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Adiabatic Connection (AC) vs. PT2 (CASPT2, NEVPT2)

No shifts in AC unlike in CASPT2 

AC scales with the 6th power with the number of active orbitals - large active 
spaces can be treated, unlike in CASPT2/NEVPT2 

Accuracy comparable to NEVPT2 but sometimes better 

We have examples for which AC shows more systematic improvements with 
enlarging active space than NEVPT2
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Electron correlation energy from GammCor
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Figure 1: Molecular structures of (a) n-acenes series (n = 2 ! 7), (b) Fe(II)-porphyrin, and (c)
[Fe3S4(SCH3)3]�2 complex. The color codes are as follows: Fe (grey), N (blue), C (brown), S
(yellow), and H (white).

SCF.53,54 Since different elements of the two-
body RDMs are collected at different iterations
of the DMRG sweep,55 the one-site DMRG al-
gorithm, which indeed does not contain any
truncation, has to be used for the final com-
putations of the two-body RDMs to assure
the same accuracy of all their elements.53 By
construction, such two-body RDMs are N-
representable53 and if obtained from DMRG-
SCF procedure with sufficiently large M , they
are equivalent to RDMs, which would follow
from CASSCF calculations in the same active
space.

Adiabatic connection

The AC theory39 is a general approach to the
correlation energy calculation, which can be ap-
plied to a broad class of multireference wave
functions in the form of group product func-
tions. Since CAS-like wave functions belong
to this category, it can be directly applied on
top of DMRG or DMRG-SCF. The AC recov-
ers the correlation energy missing in the under-
lying multireference model and the total elec-
tronic energy follows as the sum

E = E
DMRG + E

AC
corr, (5)

where E is in principle exact in the exact AC
formulation.

The AC formula linearly interpolates between
the zeroth-order Hamiltonian H

(0) and the ex-

act one, H (eq 4)

H = H
(0) + ↵H

0
, with H

0 = H �H
(0)
, (6)

and ↵ : 0 ! 1,

where H
(0) can be expressed as a sum of group

Hamiltonians HI ,39,40

H
(0) =

X

I

HI (7)

which for the case of CAS-like reference wave
functions comprises terms corresponding to the
doubly occupied (inactive) and active orbitals
sets. There is arbitrariness in including a group
Hamiltonian corresponding to virtual (unoccu-
pied) orbitals in H

(0), i.e. Hamiltonian terms
including virtual orbitals could be entirely in-
cluded only in H

0, as well. The group Hamilto-
nians have a similar structure to the full Hamil-
tonian

HI =
X

�

X

pq2I

h
eff
pqa

†
p�aq� +

+
1

2

X

��0

X

pqrs2I

hpq|rsia†p�a
†
q�0as�0ar� , (8)

where h
eff
pq denote an effective one-particle

Hamiltonian matrix including for a given group
I a sum of kinetic and electron-nuclei interac-
tion energy matrix, hpq and a mean-field inter-
action with electrons in the remaining groups
J

4

P. Beran et al., J. Chem. Theory Comput., 17, 7575 (2021)

unique feature: dynamic correlation energy using adiabatic connection method is applicable to more than 
50 active orbitals (basis set size limit is over 1000)

recent development: Cholesky-decomposed two-electron integrals on-the-fly



State-of-the-art calculations with GammCor

Zuzak et al., Angew. Chem. Int. Ed. 2024, 63, e202317091

Calculations for the ST gaps for polyacenes up to n=14 fused benzene rings  : 58 electrons 
in 58 π orbitals

perturbation theories (e.g., NEVPT2) introduced by Chan and
Sharma employs the DMRG-type optimization of the Hylleraas
functional30 and matrix product state (MPS) compression of
the first-order wave function. This approach does not need
higher-body RDMs; however, it is efficient only if the first-
order correction of the wave function can be represented as a
matrix product state with a low bond dimension, which may
not be the case for large active spaces.21 Other NEVPT2-based
approaches which avoid the formation of higher-body RDMs
are the stochastic strongly contracted NEVPT2,31,32 which
requires only one- and two-body RDMs, the imaginary time
uncontracted NEVPT2 method, which requires up to two-
body Green’s functions,33,34 or the intermediate approach to
partially contracted NEVPT2,35 which has a scaling equivalent
to the formation of three-body RDMs.
A common hurdle of post-DMRG methods employing

DFT36,37 is that they require the design of new functionals.21

Recently, we have explored an alternative direction and
developed the single-reference CC method with singles and
doubles tailored by matrix product states.38

In this article, we took a different route and combined
DMRG with the recently developed adiabatic connection
(AC) theory for MR wave functions.39,40 This approach can be
used in connection with CASSCF-type wave functions40 and
has the advantage of requiring only one- and two-body active
space RDMs. It therefore seems to be an ideal dynamical
electron correlation method suitable for large-scale DMRG (or
similar methods where only low-order density matrices are
available41).
In particular, we tested the AC0 approximation39,40 on top

of DMRG and DMRG-SCF reference wave functions on three
typical DMRG candidates depicted in Figure 1. As a first
benchmark test, we used the singlet−triplet (ST) gaps of n-
acenes (n = 2 → 7, Figure 1a), for which both experimental
values and computational results by several different MR
methods are available. Moreover, the MR character varies
(increases) over the n-acene series. Next, we applied the
DMRG-SCF-AC0 methodology to the quintet−triplet energy
gap problem of Fe(II)−porphyrin (Figure 1b), which has also
recently been studied extensively by different MR computa-
tional methods32,42−44 and thus serves as a good (mono-
nuclear) transition-metal complex benchmark system. As the
last system, we took the [Fe3S4(SCH3)3]2− complex (Figure
1c) from our previous study,45 which is characterized by an
extremely strong electronic correlation within the active space.

■ THEORY
In this section, we only briefly revisit the basics of both the
DMRG methodology and the AC technique. Since we have not
modified these methods, but rather connected them, we refer
readers interested in more details to comprehensive DMRG
reviews17−19,21 or original papers presenting AC/AC0
methods.39,40,46

Density Matrix Renormalization Group and Matrix
Product States. The DMRG method is a variational
procedure which optimizes the wave function in the so-called
MPS form.47 Let us first express the FCI wave function in the
occupation basis representation

∑ α α α|Ψ ⟩ = | ⟩
α

α α α

{ }
c ... nFCI

...
1 2

n1 2

(1)

where occupation of each orbital reads αi ∈ {|0⟩, |↓⟩, |↑⟩, |↓↑⟩}
and the expansion coefficients cα1...αn form the FCI tensor. By
successive applications of the singular value decomposition
(SVD), the FCI tensor can be factorized to the MPS form47

∑= [ ] [ ] [ ] [ ]α α α α α α
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−
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where A[j]αj are the MPS matrices (except j = 1 and j = n,
which are, in this sense, vectors) specific to each orbital. In
what follows, we will for clarity leave out the [j] notation and
write MPS matrices as Aαj. The newly introduced indices ij by
SVD in eq 2, which are contracted over, are called virtual
indices. If the MPS factorization is exact, the dimensions of the
MPS matrices grow in a similar fashion to the size of the
original FCI tensor, that is, exponentially (with an increasing
system size). In DMRG, the dimensions of virtual indices are
bounded. These dimensions are called bond dimensions and
are usually denoted with M.
A practical version of DMRG is the two-site algorithm,

which provides the wave function in the two-site MPS form

∑ α α|Ψ ⟩ = | ⟩
α

α α α α

{ }

+A W A... ... ... nMPS 1
i i n1 1

(3)

where for a given pair of adjacent indices [i, (i + 1)], W is a
four-index tensor, which corresponds to the eigenfunction of
the second-quantized electronic Hamiltonian

∑ ∑ ∑ ∑= + ⟨ | ⟩
σ

†

σσ′

† †
σ σ σ σ σ σ′ ′

H h a a pq rs a a a a1
2pq

pq p q
pqrs

p q s r
(4)

expanded in the tensor product space of four tensor spaces
defined on an ordered orbital chain, so-called left block (Ml-

Figure 1. Molecular structures of the (a) n-acene series (n = 2 → 7), (b) Fe(II)−porphyrin, and (c) [Fe3S4(SCH3)3]
2− complex. The color codes

are as follows: Fe (gray), N (blue), C (brown), S (yellow), and H (white).
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tahydrotridecacene 2 (Figure 1) containing eight methylene bridges dividing the aromatic

platform and making the starting material air stable. The synthesis of 2 was carried out by

a variation of our original synthesis of hydroacenes and related compounds20,21,35,36 starting

by the Sonogashira coupling of previously reported 1,7-enyne 3a1 with new 3b to provide

4a, which was desilylated to give 4b (Figure 1a). Sonogashira coupling of 4b with 1,4-

diiodobenzene gave 5, which was again coupled with 4b to give tetra-1,7-enyne 6. A final

four-fold gold(I)-catalyzed [4+2] cycloaddition of 6 gave rise to 2.

Figure 1: (a) Synthetic path for tridecacene precursor 2,(b) on-surface synthesis scheme
leading from 2 to parent tridecacene 1, (c) high-resolution filled-state STM image of tride-
cacene thermally synthesized on Au(111), tunneling current: 100 pA, bias voltage: -0.35 V .

The precursors 2 occurred to be not resistant to thermal deposition from powder and

therefore we have applied an alternative approach called the dry contact transfer.37 After

deposition on the Au(111) surface the precursors were annealed at 270 �C for 15 minutes.

As a result tridecacenes have been generated through thermally driven dehydrogenation as

documented by the high resolution filled state STM image shown in Figure 1c, which exhibits

presence of expected for parent tridecacene thirteen lobes along the molecule. Similarly

as in our previous studies of undecacenes20 we have encountered the presence of di↵erent

5

6 3  5  264 B 58B ������ 6 2 3 5 : 4: : 44 4 4 43 1C 64 /B  �
�	��	� 0 . .-  

On-surface synthesized tridecacene

First experimental proof of open-shell biradical character 
of a long polyacene (tridecacene).
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ABSTRACT: We present a formulation of the multiconfigura-
tional (MC) wave function symmetry-adapted perturbation theory
(SAPT). The method is applicable to noncovalent interactions
between monomers which require a multiconfigurational descrip-
tion, in particular when the interacting system is strongly correlated
or in an electronically excited state. SAPT(MC) is based on one-
and two-particle reduced density matrices of the monomers and
assumes the single-exchange approximation for the exchange
energy contributions. Second-order terms are expressed through
response properties from extended random phase approximation (ERPA). The dispersion components of SAPT(MC) have been
introduced in our previous works [Hapka, M. et al. J. Chem. Theory Comput. 2019, 15, 1016−1027; Hapka, M. et al. J. Chem. Theory
Comput. 2019, 15, 6712−6723]. SAPT(MC) is applied either with generalized valence bond perfect pairing (GVB) or with complete
active space self-consistent field (CASSCF) treatment of the monomers. We discuss two model multireference systems: the H2 ··· H2
dimer in out-of-equilibrium geometries and interaction between the argon atom and excited state of ethylene. Using the C2H4* ··· Ar
complex as an example, we examine second-order terms arising from negative transitions in the linear response function of an excited
monomer. We demonstrate that the negative-transition terms must be accounted for to ensure qualitative prediction of induction
and dispersion energies and develop a procedure allowing for their computation. Factors limiting the accuracy of SAPT(MC) are
discussed in comparison with other second-order SAPT schemes on a data set of small single-reference dimers.

1. INTRODUCTION
Quantum chemistry offers two complementary approaches to
noncovalent interactions, the supermolecular approach and
energy decomposition methods. The former is conceptually
simple and capable of providing the most accurate potential
energy surfaces, e.g., for interpretation of experiments carried
out in the cold- and ultracold regimes.1−3 The latter,
decomposition methods, allow insight into the nature of the
interaction by partitioning the interaction energy into well-
defined contributions. The symmetry-adapted perturbation
theory (SAPT)4,5 can be considered one of decomposition
methodsit provides representation of the interaction energy
as a sum of directly calculated components with a clear physical
interpretation. Modern SAPT methods not only serve as
interpretative tools for systems as large as enzymes exceeding
3000 atoms,6 but have also been applied to generate potential
energy surfaces for quantitative predictions, e.g., calculations of
scattering cross-sections, predictions of spectra and bulk matter
properties, as well as the development of force fields for
biomolecules (see, e.g., refs 7−11).
In contrast to the rich toolbox dedicated to single-

determinantal wave functions,12,13 describing intermolecular
interactions in complexes that demand multiconfigurational
(MC) wave functions presents a challenge. The multiconfigura-
tional treatment is often mandatory for transition-metal
complexes, open-shell systems, electronically excited states, or

systems dominated by static correlation effects. From the
standpoint of weak intermolecular forces, proper representation
of static correlation, warranted by expansion in multiple electron
configurations, is not sufficient. The main difficulty lies in the
recovery of the remaining dynamic correlation both within and
between the interacting molecules. The latter effect, giving rise
to the attractive dispersion interaction, poses a particular
challenge due to its highly nonlocal and long-range nature.
Although many multireference methods restoring dynamic
correlation effects have been developed, neither has yet
managed to combine the accuracy and efficiency required for
noncovalent interactions.
Application of multireference approaches in supermolecular

calculations is often difficult due to the limitations of the
methods themselves. For instance, the accuracy of the popular
multireference configuration interaction (MRCI) approach14

and multireference perturbation theories15,16 is limited by the
lack of triple excitations and truncation of the perturbation series
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Molecular interactions with GammCor
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Hapka et al., J. Phys. Chem. Lett. 14, 6895 (2023)

unique features: 
• only 1,2-RDMs from wavefunction calculations are needed;
• applicable to electronically excited systems (local excitons), 

open-shell molecules, and molecules out of equilibrium 
geometries

recent developments: 
• Cholesky-decomposed two-electron integrals on-the-fly
• Reduced-scaling algorithm for dispersion energy



State-of-the art calculations with GammCor

Interaction energy in molecular complexes with localized excitons

hν

Interaction energy increases after excitation due to electrostatic, dispersion, and 
induction effects.

SAPT(MC) in GammCor: 1226 basis set functions. 

Wavefunctions for monomers: CASSCF.

anisole(π-π*)- water anisole(π-π*)- ammoniaanisole(π-π*)- water anisole(π-π*)- ammonia
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Adiabatic Connection (AC) vs. PT2 (CASPT2, NEVPT2)

No shifts in AC unlike in CASPT2 

AC scales with the 6th power with the number of active orbitals - large active 
spaces can be treated, unlike in CASPT2/NEVPT2 

Accuracy comparable to NEVPT2 but sometimes better 

We have examples for which AC shows more systematic improvements with 
enlarging active space than NEVPT2
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Installation guide and user manual available at:


