get a
similar crossing distance, we also find that the diabatic potential
energy curves calculated with our new scheme are very similar
to those calculated by diabatization of MC-QDPT wave function
with MC-QDPT DMOs.

3.2. Second test case: Li + HF chemical reaction (1 2A0, 2 2A0)

Along the reaction path of Li(2S) + HF(1R+) ? LiF(1R+) + H(2S)
and near to the transition state, the two lowest adiabatic states
of LiFH have a strongly avoided crossing [38]. This avoided crossing
may be interpreted as the crossing of the valence bond curves cor-
responding to the reactant bonding configuration and the product
bonding configuration. The excited state of the two states involved
correlates with Li(2P) + HF(1R+) in the reactant asymptotic and
with LiF(3R+) + H (2S) at the product.

We studied this system with the 6-311G(3df,3pd) basis set
[34,35] augmented by diffuse s and p functions with exponents
0.0052 (s) and 0.0097 (p) for Li, 0.089 (s), 0.00001 (s), and 0.083
(p) for F, and 0.037 (s), 0.012 (s), and 0.055 (p) for H. The active
space contains the 2s and 2p orbitals of Li, the 2p orbitals of F,
and the 1s orbital of H, yielding 7 electrons in 8 orbitals. The 1s
orbitals of Li and F atoms and the 2s orbital of F were kept doubly
occupied in the CASSCF calcuations, but only the two sets of 1s
orbitals are kept doubly occupied in the MC-QDPT calculations.

The potential reference geometries in our calculations were:
rLiF = 15.0 a0 and rFH = 1.73 a0 in the reactant region and rLiF = 2.96
a0 and rFH = 15.0 a0 in the product region with three different Li–F–
H angles c: 45�, 90�, and 135�.

A reference orbital is needed to disentangle the orbital pair 6a0

and 7a0, where 6a0 is the 2s orbital of Li, and 7a0 is a 2p orbital of Li
near reactant asymptote. Since the 6a0 orbital remains 2s-like
along the whole reaction path, but 7a0 becomes the 1s orbital of
H in the product, we chose 6a0 as the reference orbital, and the
MORMO reference geometry was chosen to have the coordinates:
rLiF = 15.0 a0, rFH = 1.73 a0, and Li–F–H angle equal to 135�.

Next, the dominant CSF lists need to be determined for all ref-
erence geometries. For the reactant region we have G1 = {v1} and
G2 = {v2}, where:

v1: . . .(4a0)2(5a0)2(6a0)1(7a0)0(1a00)2

v2: . . .(4a0)2(5a0)2(6a0)0(7a0)1(1a00)2

where 5a0 is the 2py orbital of F (the Li–F axis is the z axis). In the
product region we again have G2 = {v2}, but—based on the domi-
nant CSFs at all potential reference geometries—we have to add
tic energies; U11 and U22 are diabatic energies; and U12 is the diabatic coupling. We
ion with CASSCF DMOs and CASSCF wave functions; (b) diabatization with MC-QDPT
T wave functions.



Figure 2. Potential energy curves of the two lowest doublet states of LiFH along the reaction path at a Li–F–H angle c of 120.0�. We chose the ground state energy of
the reactant asymptote, Li(2S) + HF(1R+), as the zero reference energy. V1 and V2 are adiabatic energies; U11 and U22 are diabatic energies; and U12 is the diabatic coupling.
(a) Diabatization with CASSCF DMOs and CASSCF wave functions; (b) diabatization with MC-QDPT DMOs and MC-QDPT wave functions; (c) diabatization with CASSCF DMOs
and MC-QDPT wave functions.
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two more CSFs to G1 to provide a good representation in the prod-
uct region. In particular we add fvð1Þ3 g; fv

ð2Þ
3 g where the spatial

parts of the electronic configurations of fvð1Þ3 g and fvð2Þ3 gare the
same,

vð1Þ3 ; vð2Þ3 : . . . ð4a0Þ2ð5a0Þ1ð6a0Þ1ð7a0Þ1ð1a00Þ2

but they differ in the spin functions.
For the reaction path with c = 120�, we performed diabatization

with the original CASSCF and MC-QDPT methods as well as with
our new scheme. The resulting potential energy curves and dia-
batic coupling are shown in Figure 2. As the Li atom approach HF
molecule, the energy of the ground state decreases slightly along
the reaction path, which can be rationalized as noncovalent attrac-
tion between Li atom and HF molecule. Then, as the reaction coor-
dinate s approaches �0.6 amu1/2a0, the Li atom gets close to the F
atom (rLiF = 3.68 a0), and the strong HF bond begins to break, so
the energy of the ground state increases rapidly. The energy of
the ground state further increases as the Li atom continues toward
the HF molecule, and finally it decreases after passing the saddle
point as the LiF bond is formed. The energy of the ground state near
the product asymptotic is higher than that near the reactant
asymptote because the HF bond is stronger than the LiF bond.

In Figure 2a, the diabatization is done with CASSCF wave func-
tions, so no dynamical correction is included. The two adiabatic
states have a strongly avoided crossing near the transition state,
and the two diabatic states cross near s = 0.03 a0, where s is the dis-
tance along the minimum energy path in an isoinertial coordinate
system scaled to 1 amu. The barrier height for reaction on the
ground-state potential energy surface is about 1.1 eV. With MC-
QDPT wave functions, which include dynamical correlation, the
adiabatic and diabatic potential energy curves and the diabatic
coupling change significantly as compared to Figure 2a, and the
barrier height is reduced to about 0.5 eV, as shown in Figure 2 b.
With our new method, in which we include the dynamical correla-
tion by MC-QDPT with CASSCF DMOs, the resulting adiabatic and
diabatic energies and diabatic coupling agree well with the more
complicated diabatization scheme with MC-QDPT DMOs, as shown
in Figure 2c.
4. Concluding remarks

The fourfold-way is a direct diabatization method for convert-
ing adiabatic electronic wave functions to diabatic ones and com-
puting the diabatic potential energy surfaces and couplings. The
key steps are to compute DMOs, to re-express the adiabatic states
in terms of DMOs, and to use the re-expressed states to compute
the adiabatic-to-diabatic transformation matrix by configurational
uniformity. We previously presented algorithms for applying this
method to compute both CASSCF diabatic states and MC-QDPT dia-
batic states. The latter algorithm was based on DMOs determined
using the eigenvectors of the effective Hamiltonian that underlies
the MC-QDPT calculation. Here we present an algorithm in which
the MC-QDPT diabatic states are expressed in terms of the CASSCF
DMOs; this simplifies the treatment and, more importantly, it was
motivated by our observation that the CASSCF DMOs tend to be
smoother than the DMOs that result from the more complicated
MC-QDPT procedure. The quality of the diabatic states is not com-
promised by using the CASSCF DMOs because the new diabatic
states still span the same space as the N MC-QDPT adiabatic states
that they replace. We illustrate the method on two test cases, the
dissociation of LiF and the reaction of Li with HF to yield LiF + H.
With the inclusion of dynamical correlation, the results obtained
by both the original MC-QDPT diabatization scheme and our new
scheme improve over those obtained by the CASSCF diabatization,
giving more realistic ionic–covalent crossing distances for LiF and
smaller reaction barriers for Li + FH. The results with our new
scheme are quite similar to those obtained with the original MC-
QDPT diabatization scheme, which is more complicated, validating
the new scheme and suggesting that it would be a good choice for
nonadiabatic dynamics studies in the future.
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