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ABSTRACT: The adsorption of simple gas molecules to metal oxide surfaces is a
primary step in many heterogeneous catalysis applications. Quantum chemical
modeling of these reactions is a challenge in terms of both cost and accuracy, and
quantum-embedding methods are promising, especially for localized chemical
phenomena. In this work, we employ density matrix embedding theory (DMET)
for periodic systems to calculate the adsorption energy of CO to the MgO(001)
surface. Using coupled-cluster theory with single and double excitations and
second-order Møller−Plesset perturbation theory as quantum chemical solvers, we
perform calculations with embedding clusters up to 266 electrons in 306 orbitals,
with the largest embedding models agreeing to within 1.2 kcal/mol of the non-
embedding references. Moreover, we present a memory-efficient procedure of
storing and manipulating electron repulsion integrals in the embedding space
within the framework of periodic DMET.

Magnesium oxide (MgO) surface plays an important role
in several heterogeneous catalytic reactions, such as the

partial oxidation of methane,1 the Guerbet reaction at a low
pressure,2 the synthesis of 2-amino-2-chromenes using benign
reactants,3 the conversion of ethane to ethylene,4 and the
formation of carbonates from carbon monoxide in the presence
of oxygen.5 Modeling surface adsorption of simple molecules,
for example, carbon monoxide (CO), to metal oxide surfaces,
like MgO, is an important step for theorists toward the
understanding of heterogeneous catalysis, but it is challeng-
ing.6−9 The CO molecule binds to the MgO surface,
preferentially with a C−Mg interaction.10 The CO/MgO
adsorption energy is relatively small, and a range of values has
been obtained by different experimental techniques and
theoretical methods. An adsorption energy of 3.23 kcal/mol
was obtained from thermodesorption experiments by Wich-
tendahl et al.,11 whereas temperature-programmed desorption
(TPD) experiments performed by Dohnaĺek et al.12 accounted
for an adsorption energy of 4.84 kcal/mol. An experimental
study by Xu et al. reported an interaction energy of 3.0 kcal/
mol.13 For a more extensive description of the rich
experimental history of the MgO/CO adsorption, readers are
referred to the review by Spoto et al.14

Computationally, the challenge posed by this system is the
weak interaction between CO and the surface, mainly arising
from van der Waals (vDW) forces. Many local and semi-local
Kohn−Sham density functionals15,16 are unable to account for
vDW interactions in such cases.17−20 The accurate estimation
of the adsorption energy, therefore, requires an extensive
testing of density functional theory (DFT) functionals and the
incorporation of dispersion corrections.21−25 On the other

hand, size-consistent correlated wave function (CWF)-based
ab initio methods can model vDW interactions,17 and, in the
past few years, their application to periodic systems has gained
momentum.26−33 An attractive feature of CWF methods is
their systematic improvability; however, their steep computa-
tional cost scaling with system size poses an obstacle.17,34 This
becomes apparent in applications where one cannot exploit
translational symmetry as a result of the presence of
irregularities in the crystal, like point defects or surface
adsorbates.
Among the most recent wave function theoretical studies,

Staemmler computed an adsorption energy of 2.86 kcal/mol
using the method of local increments,17 whereas, using their
combined MP2-CCSD(T) approach embedded in a potential
of point charges, Boese et al.8 calculated an adsorption energy
of 5.0 kcal/mol, but also pointed out the wide range of
numbers that can be obtained using different electronic
structure theories. Valero et al.6 showed that the Minnesota
functionals M06-2X and M06-HF provide adsorption energies
of around 6 kcal/mol.
These systems are usually modeled by either cutting a

cluster from an extended system (cluster modeling) or
assuming periodic boundary conditions (PBCs). Defining a
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cluster involves choosing an appropriate cluster size and
saturating the free valencies using hydrogen atoms, which can
create spurious electronic states at the boundary. Previously
used cluster models8,9,35−39 were surrounded with point
charges or periodic potentials to replicate the environment.
On the other hand, modeling surface adsorption with PBCs
using CWF becomes prohibitively costly as a result of the
apparent need of large supercells (often hundreds of atoms).
To overcome the cost and maintain the accuracy of the parent
method, the models can be subjected to fragmentation/
embedding approaches.8,31,32,40,41 Quantum embedding meth-
ods use a high-level quantum chemistry solver to represent a
small region of interest (here referred to as the fragment/
impurity), whereas the rest of the system (generally referred to
as “environment”) is represented using a mean-field method,
such as Kohn−Sham density functional theory (KS-DFT)15,16

or Hartree−Fock (HF).34,42 Modeling the adsorption of CO to
a MgO surface is therefore ideal to investigate the performance
of wave function-in-wave function quantum embedding
approaches.
In this work, we use the density matrix embedding theory

(DMET) algorithm to calculate the adsorption energy of a CO
molecule to the MgO(001) surface. DMET, a wave function-
in-wave function embedding technique,43 was originally
proposed as a promising alternative to dynamical mean-field
theory (DMFT)44 to treat strongly correlated fermions in the
one-dimensional Hubbard model. Several theoretical develop-
ments and targeted applications have followed since.45−54

DMET uses the Schmidt decomposition55 of a mean-field
wave function to model the environment of a given impurity
space using an effective bath. Pham et al.56 and Cui et al.57

extended the DMET algorithm to periodic systems. Here, we
use the coupled-cluster theory with single and double
excitations (CCSD) and second-order Møller−Plesset pertur-
bation theory (MP2) as high-level solvers within the DMET
formalism and compare them to non-embedding Γ-point
CCSD and MP2 references.
The DMET calculations are performed with the periodic

DMET (pDMET) code,58,59 which uses the electron integrals
and quantum chemical solvers from the PySCF package.60,61

Similar to the workflow in ref 62, we first perform a HF
calculation to obtain the mean-field wave function. Next, we
define the impurity region using a set of localized orbitals in
real space. Here, we use the maximally localized Wannier
functions (MLWFs),63,64 implemented in the wannier9065

code via the pyWannier90 interface.66 Because adsorbates (i.e.,
perturbations to the pristine crystal) are introduced, the
Brillouin zone is sampled at the Γ point and a subset of the
MLWFs (which we label as Nimp) at the chemical region of
interest, for example, those around the adsorbate, are chosen to
define the impurity. The bath is defined using the Schmidt
decomposition,46 where the environment block (Denv) of the
one-body reduced density matrix (1-RDM) is diagonalized as
follows:

= *D U Uenv (1)

where λ is a diagonal matrix of eigenvalues λi (i = 0, 1, ..., Nenv,
where Nenv is the number of the environment orbitals). The
columns of the unitary matrix U corresponding to λi other than
zero or two define the entangled bath orbitals; the remainder
orbitals are treated as a frozen core in the embedding
calculation. The mean-field wave function after the Schmidt
decomposition thus has the following form:

i
k
jjjjjj

y
{
zzzzzz| = | | |f b core

i
i i i

(2)

where |fi , |bi , and |core are single determinants in the Fock
spaces of the Nimp impurity orbitals, Nbath ≤ Nimp bath orbitals,
and Ncore frozen core orbitals, respectively, and i = 0, 1, ..., Nimp.
The high-level wave function, | emb , diagonalizes the
embedding Hamiltonian, Hemb

| = |H Eemb emb emb emb (3)

where Hemb is the partial trace of the Hamiltonian over the
|core determinant; its operator terms involve only Nemb = Nimp
+ Nbath ≤ 2Nimp embedding orbitals. For calculations of energy
differences, it is important to choose the same number of Nemb
embedding orbitals for the different geometries. As discussed
later, the computational cost of the high-level method is thus
reduced by not requiring to have Ncore orbitals in the effective
Hamiltonian.
We use a density fitting (DF) approach based on the

Cholesky decomposition,67−70 where four-center electron
repulsion integrals (ERIs) in the embedding space can be
reconstructed in terms of the three-center ERIs as

| = | | =ij kl ij P Q kl B BM( ) ( ) ( )
P Q

PQ
P

ij
P

kl
P

,

1/2

(4)

where P and Q represent auxiliary basis functions, MPQ = (P |
Q) is the Coulomb metric, and Bij

P and Bkl
P are the Cholesky

vectors

= |B C Q P( )ij
P

Q
ij
Q 1/2

(5)

where the expansion coefficients Cij
R are obtained by solving a

linear equation

| = |P R C P ij( ) ( )
R

ij
R

(6)

The auxiliary basis set contains even-tempered basis (ETB)
functions generated with a progression factor β = 2.0 for the
auxiliary expansion of the polarized double-ζ basis set (GTH-
DZVP) and polarized triple-ζ basis set (GTH-TZVP) bases
and will be represented using P and Q. The prefix GTH is used
because these basis sets are consistent with the Goedecker−
Teter−Hutter pseudopotentials71,72 that have been used for all
of the calculations. Our approach is agnostic to whether we use
pseudopotentials or an all-electron basis sets because surface
adsorption primarily depends upon valence electrons and
orbitals.
In the previous implementations of periodic DMET,56,57 the

quantum impurity solvers used four-center two-electron
integrals obtained by contracting the three-center electron
repulsion integrals (ERIs) in the embedding space as in eq 4.
This eliminated the full-basis 4-index ERI array but still
required the storage of the 4-index ERIs in the embedding
basis, whose memory cost scales with the size of the impurity
as O N( )imp

4 .56,57 On the other hand, in the current
implementation, we use the DF for the MP2 and CCSD
high-level solvers, in which the programmable equations for
the energy are implemented in terms of the Cholesky vectors
themselves and the (ij|kl) integrals in the embedding basis are
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not required. In other words, the right-hand side of eq 4 is not
evaluated but is algebraically substituted into the energy
expressions in the high-level solver implementations. The
formal memory cost scaling of this approach (with respect to
the size of the impurity) is O N N( )aux imp

2 , which, in practice, is
much more favorable for our applications, as shown later.
We compute the adsorption energy, ΔE, as the difference

between the energy at the equilibrium geometry, Eeq (C−Mg
bond distance of 2.479 Å),8 and at a separated geometry, Esep
(C−Mg bond distance of 6 Å), as indicated in Figure 1a. The 4

× 4 × 2 slab model of MgO has a vacuum of approximately 16
Å in the vertical direction (collinear to CO) above the MgO
surface to avoid the interaction between neighboring images.
We consider four choices of impurity clusters, as shown in
Figure 1b. For these four choices, the orbitals are localized on
(a) only the CO molecule, (b) the CO molecule and the
nearest Mg atom on the substrate (denoted as CO + Mg), (c)
the CO molecule, the nearest Mg atom, and the 4 nearest O
atoms on the substrate (denoted as CO + MgO4), and finally
(d) the 4 next to nearest Mg atoms in addition to choice (c)
(denoted as CO + Mg5O4). The orbitals localized at the
highlighted atoms in the embedding clusters (Figure 1b) have
been considered as the fragment. We do not correct for basis
set superposition error (BSSE) in our calculations, because this
would require the use of ghost basis functions. The Schmidt
decomposition is unable to produce bath orbitals entangled to
the unoccupied ghost orbitals; therefore, these correction
calculations would be systematically deficient in bath orbitals
compared to the calculation being corrected. A proper way to
account for the most entangled orbitals from the environment
is desired especially for physical/chemical phenomena, where

BSSE is non-negligible and is currently an area upon which we
are working.
In Figure 2, we report the relative energy Erel of the CO +

MgO model as a function of the distance between C (in CO)

and Mg (in MgO) from 2 to 6 Å. We take as a reference value
the total energy at the C−Mg distance of 2.479 Å, and Erel at
all other geometries are reported relative to this reference. The
results are obtained using periodic MP2 calculations, restricted
HF (RHF), and DMET-MP2. The DMET-MP2 calculations
are performed using the smaller CO + Mg impurity subspace
and the larger CO + MgO4 impurity subspace.
For the MP2 reference method, Erel reaches an asymptotic

value at a C−Mg distance of 6 Å and differs from Erel at 5 Å by
only 0.3 kcal/mol, thereby suggesting that 6 Å is a reasonable
choice for a separated geometry. Using the CO + MgO4
fragment, the DMET Erel values at each geometry are within 2
kcal/mol of the MP2 references. Using the CO + Mg fragment,
the DMET value at the C−Mg bond distance of 2 Å has a large
disagreement (ca. 5 kcal/mol) with the non-embedding
reference, suggesting the importance of using a larger fragment
space. The RHF Erel values deviate significantly from the MP2
references. Morover, the RHF Erel values at 3, 4, and 5 Å are
negative, thereby indicating the presence of a minimum C−Mg
bond length significantly away from the literature value of
2.479 Å.8 This is consistent with cluster HF calculations by
Nygren et al.73 DMET on the other hand reproduces the
binding energy (to within 1.5 kcal/mol) that is predicted by
the reference.
Next, DMET calculations with the embedding clusters are

compared to the periodic Γ-point CCSD and MP2 calculations
(termed as the non-embedding references). The energy
differences ΔE calculated using DMET-CCSD and DMET-
MP2 with different basis sets are shown in Figure 3. The
numbers are reported in Tables S2 and S3 of the Supporting
Information. Four different basis set compositions have been
used. They are divided as either DZVP on all of the atoms or
TZVP on important atoms and DZVP on all of the others.

Figure 1. (a) CO at a distance of 2.479 Å (left) representing the
geometry at equilibrium (referred as eq) and 6 Å (referred as sep)
from the MgO surface (right) representing the geometry when there
is no interaction between the substrate and adsorbate. Magnesium
(Mg) atoms are shown in red; oxygen (O) atoms are shown in blue;
and carbon (C) atoms are shown in gray. (b) Atoms highlighted in
yellow form the impurity clusters used for DMET calculations.

Figure 2. Relative energies Erel (kcal/mol) obtained using non-
embedding MP2 (blue diamond), DMET-MP2 with the CO + Mg
impurity cluster (red circles), DMET-MP2 with the CO + MgO4
impurity cluster (dark blue circles) and RHF (purple crosses). The
abscissa represents the Mg−C distances in angstroms. All Erel values
are reported as differences with respect to the value at the C−Mg
distance of 2.479 Å. All calculations are performed using the DZVP
basis set.
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TZVP (X) refers to TZVP applied on the X set of atoms and
DZVP on all others.
With the two largest impurity clusters, there is a closer

agreement with the non-embedding references. This suggests
that a larger number of surface atoms in the DMET impurity
space is necessary for better accuracy. In Figure S1 of the
Supporting Information, we plot the mean absolute deviations
(MADs) from the non-embedding references and report them
in Table S3 of the Supporting Information.
The requirement of bigger impurity clusters implies the

storage and manipulation of a higher number of electron
repulsion integrals (ERIs). With our DF implementation, we
observe a severe reduction in memory requirements. For the
test case of the CO + Mg5O4 fragment at the equilibrium
geometry with more than 200 orbitals, the 4c−2e calculation
requires 200 Gb of memory on a AMD EPYC 7502 32-core
processor, while the DF integral calculation requires 30 Gb of
memory. This is because the previous implementation in refs
56 and 62 required storage of O N( )imp

4 two-electron integrals,
whereas the new implementation requires storage of
O N N( )aux imp

2 decomposed intermediates, where Nimp is the
number of impurity fragment orbitals and Naux is the number
of auxiliary density-fitting orbitals. For large impurity frag-
ments, N Nimp

2
aux and the storage saving becomes

significant. All of the calculations use multithreading (i.e.,
shared memory) only; there is no multiprocessing. It should be
noted that Cui et al.57 also mentioned the possible memory
efficiency that can be achieved by incorporating a similar
algorithm. The current algorithm does not involve a formal
speedup in terms of time required for a particular calculation.
In this particular example, the 4c−2e calculation requires a wall

time of 2 h and 21 mins, whereas the DF integral calculation
requires a wall time of 1 h and 55 min.
Now, we examine the scaling of CCSD-DMET compared to

the reference CCSD calculations. The computational cost of
DMET is mainly dominated by the cost of the CCSD
calculations within the embedding space. The most expensive
term required in CCSD has a scaling of [ ]O N Nvir

4
occ
2 , where Nvir

is the number of virtual orbitals and Nocc is the number of
occupied orbitals.42 The primary contribution to the large
scaling arises from the virtual orbitals. In the current
framework, most of the virtual orbitals are part of the
environment (i.e., a part of Ncore orbitals), thereby significantly
reducing the cost. If all Ncore unentangled orbitals are doubly
occupied, the scal ing of CCSD-DMET becomes

[ ]O N N N( ) ( )vir
4

occ core
2 ; if they are all empty, the scaling of

CCSD-DMET becomes [ ]O N N N( ) ( )vir core
4

occ
2 .

In summary, we have used a periodic implementation of
DMET to calculate the adsorption energy of the CO molecule
with the MgO(001) surface. We have investigated two widely
used quantum chemical solvers, CCSD and MP2, as high-level
methods. We infer that DMET-CCSD and DMET-MP2 can
be used to obtain adsorption energies with high accuracy and
at a significantly lower cost compared to the non-embedding
references. We additionally observed that an impurity cluster
including at least a MgO4 moiety on the MgO surface is
required for accurate adsorption energies. Therefore, we
implemented an efficient way to store and manipulate the
memory-intensive ERIs within the periodic DMET algorithm.
We envision that, with our recent implementation of the
multireference solvers,62 such as complete active space self-
consistent field (CASSCF)74−76 and n-electron valence state

Figure 3. Adsorption energies (ΔE) between the equilibrium (2.479 Å) and separated (6 Å) geometries calculated using different basis sets and
impurity cluster models. TZVP (X) refers to X being treated with the TZVP basis set and the rest of the system using the DZVP basis set. The solid
lines correspond to the periodic Γ-point CCSD/MP2 calculations with red/dark blue color coding, respectively.
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second-order perturbation theory (NEVPT2),77−80 this
approach can allow us to study bond-breaking phenomena of
multireference systems on surfaces, at an affordable cost, which
would be otherwise non-trivial for mean-field and single
reference methods.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01915.

Mean absolute deviations (MADs), adsorption energies,
relative energies for C−Mg distances, memory savings
for DF integrals, sample input and output files, and total
energies (PDF)
Transparent Peer Review report available (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Laura Gagliardi − Department of Chemistry, Pritzker School
of Molecular Engineering, James Franck Institute, Chicago
Center for Theoretical Chemistry, University of Chicago,
Chicago, Illinois 60637, United States; Argonne National
Laboratory, Lemont, Illinois 60439, United States;
orcid.org/0000-0001-5227-1396; Email: lgagliardi@

uchicago.edu

Authors
Abhishek Mitra − Department of Chemistry, Chicago Center
for Theoretical Chemistry, University of Chicago, Chicago,
Illinois 60637, United States; orcid.org/0000-0002-
2974-9600

Matthew R. Hermes − Department of Chemistry, Chicago
Center for Theoretical Chemistry, University of Chicago,
Chicago, Illinois 60637, United States; orcid.org/0000-
0001-7807-2950

Minsik Cho − Department of Chemistry, Brown University,
Providence, Rhode Island 02912, United States;
orcid.org/0000-0002-9307-8549

Valay Agarawal − Department of Chemistry, Chicago Center
for Theoretical Chemistry, University of Chicago, Chicago,
Illinois 60637, United States; orcid.org/0000-0003-
2989-8013

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.2c01915

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Hung Q. Pham, Riddhish Pandharkar, Jason
Goodpaster, Giullia Galli, Joachim Sauer and Debmalya Ray
for insightful discussion. The authors thank Zhihao Cui,
Tianyu Zhu, and Garnet K.-L. Chan for sharing with us the
Gaussian density fitting transformation code. This work was
supported as part of the Inorganometallic Catalysis Design
Center, an Energy Frontier Research Center funded by the
U.S. Department of Energy, Office of Science, Basic Energy
Sciences, under Award DE-SC0012702. Minsik Cho thanks the
SURF-CTC program at the University of Minnesota Chemical
Theory Center for the summer research fellowship. Computer
resources were provided by the Minnesota Supercomputing

Institute at the University of Minnesota and the University of
Chicago Research Computing Center.

■ REFERENCES
(1) Ito, T.; Wang, J. X.; Lin, C. H.; Lunsford, J. H. Oxidative
Dimerization of Methane over a Lithium-Promoted Magnesium
Oxide Catalyst. J. Am. Chem. Soc. 1985, 107, 5062−5068.
(2) Ueda, W.; Kuwabara, T.; Ohshida, T.; Morikawa, Y. A low-
pressure guerbet reaction over magnesium oxide catalyst. J. Chem.
Soc., Chem. Commun. 1990, 1558−1559.
(3) Kumar, D.; Reddy, V. B.; Mishra, B. G.; Rana, R.; Nadagouda,
M. N.; Varma, R. S. Nanosized magnesium oxide as catalyst for the
rapid and green synthesis of substituted 2-amino-2-chromenes.
Tetrahedron 2007, 63, 3093−3097.
(4) Morales, E.; Lunsford, J. H. Oxidative dehydrogenation of ethane
over a lithium-promoted magnesium oxide catalyst. J. Catal. 1989,
118, 255−265.
(5) Smart, R. S. C.; Slager, T. L.; Little, L. H.; Greenler, R. G.
Carbon monoxide adsorption on magnesium oxide. J. Phys. Chem.
1973, 77, 1019−1023.
(6) Valero, R.; Gomes, J. R. B.; Truhlar, D. G.; Illas, F. Good
performance of the M06 family of hybrid meta generalized gradient
approximation density functionals on a difficult case: CO adsorption
on MgO(001). J. Chem. Phys. 2008, 129, 124710.
(7) Valero, R.; Gomes, J. R. B.; Truhlar, D. G.; Illas, F. Density
functional study of CO and NO adsorption on Ni-doped MgO(100).
J. Chem. Phys. 2010, 132, 104701.
(8) Boese, A. D.; Sauer, J. Accurate adsorption energies of small
molecules on oxide surfaces: CO-MgO(001). Phys. Chem. Chem. Phys.
2013, 15, 16481−16493.
(9) Alessio, M.; Usvyat, D.; Sauer, J. Chemically Accurate
Adsorption Energies: CO and H2O on the MgO(001) Surface. J.
Chem. Theory Comput. 2019, 15, 1329−1344.
(10) Platero, E. E.; Scarano, D.; Spoto, G.; Zecchina, A. Dipole
coupling and chemical shifts of CO and NO adsorbed on oxides and
halides with rock-salt structure. Faraday Discuss. 1985, 80, 183−193.
(11) Wichtendahl, R.; Rodriguez-Rodrigo, M.; Härtel, U.;
Kuhlenbeck, H.; Freund, H.-J. Thermodesorption of CO and NO
from Vacuum-Cleaved NiO(100) and MgO(100). phys. stat. sol. (a)
1999, 173, 93−100.
(12) Dohnálek, Z.; Kimmel, G. A.; Joyce, S. A.; Ayotte, P.; Smith, R.
S.; Kay, B. D. Physisorption of CO on the MgO(100) Surface. J. Phys.
Chem. B 2001, 105, 3747−3751.
(13) Xu, Y.; Li, J.; Zhang, Y.; Chen, W. CO adsorption on
MgO(001) surface with oxygen vacancy and its low-coordinated
surface sites: Embedded cluster model density functional study
employing charge self-consistent technique. Surf. Sci. 2003, 525, 13−
23.
(14) Spoto, G.; Gribov, E. N.; Ricchiardi, G.; Damin, A.; Scarano,
D.; Bordiga, S.; Lamberti, C.; Zecchina, A. Carbon monoxide MgO
from dispersed solids to single crystals: A review and new advances.
Prog. Surf. Sci. 2004, 76, 71−146.
(15) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys.
Rev. 1964, 136, B864−B871.
(16) Kohn, W.; Sham, L. J. Self-Consistent Equations Including
Exchange and Correlation Effects. Phys. Rev. 1965, 140, A1133−
A1138.
(17) Staemmler, V. Method of Local Increments for the Calculation
of Adsorption Energies of Atoms and Small Molecules on Solid
Surfaces. 2. CO/MgO(001). J. Phys. Chem. A 2011, 115, 7153−7160.
(18) Kristyán, S.; Pulay, P. Can (semi)local density functional theory
account for the London dispersion forces? Chem. Phys. Lett. 1994,
229, 175−180.
(19) Wu, X.; Vargas, M. C.; Nayak, S.; Lotrich, V.; Scoles, G.
Towards extending the applicability of density functional theory to
weakly bound systems. J. Chem. Phys. 2001, 115, 8748−8757.
(20) Wesolowski, T. A.; Morgantini, P.-Y.; Weber, J. Intermolecular
interaction energies from the total energy bifunctional: A case study of
carbazole complexes. J. Chem. Phys. 2002, 116, 6411−6421.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.2c01915
J. Phys. Chem. Lett. 2022, 13, 7483−7489

7487

https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01915?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01915/suppl_file/jz2c01915_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01915/suppl_file/jz2c01915_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Gagliardi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5227-1396
https://orcid.org/0000-0001-5227-1396
mailto:lgagliardi@uchicago.edu
mailto:lgagliardi@uchicago.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhishek+Mitra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2974-9600
https://orcid.org/0000-0002-2974-9600
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+R.+Hermes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7807-2950
https://orcid.org/0000-0001-7807-2950
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minsik+Cho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9307-8549
https://orcid.org/0000-0002-9307-8549
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valay+Agarawal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2989-8013
https://orcid.org/0000-0003-2989-8013
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01915?ref=pdf
https://doi.org/10.1021/ja00304a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00304a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00304a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c39900001558
https://doi.org/10.1039/c39900001558
https://doi.org/10.1016/j.tet.2007.02.019
https://doi.org/10.1016/j.tet.2007.02.019
https://doi.org/10.1016/0021-9517(89)90315-1
https://doi.org/10.1016/0021-9517(89)90315-1
https://doi.org/10.1021/j100627a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2982923
https://doi.org/10.1063/1.2982923
https://doi.org/10.1063/1.2982923
https://doi.org/10.1063/1.2982923
https://doi.org/10.1063/1.3340506
https://doi.org/10.1063/1.3340506
https://doi.org/10.1039/c3cp52321g
https://doi.org/10.1039/c3cp52321g
https://doi.org/10.1021/acs.jctc.8b01122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01122?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/dc9858000183
https://doi.org/10.1039/dc9858000183
https://doi.org/10.1039/dc9858000183
https://doi.org/10.1002/(SICI)1521-396X(199905)173:1<93::AID-PSSA93>3.0.CO;2-4
https://doi.org/10.1002/(SICI)1521-396X(199905)173:1<93::AID-PSSA93>3.0.CO;2-4
https://doi.org/10.1021/jp003174b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0039-6028(02)02566-9
https://doi.org/10.1016/S0039-6028(02)02566-9
https://doi.org/10.1016/S0039-6028(02)02566-9
https://doi.org/10.1016/S0039-6028(02)02566-9
https://doi.org/10.1016/j.progsurf.2004.05.014
https://doi.org/10.1016/j.progsurf.2004.05.014
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1021/jp200047d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp200047d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp200047d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0009-2614(94)01027-7
https://doi.org/10.1016/0009-2614(94)01027-7
https://doi.org/10.1063/1.1412004
https://doi.org/10.1063/1.1412004
https://doi.org/10.1063/1.1462613
https://doi.org/10.1063/1.1462613
https://doi.org/10.1063/1.1462613
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c01915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(21) Grimme, S. Accurate description of van der Waals complexes
by density functional theory including empirical corrections. J.
Comput. Chem. 2004, 25, 1463−1473.
(22) Kerber, T.; Sierka, M.; Sauer, J. Application of semiempirical
long-range dispersion corrections to periodic systems in density
functional theory. J. Comput. Chem. 2008, 29, 2088−2097.
(23) Grimme, S. Semiempirical GGA-type density functional
constructed with a long-range dispersion correction. J. Comput.
Chem. 2006, 27, 1787−1799.
(24) Grimme, S.; Huenerbein, R.; Ehrlich, S. On the Importance of
the Dispersion Energy for the Thermodynamic Stability of Molecules.
ChemPhysChem 2011, 12, 1258−1261.
(25) Tkatchenko, A.; Scheffler, M. Accurate Molecular Van Der
Waals Interactions from Ground-State Electron Density and Free-
Atom Reference Data. Phys. Rev. Lett. 2009, 102, 73005.
(26) Hirata, S.; Podeszwa, R.; Tobita, M.; Bartlett, R. J. Coupled-
cluster singles and doubles for extended systems. J. Chem. Phys. 2004,
120, 2581−2592.
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