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Abstract

A variety of weak intermolecular interactions is investigated using both high-accuracy
and approximate methods. A high accuracy potential energy curve for the interaction of two
krypton atoms was produced as a prerequisite for the computation of the most important ther-
mophysical properties of the krypton gas. To obtain the desired spectroscopic accuracy around
the potential miminum, corrections to the “gold standard” CCSD(T) were calculated, including
higher-orders of coupled-cluster theory and the inclusion of relativistic effects. As an addi-
tional requirement for the computation of the second dielectric virial coefficient, similar steps
were taken to produce an accurate analytic form for the interaction-induced isotropic pair po-
larizability for the krypton dimer. The resulting potential and polarizability functions were
among the most accurate in the literature at time of publishing and the thermophysical prop-
erties were in marked agreement with experimental data. The interactions of CO, and models
of metal-organic frameworks were explored using a variety of wavefunction and density func-
tional methods as a way to evaluate the adequacy of these methods, and the potential multiref-
erence character of such models was considered. The interaction energy is decomposed using
symmetry-adapted perturbation theory (SAPT) to provide insight into the character of the in-
teractions. Lastly, recent work in the advancement and expansion of SAPT is detailed. This
work includes the implementation of the second-order SAPT complete exchange terms using
generalized Coulomb and exchange matrices and density-fitting, as well as the extension of the

recent first-order spin-flip SAPT exchange energy beyond the single-exchange approximation.
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Chapter 1

Introduction and Background

Electronic structure theory, and quantum mechanics in general, provide a unique approach to
the elucidation of chemical problems. Through the application of these theories, a number of in-
teresting chemical phenomena, which are difficult or impossible to investigate experimentally,
can be evaluated with increasingly high levels of accuracy. Additionally, these ab initio meth-
ods can be used to calculate experimentally determinable values for comparison and validation.
With the growth of computing power, these techniques have been adapted and implemented in
a number of computer codes, simplifying the evaluation of otherwise complicated formulas.
Ab initio methods and their computational implementations are not a silver bullet for all ques-
tions and have a number of general issues, with each specific theory or application providing its
own potentially unique concerns. Below, Section 1.1 describes a number of electronic structure
theory methods relevant to the remainder of this dissertation.

An area where the application of ab initio methods has been successful is the investigation
of weak intermolecular interactions. This class of interactions, sometimes referred to as non-
covalent interactions, covers a somewhat varied collection of interactions derived from both
classical and quantum mechanical origins. The quantum character of some of these interac-
tions necessitates an ab initio treatment to be correctly described, and a correlated method at
that. Two specific approaches to the investigation of weak intermolecular interactions will be
discussed in Section 1.2, along with the considerations required to evaluate and ensure their

accuracy.



1.1 Electronic Structure Theory

The most common interest of electronic structure theory! is the solution of the time-independent
Schrodinger Equation

HY = EV (1.1

where H is the non-relativistic Hamiltonian collecting all interactions between particles in the
system, U is a wavefunction of the system and an eigenfunction of the Hamiltonian, and £ is
the energy eigenvalue associated with the wavefunction. The full Hamiltonian is represented in

atomic units as

+> ZaZp 1 (1.2)

r Tij
azp AP g T

H=-2 o VAZVQZ

TiA

where the lowercase indices iterate over the electrons in the system, the uppercase indices
iterate over the nuclei of the system, Z, is the charge of a given nucleus, M4 is its mass, 7,
is the distance between two particles, and V2 is the Laplacian of a particle. The first two terms
are the kinetic energies of the nuclei and electrons, respectively, and the last three terms are the
electron-nuclei, nuclei-nuclei, and electron-electron Coulombic interactions, respectively.

The Born-Oppenheimer Approximation proposes that since the nuclei of a system move
at a much slower rate than the electrons, the nuclei can be considered to be fixed in place with
the electrons moving around them.? Conversely, it can also be said that the electrons in the
system move so quickly as to instantaneously adjust to any motion of the nuclei. This approx-
imation leads to a separation of the wavefunction and Hamiltonian in terms of the electronic
and nuclear parts. The electronic part is explicitly dependent on the electronic coordinates r

and parametrically dependent on the nuclear coordinates R and has the electronic Hamiltionian

Hepee = Z V2 Z — + i (1.3)

The action of this Hamiltonian on the electronic part of the wavefunction produces an electronic

energy, F... It is helpful to define an operator h; as the sum of the first terms in Eq. (1.3)



to simplify this equation into a one-electron and a two-electron part. The total energy, Ey, 1S

. ) ZaZ
the sum of the electronic energy and the nuclear repulsion energy, Wap(R) = Z A%B and
TAB
A#B
serves as the potential for the nuclear Hamiltonian in the Born-Oppenheimer approximation.

This potential is called the potential energy surface (PES), and its constituent one-dimensional
slices are called potential energy curves (PECs). From here, we begin addressing ways of
solving for the electronic energy. Much of the contents herein are drawn from a selection of

texts on this topic, particularly Refs 1, 3, and 4.

1.1.1 Hartree-Fock Theory

Hartree-Fock (HF) theory, also called Self-Consistent Field (SCF) theory,> is the basis for a
number of wavefunction methods and the first approximation to a solution for the electronic
Schrodinger Equation

Helecqjelec - Eelec\peleca (14)

where V.. is the electronic part of the total wavefunction. To be able to solve for E.., the
form of W, first needs to be defined.

The electronic wavefunction is a function of the spatial and spin coordinates of the elec-
trons and, according to the Pauli principle, should be antisymmetric with the interchange of
spatial and spin coordinates of any two electrons. These properties are enforced by represent-

ing the N-electron wavefunction as a Slater determinant built of one-electron spinorbitals

xi(r)  xi(r2) ... xa(rw)
1 X2(7’1) X2(7"2) XQ(TN)

Velee = ﬁ (1.5)
xn(r) xn(ra) . xw(rw)

where {xn} are a set of orthonormal molecular spinorbitals.® In general, a spinorbital is the
product of a spatial orbital ¢/ and one of the spin functions « or 3. This set of spin functions

is complete and orthonormal. In the case of a closed-shell system, the set of spinorbitals is



the product of some set of spatial orbitals {¢ N } and each of the spin functions to produce %
doubly-occupied molecular orbitals (MOs).
It is common to represent the spatial orbitals as linear combinations of a basis set of hy-

drogenic atomic orbitals (AOs)

(S Z Oiu¢u (1.6)
o

where {¢,,} are a set of ;1 atomic orbitals, and C;, is the coefficient of the xith atomic orbital
in the sth molecular orbital. If this basis set were complete, the molecular orbitals could be
represented exactly, but it is practically infeasible to work with a complete basis set. Addition-
ally, the atomic orbitals are normalized, but are not necessarily orthogonal to those centered on
different nuclei. The most preferable form of these basis functions would be a Slater function,
which best replicates the expected qualities of the molecular orbitals. Unfortunately, Slater
functions lead to difficulties during the computation of common terms needed for electronic
structure calculations, specifically the two-electron integrals that will appear later in this sec-
tion. To overcome this issue, the Slater orbitals are approximated by a linear combination of
Gaussian orbitals, which better facilitate the calculation of the two-electron integrals.

HF theory takes advantage of the variational principle and the application of the linear
variational method. The variational principle can be summarized as the fact that any normalized
wavefunction 14 that is an approximation to the ground state wavefunction ), of a system will
have an energy 4, calculated as the expectation value of the Hamiltonian, that is an upper

bound of the true ground state energy F,

B, = / () Ha(r)dr = (aHla) > Eo. (1.7)

Based on this principle, the best approximate function can be obtained by minimizing its corre-
sponding energy. When the MOs of the Slater determinant are represented as a linear combina-

tion of AOs, the optimal coefficients can be determined by minimizing the Roothaan equations’

FC = SCe, (1.8)



where C are the coefficients relating the MOs to the AO basis, e are the energies of the MOs,
S is an overlap matrix with elements (u|v), and F is the Fock matrix. The Fock matrix is the

HF approximation to the electronic Hamiltonian. The elements of the matrix are

<¢u’F|¢u> - <¢M’h’¢u> + <¢M|J‘¢V> - <¢M‘K‘¢V> (1.9)

where (¢, |h|¢,) is the expectation value of the one-electron operator h,

MOs AOs

(DulJNbw) = S = Z ZCjACja/¢Z(7’1)¢u(7“1)%@(7“2)%(7“2)6”1617“2
J Ao

MOs AOs

=Y > CinCio (uA|vo) (1.10)
7 Ao

AOs

= Z Py, (uA|vo) ,
Ao

and

(GulK|6y) = Ky = > Prg (pAlov). (1.11)
Ao

The term in Eq. (1.10) is called a Coulomb integral, and also defines the two-electron integrals
(uA|vo) and the density matrix Py,. Eq. (1.11) is the exchange integral that arises from the
Slater determinant form of the wavefunction. The form of these integrals is the origin of HF’s
classification as a mean-field method, since each electron experiences an average interaction
with all other electrons and is not correlated to their instantaneous positions.

At this point, two difficulties appear in the HF method. The first is the presence of S in Eq.
(1.8), making this a pseudoeigenvalue problem. This issue is due to the lack of orthogonality
in the basis functions. Diagonalizing S reduces it to identity, giving an orthonormal basis
and simplifying the equations to an eigenvalue problem that is solvable. The greater issue is
the presence of the coefficients Cj, in the density matrix and the density matrix’s presence in
the Fock matrix. The HF method is attempting to find the optimal values of C;,, which are
in turn required in the equations being solved. A remedy is found in the iterative solving of

the equations. With some initial values for C;,, the equations can be solved for a new set of



coefficients. These coefficients are used to construct a new density matrix and calculate the HF

electronic energy

1
Eliee = Y 5 Fur(hyw + Fi). (1.12)

v
This new density matrix is used to solve for another new set of coefficients and the process
continues until the results between consecutive iterations are determined to be the same within
a predetermined criterion.

HF is commonly used in its restricted formulation RHF, where the equations are simpli-
fied based on the assumption that all orbitals are doubly occupied and that the spatial parts of
orbitals with o and 3 are identical. The restricted formalism can be extended to cases with
singly occupied orbitals as restricted open-shell HF (ROHF), or the system can be treated in an

unrestricted way as UHF.

1.1.2 Electron Correlation and Full Configuraton Interaction

HF is a good first approximation to the electronic structure of the ground state, even with an
incomplete basis set and its mean field treatment of electron correlation. But it has been found
that the lack of electronic correlation often leaves HF results quantitatively inaccurate, and
qualitatively inaccurate in some cases. A simple example of HF’s failure is the interaction
within any noble gas dimer. For these systems, HF predicts a repulsive potential at short range
that decays to zero at infinite separation, while it is known that there is a shallow attractive well
at some short distance for each dimer. The correlation energy that is absent in the HF result is
defined as

Ecorr = Eg — Eyr (1.13)

i.e. as the difference between the exact ground state energy and the HF approximation. As
the E'yyp is always an upper bound of E), the correlation energy E.,,., will always be negative.
There are a number of methods that attempt to recover some or all of £,,,.., some of which will
now be discussed.

The completion of an HF calculation provides a number of one-electron molecular spinor-

bitals equal to two times the number of basis functions used. While it is possible to use a basis



set with the minimum number of basis functions to accommodate the /N electrons, most calcu-
lations are performed using a basis set with more functions than the number of electrons in the
system. As the number of basis functions approaches infinity, the molecular spinorbitals are
able to approach their exact form. The HF approximation to the ground state of the system is
the wavefunction where the /V electrons occupy the N molecular spinorbitals with the lowest
energies. While this is the best approximation for a single determinant representation of the
wavefunction, it is not necessarily the best approximation that can be constructed from these
components.

Using the molecular spinorbitals from the HF calculation, it is possible to construct a
number of alternate determinants where one or more molecular spinorbitals that are occupied
in the HF ground state have been replaced with an equivalent number of unoccupied, or virtual,
spinorbitals. These determinants can be used as a basis for the construction of a new trial

function that is a linear combination
U = copthg + c1p1 + catpa + ... (1.14)

where 1) is the HF wavefunction, ¢/, is representative of all determinants where one spinorbital
occupied in the HF wavefunction has been replaced with a virtual spinorbital, 1), is represen-
tative of two such interchanges, and the expansion continues until all /V electrons have been
moved into virtual spinorbitals. The coefficients in Eq. (1.14) can then be optimized in a linear
variational scheme as in HF to minimize the electronic energy.

This approach is called Configuration Interaction (CI), or Full CI (FCI) in the case where
all possible determinants are included in the expansion. FCI is the exact result for a given basis

set, containing all information that can be recovered. FCI is also one of the most computation-

QJVI)

ally expensive methods, as the number of determinants that need to be included grows as ( It

with the number of electrons NV and the basis set size M. This scaling becomes unreasonable
for conventional computers very quickly, and so approximations must be made to alleviate the

cost growth while maintaining as much accuracy as possible.



1.1.3 Dynamic Correlation Methods

The FCI coefficients provide a useful framework to discuss electronic correlation. Within the
large expansion of determinants, it is often seen that the HF ground state has the largest coef-
ficient and that all others contribute some smaller part to the FCI wavefunction. These small
contributions are associated with the instantaneous correlation of the electrons to each other’s
position. This kind of correlation is referred to as dynamic correlation. It is also generally the
case that coefficients get smaller with more virtual excitations separating a determinant from
the HF wavefunction. Based on this observation, a hierarchy of methods can be defined by
limiting the expansion in Eq. (1.14) based on the number of virtual excitations. As an exam-
ple, the most common of these methods is Configuration Interaction with Single and Double
Excitations (CISD), where the expansion is truncated to only the terms explicitly shown in Eq.
(1.14). The inclusion of more and more excitations (e.g. CISDT or CISDTQ) improves the
calculated results toward FCI, but likewise increases the cost of the calculation.

A somewhat related, alternative approximation is the Coupled-Cluster Theory (CC).!° In

CC, the exact wavefunction is constructed as

2 T3

T (1+T+7+§+.”)¢0 (1.15)

where T is the cluster operator
T=T+Ty+Ts+.. (1.16)

T, is an operator that produces all possible n-tuple excited determinants from the HF reference
state. If the complete cluster operator is used this method becomes equivalent to FCI, but the
cluster operator is often truncated to a particular excitation level similar to the CI truncations.
Similar to CISD, truncation to double excitations leads to coupled-cluster with singles and
doubles (CCSD). When the cluster operator is truncated to a given number of excitations, the

Taylor expansion in Eq. (1.15) leads to an approximation to higher excitations as products of



lower excitations (e.g. a quadruple excitation from the product of two double excitations). It is
this feature of CC that provides its key improvement over CI, size consistency.

Size consistency is best explained through an example like the previously mentioned noble
gas dimers. The interaction energy (discussed in greater detail in Section 1.2) between two
noble gas atoms at a particular distance is the difference between the total energy of the dimer
at that distance and the energies of the lone atoms. If this energy is calculated using CISD,
each of the calculations contains up to double excitations. When the difference is calculated,
the monomer values can contain cases where both lone atoms are doubly excited. These cases
correspond to a quadruple excitation of the dimer and are therefore unreachable for the given
level of theory, resulting in an uneven handling of the dimer and monomers and skewing the
interaction energy. These same values calculated at the CCSD level would contain the same
possible excitations, as the double excitations for both monomers would appear together in the
Taylor expansion for the dimer.

Mgller-Plesset perturbation theory (MP), a particular application of the more general Rayleigh-
Schrédinger perturbation theory (RS), takes a slightly different approach to the calculation of
the correlation energy.!! The basis of perturbation theory is that the solution of a difficult prob-
lem can be found by starting from a similar problem that is easier to solve. This solvable part

is then perturbed into the problem of interest. This process can be expressed as the partitioning

H = Hy+\V, (1.17)

where H is the difficult operator of interest, Hy is the similar, solvable operator, V' is the per-
turbation operator that contains the difference between the two problems, and A is an ordering
parameter. For the calculation of the electronic energy, this can be done by defining the un-
perturbed (simpler) problem as the HF problem and the perturbation as the difference between
HF and the exact result. By inserting Eq. (1.17) into Eq. (1.4), performing a Taylor expansion
around )\, and grouping the resulting equations into equalities involving like powers of A, one

obtains up to an infinite number of corrections to the unperturbed problem. The unperturbed



energy and the first two corrections are acquired from the following terms

EL = (i | Holwd") (1.18)
E& = @V Ipd) (1.19)
ES = W Ve, (1.20)

where E((]n) and wé") are the nth order energy and wavefunction corrections, respectively. It can
be shown that the first-order MP correction, E(()O) +EVY s equivalent to the HF energy, and that
improvements are seen at the second-order and onward (MPn with n > 2). The second-order

correction to the electronic energy, a method called MP2, is known to have the form

g _1 | (ijllab)
0 4 e +ei—e,— €
ijab J

(1.21)

where ¢ and j index the occupied orbitals, a and b index the virtual orbitals, and the integrals
(ij||ab) are antisymmetric two-electron integrals equal to (ij|ab) — (ij|ba) .

As an aside before moving on, it should be noted that perturbation theory can be applied in
a number of other scenarios. The application of this technique to the calculation of interaction
energies will be discussed in section 1.2.4. Another application is as a further improvement of
truncated CC methods. For instance, CCSDT can be approximated in a perturbative manner
from a CCSD calculation. The resulting method is termed CCSD(T), where the parentheses
imply that the triples have been calculated perturbatively.!> CCSD(T) is a considerably faster
calculation than CCSDT and is known to give high quality results, earning it the nickname as

the gold standard” of computational chemistry.!31

1.1.4 Nondynamical Correlation Methods

Returning to the FCI coefficients, it is possible that the HF wavefunction is not the only de-
terminant with a considerable contribution to the FCI wavefunction. For some systems, the

ground state cannot be adequately approximated by a single determinant due to degenerate or

10



near degenerate states. An example of such a system is the singlet O, molecule, where one 7*
orbital is doubly occupied and the other is empty. While both electrons occupy the same 7*
orbital, they are equally likely to be found in either 7* orbital. Therefore, both configurations
have equivalent contribution to the FCI wavefunction and ignoring either is a poor approxi-
mation to this result. This kind of correlation is referred to as strong, static, or nondynamical
correlation.

Multiconfigurational Self-Consistent Field Theory (MCSCF) can be viewed as an im-
provement on SCF that goes beyond a single determinantal treatment. It is reasonable to
describe the basic idea as a highly selective CI truncation. The most important electronic
configurations, determined by chemical or physical intuition, are selected and the energy mini-
mized with respect to their coefficients. One caveat solving for such a multireference problem
is the adequacy of the MOs for the description of all important states. Returning to the O,
example, assume that the pair of electrons was placed arbitrarily in one of the 7 orbitals and the
HF calculation performed. Now, the occupied 7 orbital was optimized to minimize the energy,
while the other 7 orbital was not necessarily as well optimized. The configuration made by
moving the electrons from the optimized one to the unoptimized one is therefore not equiva-
lent. The solution to this issue is the simultaneous optimization of the orbitals along with the
CI coefficients, which is specifically the case in MCSCF.

There are various methods for selecting the configurations to include in the MCSCF cal-
culation. The method called Complete Active Space Self Consistent Field theory (CASSCF)
selects the configurations by identifying a number of electrons and a specific set of MOs, called
the active space, and producing all possible configurations from the distribution of those elec-
trons within the active space.'® This selection can be represented as (# of electrons, # of or-
bitals), e.g. two electrons distributed in four orbitals would be (2, 4).

When performed with the correct configurations, MCSCF is able to capture the most im-
portant static correlation, but is still missing the dynamic correlation from other configura-
tions. Multireference Configuration Interaction (MRCI) is the adaptation of the truncated CI
methods to an MCSCF ground state, and provides a way to capture both dynamic and static

correlation. This specifically denotes truncated methods, as a FCI calculation will reach the
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same result from an HF or MCSCEF reference as long as the same basis set is used. Addition-
ally, the other methods mentioned for the calculation of dynamic correlation have formulations
based on the usage of a multiconfigurational reference. Second-Order Complete Active Space
Perturbation Theory (CASPT2)!""!" and Second-Order n-Electron Valence Perturbation The-
ory (NEVPT2)**%2 are two implementations of Multireference Perturbation Theory (MRPT).
These formulations of MRPT and the Multireference Coupled-Cluster Theory (MRCC)* are
similarly motivated to their single reference equivalents, though some additional complexity
arises from dealing with multiple configurations and leads to increased computational cost.

Some of the complexities will be discussed in later sections.

1.1.5 Density Functional Theory

The last of the general purpose electronic structure methods that will be mentioned here is also
the most different from the others. Density Functional Theory (DFT) arose from a desire to
reformulate the problem of finding the energy of a molecular system in terms of a physical
observable, the electronic density p(r), instead of the wavefunction. The electron density is the
square of the wavefunction, which can be expressed as

N/2

p(r) = 22 (). (1.22)

The works of Hohenberg, Kohn, and Sham proved®* and provided® a way to determine the

energy as a functional of the electronic density

Elp(r)] = Tlp(r)] + Vaelp(r)] + Veelp(r)] + Vaelp(r)] (1.23)

where T'[p(r)] is the kinetic energy of the non-interacting electrons, V,,.[p(r)] is the nuclear-
electronic attraction, V,.[p(r)] is the classical electron-electron repulsion, and the exchange-
correlation functional V. [p(r)] collects a number of classical and quantum effects. The result-

ing method is called Kohn-Sham DFT, or Kohn-Sham theory (KS).

12



If the exact form of the exchange-correlation functional were known, DFT would be able
to provide the exact solution for a given system.?® That said, the exact form of this functional is
not known, and in its place are a number of approximations in an ever growing hierarchy. The
general process of calculating the electronic energy with a given functional is similar to HF in
both methodology and cost. The results can be vastly superior due to the correlation effects in
DFT. Care does need to be taken with DFT methods, as the approximate exchange-correlation
functionals are difficult to improve in any systematic way and their results can vary in quality

from system to system.

1.2 Weak Intermolecular Interactions

Weak intermolecular interactions are ubiquitous in the world at large. They have key influ-
ence on such properties as crystal structure, protein structure, and adsorption. Despite the
widespread importance of this class of interactions, they can be distinctly difficult to handle in
a computational fashion. The size of these values is often many orders of magnitude smaller
than the energies of the systems for which they are being calculated. To accurately model weak

interactions, a number of factors have to be taken into consideration and will be discussed here.

1.2.1 Definitions of Interaction Energy

The interaction energy FE;,; for the interaction of two monomers A and B can be defined as

Eint = Eap(AB) — EA(A) — Eg(B), (1.24)

where Fap(AB), E4(A), and Eg(B) are the energies of the dimer and monomers. In this
context, “dimer” will refer to an interacting complex of “monomer” subsystems, regardless of
the homogeneity or heterogeneity or the complex. The subscripts imply that the calculations
were performed in the basis set of the dimer or one of the monomer subsystems. This definition
is the mathematical representation of the statement that the interaction energy is the difference
between the energy of the interacting monomers and the monomers at an infinite separation.

Therefore, to calculate the interaction energy, one can perform three calculations to obtain some

13



approximation of these values and calculate this difference. This procedure is referred to as the
supermolecular method.

Somewhat obviously, it is important that the energies of the dimer and monomers are
calculated in an equal fashion, otherwise the resulting value of £,; will be skewed in some
way. One potential imbalance inherent to this first definition is the selection of the basis sets
for the dimer and monomers. Eq. (1.24) states that the energies of the dimer and subsystems
are calculated in their own basis set, i.e. the dimer calculation is performed in a larger basis
set than either of the monomers. This means that the orbitals of the monomer calculations are
more restricted than their counterparts in the dimer calculations. This issue is termed basis set
superposition error (BSSE), and a solution is found in the counterpoise correction of Boys and
Bernardi,?’

ECP = Eap(AB) — Eop(A) — Eap(B) (1.25)

wnt

where the terms on the right hand side are equivalent to the terms in Eq. (1.24) but with the
common subscript implying that they are all calculated in the dimer basis set. As the size of the
basis set approaches infinity, the corrected and non-corrected definitions become equivalent.

Another way of defining the interaction energy was used in the work described in Chapter

Eint = Eap(AB) — EX4(AB). (1.26)

This definition replaces the infinite reference in Eqs. (1.24) and (1.25), (E(A) + E(B)), with
the value from a single calculation of the dimer where the monomers are at some large distance
that approximates infinity, F55(AB). The benefit of this version of the procedure is that it

circumvents issues of size consistency in the treatment of the dimer and monomers.

1.2.2 Basis Set Completeness

On the topic of basis sets, the incompleteness of the basis set is one of the leading limitations in
the accuracy of electronic structure calculations. The closer the basis set comes to the complete
basis set limit (CBS), the closer each method comes to its exact result. The balance to this is

that increasing the basis set size also increases the cost of a given calculation. To put this fact
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into perspective, HF scales as O(N?) with the basis set size N, while MP2 scales as O(N?)
and CCSD(T) scales as O(N7). These steep scalings put substantial limitations on how close
to the CBS limit one can get for a system, limiting some calculations to only a minimal basis
set and outright preventing others. While the HF energy converges to the CBS limit quickly,
correlation energy does so at a much slower rate. This slow convergence necessitates either
large basis sets or some alternative way of reaching the CBS limit.

Extrapolation provides a way of approximating the CBS limit from smaller basis sets.
Basis set families have been designed so that they successively capture more and more of the
correlation energy. By performing calculations in two or more of these basis sets, the CBS limit
can be approximated by extrapolating from these results. One such family is the Dunning-type
correlation consistent basis sets, denoted as cc-pVXZ (XZ where X =D, T, Q, 5, ...)%%
The cardinal number X primarily indicates the number of basis functions used to represent the
valence orbitals, but the Dunning-type sets follow a specific design pattern that is also conveyed
in the cardinal number. If the energy of a system is calculated in consecutive basis sets, the CBS

value of E,,.. can be approximated as

EmZ m3 o EnZ n3
ECBS ~ corr - 3007"7" (127)
m° —n

corr

1.3% This correlation

where m and n are the cardinal numbers of the basis sets and n = m —
energy is added to the HF energy from the higher basis set, as it is assumed to be sufficiently
converged. An extrapolation to CBS from two given sets will be denoted as (set1, set2), where
set2 has the larger cardinal number.

In the particular case of weak intermolecular interactions, there are some additional con-
siderations. Because the interactions of interest are relatively long-ranged (compared to cova-
lent bonds), the basis set needs to allow the electron density between monomers to interact at
a distance. One way of accomplishing this is the use of diffuse basis functions that cover a

wide spatial range. For Dunning-type sets, the prefix aug- implies the set has had diffuse, or

augmentation, functions added to it, e.g. aug-cc-pVXZ (aXZ).
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Another way of ensuring that the basis set is able to properly represent the electron density
between the interacting systems is the addition of midbond functions.?! These are additional
basis functions that are added somewhere between the interacting systems, usually along the
line between the centers of mass. The addition of midbond functions increases the coverage of
the basis set in the space where the interaction is most likely to occur. The selection of what
kind of functions and how many to use is not rigidly specific; however, one simple method is
to use the basis functions for the hydrogen atom from whichever set is being used for the rest
of the system. When used with Dunning sets, this prescription with be signified by the notation

cc-pVXZM (XZM).

1.2.3 Method Selection

Returning to the discussion of potential imbalances in the methods used to calculate the en-
ergies, the first and most important fact is that the energies of the dimer and monomers must
be calculated using the same level of theory. If E,; is calculated as the difference between
E(AB) calculated with HF, E(A) calculated with MP2, and E(B) calculated with FCI, the
resulting value is effectively useless due to the wildly varying treatment of correlation in these
systems. Stated more succinctly, the usefulness of the supermolecular method is dependent on
a cancellation of errors between its component values. The usage of multireference methods
introduces another way of potentially unbalancing the treatment of the components. Care must
be taken to ensure that the active space of the dimer contains all orbitals corresponding to those
present in the monomer active spaces.

Understanding that the method selection needs to be balanced for the component calcula-
tions, the next consideration is the quality of the results being acquired. Because F;,,; is much
smaller in magnitude than E(AB), E(A), and E(B), it is critical that these values be calcu-
lated with a high degree of accuracy to ensure that £,; is not drowned out by error. As stated
above, FCI is the most accurate method, but is too computationally costly to perform for all but
the smallest systems. CCSD(T) is known to provide high accuracy results when calculated in
a large enough basis set, and at a significantly lower cost than FCI. Even still, CCSD(T) in a

reasonably sized basis set is also too costly for many systems of interest.
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One way of reaching a desired level of accuracy is by starting from the best method and
basis set available, and then building up a number of corrections from superior methods in
smaller basis sets. These composite methods are predicated on the idea that the improvements
of one method over another are similar between different basis sets. An example build up of
such a composite method could begin with a calculation at the MP2/(aQZ, a5Z) level. This
result can then be improved by the addition of a CCSD correction from the aQZ set

O¢tisp = B D197 — B2, (1.28)

providing an approximation to CCSD/CBS. This result could be further improved by a correc-

tion to CCSD(T),

S5y = ESSODTe — pECSDIeTe, (129

and a correction to CCSDT(Q),

(%%gDT @ = ECCC‘)S*TSDT(Q) JaDZ _ ECCOSTSD(T) /aDZ. (1.30)
and so on. The final result would be described as the sum of these corrections, MP2/(aQZ, a5Z)
+ O + 00TZ by + 0804 pr(g)- This kind of composite scheme can be used to account for
a number of different corrections, including core-core and core-valence correlation, relativistic
effects, or improvements to the Born-Oppenheimer Approximation.

As mentioned before, DFT can also provide results with considerably high accuracy at a
low cost, but the different approximate functionals need to be tested for their adequacy in deal-
ing with a particular type of system. This has been accomplished by benchmarking databases
of molecular compounds and complexes with high levels of theory and comparing the results
of the different functionals.?> This practice provides a way of statistically determining the
appropriateness of a functional for certain interactions or compounds, and provides a kind of
confidence value to the result. To obtain high quality interaction energies from DFT, it is usually
necessary to include some correction for dispersion. One such correction is Grimme’s empir-

ical pairwise correction, the most popular version being D3.33-3¢ Updated parameters for this
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correction were published recently, with the intention of improving the results and providing a

more even treatment of intermolecular distances other than the minimum.3’

1.2.4 Symmetry-Adapted Perturbation Theory

Turning away from the supermolecular method now, we introduce an alternative method of cal-
culating the interaction energy. Symmetry-adapted perturbation theory (SAPT) builds from the
same basic starting point as Mgller-Plesset perturbation theory, but is focused on the interaction
energy between monomers.*® In contrast to the supermolecular method, SAPT calculates the
interaction energy directly instead of as a difference of total energies. Consequently, SAPT is
not burdened by several of the considerations outlined in the preceding sections. Additionally,
SAPT can provide a decomposition of the interation energy into physically meaningful compo-
nents. These include electrostatics (the Coulombic interactions between the charged particles
of the monomers), induction (the effect that the electric field of one monomer has on the other),
and dispersion (the instantaneous development of multipole interactions arising from the cor-
related motion of electrons between monomers). These components are further accompanied
by their exchange counterparts, arising from the Pauli exclusion principle.

SAPT partitions the Hamiltonian as

H=Hjs+Hg+V, (1.31)

where H 4 is the Hamiltonian for monomer A, Hpg is the Hamiltonian for monomer B, and V'
is the pertubation operator that collects all interactions between particles from A and B. The

perturbation operator has the form

DI I
AB

1
Z Ze N1 (1.32)
rAB TiB i Tij

’/’JA
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where A are the nuclei of monomer A, B are the nuclei of monomer B, 7 are the electrons of
monomer A, and j are the electrons of monomer B. In SAPT, the unperturbed dimer wavefunc-

tion is defined as the product of the wavefunctions of the monomers,
7O = glul (1.33)
making the zeroth-order energy the sum of the monomer ground state energies,
E® = E! + EB. (1.34)

From this point, the same RS corrections (Egs. (1.19) and (1.20)) can be applied to SAPT

to produce the first-order correction

Bl = (0O ]u)
247
_Z - —Z<%|AI%> Z@MBW +Z (il (1.35)

_%+ZAJJ+ZBZl+Z (ijlig) ,

where ¢ indexes the spinorbitals of monomer A, j indexes the spinorbitals of monomer B, 1}
is the nuclear repulsion between monomers, A;; is a one-electron integral over the nuclear po-
tential of monomer A, and B;; is a one-electron integral over the nuclear potential of monomer
B. The negative signs in the second line of Eq. (1.35) are folded into the definitions of A;;
and B;;. The second index in the superscript (10) denotes that the reference is at the HF level
and no intramolecular correlation has been included. This first-order correction is the electro-
static energy Eilli) between the two monomers, as can be seen from the terms in Eq. (1.35).
Furthermore, the second-order RS correction can be broken down into induction (both B—A

and A—B) and dispersion. The RS corrections derived in this way are sometimes called the

polarization terms.
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To obtain the exchange components, the dimer wavefunction first needs to be inspected.
The dimer wavefunction should be antisymmetric with respect to the interchange of coordi-
nates for any two electrons, but the SAPT zeroth-order wavefunction is not antisymmetric with
respect to the interchange of coordinates for electrons on different monomers. The dimer wave-
function has to be properly antisymmetrized to acquire the exchange energy. This symmetry
adaptation can be accomplished in various ways based on where the symmetry enforcement
enters the theory.®® The most common method of symmetry adaptation is the Symmetrized
Rayleigh-Schrodinger (SRS) theory,® where the wavefunction corrections are acquired from
RS and an antisymmetrizer is introduced in the formulas for the energy corrections. The first-

order SRS correction is

<q;(0)|VA|q/(0)>

(10) _ p(10) (10) _
ESRS - Eelst + Eea:ch - <\I/(0)|A‘\Ij(0)> (136)
where A is an antisymmetrizer. This correction is further represented as
(TOWATO) VS +32, BiS™ + 3, ApST + 37, (illrs) S77° (1.37)

(WOLAO) — 5 7

where r and s index occupied spinorbitals on both monomers, S is the determinant of the

overlap matrix S of both monomers

g _ _ a8 (1.38)

S is a first cofactor of the overlap matrix, and S¥"* is a second cofactor of the overlap matrix.
S is constructed by deleting the row i and column r from the overlap matrix and multiplying
the determinant of this reduced matrix by (—1)"*". The second cofactor extends this process
to an additional row and column, and the new determinant is multiplied by (—1)"7 s A

second cofactor has the following relationship with the first cofactors,

1

Siirs = (S SIt — SisgIT), (1.39)

2]
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Cramer’s Rule can be applied to relate the overlap matrix and its cofactors in the following way,

_ Sir

Dri
S

(1.40)

where D,; are elements of the inverse of the overlap matrix, D = S~!. Taking advantage of

these relations, the terms in Eq. (1.37) can be rewritten as

Eps =Vo+ Y BuDu+ Y ApDy+ Y (ijllrs) (DyiDy; — DyDij) (1.41)
ir Jr Jrs
Higher order SRS corrections provide the exchange counterparts to the second and higher order
RS corrections.
The above method provides the complete £ (19 “because the complete antisymmetrizer is

exch’

used.* It is commonplace, however, to use an approximation of the complete antisymmetrizer
Ax AgAp(1+P), P==) Py (1.42)
]

where P;; are the single-exchange operators that exchange pairs of electrons between monomers.
This is called the single-exchange, or S?, approximation because of the limitations it puts on the
exchange between monomers.*® While widely used in SAPT, the S? approximation is known
to break down at short intermolecular distances.

A hierarchy of SAPT results are derived from the number of terms used to calculate the
interaction energy. The simplest of these is referred to as SAPTO,* defined as

ESAPTO = BUY) + BQO) + (B2 + B, g + 0ESE) + (ESi + ES_4is). (1.43)

int elst xch ind xch—ind disp exch—disp

The sum of the terms collected in the first set of parentheses is considered the induction energy,

and the sum in the second set is considered the dispersion energy. The terms Ei(zg) and B2

disp
are the induction and dispersion parts of the second-order RS correction, while Eéi%_ind and
Eéig%, disp are their exchange counterparts from the second-order SRS correction. The term

) Eg% is the difference between the supermolecular HF E;,,; and the sum of the first four terms
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on the R.H.S. of Eq. (1.43). HF intrinsically contains some higher orders of induction and
this term is relatively cheap to include. As implied above, the reference for practical SAPT
calculations tends to be from the HF level. As is typical, the simplest case is a closed-shell

RHF reference. For open-shell systems, ROHF and UHF based SAPTO have been derived.*>*

1.2.5 Applications of Potential Energy Surfaces

The effective calculation of E,,; as a function of the degrees of freedom between the interacting
molecules allows for the development of an approximate PES (or PEC). Though these poten-
tials neglect potential many-body effects, a number of quantities of interest can be extracted
from them. The PES, as defined above, is the potential associated with atomic movement,
which can be used to solve the nuclear part of the Schrodinger equation. The results of this part
of the equation provide information about the rotational and vibrational behavior of the system,
which can be used to predict rovibrational spectra.*>*¢ Other quantities that can be derived
from the PES include improvements to ideal gas approximations, such as the virial coefficients
for gas properties. The PES also provides the information necessary to calculate various cross
sections of collisions. Such cross sections play a role in the calculation of transport properties,
such as viscosity, which are based on the interactions within the system.*’ Additionally, scat-
tering cross sections can be calculated to predict the results of various experimental methods.
Characteristic points of the PES can be used to identify transition states of reactions. Further-
more, the lowest energy pathway connecting the transition state and related minima provides
an approximation of the reaction pathway. The potential energy surface can also be used in

simulations of condensed phase to predict properties such as radial distributions.*®

1.3 Outline of Dissertation

The remaining chapters of this dissertation will be organized as follows. Each chapter will
begin with an overview of the project and topics particular to it. Chapter 2 discusses the pre-
requisite ab initio calculations for the computation of selected thermophysical properties and
second virial coefficients of the krypton gas. Next, Chapter 3 summarizes the investigation of

the interactions between CO, and representative models of metal-organic frameworks. Lastly,
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Chapter 4 describes recent work in expanding the capabilities of SAPT calculations. These
chapters recompile and expand on the works submitted in partial fulfillment of this disserta-

tion, which can be found in Appendices A-D.

23



Chapter 2

Theoretical Calculations for the Kr Gas

With the growth of computational chemistry, it has become possible to produce highly accu-
rate PESs for many systems of interest. A particular category of systems that have attracted
repeated attention is the collection of noble gas dimers.*#74-52 With the accuracy of such
potentials, theoretical calculations of thermophysical properties for these systems can have es-
timated uncertainties as good as, or smaller than, the most advanced experimental data.*’->!-57
To this end, a state-of-the-art PEC for the Kr dimer was developed, going beyond the CCSD(T)
standard to acquire spectroscopic accuracy (<1 cm~1) around the curve minimum. An analytic
potential was fitted to the high-accuracy points and used in the calculation of several of the most
important thermophysical properties of the Kr gas, specfically: viscosity, thermal conductiv-
ity, self-diffusion coefficient, thermal diffusion factor, and the second pressure, acoustic, and
dielectric virial coefficients. As an additional requirement for the computation of the second
dielectric virial coefficient, the interaction-induced isotropic pair polarizability was produced
at a similar theoretical level as the PEC and fitted to an analytic form. This chapter summarizes

the development of the new ab initio PEC>!' and pair polarizability>’ for the Kr dimer, originally

described in Appendices A and B, respectively.

2.1 Potential Energy Curve of the Kr Dimer

2.1.1 Investigation of Accuracy at Near-Minimum

To develop the analytic potential for the PEC, the interaction energy for the krypton atom

pair needed to be calculated at several interatomic distances. Furthermore, the level of theory
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needed to acquire the desired spectroscopic accuracy around the minimum had to be deter-
mined. An initial investigation into the uncertainty of the calculated interaction energy was
performed at a near-minimum interatomic distance, R = 4.0 A. Throughout the chapter, the
interaction energy is the counterpoise corrected value, defined in Eq. (1.25), and the basis sets
are Dunning-type sets.®

The first consideration was how well the frozen-core (FC) CCSD(T) interaction energy
was converged to the CBS limit. Frozen-core implies that only the valence electrons are allowed
to correlate during the underlying CCSD calculation, while the core orbitals are held in their
HF form. Table I in Appx. A presents the pertinent results. The top row of this table shows the
convergence of the FC F;,,; with respect to the increasing cardinal number of the basis set, i.e.
its size. The uncertainty for each basis set is assumed to be the difference between itself and
the basis set one cardinal number lower, e.g. the uncertainty for the aSZ value is its difference
with aQZ, £10.45 cm™!. It is clear that this term is not completely converged, even in the
large a5Z basis. The next row provides the results based on extrapolating from successive basis
sets using the previously described X ~® scheme of Eq. (1.27). For the extrapolated values, the
uncertainty is based on the difference between the extrapolated value and the value of the larger
set used in the extrapolation. Based on the trend with the (aTZ, aQZ) result, the (aQZ, a5Z)
result appears better converged but still has an uncertainty of £10.84 cm~. Next, the addition
of midbond functions was tested. It is obvious that the aXZM results converge faster to CBS,
but still have not reached saturation. Applying extrapolation alongside the midbond functions
improves convergence, but the uncertainty of the (aQZM, a5ZM) result is still more than the
desired 1 cm™! threshold.

In an attempt to reach the target uncertainty, the F12 method of explicit correlation was
applied to accelerate the basis set convergence.”® As implied, this method introduces ex-
plicit electron correlation terms into the CC calculation. Two variants of this method, F12a and
F12b,5!:%2 were used in conjunction with the midbond functions, and extrapolation was again
performed. The common implementation of CCSD(T)-F12 is a bit of a misnomer. The full
CCSD(T)-F12 method is quite complicated, so it is common to perform the standard perturba-

tive triple calculation (i.e. without explicit correlation) on top of a CCSD-F12 calculation. A

25



method of approximating the explicitly correlated perturbative triples is to scale the standard

triples by the ratio of the corresponding MP2-F12 and MP2 values,®* %4

T T EMP27F12
Bl = pil) Zeorr 2.1)

int int E M P2
corr

These MP2 values are side products of the CCSD(T)-F12 calculations and require no additional
expensive computations. The double star notation in Eq. (2.1) is to specify that the MP2 ratio
for the dimer calculation is used to scale the dimer and monomer triples, as opposed to using the
monomer ratios for the monomer triples. Applying explicit correlation and midbond functions
shows a substantial increase in the rate of convergence, even before extrapolation. The addition
of extrapolation shows that each of these methods appears to converge to approximately the
same CBS value, around -133.5 cm~!. Two of these methods, CCSD(T)-F12a/(aQZ, a5Z)
and CCSD(T**)-F12b/(aQZ, a5Z), also have uncertainties lower than the desired threshold.
CCSD(T**)-F12b/(aQZ, a5Z) has the lower uncertainty and was selected as the method for
calculating the leading FC term of the interaction energy for all points.

With the selection of the leading term, the next consideration is determining what correc-
tions to the leading term contribute more than 1 cm™! at the near minimum separation. The
results for the investigation of these corrections can be found in Table II of Appx. A. The first
term inspected was the removal of the frozen-core approximation and allowing the core elec-
trons to be excited. This correction is referred to as the core-core and core-valence correlation
correction, but will be termed the all-electron (AE-FC) correction here. Due to the consider-
able number of core electrons in the Kr atom, it is conceivable that this correction could be
of some importance. The AE-FC corrections were calculated in the aug-cc-pCVXZ (aCXZ)%
and aug-cc-pwCV X Z (awC X Z)% basis sets, which are Dunning-type sets designed for the ap-
propriate treatment of core electrons. The key observation is that even the least saturated basis

sets provide corrections greater than 1 cm™!

, confirming the importance of this correction for
an accurate interaction energy. The addition of midbonds to this correction had only moderate
benefit over an increase in cardinal number, and the highest available set with midbonds was

limited to aQZM. The (aCQZ, aC5Z) and (awCQZ, awC5Z) extrapolated values are similarly
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converged and have similar uncertainties. The (awCQZ, awC5Z) result was picked as the level
for the AE-FC correction because it is slightly better converged.

The second correction of interest was the improvement beyond the CCSD(T) level to
higher levels of CC, specifically to CCSDT(Q). At first glance, the (Q)-(T) correction appears
insignificant within the required uncertainty. Closer inspection reveals that the size of this
correction is due to a cancellation between its components, the T-(T) and (Q)-T corrections.
Individually, these corrections are large enough to warrant inclusion in the interaction energy,
but they are of similar magnitude and opposite direction. Based on the individual size of the
component corrections (as well is its increased importance at short intermolecular distances
seen in the next section), it was decided to include the correction in the aQZ set.

The last considered correction to the interaction energy is the correction due to relativistic
effects. Electrons in the core of the Kr atom can reach speeds near enough to the speed of light
that relativity can have considerable effect. The relativistic correction was investigated at the
second-order Douglas-Kroll-Hess (DKH) level.5”-6® The basis sets used for this correction were
the a X'Z sets, but the contraction of the Gaussian orbitals was removed to provide a significantly
larger basis space. The relativistic correction is of similar magnitude to the AE-FC correction,
which necessitates its inclusion in the interaction energy. The (decontracted aQZ, decontracted
a5Z) result appears sufficiently converged and was selected as the level of the correction to

include in the final points.

2.1.2 Fitting Analytic Potential

The total Kr-Kr interaction energy for this work is defined as

B, — ECOSD@)/FC | A pCOSD(T)/AE=FC | A Ei(ﬁ)—(T) N

nt — Hint int int»

(2.2)

where the leading FC term and the corrections were calculated at the previously determined
levels. The resulting interaction energy was calculated for selected interatomic distances along

the PEC, ranging from 2.60 A to 12.00 A and with an increased density of points around the
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Figure 2.1: Contributions to the ab initio krypton dimer interaction energy and the total inter-
action energy (cm™') as functions of interatomic distance R (A).

expected minimum. The selected distances can be seen in Table III of Appx. A, along with the
numerical values for the terms of the interaction energy at each point.

The role of the leading term and corrections at different interatomic distances can be ob-
served graphically in Fig. 2.1. At long and medium ranges, the FC term is shown to be a good
approximation to the complete F;,;, while the corrections all tend to zero for distances greater
than 4.5 A. In the well region, the AEthCSD( JAE=FC and AE" corrections are equally im-

portant. These corrections deepen the well compared to the FC value and shift the apparent

minimum to a shorter separation. Past the well and into the repulsive wall, AET® becomes

ECCSD(T)/AE-FC

int

more negative than A , while both corrections counteract some of the repul-

sion from ECCSPIITC A B@D=T) hag minimal effect throughout much of the PEC, but does

nt mt
play a small role in the wall.
To approximate the potential at arbitrary interatomic distances, an analytic formula was

fitted to the ab initio data points. The form of the function is

Cop,
V(R) = (A+ BR+ CR e F Z fon(BR) R; (2.3)
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Figure 2.2: The ab initio values of E;,; and the fitted Kr dimer potential (cm™') as functions of
the interatomic distance R (A).

where A,B,C,«,3,Cs, and Cy are fitting parameters. The functions f,, are the Tang-Toennies

damping functions,%

2n k
foulw) =1 e % 2.4)
k=0

which serve to damp the dispersion interactions of the C and Cs terms in Eq. (2.3). These two
parameters were fitted first to the long range points (R > 8.0A), then held constant during the
fitting of the other parameters. The fitting was accomplished by the method of least-squares,
with each data point weighted by scaling the squared difference of the fitted value by the inverse
of the squared uncertainty associated with the ab initio result at that point. This weighting
scheme ensures that the least uncertain points are prioritized over the others, e.g. points around
the minimum versus points high on the repulsive wall. The optimized values of the parameters
are provided in Table IV of Appx. A, while the interaction energy values of the fitted potential
at the selected data points are in Table III of the appendix.

Figure 2.2 shows the calculated values of F;,;, with their uncertainties, along with the
fitted potential. The number of parameters in the parentheses in Eq. (2.3) was selected to

ensure that the fitted potential passed within the range [ — U(FE), E + U(F)] for all points,
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while also keeping the number of fitted parameters to a minimum. The zoomed-in region of Fig.
2.2 shows this behavior clearly around the potential well. This potential predicts a minimum

distance of 4.01 A with an interaction energy value of -140.06 cm™"

, which agrees well with
previously reported values’ and values from detailed works more recent than that presented
here.>

The reasonability of the fitted potential is assured from the shortest ab initio data point to
infinite separation, but not so for particularly short separations. Specifically, the wall region
of the potential discussed here actually flips over and proceeds to negative infinity starting at
some short distance. To overcome this unphysical behavior, the values of the fitted potential
are replaced with a well-behaved function starting at a distance shorter than 2.6 A (the shortest
fitting point) but before the function becomes ill-behaved. The form of this short range function
is simple,

Van(R) = (A /R)e™ Tt Bant? (2.5)

with the fitting parameters A, oy, and [, fitted to ensure physical behavior and that the
potential and its first derivative are continuous at the splicing point (R = 1.8 A). The values
of these parameters are listed alongside the other potential parameters. In addition, functions
of the same form as Eq. (2.3) (and with the same short range form as Eq. (2.5)) were fitted
to E — U(F) and E + U(FE) for all points to facilitate the determination of uncertainty for
the properties computed from the new dimer potential. The parameter values of these limit

functions can be found in Table IV of Appx. B.

2.2 Interaction-Induced Isotropic Pair Polarizability of the Kr Dimer

2.2.1 Investigation of Accuracy at Near-Minimum

The pair potential discussed above is sufficient for the calculation of the second pressure and
acoustic virial coefficients. For the second dielectric virial coefficient, the interaction-induced
isotropic pair polarizability Acq,,. is also required. This quantity is the average change in

polarizability from the lone monomers to the dimer due to their interaction, and is defined in
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the following equations

Aay(R) = o™ (R) — 20" (R) (2.6)
Aay (R) = o™ (R) — 2alfomomer(R) .7)
Ao (R) = %[AQ(R) + 280, (R)] 2.8)

where « is the polarizability of either the dimer or monomer (superscripts), either parallel or
perpendicular to the axis of interaction (subscripts). A related value is the anisotropy A gnisos
defined as

Agniso(R) = [Acy(R) — Ao (R)]. (2.9)

Though not necessary for the property computations, this value is a side product of the calcu-
lation of Acvgye.

As with the pair potential, the pair polarizability was first investigated at the same near-
minimum distance (which is effectively the minimum determined from the potential). The
CCSD(T)/FC value of Aay,.(R) was first checked for convergence. Then, the same correc-
tions beyond the FC term (AE-FC, relativistic, and higher order CC) were considered for their
importance. Unlike for the interaction energy, the desired level of accuracy was not predeter-
mined and the corrections were evaluated by their size relative to the FC term. The results
for all terms inspected can be found in Table I of Appx. B. The parallel and perpendicular
components of the CCSD(T)/FC term seem to converge at similar rates, and have values with
relatively small magnitudes. The aCXZ and awCXZ basis sets were checked for this term,
but provided no improvement over the more appropriate aXZ sets. Furthermore, the aXZ sets
extended one cardinal number further than the other sets. Midbond functions were determined
to be unnecessary given the effectiveness of the conventional basis sets. CCSD(T)/FC/a6Z was
determined to be a suitable level of theory for the leading term.

The AE-FC correction was checked for the same basis sets as the FC term, where the
awCX7Z set was found to converge the fastest. The size of this correction was significant

enough to warrant including it, but the calculation would be limited to the awCQZ basis since
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Figure 2.3: Contributions to the interaction-induced isotropic polarizability A, for the kryp-
ton dimer and the total A« (af’)) as functions of the interatomic distance R (A).

the correction was already well enough converged at that point. The correction for higher orders
of CC, specifically CCSDT, was found small enough to be neglected (Aaﬁp_(T)/aDZ =0.0023
aj and Aaff(T)/aDZ = -0.0003 al). The relativistic correction was calculated analytically
using the exact two-component method (X2C),”! as opposed to DKH used in the pair potential.
The available implementation of this method necessitated validating due to its experimental
nature. This process is described in Appx. B and the method was found to be sound. The
decontracted basis sets were again found to be the most suitable for this correction, and the

decontracted aQZ set was selected for use at all data points.

2.2.2 Fitting an Analytic Function

With the necessary components and basis sets selected, the interaction-induced pair polariz-
ability was calculated for the same interatomic distances as used for the potential. The total
Ay, 1s defined as

Aaave _ AaCCSD(T)/FC+AaAE—FC + Aarel

ave ave ave”’

(2.10)

32



0.10
— 0.051 B |
5
S,
> 0.00] 070 .
B — Aaff,
‘€ —0.051 1
ruu . 0.065 I Adgye
S
E—O.IO- 0.060
k5
> —0.151 0.055
©
£
& —0.201 0.0501
9
& —0.25 0.045
g
<
—0.301 0.040 = , , , , , , , ,
38 40 42 44 46 48 50 52 5.4
-0.35 : : , | ,
3 4 5 6 7 8
R [A]

Figure 2.4: The ab initio values of Aa,,. and the fitted Kr dimer isotropic interaction-induced
pair polarizability (a}) as functions the interatomic distance R (A).

The numerical results for all points can be found in Table II of Appx. B, and the various
contributing terms are shown in Fig 2.3. Through most of the displayed range, the FC term
remains a good approximation. Only at the shortest ranges do the corrections lead to any
considerable difference in the total and FC values. Both the AE-FC and relativistic corrections
are small and positive until these short ranges, where they become negative and about equal in
magnitude. At R > 3.0 A, the relativistic correction contributes slightly more than the AE-FC
correction.

The fitting scheme used for the potential was also used for the pair polarizability, utilizing
least-squares fitting and weighting the points as the inverse square of their uncertainty. The

form of the function used to fit the isotropic pair polarizability is

AOéaUe<R> :(A(afue)R—l + B(ave) + O(ave)R + D(ave)R2)6—a(’“’e)R
Clave) 2.11)

n

Rn

+ Z fn(ﬁ(ave)R)

n=6,8
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where A(ave) Blave) Clave) - py(ave) - (ave) - glave) C’éa”e), and Céave) are the fitting parameters
and f, are the Tang-Toennies damping functions. Again, the C\™* and C{™* terms were
fitted to only the long range points and held constant as the other parameters were fitted to
all data points. The upper- and lower-limit functions were fitted to Aage + U(Aag,.) and
Agre—U (A ), respectively, using the same functional form and procedure. The parameters
for all three functions can be found in Table III of Appx B. As illustrated for most points in Fig.

2.4, the fitted function passes within the uncertainty range of all ab initio datapoints.

2.3 Evaluation of Computed Properties

The new potential was first used to calculate the vibrational transition frequencies of 84Kr,
isotopomer, the results for which are found alongside previous literature values in Table V of

170

Appx. A. The transitions are in good agreement with the empirical’® and experimental results,”?

and are likely more accurate than the previous ab initio results.”> Most importantly, the highly

1’* are within the

accurate experimental values for the %Kr, isotopomer from LaRocque et a
uncertainty of the theoretical results based on the new potential.

With the analytic potential fitted to the high accuracy ab initio results, the new values
for the viscosity, thermal conductivity, self-diffusion coefficient, and thermal diffusion factor
could be computed. Furthermore, the second virial coefficients can also be computed, with
the dielectic one requiring the pair polarizability function. The method of computing these
properties is described in Appxs. A and B, and will not be addressed in any detail here other
than to say that they are calculated classically and that the virial coefficients utilize quantum
corrections. The properties were calculated for temperatures ranging from 116 to 5000 K, and
the results of these computations are found in Table VI of Appx. A and Table V of Appx. B.
The accuracy of the new viscosity and thermal conductivity values will now be evaluated, while
the uncertainties associated with the comparisons for the self-diffusion coefficient and thermal
diffusion factor provide little insight.

The newly calculated viscosity values are initially compared with reported literature values

in Fig. 2 of Appx. A. This initial comparison shows moderate agreement with the new values,

with most literature data points having relative deviations with magnitudes greater than 0.5%.
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It is useful to note that the experimental viscosity values are determined relative to some other
calibrated value. The instruments used to gather the literature values were calibrated with older
data with uncertainties larger than those available more recently, specifically those produced
via ab initio calculations (other than this work). To improve the literature data, the points
were worked backwards to the relative ratio of the viscosity of Kr with the reported reference
gas and then the updated value was determined using a corresponding ab initio result for the
reference gas. The comparison of the newly calculated results and the updated literature results
is displayed in Appx. A, Fig. 3. This figure also contains previously calculated theoretical
results and the uncertainty values of the newly calculated viscosity.

The re-evaluation described above moves most of the literature points within +0.5% of
the computed values, with several points falling within the uncertainty of the new results. The
agreement of the updated literature results is also much better with the new viscosity results
over the previous theoretical ones, with the empirical potential’® leading to an overestimation
across the range and the ab initio potential’”® underestimating most of the experimental values.
Similar trends are seen for the thermal conductivity in Fig. 4 from Appx. A, where there are
less experimental data points for comparison. While it is harder to differentiate between the
thermal conductivity results based on the newer and older ab initio potentials, the new values
have a more consistent agreement with the experimental literature.

For the second virial coefficients, the amount of literature data for comparison was limited
and consisted mainly of previous theoretical results. The pressure and acoustic coefficients,
seen in Figs. 3 and 4 in Appx. B, chiefly highlight the considerable agreement between the
values of these works and those from the more recent potential of Jiger et al.>> The values
corresponding to their newer potential uniformly fall within the upper uncertainty bound of
the coefficients produced in this work. For the second dielectric virial coefficient, a lack of
experimental data limits the characterization of the newly computed results.

The good agreement with experimental results leads to the conclusion that this new poten-
tial is more accurate then those previously calculated, and that the properties computed from it
are suitable for use as reference values. The recent development of a more accurate potential®?

did produce somewhat smaller uncertainties, but was not useful to draw conclusions about the
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relative accuracy of the resulting properties and those presented here due to relatively high

uncertainties in the experimental values.
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Chapter 3

Investigation of Metal-Organic Framework Adsorption of CO,

Metal-organic frameworks (MOFs) are composed of metal atoms or clusters coordinated to
organic linker molecules that produce a crystalline structure with high porosity. This class of
compounds has garnered interest for a variety of chemical purposes, including selective gas
separation.”>’¢ The structure and properties of an MOF are tunable via altering the metal(s)
or linker(s), providing a pathway for optimizing interactions with a particular adsorbate.””-"8
Carbon dioxide is a particularly relevant adsorbate of interest.”” The large scale of these MOFs
makes them difficult cases for the application of expensive ab initio methods. For this reason,
model systems are used in an attempt to replicate the interactions of the bulk system at a more
tractable size.””-8%-8! High-accuracy results for such models can then be used to benchmark
more approximate methods that can be applied to larger sized systems. Additionally, the in-
teractions of these models can be decomposed (with methods like SAPT) to provide increased
insight into the rational design of MOFs for specific purposes.®'=8* This chapter summarizes the

work in Appendix C, wherein the interaction of CO, with MOF model systems is investigated

with a number of ab initio methods.

3.1 Model Structures of Metal-Organic Frameworks

Each of the mimic systems in this work contains one of three metals species: Mn?*, Co?*,
or Zn?". These metals were chosen as representatives of high spin open-shell, low spin open-
shell, and closed-shell systems, respectively. The selection of these metals allows for testing

the relative importance of a multireference treatment for MOF mimic systems. The mimics are
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constructed from one or two atoms of one metal species and a varying number of organic lig-
ands to represent the MOF linkers. Two of the models contain one metal and one ligand, either
benzenedicarboxylate (BDC, also called terephthalate) or furandicarboxylate (FDC). Another
model contains a single metal with two formate ligands, and the last contains two metals and
four formates. These last two models are referred to as the diformate and paddlewheel models,
respectively. The approximate structure of each mimic, with an arbitrary metal, interacting
with CO; can be seen in Fig. 1 of Appx. C. The formate ligands all have a -1 charge and BDC
and FDC have -2 charges, resulting in each of the model systems being electronically neutral.

The BDC and FDC systems were optimized at the B3LYP/aDZ®#° level, the paddlewheel
systems at the MP2/aDZ level, and the diformate ones at MP2/aTZ. The systems containing
Mn?* and Zn?* were optimized in a generally unconstrained fashion. In the diformate models,
the mimic systems were required to have all atoms coplanar, but all other degrees of freedom
were optimized freely. For the paddlewheel models, two minimum structures were obtained:
one with the CO, aligned with the axis of the metal centers, and another where the CO, appears
to be interacting with the formate ligands as well as one of the metal centers. A comparison
of these geometries can be seen in Fig. 2 of Appx. C. While this second structure is indica-
tive of real effects in MOFs (i.e. adsorbate interaction with the organic linkers), it reduces the
symmetry of the dimer from Cj, to C,. The axially aligned geometry was selected to take
advantage of the higher symmetry and the computational advantage it grants. The optimized
structures of the other systems were each nearly symmetric and were symmetrized for the same
computational benefits. The BDC and diformate models have C, symmetry, while the FDC
models have C; symmetry. Additionally, a second optimization of each dimer was performed
with the monomers held in their individually optimized geometries. This second dimer geome-
try was used exclusively for the calculation of simple one-dimensional PEC scans, where only
the intermolecular separation was altered.

The systems containing Co?" were treated more cautiously, due to their potentially mul-
tireference nature. For each model system, the corresponding Mn?" structure was used as a
starting point for CASSCF/aDZ scans of the most important parameters of each model. The

metal-CO distance ([2y2+_co,) Was scanned for all mimic dimers, along with the following
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parameters that were checked for both the isolated mimics and the complexes with COs. For
the paddlewheel systems, the important parameters are the distances from the model center of
mass for the metals ([x_jps2+) and the formates (Rx_r;gana). For the diformate, BDC, and
FDC systems, the ligand-metal distances (12 r;gqnq—nr2+) Were scanned. Additionally, the angle
between the ligand, metal, and COs (O ;gand—nm2+—co,) Was scanned for FDC since it was not
fixed by symmetry. In the BDC and FDC monomers, it was also necessary to scan the Op_c_o
angle of the carboxylate coordinated to the metal. This caution proved unnecessary, as latter re-
sults will show that the Co®* systems can be well represented by a single reference calculation.
The Co?" containing structures were optimized in the same way as the other metals, and the
cautious results were deemed similar enough to keep. Table 1 in Appx C. provides the values
for the important parameters of each system. For all systems, Zn>" is bound more closely to
the ligands, followed first by Co?* and then Mn?*. The binding of CO, is less universal, being

dependent on the mimic system and metal species.

3.2 Single-Reference and Multireference Methods

The first consideration after geometry optimization is determining an appropriate benchmark
level of theory with which to compare various approximate methods. Each system was in-
vestigated with common single-reference (RHF, MP2, and RCCSD(T)) and multireference
(CASSCF, CASPT2, NEVPT2, MRCISD) methods in the aDZ basis. The active space in all
multireference calculations included the 3d and 4s orbitals of the metals. For the three smallest
mimic systems, the importance of active space size was tested for the multireference methods
and a second active space added the metal 4p orbitals. For the paddlewheel systems, the active
space is (2n, 12), where n is the number of d-electrons on one metal center. The other systems
are (n, 6) in the smaller space and (7, 9) in the larger one.

Regarding single-reference or multireference treatment and active space sizes, the natural
orbital occupation numbers (NOONs) for each model system were calculated at the CASSCF/aDZ
level and are found in Tables 6-9 of Appx. C. These NOONs show how the occupations of the
active orbitals differ from the restricted occupation numbers (2, 1, or 0) and provide an indi-

cation of the multireference character of the system. The results here show that the systems
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are not considerably multireference, with even the largest deviations being still quite close to
the restricted expectations. The Mn? results are to be expected, with no change in the smaller
active space and a small change in the larger one. Co?" and Zn?" deviate similar to each other
in both active spaces, with Co?* generally displaying more significant changes. Based on these
results, the systems should be sufficiently single-reference for RCCSD(T) to be considered the
benchmark (RCCSD for the Zn?>"-BDC system due to a suspect (T) value). The multireference
methods will also be compared to these results for evaluation.

The results of these wavefunction methods are found in Tables 2-5 in Appx. C. The fea-
tures of these tables that stand out most immediately are the MRCISD values in the ESF
columns. These values are completely incongruous with the other values and arise from the
size inconsistency of the method. These values prompted the use of Eq. (1.26) to produce more
reasonable MRCI results. The ESP* values are defined according to Eq. (1.26), but with the
addition of ghost atoms near the infinitely separated monomers to provide the desired counter-
poise correction. This reference is visualized in Fig. 3 of Appx. C. Quick inspection of these
tables show that ES” and ESF* are usually in near perfect agreement for all methods besides

MRCISD, where the E¢T* values are more reasonable. In the cases where the two references

nt
differ considerably, the EST* is deemed the more trustworthy result.

Comparing with the CC results, CASPT2 provides satisfactory results and outperforms
NEVPT?2 for the diformate systems, but did not provide meaningful results for the other systems
and was omitted. Additionally, NEVPT2 produced wildly inconsistent results for many of
the systems and is not very useful in a predictive capacity. Of the multireference methods,
only MRCISD proved to be a reliably predictive method (under the EST* definition) and was
insensitive to the active space selection, as well. With that said, MP2 is consistently in similar
or better agreement with the RCCSD(T) results, and is considerably cheaper to calculate than
MRCISD.

Th relative strength of interaction for the different mimics is reasonable. The BDC and
FDC models have much stronger interactions than the diformate and paddlewheel due to their

obvious dipole moments. The character of these interactions will be discussed more in the next

section. In terms of metal preference for each model, the interaction energies for each of the
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models follow one of two trends. The diformate and paddlewheel systems show a trend of
Mn?* > Zn?>T > Co?*, implying CO, binds most strongly with the Mn?" version and least
strongly with the Co?** version. The FDC and BDC systems have a trend of Zn?>* > Mn?** >

Co?t,

3.3 SAPT Decomposition

SAPT analysis was applied to each model to provide insight into the way each mimic interacts
with CO,. The SAPTO level of theory was applied to all mimic-metal combinations, in both the
aDZ and aTZ basis to test for basis set completeness. The Zn?* results utilized the RHF-based
SAPT,*® while the Mn?" and Co*" results were obtained from ROHF-based SAPT.** The Mn?*
calculations were also performed with UHF-based SAPT for comparison.***** SAPT2+3/aDZ*!
results were calculated for the Zn?* systems to observe the changes to the interaction energy
at higher levels of SAPT. For the Co?*"-FDC model, only the SAPT0/aTZ was obtained due
to convergence issues in the aDZ set. For similar reasons, neither result was obtained for the
Co?"-BDC model.

The results for the Zn?" containing systems are found in Table 11 of Appx C. Comparison
of the SAPT(0/aDZ and SAPT2+3/aDZ results shows that the most consistent change between
these levels of theory is in the exchange term. Exchange increases significantly for each model
while the induction and dispersion terms decrease more slightly. Electrostatics either increases
slightly or remains roughly the same. The net result is that the total interaction energy decreases
with the increase in the SAPT level. For comparison of UHF- and ROHF-based SAPT, Tables
12 and 13 of Appx. C present the Mn?* results for these two methods. The differences between
these two sets of data are minimal and mostly isolated to the dispersion terms, which become
more negative for the UHF-based results. Lastly, Table 14 of Appx. C, containing the available
Co?* results, is introduced so that the role of basis set size can be discussed. As with the UHF
vs. ROHF comparison, the SAPT0/aDZ and SAPTO0/aTZ results differ only a small amount
for all cases. The changes in the total energies are almost entirely due to the changes in the

dispersion terms. This occurrence is very reasonable as dispersion is the only correlated term
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Figure 3.1: SAPTO/aTZ interaction decomposition results (kcal/mol) for the various model
systems with each metal. The Zn*" results come from RHF-based SAPT, while the Mn?" and
Co?™ results are ROHF-based SAPT.

and therefore will be slower to converge with the basis set, as opposed to the other terms which
are all derived from a HF level treatment of the systems.

The most complete set of SAPT data (the SAPT0/aTZ results) is gathered in Figure 3.1 for
comparison between the metals and models. The SAPT results qualitatively show the correct
trend of interaction strength between the different models, with BDC being the most strongly
interacting followed closely by FDC and then the paddlewheel and diformate. Quantitatively,
the SAPTO results persistently overestimate the interaction strength and produce more negative
interaction energies than the CC results. SAPT gets the metal trend of the diformate and pad-
dlewheel models correct, though for diformate it produces a much smaller difference between
the Mn?* and Zn?* interactions than RCCSD(T). While lacking a Co®" result for BDC, SAPT
does get the order for the Mn?* and Zn?* interactions correct. The FDC model is the only case
where SAPT shows a different metal trend than RCCSD(T), showing CO, interacting more
strongly with Co?" than Mn?". This discrepancy is of little consequence since the CC results

for these two systems are quite close to begin with.
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Comparing the SAPT components, it is obvious that the BDC and FDC are strongly in-
duction bound. Again, this result is logical due to the dipole moments of these systems, the
results for which can be found in Table 15 of Appx. C. The diformate and paddlewheel models
have a more mixed character. This is especially true of the paddlewheel, where the induction
and dispersion contributions are almost identical for each metal. For diformate, dispersion is a
greater contribution than induction. Overall, dispersion is required for an adequate description
of the interaction of each model system with CO,. Regarding metal selection in each model,
the components of the Co?" systems generally have smaller magnitude than the other two met-
als, resulting in a net lower total interaction. The exception to this is the FDC models, where
the induction and dispersion terms of the Co?" model are close in value to the Mn?* and lead

to the change in metal preference mentioned above.

3.4 Density Functional Methods

The last set of methods tested were a selection of common density functionals. These included
the previously mentioned B3LYP functional, along with the BLYP,%® PBE,%” PBE0,%%% MO05-
2X,% and M06-2X°! functionals. PBE and BLYP are generalized gradient approximations
(GGAs) that utilize the electron density and its gradient as parameters for the calculation of the
KS energy. B3LYP and PBEO are hybrid-GGAs and use a fraction of the SCF exchange energy
to improve on the previous methods. The M05-2X and M06-2X functionals are referred to as
interaction-optimized functionals and are heavily parameterized against various datasets. Given
the importance of dispersion for these systems pointed out by the SAPT results, Grimme’s em-
pirical dispersion corrections for these functionals were checked with the original and updated
parameters. These functionals were paired with the aDZ, aTZ, and aQZ basis sets, though basis
set completeness proved to have little effect on these methods. The aTZ results are included

only to illustrate this point and the aQZ results have been omitted entirely.
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model-CO; systems. The bar colors indicate the method, while the hatchings indicate the type
of empirical dispersion added. The lines bisecting the bars correspond to the result of that

method in the aTZ basis set.
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Figure 3.4: Comparison with benchmark of the DFT/aDZ ESF (kcal/mol) for the BDC model-
CO, systems. The bar colors indicate the method, while the hatchings indicate the type of
empirical dispersion added. The lines bisecting the bars correspond to the result of that method

in the aTZ basis set.
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Figure 3.5: Comparison with benchmark of the DFT/aDZ ES¥ (kcal/mol) for the FDC model-
CO, systems. The bar colors indicate the method, while the hatchings indicate the type of
empirical dispersion added. The lines bisecting the bars correspond to the result of that method

in the aTZ basis set.
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Figures 3.2-3.5 compare the DFT results, with and without the empirical dispersion cor-
rections, to the RCCSD(T) benchmarks for each set of model systems. The black lines bisecting
the DFT bars indicate the value of that method in the aTZ basis set. As mentioned above, these
results differ minimally from the aDZ results. The only notable exception is for B3LYP and the
Co?"-FDC model, where the aTZ results improve over the aDZ results by about 2 kcal/mol.
Another general trend is the unsurprising improvement seen with the addition of the disper-
sion corrections. The effects of these corrections correlate well with the SAPT analysis, with
the diformate and paddlewheel systems being most dependent on dispersion to produce results
near RCCSD(T). Though inclusion of dispersion is important for all of the mimics, the specific
version of the dispersion correction is less important. The D3 corrections are better than the
older D2, but no particular parameterization of D3 stands out as the best.

Regarding functional selection, BLYP is consistently in poor agreement with the CC re-
sults. This functional actually predicts a repulsive interaction between CO, and the Co** and
Zn?>" diformate models. In some cases the addition of dispersion brings it quite close to the
benchmark, but it underperforms most of the other functionals. PBE and B3LYP perform very
similarly for many systems, though the B3LYP results are better for the FDC systems. With the
addition of the dispersion corrections, B3LYP outperforms PBE slightly for those cases where
they are close. The dispersion corrections were not necessary for the Minnesota functionals,
MO05-2X and M06-2X, as these two overestimate the benchmark interaction energy in all cases,
sometimes quite severely. PBEQ, with any dispersion correction, is the best performing func-

tional tested here.

3.5 Summary

The model systems studied here proved sufficiently single-reference for an accurate treatment
with CCSD(T). Of the multireference methods tested, only MRCISD provides any kind of re-

liably accurate results, and only from the ES!*

reference. Additionally, the computationally

less expensive MP2 provides comparable results. The SAPT decomposition of the interaction
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energies emphasizes the importance of dispersion for all models, which is echoed by the im-
provement of the DFT results by the addition of the empirical dispersion corrections. Of the

density functionals, the hybrids are the top performers, with PBEO being better than B3LYP.
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Chapter 4

Developments in Symmetry-Adapted Perturbation Theory

As mentioned in subsection 1.2.4, the exchange corrections for SAPT are commonly calcu-
lated within the single-exchange approximation to simplify the somewhat complicated process
of antisymmetrizing the dimer wavefunction. From 1976 until very recently, the only SAPT
exchange correction whose complete form was known was the first-order correction. Two re-

cent works by Schiiffer and Jansen®>?

derived the complete forms of the two second-order
exchange corrections, the second-order exchange-induction and exchange-dispersion correc-
tions. An example implementation of the MO forms of these corrections was incorporated
into the PSI4ANUMPY framework by this dissertation’s author.”* Furthermore, an AO trans-
formation of the second-order exchange-induction correction and a mixed AO/Density-fitting
(DF) transformation of the second-order exchange-dispersion correction were contributed to
the PS14 quantum chemistry software package.”

On a different but convergent topic, conventional SAPT calculations involving two high-
spin open-shell molecules are restricted to the highest spin state of the dimer complex. The
splitting between different spin states derives exclusively from the exchange energy of the
states, while the RS corrections are the same. The recently developed spin-flip SAPT (SF-
SAPT) introduced a method of treating arbitrary spin states of the complex through coupled
spin-flipping of the monomers,’® but this new first-order SF-SAPT exchange energy was de-
rived within the single-exchange approximation. The work presented in Appendix D describes
the re-derivation of the first-order SF-SAPT exchange term that replaces the single-exchange

approximation with the new single-spin-flip approximation (1-flip), that is based on the com-

plete exchange techniques of Refs. 92 and 93.
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This chapter summarizes the work in Appendix D, as well as the author’s contributions to

the PSI4ANUMPY project and the PS14 quantum chemistry software package.

4.1 Second-Order Complete Exchange
The second-order SRS energy correction is

(TAUB|(V — ESL) A0
(WATB|A|TAYB) ’

(20)
Egps = “4.1)
where W19 ig the first-order RS wavefunction correction. The first-order wavefunction correc-
tion splits into the following terms

WO = Wi R+ W+ ) (4.2)

Disp>?

(10

where U, d 4 and \Ilglod)  are the first-order induction wavefunctions and \Il( )

1s the first-order

dispersion wavefunction. These corrections have the following forms:

TR0 = s b, 0P, (4.3)

\Ijglntg,B = Z Sjbqu\IjjB—ﬂ)a (4.4)
b

oo = el b (4.5)
ijab

where ¢ and a are the occupied and virtual spinorbitals of monomer A, j and b are the occupied
and virtual spinorbitals of monomer B, s;, and sj are the first-order induction amplitudes,
t?}’ are the dispersion amplitudes, and the subscripts on U4 and ¥ imply an excitation of an
electron from an occupied spinorbital to a virtual spinorbital. Based on the last four equations,
the second-order SRS energy correction can be rewritten as

By = EX) + BSY) (4.6)
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where

E(zo) _ ZS' <‘I]A\IIB|(V ESI}(E)S)A“IJZAUL\IJ >
fnd " (PAUB| A WADE)

ia

10 4.7
) Zsb (WADP(V — By AADT,)
! (UAUB|A|WADEB) ’
and
(10)
E.(QO) _ Z <\IJA\DB’(V ESRS) ’qu—mqjg—n) (4 8)
Disp g i (UAYB|A| WA B) :

The denominator in these terms is defined in Eq. (1.37) and the numerators were determined
by Schiiffer and Jansen.’>*® Taking advantage of Cramer’s rule and the relationships between
various determinants (outlined explicitly in Eqgs. (13)-(18) of Appx D.), the complete second-

(20) - 92
order induction energy EI 4 18

Efnd = Eind + Ecoor-ina = D 5iaQia + ) 56, 4.9)

iaQ 7b

where

Qg = Z(Bi’a — Z By D, S;a)Diir + Z(Aja - Z Ay Dy Sjra) Dy
i’ rj J rj’

-+ Z 1 jHCLS Z <Z/jHTS> Drj’Sj’a)(Dii’Dsj — DUDS’L’)

i'js rj’

(4.10)

and (2, is similarly defined by selective replacement of some of the indices corresponding to

) 193

monomers A and B. Furthermore, the complete dispersion energy E,(jwp

Ep =BG + B0 =3 80, (4.11)

Disp disp exch—disp —
ijab
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where

m b — jb Z DZJ’S] ‘a) — Qja(z Dii’Si’b) + Qia(Z Dji’Sz"b)

—Qz‘b(z Dy Sya) + Y ((i'5']|ab) + Z (i'5'[|rs) DyjuSjmaDsin Syrv (4.12)

rsi’’ j

- Z (i'5'|lar) DyinSimy — Z (i'5'|rb) Drjr Sjra) (Diw Djjr — Dije Dy,

Tj//

and the forms of (2;;, and €2, can be inferred from Eq. (4.10). Eqs (4.10) and (4.12) can be

made more compact by introducing the following 7" terms,

Tra == Z Drj’Sj’a
!
Ty = Z Dri’Si’b

(4.13)

and the modified virtual orbitals,

Xa = Xa — Z XrTrm
Xo = X6 — XTI

(4.14)

Using the above equations, the compacted definitions for €2;, and I';, ;;, are
ZBZ aDm/ +ZA]aD1j +Z 2]||as zz’Dsj _DijDsi’) (415)
i'ys

and
Ciajp = UpTia — LaTip + QaTip — QT + § (i'5'||ab) (D Djyr — Dy Dyr).  (4.16)
i

The complete second-order exchange-induction energy Eé

ergy £20)

exch—disp

weh—ing and exchange-dispersion en-
are obtained be the subtraction of the corresponding RS corrections from the

appropriate complete SRS correction.
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The last step necessary to arrive at implementable versions of these terms is to simplify
them from spinorbital to orbital form via spin-integration. Taking into account that D and T

are spin-diagonal, the €} terms integrate to

Qig =2 Z BiaDii + 2 Z AjaDi
if J

i'js i'js
—2) (i'jlsa) DiwDy; + 4> (i'j|s@) DijDay,
i'js i'js

where the indices will now index the orbitals instead of the spinorbitals (and will do so through-

out the remainder of this section). Likewise, I" integrates to the following form,

Fia,jb = 2gljbj—’za Q Tb + 2QzaT'b - Qibj—}'a

. -/
A W) DDy =23 {07168 Doy Do @.18)

_ QZ (/' |ba DiyDj —|—4Z (/' |ba i

These orbital forms are presented in a reference implementation prepared by this author as part

of the PSI4NUMPY project.

(20)
exch—ind

4.1.1 AO Formulation of the Complete £

The MO formulation of the terms in Eqs. (4.17) and (4.18) is restrictive for their practical
application to large systems, since the transformation of the two-electron integrals scales like
O(N?). One way to relieve some of the cost is to circumvent the integral transformations by
recasting the equations into their AO forms. This recast is accomplished by taking advantage

of the fact that the one and two-electron integrals can be represented as

Ay =) CikCiLAkL, (4.19)
KL
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By =Y _ CikCiBgu, (4.20)
KL

(ijlab) = > CixCinCar.Con (KM|LNY), (4.21)
KLMN

where the capital Roman letters index the atomic orbitals and A i, By, and (K M|LN) are
the one and two-electron integrals in the AO basis. In doing so, the two-electron integrals can

be handled as generalized Coulomb and exchange matrices, defined as

Xk => (KMILN)Xyny KX = (KN[ML)Xyy, (4.22)
MN MN

where X,y 1s some suitable matrix in the AO basis. The overlap matrix is similarly decom-
posable into the HF coefficients and Sk, the AO overlap matrix. Another way of cutting down
the cost of transforming the two-electron integrals is by the process of density-fitting.** This

process approximates the AO two-electron integrals as

(KM|LN) ~ Zbﬁg% : (4.23)
where
1 1
D" = Z//¢K(T1)¢L(7“1)EUY(W)dTld’”?(JQ)XYa (4.24)
Y
1
JXY://UX(Tl)r—mﬁY(Tz)dﬁdﬁ, (4.25)

and {n} is an auxiliary basis set indexed by X and Y. Density-fitting can be paired with
the computation of the generalized Coulomb and exchange matrices, and both methods have
efficient implementations in PS14.

The second-order exchange-induction energy is amenable to a purely AO reformulation.

Starting from Eq. (4.17), expanding the modified virtual orbitals and 7”s, and breaking 7 into ¢
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and 7, the orbital formula for the term in Eq. (4.9) containing s;, is rewritten as

$iaQia = 28iq [ > (Bia— Y ByinDinySja = Y BuyDyySya) D

,[:/ 7/@”] /[’,J.]/
+ § (Aja =D A DirySpa— ) Ajy DyynSina) Dy
V55" 333"
" -1 ! -1
+2)  ((@lai") =Y (@j1"") DimyrSya — Y _{i'j1j'i") DyynSyra) Disr D
i i’ 55"
Z NI 2 : "t § : "t
+ 2 ( <7, ]’CL] > — <Z j’l > i”j”Sj”a — <Z j‘] > j//j///Sj///a) D”/D]/]
55’ irgr g1
-+ 2 E Z ]|Z//a, E <Z ]|Z” ”/> i ’S]’a — E <Z j|l” /> j’j”Sj”a) DijDi”i’
i’ g it 35"
<) - -) /-1 ! -
+ 2 E ( <Z ]|j a> — E <Z ]|] > i”j”Sj”a — E <Z j‘j > ]”j”’Sj’”a) Dl]Dj’l’
i’ j5! i’ Gl
— E Zj|a/Z —|— E ’L j‘ll// i ’L’”]’Sj 'a —|— E Z]|j/ 7 ,] j”S]”CL)D’LjD i
i'i" g il 3’4"
_ E Z]’a] —|— E ’L ]‘Z” 4 " ”Sj”a + E Z]|j” 4 j”j/”Sj/”a)Diij/i/
55’ i 11§
— E ((¢'j]i"a) + E (@'§13"1") Dymrjr Sjra + E , (i'51d"5") DjrjnSjna) Disr Dy
i’ g i’ 44"
— § Z]|] a) + § : Zj|j/lu i”j”Sj”a + § : i/j|j/j,/> Dj//j///sj”’a)Dii’Dj'j}‘
i'55’ i’ g

(4.26)

The systematic decomposition of the integrals and overlap terms into their AO forms provides
the coefficients necessary to “back-transform” the induction amplitudes and D terms in the

following ways,

(Dij)kr = Y CiCipDy, (4.27)
ij
and
(sDyj) k1 = Z CoxCjrsiaDij, (4.28)
ja

where the subscripts inside the parentheses specify which block of the D matrix was included

in the transformation (e.g. D;y, D;j, or D;;). With these definitions, the AO form of Eq. (4.26)
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is

S = 2(sDiv) - |B — SDB — SD,; B
+2J[Dy;] — 28D}, J[Dy;] — 28D, J[D;}]
+2J[D;;] — 2SD.J[D;;] — 28D;;:J[D;;/]
— K"[Dy;] + SD/K"[D;;] + SD;; K" [D;]
— K[Dj;/] + SDj;K[D;;/| + SD;; K[D;]
(4.29)
+2(sDy;) - |A — SD] A —SD;; A
+2J[D;y] — 28D/ J[D;y] — 28D, J[Dyy/]
+2J[D;;] — 28D}, J[D;;] — 2SD;;J[D;]
— K[D;7] + SD/K[D;;] + SD;; K[D;y]

where all multiplication operations inside the square brackets are matrix multiplication, and the
dots outside of the brackets imply the scalar product of (sD;;) or (sD;;) and the sum of the
bracketed terms. As before, an equivalent series of steps can be performed to arrive at the AO

form for s;,(2;;.

4.1.2 AO/DF Formulation of the Complete E®)

exch—disp

As seen in the above reformulation, the {2 terms appearing in Eq. (4.18) can be calculated
entirely in an AO fashion. However, the two-electron integrals in that equation can not be
expressed as generalized two-electron matrices and must be treated in a DF fashion to gain any
amount of speed-up. As an initial step toward the AO/DF form of Eq. (4.18), the modified
virtual orbitals x, and y; will be used to define the modified virtual coefficients C’a K and C’bK

that satisfy

5((1 - Z éaK(bKa

K (4.30)
Xb = Z Crx Ok

K
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Expanding the 7”s in Eq. (4.14) and decomposing the MOs and overlap terms provides

Z éaK¢K = Z CQKQSK - Z(Der)KLCaL¢K7
K K KL

431)
Z Coxdx = Z Cox i — Z(DriS)KLCbLQbKa
K K

KL

from which the definitions of éaK and C’bK can be inferred. Utilizing these modified coeffi-

cients, the two-electron terms in Eq. (4.18) decompose to

4 ) CoxCyumCarCon (KM|LN) Dy Dy

i/j’ KLMN

—2 Y CykCyuCarCoy (KM|LN) Dij Dji

i'j’ KLMN

~2 Y CoxCyaiCaxCor (KM|LN) DiyDjy

i'§' KLMN

(4.32)

+4 Y CukCinCanCip, (KM|LN) DyjrDjy.

V"' KLMN

Introducing the DF approximation of Eq. (4.23), the terms in Eq. (4.32) can be rewritten as

i'a75'b i'a75'b
4> B DDy = 2 ) WDy Dy

S e (4.33)
— 2 WO D Dy + 4y 00N Dy Dy,
i1 X i §' X
where the dual-basis b tensors are defined as
b =3 K CukCa, U = BEECyxCor,
KL KL (4.34)

= b CikCar, B =) bR CykCor.
KL KL

Furthermore, it is possible to construct an alternative AO form for the ) terms using these

modified coefficients. Beginning with Eq. (4.17) and decomposing the integrals into their AO
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Table 4.1: Average timings (s) for the calculation of the two second-order exchange corrections
of the A24 dataset in either the MO or AO form. The column labeled AO; refers to the initial
AO formulation for £?°) while AO, refers to the form based on the use of the modified

exch—ind’
HF coefficients.
Term MO AO; AO,
EP) 12648 0.064 0.057
EZ) ., 48.333 9.553

forms leads to

Qi =2( Z DiiCig (B +2J[D,j)] — KD,y kCor

PRL (4.35)

+ Z D;iCix(A+2JD,y]| — K[Dri’])KLéaL)7
J'KL
and similar results for the other €2 terms. This version of the {2 terms is equivalent to the previ-
ous one, but is more preferable when the exchange-dispersion is also expected to be calculated
as it utilizes many of the same intermediate terms as the two-electron parts of I'; ;.

The first AO algorithm for the second-order exchange-induction term was implemented
into the public version of PSi4 in Python, while the AO/DF algorithm for the second-order
exchange-dispersion term was implemented in C++. Both the MO and AO algorithms were
tested in the PSI4ANUMPY framework to provide a fair comparison of the timings. All pertinent
algorithms were tested on a subset of the A24 dataset®” with the two Argon containing systems
removed (due to basis set availability). Additionally, the equilibrium separations for the Ne
and He dimers were added. Both Eéi(gb_m 4 and Eéi%_ disp Were calculated for the resulting
24 systems at both the minimum geometries and at 0.8 times their minimum intermolecular
separation. Table 4.1 shows the average time to calculate these quantities for the 48 geometries.
The two AO algorithms for the exchange-induction term are both around 200x faster than the

MO version, with the algorithm based on the modified virtual coefficients being slightly faster

on average. The speed-up of the exchange-dispersion term is more limited at around 5x.
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Table 4.2: Signed relative errors (%) of the single-exchange approximation for the two second-
order exchange corrections for the A24 dataset. The values presented are for the minimum
intermolecular separation R, and 0.8%;. Repeated pairs of molecules represent different geo-
metric configurations.”’

SyStem Eé?c?:?z—ind Eéigi—disp
R/ Ry 0.8 1.0 0.8 1.0

H,O --- NHj3 15.15 1 2.95 | -6.54 | -0.44
Hy0 --- HO 10.55 | 1.81 | -4.86 | -0.40
HCN --- HCN 2427 | 1.75 | -8.10 | 0.24

HF - .- HF 6.99 | 1.15 | -4.88 | -0.48
NH; --- NH;3 827 | 1.12 | -2.30 | -0.17
CHy --- HF 5.14 1 0.70 | -1.33 | -0.02
NH; --- CHy 5.64 059 |-0.22 | 0.08
CH, --- HyO 398 | 0.35 | -0.15 | 0.05

CHy,O--- CH,O | 7.45| 1.34 | -4.08 | -0.61
CyHy - -+ HO 7.28 | 1.32 | -2.19 | -0.17
CyHy - -+ CH2O 446 | 0.71 | -1.39 | -0.07
CyHy - -+ CoHy 10.82 | 1.01 | 0.01 | 0.18
CyHy --- NH; 6.24 1 0.93 | -0.56 | 0.05
CyHy - -+ CoHy 528 10.83|-0.19 | 0.12
CyHy - -+ CHy 444|050 | 0.28 | 0.09
CH, --- BH;3 6.17 | 1.11 | -2.77 | -0.23
CH, --- CyHg 290 [ 033 | 0.00 | 0.00
CyHg --- CHy 3.76 | 0.24 | 0.00 | 0.00
CH, --- CH, 229 10.23 | -0.20 | 0.02
CyHy - -+ CoHy 7.15 1 1.35]-0.23 | 0.08
CyH,y - -+ CoHy 8.08 | 1.64 | -0.18 | 0.13
CyHy - -+ CoHy 6.28 | 1.10 | -0.59 | 0.01
He --- He 0.63 | 0.00 | 0.00 | 0.00
Ne --- Ne 0.16 | 0.00 | -0.46 | -0.03

For the 48 geometries described above, the signed relative errors (SREs) of the single-
exchange approximation relative to the complete exchange values for both second-order cor-
rections were calculated as

20 00 20
B x(8%) = EE) (%)

SRE(E;Q&(;%*X> - coch—X 20
EéICZL—X (SOO>

- 100% (4.36)

and are presented in Table 4.2. These relative errors clearly show the breakdown of the 52

approximation at shorter separations, as well as the variable severity of the breakdown. The
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SREs for the exchange-induction values are generally larger in magnitude than the exchange-
dispersion values. Furthermore, the error in the exchange-induction S? results can be quite

520

exch—ind

(52) recovers only 75% of EZ°) . (8%)

exch—ind

considerable, e.g. the HCN dimer where
at 0.8%p. The exchange-induction SREs are also always positive, showing that the single-
exchange approximation always underestimates E®) The exchange-dispersion results are

exch—ind*

seen to be positive or negative, though they trend toward negative for the shorter separations.

4.2 First-Order SF-SAPT Complete Exchange

While SAPT is a useful tool for the examination of interactions between molecules, it does
have limitations to its applications. Until recently, one such limitation was the inability to
treat arbitrary spin states of complexes containing multiple open-shell molecules. Even when
the interacting molecules are specifically in their individual high-spin states, the complex can
have a range of different spin states. Given that molecules A and B have corresponding spin
quantum numbers S, and Sp, the complex can have a spin quantum number ranging from
|Sa — Sg| to Sa + Sp. The interaction energies of these various spin states differ only in the
exchange terms derived from the SRS corrections, while the RS corrections are the same for
all spin states. To calculate the SRS correction for a given spin state of the complex, the dimer
wavefunction needs to either be a pure spin function or to be projected onto the subspace that
corresponds to a particular spin.”>% The conventional formalism takes advantage of the fact
that the dimer function W) is a pure spin function when all unpaired electrons in ¥ 4 and ¥ 5
have the same spin. This formulation means that the spin projection is not necessary, but also
limits the complex to its highest spin state.

If the SRS corrections for a lower spin state are desired, the antisymmetrizer A is ac-
companied by the spin projection operator FPg,/, that projects the dimer wavefunction onto a

particular spin state. In the case of the first-order SRS correction, this leads to

a0y (PO APy |9©)
SRS = 5 TR 4.37)
(PO APgp|TO)
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If U© is the product of W 4 and W g, which are ROHF wavefunctions where all unpaired elec-
trons on A are spin up and all unpaired electrons on B are spin down, the action of Pgsj;, on

U0 is represented as
PorrUaVp = cqUaUp + ¢, UL Ul + U ol ) (4.38)

where ¢,, are the Clebsch-Gordan coefficients

Co = <S(SA - SB)lsASASB(_SB» s (439)
c1 = (S(54 — 5B)|Sa(Sa —1)Sp(=Sp + 1)), (4.40)
c2 = (S(Sa — Sp)|Sa(Sa — 2)Sp(—Sp + 2)), (4.41)

and the wavefunctions with the arrows are spin-flipped wavefunctions.”® The spin-flipped
wavefunctions are normalized linear combinations of all wavefunctions where a number of
unpaired electrons, equal to the number of arrows, has had their spins flipped. As the unpaired
electrons in A are all spin up and the unpaired electrons in B are all spin down, the electrons in
W 4 can only be flipped down and the electrons in ¥z can only be flipped up. The terms aris-
ing from the action of Pg,s, on the dimer wavefunction are therefore the result of a particular
number of intermolecular spin-flips, giving rise to the name spin-flip SAPT (SF-SAPT).

From Egs. (4.37) and (4.38), Patkowski et al. derived the first-order ROHF-based SF-
SAPT exchange correction within the S? approximation.”® The resulting formulas express the
first-order exchange energy of the different spin states of the complex as the sum of a diagonal
term and a spin-flip term, which is scaled using the appropriate Clebsch-Gordan coefficients
based on the desired spin state. A result of the S? approximation is that all terms containing
wavefunctions with more than a single spin-flip reduce to zero, limiting the formalism to only
one spin-flip. While the resulting formalism provides the opportunity for the calculation of
spin splittings between various complex spin states, the use of the S? approximation engenders
the same issues as in the conventional SAPT formalism. As such, the first-order SF-SAPT

exchange correction was re-derived without the S? approximation.
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The new derivation of the SF-SAPT exchange correction also begins with Egs. (4.37) and
(4.38), but obviously forgoes the introduction of the approximate antisymmetrizer. Therefore,

Eqgs. (4.37) is expanded as

00 _ G (WAUB|[VAVATE) + ¢y (DaVp|VATLTE) + ...
SRS Co <\IJA‘IJB’.A‘\IJA\IJB> +a <\IJA‘IJB‘-A|\IJ,$4\DJTB> t

(4.42)

While the S? approximation reduced all terms with more than a single spin-flip to zero, these
terms do not necessarily vanish when the complete antisymmetrizer is used. Instead, the deci-
sion is made to ignore all terms with more than a single spin-flip (i.e. all terms not explicitly
present in Eq. (4.42)), giving rise to the single-spin-flip approximation (1-flip). The leading
terms in the numerator and denominator are effectively the same ones required for the calcula-
tion of the conventional first-order exchange correction. The second terms can be considered
as a particular subset of the double excitations appearing in Eq. (4.8), where only the unpaired

electrons are promoted to the virtual orbitals with the same spatial part but opposite spin.'?

(20)

exch—disp to

The application of the techniques used by Schiffer and Jansen for the complete
the derivation of these new spin-flip terms is detailed in Appx. D, as well as the reformulation
of the newly derived MO terms into their AO forms.

The resulting equations are similar to the S? variant, in that the numerator and denominator
are both sums of a diagonal part, that is common to all spin states, and a spin-flipped part that
is scaled by the function in Eq. (37) of Appx D to select for a specific spin state. This function
is the same as the one that appears in the S? terms and is derived from the Clebsch-Gordan
coefficients and the normalization of the spin-flipped wavefunctions. The 1-flip approximation
is formally exact for any complex where one of the interacting molecules is a doublet, as this
limits the number of possible spin-flips to only one. The effect of the 1-flip approximation
on systems where both molecules have spin states higher than a doublet was investigated on

several smaller systems, along with a comparison of the new approximation versus the previous

S? approximation.
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4.2.1 Small Test Systems

The first test system considered was the interaction of Li and H. As both Li and H are doublets,
the 1-flip approximation is not actually an approximation for this complex, as stated above.
Additionally, the singular electron on H means that the single-exchange approximation appears
to be complete for this test case. Both approximate values of Egg] for the singlet and triplet
states at various intermolecular separations are presented in Table I of Appx. D, alongside the
FCI-based SAPT results'”! (i.e. the HF wavefunctions are replaced with FCI wavefunctions
in the calculation of the SAPT corrections). Though both approximations are expected to be
the same, they begin to deviate from each other around 10.0 bohr. An investigation into the
difference between the two approximations led to the realization that, even for systems where
one molecule has only one electron, the common implementation of the S? approximation is
never formally exact. The S? approximation can be described as two parts. The first is the
replacement of the antisymmetrizer with its approximate form containing the single-exchange
operator. The second part is the elimination of all terms that contain overlap terms higher than
S2. Tt is this second part that renders the S? approximation inexact for all cases (for more detail,
see the text around Eq. (58) in Appx. D).

For Li- - - Li and Li- - - N, the 1-flip approximation is still exact due to Li’s doublet state.
The comparisons of the S? and 1-flip Eéig;l values for these two systems are shown in Figs. 1
and 2 of Appx. D, respectively. In the Li dimer case, it can be seen that the S? results for the
singlet and triplet states cross at short distance, while the behavior at the shortest distance for
Li- - - N suggests that the same thing will happen at shorter separations. These results contrast
the 1-flip ones, where the correct ordering of the spin states is observed throughout the entire
presented range.

The N dimer is a case where neither approximation is formally exact, and provides a
chance to juxtapose the S? and 1-flip results. The first-order exchange correction for the highest
spin state, the septet, can be calculated exactly in the conventional formalism,* and is presented

together with both SF-SAPT results in Fig. 3 of Appx. D. The 1-flip approximation is observed

to be considerably milder than the S? one, with its deviation from the exact result being smaller
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and beginning at a shorter distance. Similar results are seen for the Mn dimer in Table II of
that appendix, though it is important to note the similarity of the energy differences between
the highest and lowest spin states produced by both approximations. The adequacy of the S?
spin state splittings is also seen for the different orientations of the O, dimer in Fig. 4 of Appx
D. In the presented range, only the shortest separations of the linear configuration of this dimer

show any noticeable difference between the approximations.

4.2.2 Pancake Bonded Systems

As a more interesting application of first-order SF-SAPT, the spin splittings between the highest
and lowest spin states of a selection of pancake bonded systems were calculated.'”>"1% Pan-
cake bonded systems consist of interacting doublet radicals, where the singly-occupied orbitals
are highly delocalized over the molecule. The resulting interactions are different from typical
m-stacking interactions and have strengths intermediate between covalent and van der Waals
complexes. Additionally, the orientation of these systems prefers a direct alignment of the
atoms of the molecules, as opposed to the typically “slipped” orientations of noncovalently in-
teracting systems. This direct alignment can be seen for one of the test systems, the phenalenyl
(PLY) dimer, in Fig. 4.1. Along with the PLY dimer, four dimers of PLY derivative and the
trioxotriangulene (TOT) dimer were studied. The structures of these systems can be seen in
Fig. 5 of Appx. D. For PLY and its derivatives, only the staggered conformations was studied.
Both the staggered and eclipsed conformations of the TOT dimer were considered.

The singlet-triplet splittings for PLY, calculated with both SF-SAPT variations are pre-
sented in Fig. 6 of Appx. D, alongside CASSCF, M05-2X, and multireference averaged
quadratic coupled cluster (MR-AQCC) results for comparison.!?® 197 SF-SAPT has the worst
agreement with the CC based reference, which is reasonable given that the method is still only
first-order. The more interesting feature of this figure is the lack of difference between the 52
and 1-flip splitting results. As is to be expected, the S? curve does show some deviation as
the intermolecular separation decreases, but overall the inclusion of complete exchange does

little to improve the splitting estimates. Fig. 7 of Appx. D shows a similar trend for the PLY
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Figure 4.1: The staggered conformation of the phenalenyl radical dimer, with carbon atoms
colored gray and hydrogen atoms white. Sideview on left and topdown on right.

derivative dimers, though the S? approximation actually overestimates the splitting values at
the shorter separations presented.

Appendix D’s Table III presents the splittings for both conformations of the TOT dimer
and provides some explanation for the surprisingly good S? based splitting values. In the
smaller systems, it can be observed that the S? approximation deteriorates earlier for the highest
spin state than for the lowest. However, in the Mn and TOT dimers, it is observed that the S 2
approximation begins to break down at around the same distance for the highest and lowest
spin states. The net effect is that the difference between the Eggl values remains relatively

unchanged even as the individual results begin to deviate from the 1-flip ones.
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Chapter 5

Conclusions

Toward the calculation of new, high-accuracy estimates of the most important thermophysical
properties for the krypton gas, both a new potential energy curve and the interaction-induced
isotropic pair polarizability for the Kr dimer were calculated. To ensure the desired level of
accuracy in the properties calculated from these quantities, considerable effort was taken to go
beyond the state-of-the-art CCSD(T)/CBS level of theory. At the frozen core level, the basis
space was fully saturated using a combination of midbond functions, basis set extrapolation,
and explicit correlation. The importance of higher orders of coupled cluster theory, relativistics,
and core-core and core-valence correlation were all considered to insure spectroscopic accuracy
around the minimum separation. Analytic functions were fitted to the ab initio results for
use in the calculation of the viscosity, thermal conductivity, self-diffusion coefficient, thermal
diffusion factor, and the second pressure, acoustic, and dielectric virial coefficients of dilute
krypton gas. The resulting property values are among the most accurate available.

The interactions of CO, with representative models of MOFs were studied with high-
accuracy ab initio methods, DFT, and SAPT. The models included metal species with a vary-
ing number of d-electrons to investigate the importance of a multireference treatment of such
systems. The tested systems proved to be sufficiently single-reference for evaluation with
CCSD(T), with MP2 generally outperforming MRCISD. SAPT decomposition of the inter-
actions showed the persistent importance of dispersion, even for those systems that were pre-
dominately induction bound. The CC results were used to test a selection of density functionals,
where the necessity of empirical dispersion echoed the SAPT results. PBEO proved the most

accurate functional of those considered.
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The second-order SAPT exchange corrections without the single exchange approximation,
Eéi%_ g and Eéi(c]z_ disp» Were implemented in the public version of Ps14, after being reformu-
lated into AO and combined AO/DF forms, respectively. In addition, the first-order SF-SAPT
exchange correction was derived without the S? approximation, instead introducing the 1-flip
approximation. The new approximation is shown to be considerably milder than the S? one,
and is formally exact for any complex containing a doublet. Both approximations are applied
to the calculation of the spin state splittings for a number of pancake bonded systems, where
the 1-flip approximation shows little improvement over the previous S? results. The splittings

resulting from the S? approximation are similar to the 1-flip results due to an even deviation of

the individual £'°) values of the highest and lowest spin states of the complexes.

exch

5.1 Future and Outlook

In the case of the MOF models, the work presented here is reasonably only a start. The models
studied are a minuscule subset of such structures, with a wide variety of organics and metal
species in different configurations to consider. Additionally, while the models studied were not
especially multireference, this does not lead to the conclusion that a multireference treatment
is never required. The application of SAPT to systems like these is still non-trivial, but the
benefits provided by SAPT analysis outweigh the difficulty. Furthermore, a wider selection of
density functionals could be considered.

There remain a number of directions to continue the development of the SAPT formalism.
The third order exchange correction has been derived within the single-exchange approxima-
tion,'® but the corresponding complete exchange forms have not yet been derived. Beyond that,
ever higher orders of SAPT corrections are also feasible. The same can be said for SF-SAPT,

where the obvious next step is to move on to the second-order exchange corrections.
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A new highly accurate potential energy curve for the krypton dimer was constructed using coupled-
cluster calculations up to the singles, doubles, triples, and perturbative quadruples level, including
corrections for core-core and core-valence correlation and for relativistic effects. The ab initio data
points were fitted to an analytic potential which was used to compute the most important transport
properties of the krypton gas. The viscosity, thermal conductivity, self-diffusion coefficient, and
thermal diffusion factor were calculated by the kinetic theory at low density and temperatures from
116 to 5000 K. The comparisons with literature experimental data as well as with values from other
pair potentials indicate that our new potential is superior to all previous ones. The transport property
values computed in this work are recommended as standard values over the complete temperature
range. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921623]

I. INTRODUCTION

Thanks to algorithmic improvements and a steady increase
in computing power, it has recently become possible to com-
pute noncovalent interaction energies between atoms and/or
small molecules to unprecedented accuracy. The newly devel-
oped, highly accurate ab initio interaction potentials have
had significant impact on both theory and experiment; their
recent successes include the determination? of helium pair
potential to a millikelvin accuracy necessary (and sufficient)
to devise improved, helium-based pressure and temperature
standards,? the resolution of a long-standing disagreement
between theory and experiment for the binding energy of
the beryllium dimer,*'° and the assignment of the extremely
complicated infrared spectrum of the ortho-H,—CO van der
Waals complex.'!"!> These successes would not have been
possible without both an accurate determination of the com-
plete basis set (CBS) limit of the leading interaction energy
contribution, computed by the coupled-cluster approach with
singles, doubles, and perturbative triples (CCSD(T)), and a
reliable account of all important interaction energy corrections
past the frozen-core (FC) CCSD(T) level, including a correc-
tion for core-core and core-valence correlation, for coupled-
cluster excitations beyond CCSD(T), and for relativistic ef-
fects.

In the field of thermophysical properties, the progress on
ab initio potentials has also improved the accuracy of transport
property data for monatomic gases. Cencek et al.' evaluated
the zero-density viscosity and thermal conductivity of helium
from the state-of-the-art potential of Przybytek et al.’> The
relative uncertainties of the ab initio values are only 2 x 107>

7. M. Waldrop and B. Song contributed equally to this work.
DE-mail: patkowsk @auburn.edu
©E-mail: wangxp@mail.xjtu.edu.cn

0021-9606/2015/142(20)/204307/10/$30.00

142, 204307-1

for temperatures above 50 K and increase to 5 x 107 at low
temperatures. This level of uncertainty is significantly smaller
than that of the corresponding measurements of the viscosity
and thermal conductivity. Bich et al.'»'* determined a pair
potential for neon by first-principles calculations and further
derived the viscosity and thermal conductivity of neon from
their high-quality potential. The estimated uncertainties of the
two properties are about +0.1% for the complete tempera-
ture range of the calculations except at the lowest tempera-
tures. Vogel et al.'> and Song et al.'® independently computed
the transport properties of argon from two different ab initio
potentials, that is, the ones of Jiger et al.'”"'8 and Patkowski
and Szalewicz,'” respectively. The calculated transport prop-
erty values are as accurate as the best experimental measure-
ments at room temperature. For temperatures above and below
ambient temperature, the theoretical values are expected to be
more reliable than the available experimental data.

The ab initio values of viscosity are becoming increas-
ingly important for the calibration of high-precision viscom-
eters. Vogel?® based their measurements on the theoretical
viscosity of argon at 298.15 K'° and reduced the measurement
uncertainties to 0.2% at temperatures up to 700 K. Berg and
Moldover?! determined recommended viscosities of ten com-
mon gases at 25 °C by re-evaluating the literature viscosity
data with a new helium result calculated ab initio.' Their work
established a scale for gas viscosities that is more accurate than
most of the reported values. Another potential application of
ab initio results is their use in the development of wide-ranging
correlations for transport properties. Roder et al.?*> showed in
their measurements on argon that the relative uncertainty of
the thermal conductivity data increased from 0.3% at higher
densities to 1% or even 2% at lower densities. In a historical
review on the thermal conductivity,® it was suggested that
the experimental data seemed to deviate systematically from
expectations in the low-pressure region. As a result, Assael

©2015 AIP Publishing LLC
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et al.** utilized theoretical values instead of critically assessed
experimental data to develop the correlation for the thermal
conductivity of hydrogen in the dilute-gas limit. The thermal
conductivity is well represented by the new correlation over
the extended temperature range between the triple point and
1000 K.

Since ab initio values of transport properties are of inter-
est in many fields, the study here is aimed at their accurate
determination for the krypton gas. In this work, we develop a
new potential energy curve for the krypton dimer by high-level
ab initio calculations. The interatomic interaction energies
from high-level coupled-cluster calculations (including core
and relativistic corrections) are fitted to an analytical repre-
sentation which is applied in this work to investigate transport
properties of krypton at low density. The viscosity, thermal
conductivity, self-diffusion coefficient, and thermal diffusion
factor are computed by the classical kinetic theory of dilute
gases over a wide range of temperatures from 116 K (the triple-
point temperature of krypton) to 5000 K.

Il. THE AB INITIO DATA POINTS

The potential energy curve for the krypton dimer was
calculated using the coupled-cluster method up to perturbative
quadruple excitations (CCSDT(Q)).>>*% All CCSD(T), explic-
itly correlated CCSD(T) (CCSD(T)-F12), and relativistic re-
sults were calculated using the MOLPRO code.?” The CCSDT
and CCSDT(Q) corrections?®3° were calculated using the
MRCC code.?! Basis sets used in these calculations include
aug-cc-pVXZ (aVXZ), aug-cc-pCVXZ (aCVXZ), and aug-
cc-pwCVXZ (awCVXZ).>73* Some calculations used mid-
bond functions (denoted by, e.g., aVXZM), which were hy-
drogenic functions from the same basis as for the krypton
atoms. These functions were placed halfway between the
krypton atoms. The counterpoise correction was utilized in all
calculations to counter the basis set superposition error.>

An extensive examination of a near van der Waals min-
imum point (R =4.0 A,1 A =107 m) was performed to
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determine the basis sets and levels of theory required to pro-
duce the desired level of accuracy. The interaction energy was
calculated as

E,, = ECCSDIIFC | A pCCSD(T)/AB-FC

nt — Hint int

+AEQDIFC AR, (1)

int

The subscript int implies the counterpoise corrected interac-
tion energy. The first term represents the FC approximation at
the CCSD(T) level. The second term is the correction to the
FC calculation for the core-core and core-valence correlation.
The next term is the correction from the CCSD(T) level to
the CCSDT(Q) level and the last term accounts for relativistic
effects. The correlation energies were extrapolated to the CBS
limit using the X -3 scheme. The notation method/(set1,set2)
indicates the theory level and basis sets used in the extrap-
olation. The SCF energy, which converges faster, was not
extrapolated, but taken from the larger of the two basis sets.
The interaction energies at the near van der Waals min-
imum distance computed at the CCSD(T)/FC level can be
found in Table 1. The use of midbond functions obviously
increases the rate of convergence, as does the extrapolation.
For further comparison, explicitly correlated CCSD(T)-F12
calculations were performed using midbond functions.?%3’
The CCSD(T)-F12a and CCSD(T)-F12b triples energies were
scaled proportionally to the ratio of the MP2-F12 and MP2

correlation energies,*®*°
Gerrs oy EMPEER
#k)— _ . Zcorr
Eint - Eint EMP2 ) (2)

corr
The use of a double asterisk denotes that the scaling fac-
tor for the dimer was also employed for the counterpoise-
corrected monomer calculations.*>*! It should be noted that
the CCSD(T)-F12 results were extrapolated using the same
X3 scheme despite their faster formal convergence. The
comparison of the extrapolated scaled and unscaled CCSD(T)-
F12a and CCSD(T)-F12b values shows high consistency for
the largest basis set. The uncertainty for the extrapolated ener-
gies is taken as the difference between the extrapolated value

TABLE L. Frozen-core CCSD(T) interaction energies (cm™') at the near van der Waals minimum separation

(R=4.0 A). The rows marked “ext.” show the CBS-extrapolated results where the values for “X” are obtained
from the (X — 1, X) extrapolation. The letter M in the basis set symbol stands for the hydrogenic set of midbond

functions from the same aV X Z basis.

X =

Method D T Q 5

ESSPDIEC javx7, -17.459 -82.369 -113.474 -123.924
ext. ~112.000 ~136.369 ~134.764
ESSPIDIFC iy xzm ~69.585 -122.362 -129.610 -131.625
ext. ~144.339 ~134.868 -133.726
ESOSPDFRATEC iy x7M -104.767 -130.423 -132.275 ~132.899
ext. ~141.938 ~133.697 ~133.549
E{ESPT=0-FRAIEC v x7M -117.101 -136.819 -135.130 ~134.365
ext. ~145.346 ~133.909 -133.558
ESSPIERRIFC iy x7M -95.504 -126.021 -129.366 ~131.346
ext. ~139.095 ~131.817 -133.421
ESCSPI=F b IEC iy x 7M -107.839 -132.417 -132.221 -132.812
ext. ~141.450 ~132.088 ~133.429
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TABLEII. Interaction energy corrections (cm™!) at the near van der Waals minimum separation (R =4.0 A). The
rows marked “ext.” show the CBS-extrapolated results where the values for “X” are obtained from the (X — 1, X)
extrapolation. The letter M in the basis set symbol stands for the hydrogenic set of midbond functions from the

same aCVXZ/awCV XZ basis.

X =

Method D T Q 5
AESSSPDVAEFC aevxz, -2.288 —4.695 -4.613 -4.275
ext. -5.708 -4.554 -3.921
AE{SPIIAEFC aevxzm -2.330 -4.254 ~4.300

ext. —5.064 —4.334

AESSPIVAEFC awevxz —4.119 -5.057 —4.545 -4216
ext. -5.452 -4.171 -3.872
AE{SPIDIMEFC ey xzm -3.814 ~4.826 ~4.201

ext. -5.252 ~3.745

AELT T Cravxz 0.155 1.530 1.853

ext. 2.109 2.088

AEQ Ty X7, ~0.814 ~1.259 ~1.745

ext. —1.447 ~2.099

AEQMIFC 1y xz ~0.659 0.271 0.108

ext. 0.662 -0.011
AE;‘jf/decontracted aVXZ -5.582 -4.507 -3.566 -3.196
ext. -3.955 ~2.894 -2.812

and the result in the larger basis set used for extrapolation.
The CCSD(T**)-F12b/(aVQZM,aV5ZM) result exhibits the
lowest uncertainty, yielding a value of —133.43 + 0.62 cm™!
(1em™' ~ 1.98645 x 10723 J).

Table II provides the values for the post-CCSD(T)/FC
corrections at R = 4.0 A. The core and relativistic terms are
shown to be significant at the CBS limit, with values of
-3.87cm™!and —2.81 cm™!, respectively. The coupled-cluster
contributions beyond CCSD(T) are accidentally very small for
this system (due to a nearly perfect cancellation between the
CCSDT-CCSD(T) and CCSDT(Q)-CCSDT contributions);
however, we still included them as they become somewhat
more important at short range. The second-order Douglas-
Kroll-Hess Hamiltonian*>*® was used with the CCSD(T)/AE
method and decontracted aV XZ basis sets to calculate the rela-
tivistic effects. Additionally, the contributions to the relativistic
correction from the two-electron Breit-Pauli terms** were
investigated (at R = 4.06 A). Their contributions to the total
interaction energy were found to be insignificant and we did
not consider these terms any further. The relativistic correction
to the SCF energy is not fully converged at large values of R,
which is taken into consideration in the uncertainty estimation.
The uncertainty of the relativistic terms is determined in the
same manner as for the other terms, but with an addition of
the difference between the SCF energies in the basis sets used
in the extrapolation. The best correction estimates were added
to the CCSD(T**)-F12b/(aVQZM,aV5ZM) value to provide
the best estimate of the near-minimum interaction energy,
—140.12 £ 0.82 cm™!. The uncertainty of this estimate was
determined by the quadratic addition of the uncertainties of
the individual terms.

Using the best level of theory determined above, the
ab initio calculations were performed at 25 distances R: 2.6,
2.8, 3.0, 3.2, 34, 3.6, 3.7, 3.8, 3.9, 4.0, 4.06, 4.1, 4.2, 4.3,

4.4, 4.6, 4.8, 5.0, 5.5, 6.0, 7.0, 8.0, 9.0, 10.0, and 12.0 A.
We observed that at the largest R, the CCSD(T**)-F12b
interaction energy is not as well converged as the conven-
tional CCSD(T) one. This behavior has been observed before
and is likely due to both auxiliary basis set incompleteness
and the residual inaccuracies of the approximate CCSD(T)-
F12b approach.® As a result, we employed the conventional
CCSD(T)/(aVQZM,aV5ZM) values for R > 8.0 A. Table III
contains the total interaction energy, total uncertainty, and
interaction energy contributions at all values of R.

lll. THE ANALYTIC KRYPTON-KRYPTON POTENTIAL

The ab initio data points obtained in Sec. II were fitted
using a weighted least-squares routine to a function of the form

C Con
V(R) = (A +BR + E) e R~ Z; Fan(BR) 5. (3)

where A, B,C, a, B,Cs, and Cg are fit parameters and f,,(x) are

the Tang-Toennies damping functions,*®
x 2n xk
fu@)=1-e Y07 o @)

For each R, the inverse of the squared uncertainty was
used as the weight during fitting. The long-range terms Cg and
Cs were fitted to points with R > 8.0 A without any damping
and then frozen for the rest of the fit. The parameter values
obtained in the fitting process are shown in Table IV (one
should note that these parameters are expressed in atomic
units). Using the parameters provided, the potential passes
through the [E — U(E), E + U(E)] uncertainty range for each
ab initio data point, deviating from the computed values by
0.16 U(E) on the average. One should note that since only the
two leading asymptotic terms are included in Eq. (3), the fitted
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TABLE III. Contributions to the ab initio krypton dimer interaction energy, the total interaction energy, and the total uncertainty U (E;,;) in cm™~!. The column
marked “Ej;,” shows the values for the analytical potential fitted to the ab initio data.

R(A) ECCSDTI/FC AECCSDT)/AE=FCY AE@-T)/FCe AEP!d Ei U(Eim)® Epn

2.60 10593.159 —328.707 6.708 —468.592 9802.568 36.642 9798.985
2.80 5199.108 ~192.796 4.046 —259.852 4750.507 21518 4755.736
3.00 2396.447 —109.840 2.208 ~139.063 2149.751 12.221 2149.689
3.20 989.473 —60.805 1.067 ~71.849 857.886 6.869 856.318
3.40 315.487 -32.638 0.438 —35.682 247.605 3.861 246.681
3.60 15.182 ~16.900 0.137 ~16.846 -18.427 2221 -18.612
3.70 —58.545 ~11.965 0.063 ~11.280 -81.727 1.675 —81.704
3.80 -101.762 -8.360 0.019 -7.375 ~117.478 1.296 —117.349
3.90 —124.393 —5.747 -0.003 —4.666 —134.809 1.019 —134.654
4.00 ~133.429 -3.872 -0.011 -2.812 —140.124 0.815 —139.999
4.06 —134.431 -3.016 -0.012 -2.002 —139.461 0.720 —139.366
4.10 —133.765 -2.538 -0.011 -1.562 -137.876 0.666 ~137.802
4.20 —128.764 -1.603 -0.006 -0.737 ~131.110 0.553 ~131.093
430 ~120.718 -0.954 0.001 -0.207 -121.878 0.467 ~121.910
4.40 —111.157 -0.514 0.009 0.121 —111.542 0.398 ~111.604
4.60 -91.093 ~0.029 0.023 0.415 ~90.684 0.298 -90.763
4.80 —72.746 0.161 0.033 0.464 ~72.089 0.226 -72.153
5.00 -57.418 0.210 0.039 0.419 -56.751 0.174 -56.777
5.50 -31.587 0.159 0.041 0.245 —31.142 0.096 -31.112
6.00 ~17.899 0.089 0.033 0.131 ~17.646 0.059 ~17.610
7.00 —6.547 0.027 0.018 0.040 -6.461 0.025 -6.458
8.00 —2.791 0.009 0.009 0.015 -2.757 0.018 2757
9.00 -1.329 0.004 0.005 0.007 -1314 0.009 ~1.315
10.00 —0.689 0.002 0.003 0.003 —0.682 0.004 —0.682
12.00 -0.224 0.000 0.001 0.001 -0.221 0.001 -0.221

aCCSD(T**)-F12b/(aVQZM,aV5ZM) for R < 8.0 A. CCSD(T)/(aVQZM,aV5ZM) for R > 8.0A.

YExtrapolated from the awCVQZ and awCV5Z basis sets.
“Extrapolated from the aVTZ and aVQZ basis sets.

dExlrapolated from CCSD(T)/AE (decontrated aVQZ, decontrated aV5Z) computed using second-order DKH Hamiltonian.

¢Obtained by quadratically adding the uncertainties of the contributions.

parameters Cg and Cg should be viewed as effective constants
that include some contribution from Cj and higher terms. In
particular, our parameter Cg = 126.79 a.u. is likely less accu-
rate than the value 129.6 a.u. obtained from the experimental
dipole oscillator strength distributions by Kumar and Meath.*’

Without enforcing any particular short-range form, there
is no guarantee that V(R) will exhibit reasonable behavior at
distances shorter than 2.6 A (the lowest-R data point). Indeed,
it turns out that the fitted V/(R) function behaves reasonably
down to about 1.8 A but becomes negative for still shorter R. To

TABLE IV. Parameters of the analytical krypton dimer potential V (R) in
atomic units of energy and length (1 hartree ~4.35974x 10718 J, 1 bohr
~5.291772x 107" m).

Parameter Value Unit

A 467.771 557 hartree

B —43.111875 hartree -bohrs ™!
C -509.601417 hartree -bohrs
a 1.566 575 bohrs™!

B 4.083794 bohrs™!

Cs 126.790 499 hartree -bohrs®
Cg 5268.109217 hartree-bohrs®
Agh 1296.0 hartree -bohrs
@sh 3.067950 bohrs™!

Bh 0.3240714 bohrs >

eliminate this unphysical behavior, we decided to replace V(R)
by a simpler, well-behaving function Vgp(R) for R < 1.8 A,

Am\ _
Vi (R) — (711) e ashR+ﬁshR2, (5)

where the parameter Ay, = (36 X 36) hartreexbohrs = 1.5052
x 108 cm™! A enforces the correct R — 0 asymptotics, and the
parameters ag, and SBq, are chosen such that the potential and its
first derivative are continuous at the splicing point R = 1.8 A.
The values of the short-range parameters are also included in
Table IV.

The analytical potential has a minimum at 4.01 A where
the interaction energy is —140.06 cm™'. This estimate of the
minimum interaction energy agrees very well with the value
of —139.9 cm™! for the empirical potential of Dham et al.,*
while the previous ab initio studies of Haley and Cybulski*
(~132.8 cm™!) and Slavicek er al.>® (=135.1 cm™!) predicted
a somewhat shallower van der Waals well. The comparison of
the potential energy functions of Refs. 48—50 with the function
developed in this work is presented in Figure 1. The values
shown are percent deviations of the literature potentials rela-
tive to the V(R) of Eq. (3) (thus, the deviations are naturally
very large around 3.58 A where V(R) crosses zero). To esti-
mate the uncertainties of the potential and of the computed
quantities, we have constructed the lower- and upper-limit
potentials V™ (R) and V' (R) by fitting the same functional
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FIG. 1. Percent differences between the literature krypton-krypton poten-
tials** % and the potential developed in this work. The dotted black lines
pertain to the lower- and upper-limit potentials V~(R) and V*(R).

formas Eq. (3) to E;; — U(E;,) and E;,y; + U(E;,,), respectively.
The deviations between these two potentials and V(R) are also
included in Figure 1. This figure shows that while the potentials
of Haley and Cybulski*® and Slavigek et al.*® are quite far from
our potential, the HFD-B2 function of Dham et al.*® is either
within or just outside our uncertainty range in the entire van der
Waals minimum region. At shorter distances, all the literature
potentials deviate from V(R) by close to 10%.

As a first test of our analytic potential, we have calcu-
lated the vibrational transition frequencies for the most abun-
dant 3#Kr, isotopomer using a one-dimensional Schrodinger
equation solver by Wolniewicz.’! The potential supports 16
bound vibrational levels and the frequencies of transitions
between the first 10 of them are presented in Table V. The
uncertainty of each transition frequency was taken as the larger
of the absolute differences between the results computed using
(V(R),V*(R)) and (V (R),V~ (R)). For comparison, Table V
also lists the vibrational frequencies obtained by Dham et al.*®
(the HFD-B2 potential), Slavicek et al.*° (their most accurate
results, obtained with a relativistic effective core potential),
and two experiments.’>>> Our results are in a virtually per-
fect agreement with the empirical potential of Dham et al.,
while the frequencies from the Slavicek et al. potential are

J. Chem. Phys. 142, 204307 (2015)

somewhat underestimated. Our results are also within the
(fairly wide) experimental error bars of Tanaka et al.> for all
transitions except for the 5 — 4 one. The absolute agreement
of our values with the two frequencies very precisely measured
(for a different, 86Kr, isotopomer) by LaRocque et al.> is
very good; both experimental values are within the theoretical
uncertainty range. We conclude from Table V that our analytic
potential gives vibrational transitions that are on par with the
empirical potential by Dham et al.*® and more accurate than

the previous ab initio potential by Slavicek et al.>”

IV. THE CALCULATION OF TRANSPORT PROPERTIES

The potential function fitted in Sec. III was used to com-
pute the low-density transport properties of krypton in the
classical kinetic theory by the following procedure.

A. Cross sections

First, a large number of cross sections Q(l) for collisions
between two atoms are classically evaluated over a wide range
of the collision energy E,*

1+( 1)] / —cos'6) bdb, (6)

()] _
0" (E)_z’r[ 200+ 1)

where [ is the weighting parameter for molecular collisions
and b the impact factor. The deflection angle 6 is related to
the potential energy function V (R) and can be expressed as
follows:
« dR/R?
6(E.b) =7~ 2b / ™
Ry 1 -b2/R2-V(R)/E

in which Ry represents the classical distance of closest ap-
proach during a collision and is determined from the formula

1 - b*/R:—V (Ro) /E = 0. (8)

B. Collision integrals

Next, the cross section Q1) is integrated with respect to
the collision energy E to derive the collision integral Q%) as

TABLE V. Frequencies of vibrational transitions (in cm™") for the *Kr, complex computed using the potential

developed in this work compared to literature values.

Transition This work Empirical*® Ab initio>%2 Expt.>? Expt.>>P
1-0 21.466 + 0.081 21.41 21.02 21.56 = 0.54 21.175 £ 0.010
2—1 19.307 + 0.077 19.30 18.86 19.09 + 0.57 19.093 + 0.020
352 17.166 + 0.073 17.20 16.73 16.76 + 0.60

4-3 15.053 + 0.069 15.11 14.62 14.76 £ 0.75

5—4 12.980 + 0.065 13.02 12.56 12.23 £ 0.51

65 10.963 + 0.062 10.97 10.56 10.49 + 0.50

76 9.026 + 0.060 9.01 8.65 8.92 +0.44

87 7.199 + 0.063 7.17 6.86 6.92 + 0.63

9-38 5.517 £ 0.064 5.49 5.19 5.54 £0.30

4The ECP+aug-cc-pVQZ+ spdfg frequencies computed using the average atomic weight of krypton at its natural isotopic

composition.

The transition frequency measured for the 86Kr, isotopomer. Our calculations for this isotopomer give 21.240 + 0.080 and
19.131+0.076 cm™! for the 1 — 0 and 2 — 1 transitions, respectively.
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a function of the temperature 7,

Q(l,s) (T) — [(S + 1)|(kT)5+2:| -1 / Q([) (E) e—E/kTEerldE,
0
©))
where s is also the weighting parameter and k the Boltzmann
constant (1.380658 x 1072 T K~1).

C. Transport properties

Finally, the transport properties for pure gases at low
density are given by>’

_ 5 1/2 Ja
= 16mmkT) 55 (10)

J
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75, 5 172 fa
_ 3 373 12 fp
D = (kT /m) B, (12)
1 - 2A*
or= D _CC B L )

2 A*(16A* — 12B* + 55)
where 7 represents the viscosity, A the thermal conductivity, D
the self-diffusion coefficient, at the thermal diffusion factor, m
the atomic mass, and P the standard atmosphere (101.3 kPa).
S and f, are the fifth-order approximations to the viscosity
and thermal conductivity, respectively, which are given in
detail in the Appendix of Viehland et al.’° f and k, denote the
second-order corrections to the self-diffusion coefficient and
thermal diffusion factor, respectively,55

fo=1+ é(éC* —5)A" +5)7, (14)

1 .
Ko 25(7—8E){
_§[H*+
7

The quantities A*—H™* are derived by combining different colli-
sion integrals Qs

2A*
35/4 + TA* + 4F*

— = (7-8E*
524" +5) 10 ¢ )

A* = Q@2 (1), (16)
B = (5017 - 4009) ) Q) (17)
cr = Q120D (18)

E* = Q23002 (19)

Fr= QG900 (20)

H" = (3B" +6C* —35/4)/ (6C" - 5). 1)

V. RESULTS AND DISCUSSION

The transport properties of krypton were calculated over
the temperature range between 116 and 5000 K. In this work,
the classical calculations are valid because the ratio of the ther-
mal de Broglie wavelength h/V2amkT to the atomic diameter
o(~4 A) is much less than 1 for the complete temperature
range. It should also be noted that 83.798 was used as the
relative atomic mass for krypton. The uncertainty in a given
transport property was estimated as half the absolute differ-
ence of properties computed with the lower- and upper-limit
potentials, V™ (R) and V* (R).

The experimental data from the literature were employed
to check the quality of the ab initio values of transport prop-
erties. Since the data for the thermal diffusion factor have a
comparably large uncertainty, the comparison for this property
was not investigated in the present work. We also examined the
performance of the empirical potential by Dham et al.*® and the
older ab initio potential by Slavicek et al.*® for the transport

7(6C*-5) 3 ]}

., [A"(7-8E") ~7(6C" ~ 5)]35/8 + 284" — 6F)

42A* (2A" + 5) }

15)

(

properties, comparing them with the theoretical values from
our new potential. It should be noted here that most measure-
ments at low density were performed at or near to atmospheric
pressure, whereas the viscosity and thermal conductivity were
computed in the limit of zero density. At the temperatures near
the normal boiling point of krypton, the effect of the change in
density is 2%—-3%, which has to be taken into account in the
comparisons. Therefore, according to the Rainwater-Friend
theory,’’-8 the data at zero density X, were derived from the
density virial expansion of the low-density experimental data
X in the first order,

X

Xy = —— 22
0= 17 Bxp’ (22)

Bx = N0 B, (23)
B = Zizo a;(NT*) " (24)

in which X =n, 4, T* =T/ (g/k), p is the mass density, and
N, is the Avogadro constant (6.022 14129 x 10> mol™}). In
Ref. 58, which used a Lennard-Jones description for the inter-
atomic potential, the atomic diameter o~ and the well depth £/k
were given in Table 5.2, whereas the resulting coefficients a;
were listed in Table 5.3.

A. Viscosity

A large body of experimental data for the viscosity of
krypton can be found in the literature with different levels
of accuracy. Here, we considered the data®®-%3 recommended
by Table I of Bich et al.®* as well as some data®>°’ reported
after 2000. The data were corrected using the Rainwater-Friend



204307-7 Waldrop et al.
10 O /. °
ZAN °
ooo 05 u A °
DD & n A ()
05| o 00q S
_ gapo Oogy & o
3 Oopl AYN
= 00 - -
= °
; n
= o5} " - °
3 n
= n
L ]
1.0 -
]
n
15 ‘ - ‘ P -
100 200 400 600 800 1000 2000
T/IK

FIG. 2. Relative deviations of the literature viscosity data, ny;, from the
values calculated in this work, 77¢4), for krypton. Data sources: (black filled
square) Dawe and Smith;>® (red filled circle) Goldblatt et al.;% (blue open
triangle) Kestin er al.;®! (black open square) Gough ef al.;%? (red open circle)
Vogel;%? and (blue filled triangle) Wilhelm and Vogel.%

theory except the zero-density data by Wilhelm and Vogel®

as well as Berg and Burton.®” Figure 2 reveals substantial
disagreement between the viscosity data sets by relative mea-
surements>-3%3 and the theoretical values of this work. Thus,
40 from 66 data points deviate by more than +0.4% from the
calculated values. At room temperature, the differences fall
into the interval of 0.3% to 0.7% and increase to —1.3% for
temperatures up to 2000 K. Most of the viscosity data are not
suitable for a reasonable comparison to judge the quality of the
calculated values.

On the other hand, the recent data by Berg and Bur-
ton®” based on a calibration with one ab initio helium value
agree perfectly with the present theoretical result. The relative
deviation at 25°C gives the value of only 0.02% which is
distinctly smaller than those for other relative measurements.
The viscometers 639 were calibrated on older viscosity data
which are characterized by larger uncertainties than those of
recent ab initio results. Consequently, we re-evaluated the
viscosity data of krypton to better accuracy by the following
procedure. First, the ratio 5y (T) /n.wf (T) was calculated for
the viscosity of krypton and one reference gas from the same
paper. Next, the new value for the reference gas 1. inisio (T')
was interpolated from the ab initio results by Cencek et al.'
for helium, Mehl®® for argon, or Hellmann® for nitrogen.
Finally, the new viscosity data for krypton were determined
by the expression 145 inirio (%) It should be stressed that this
recalibration of the literature viscosity data includes no input
from the present work (and no ab initio krypton data in general)
and is simply an attempt to correct a known deficiency of
the older experimental data, which has been eliminated in the
newer ones.%’

In Figure 3, the re-evaluated data give considerably better
agreement with the theoretical results than the original data.
The viscosity data by Dawe and Smith® are characterized by
deviations of +(0%-0.3%) over a wide temperature range be-
tween 290 and 1500 K. The measurements by Goldblatt et al.*°
at high temperatures result in deviations from +0.7% at 1100 K
down to —0.8% at 2000 K. The measurement by Kestin ez al.®!
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FIG. 3. Relative deviations of the literature viscosity data, 77j;;, from the
values calculated in this work, 17¢41, for krypton. Data sources: (black filled
square) Dawe and Smith,%® re-evaluated data; (red filled circle) Goldblatt
et al.,* re-evaluated data; (blue filled triangle) Kestin et al.®! re-evaluated
data; (black open square) Gough er al.®? re-evaluated data; (red open cir-
cle) Vogel %% re-evaluated data; (blue open triangle) Wilhelm and Vogel,%
re-evaluated data; (magenta unfilled inverted triangle) Evers et al.;%® (magenta
filled inverted triangle) Berg and Burton:®’ (red dashed line) calculated using
the potential by Dham et al.;*® (blue dotted line) calculated using the potential
by Slavicek et al. ;%0 and (solid line) uncertainty of 7¢,1.

at 25 °C differs by +0.2% from the value calculated using the
potential developed in this work. For the data recommended
by Kestin et al. above the ambient temperature, the differences
decrease with increasing temperature from +0.9% at 100 °C
to —0.1% at 700 °C. The low-temperature measurements by
Gough et al.* lead to results which agree within about +0.3%
over all temperatures apart from the lowest one. In the group
of Vogel, measurements on krypton were carried out by means
of oscillating-disk and vibrating-wire viscometers. The data
by Vogel® in 1984 deviate by +(0.1%—0.7%), whereas that by
Wilhelm and Vogel® in 2000 are only 0.04% and 0.07% higher
than the theoretical values at 25°C and 75 °C, respectively.
Evers et al.®® performed absolute measurements based on the
rotating-cylinder method and obtained results which deviate
by +0.3% at 298 K and +0.2% at 348 K.

Figure 3 additionally includes the comparison between
the values computed from the potentials by Dham et al.*® and
Slavicek et al.*® and the theoretical results of this work. The
values for the two literature potentials show in most cases
larger deviations than those for the experimental data, espe-
cially for temperatures above and below ambient tempera-
ture. The differences demonstrate that the interatomic potential
developed in this work is more accurate than the empirical
potential by Dham et al. and the older ab initio potential by
Slavicek et al.

B. Thermal conductivity

As in the case of the viscosity, there is a large amount of
experimental thermal conductivity data available in the litera-
ture for krypton. Figure 4 contains the percentage deviations
of the data’®7? collected in Table II of Bich et al.%* as well
as by two other sources’>’* from the values calculated using
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FIG. 4. Relative deviations of the literature thermal conductivity data, A,
from the values calculated in this work, Ay, for krypton. Data sources:
(black open square) Haarman;”° (black filled square) Kestin ef al.;”! (red open
circle) Assael ef al.;’? (red filled circle) Hemminger;73 (blue open triangle)
Le Neindre et al.;’* (red dashed line) calculated using the potential by Dham
et al.;*8 (blue dotted line) calculated using the potential by Slavicek ez al.;>°
and (solid line) uncertainty of Acy.

the potential constructed in this work. The corrections for the
density effect were applied to three data sets,’”’>’* while the
data by Kestin e al.”' and Assael et al.”” were presented at
zero density. The transient hot-wire technique was employed
in the experimental studies by Haarman,”® Kestin et al.”' and
Assael et al.”> The data by Haarman between 328 and 468 K
are characterized by deviations of +(0%—-0.2%). At ambient
temperature, the differences are +0.2% and +0.3% from the
calculated values for the data by Kestin et al. and Assael et al.,
respectively. The data by Hemminger’? differ by —0.9% at
30 °C and the deviations decrease to —0.2% at 190 °C, whereas
the data by Le Neindre et al.”* at 25 °C are consistent with the
theoretical value within —0.5%.

C. Self-diffusion coefficient

In Figure 5, the self-diffusion coefficient data by Groth
and Harteck” differ from the present calculated values by
up to —5% around room temperature. The experimental re-
sults by Schifer and Schuhmann’® show deviations between
+0.2% at 200 K and —8% at 470 K. The two-bulb method
was employed by different researchers’’-3? to measure the self-
diffusion coefficient of krypton. For the temperature range
from 20 to 35 °C, the data in three papers’’~"? deviate from the
calculated values by —(3%—5%), whereas a good agreement
within +0.5% is found for the result by Saran and Singh.°
Annis et al.’! reported two values at the same temperature of
295 K which are characterized by deviations of +0.9% and
—6%, respectively. Weissman and DuBro®? obtained a total of
25 data covering a wide temperature range from about 200 to
1000 K with differences of +(0.2%—-9%) from the theoretically
calculated values.

It should be noted that the thermal conductivity and self-
diffusion coefficient usually have larger uncertainties than the
viscosity. As mentioned above, the careful measurements by
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FIG. 5. Relative deviations of the literature self-diffusion coeflicient data,
Dy, from the values calculated in this work, D, for krypton. Data sources:
(black filled square) Groth and Harteck;” (black open square) Schifer and
Schuhmann;”® (red open circle) Durbin and Kobayashi;”” (blue open triangle)
Miller and Carman;’® (red filled circle) Watts;’® (blue filled triangle) Saran
and Singh;% (magenta filled inverted triangle) Annis ef al.;3! (magenta un-
filled inverted triangle) Weissman and DuBro;®? (red dashed line) calculated
using the potential by Dham e al.;*® and (blue dotted line) calculated using
the potential by Slavicek et al.>° The small uncertainty of D, was omitted
for clarity of the figure.

Roder et al.?? indicated that the accuracy reached the level
of 1%—2% for the low-density thermal conductivity of argon
around room temperature. In a critical review by Marrero and
Mason,®? the uncertainty of the experimental self-diffusion
coefficient for dilute krypton was estimated to be 1% at room
temperature and increase to 5% at 1000 K. It is obvious that
the comparably large deviations for the experimental data in
Figures 4 and 5 do not allow one to distinguish between
the empirical potential by Dham et al.,*® the older ab initio
potential by Slavicek et al.,’° and our new ab initio potential.

VL. CONCLUSIONS

We have developed a new potential energy curve for
the krypton dimer in a form of an analytical function, fitted
to 25 ab initio data points, that exhibits quantitatively cor-
rect behavior in the limit R — oo and qualitatively correct
behavior for R — 0. The ab initio interaction energies were
obtained from explicitly correlated coupled-cluster calcula-
tions employing basis sets as large as aV5ZM (augmented
correlation-consistent quintuple zeta with midbond functions)
and extrapolated to the CBS limit. Moreover, the frozen-core
CCSD(T)-level values were supplemented by corrections for
core-core and core-valence correlation, higher-order coupled-
cluster excitations up to CCSDT(Q), and relativistic effects.
The total interaction energy at a near-minimum interatomic
distance of 4.0 A amounts to —140.12 + 0.82 cm™".

The new krypton-krypton potential was subsequently
used to compute several transport properties of krypton using
the classical kinetic theory of dilute gases. The viscosity,
thermal conductivity, self-diffusion coefficient, and thermal
diffusion factor were studied in this work at low density over
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TABLE VI. Low-density transport properties of krypton and their estimated uncertainties.

T/K n/uPas A/mW m ! K! D (101.3 kPa)/cm? s~! ar
115.78 10.188(19) 3.7916(71) 0.015453(36) 0.062346(1314)
150 13.067(24) 4.8624(91) 0.025753(53) 0.043 669(2083)
200 17.313(28) 6.4420(105) 0.045376(75) 0.072753(2845)
209.48 18.110(28) 6.7385(106) 0.049677(78) 0.081697(2938)
250 21.455(28) 7.9838(104) 0.070029(89) 0.12417(319)
273.15 23.314(26) 8.6763(99) 0.083027(92) 0.14931(325)
273.16 23.315(26) 8.6766(99) 0.083033(92) 0.149 32(325)
293.15 24.887(25) 9.2623(94) 0.095021(93) 0.17064(327)
298.15 25.275(25) 9.4070(92) 0.098 127(93) 0.17588(327)
300 25.419(24) 9.4604(92) 0.099287(93) 0.17780(327)
350 29.186(19) 10.865(7) 0.13279(9) 0.226 97(320)
400 32.764(13) 12.200(5) 0.17024(7) 0.26990(305)
450 36.167(7) 13.471(3) 0.21140(5) 0.306 65(287)
500 39.415(8) 14.684(3) 0.256 08(5) 0.337 84(267)
600 45.509(12) 16.963(4) 0.35536(7) 0.386 66(230)
700 51.166(24) 19.079(9) 0.467 11(17) 0.42189(197)
800 56.476(35) 21.066(13) 0.59057(30) 0.447 62(169)
900 61.504(45) 22.947(16) 0.72520(45) 0.466 65(146)
1000 66.300(54) 24.742(20) 0.87054(61) 0.48088(127)
1500 87.860(91) 32.806(34) 1.746 8(16) 0.514 16(73)
2000 106.85(12) 39.905(44) 2.8524(30) 0.52151(53)
2500 124.27(14) 46.412(53) 4.1694(47) 0.52059(46)
3000 140.59(16) 52.508(60) 5.6857(66) 0.51658(46)
3500 156.09(18) 58.294(68) 7.3923(90) 0.51136(49)
4000 170.94(20) 63.837(75) 9.2822(116) 0.50569(54)
4500 185.26(22) 69.181(82) 11.350(15) 0.49991(59)
5000 199.14(24) 74.359(89) 13.590(18) 0.49420(65)

the temperature range between 116 and 5000 K. The experi-
mental data in the literature and the values computed by other
krypton-krypton potentials were compared with the present
theoretical values for the different transport properties. The
experimental viscosity data re-evaluated using new ab initio
reference values as well as the data of Berg and Burton®” make
itevident that the new ab initio potential developed in this work
should be more accurate than the empirical potential by Dham
et al.*® and the older ab initio potential by Slavitek et al.>”
However, the comparably large uncertainties for the thermal
conductivity and self-diffusion coefficient in the low-pressure
region indicate that the two properties are not suitable to judge
the quality of the different potentials. The careful analysis
shows that the calculated values for the transport properties
considered (Table VI) could be applied as standard values over
the complete temperature range of the calculations.
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We have developed a new krypton—krypton interaction-induced isotropic dipole polarizability curve
based on high-level ab initio methods. The determination was carried out using the coupled-cluster
singles and doubles plus perturbative triples method with very large basis sets up to augmented
correlation-consistent sextuple zeta as well as the corrections for core-core and core-valence corre-
lation and relativistic effects. The analytical function of polarizability and our recently constructed
reference interatomic potential [J. M. Waldrop et al., J. Chem. Phys. 142, 204307 (2015)] were used
to predict the thermophysical and electromagnetic properties of krypton gas. The second pressure,
acoustic, and dielectric virial coefficients were computed for the temperature range of 116 K-5000 K
using classical statistical mechanics supplemented with high-order quantum corrections. The virial
coefficients calculated were compared with the generally less precise available experimental data as
well as with values computed from other potentials in the literature {in particular, the recent highly
accurate potential of Jiger et al. [J. Chem. Phys. 144, 114304 (2016)]}. The detailed examination
in this work suggests that the present theoretical prediction can be applied as reference values in
disciplines involving thermophysical and electromagnetic properties of krypton gas. Published by

AIP Publishing. https://doi.org/10.1063/1.5006970

l. INTRODUCTION

The macroscopic properties of fluids depend on the micro-
scopic interactions between molecules and in principle they
can be calculated from them.'™ In this way, with the help of
modern computational techniques, it is now possible to obtain
thermophysical properties of gases to high accuracy purely
from theory.”~!? This process involves two lengthy computa-
tions. At first, the potential energy curve V(R), where R is
the interatomic distance, is computed from first principles.
Then, V(R) is employed in expressions based on statistical
mechanics and kinetic theory of dilute gases to yield thermo-
physical properties. The best known example is the theoretical
results for helium® which have uncertainties that are signifi-
cantly smaller (sometimes by nearly two orders of magnitude)
than those of the corresponding measured quantities. Standard
theoretical values of thermophysical properties are becom-
ing important for two areas: instrument calibration'>~!> and
metrology.'®~!® Other studies such as the development of ther-
modynamic and transport equations could also benefit from
more accurate thermophysical data (e.g., Refs. 19-21).

We have recently constructed a new pair potential for
krypton using coupled-cluster calculations up to the singles,
doubles, triples, and perturbative quadruples level, including
the corrections for core-core and core-valence correlation as
well as relativistic effects.!® Comparisons with the literature
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0021-9606/2018/148(2)/024306/10/$30.00

148, 024306-1

indicated that this potential is more accurate than any curve
published previously. In this work, we have used the new
potential together with classical statistical mechanics with
quantum corrections to compute some thermophysical prop-
erties of krypton gas: the second pressure virial coefficient B
and the second acoustic virial coefficient 8, for the range of
115.78 K (the triple-point temperature of naturally abundant
krypton??) to 5000 K. The range of temperatures investigated
is wide enough for most scientific and engineering purposes.
In addition to thermophysical properties, the electromagnetic
properties of simple gases are also valuable for pressure and
temperature metrology.>* For these reasons, we have also cal-
culated the second dielectric virial coefficient B, of krypton
using a semi-classical method for the same aforementioned
temperature range. The calculations of B, require not only the
pair potential but also the interaction-induced isotropic dipole
polarizability Aa,y.(R) of the weakly bound dimer.

The rest of the article is structured as follows. We present
in Sec. Il the determination of the krypton—krypton interaction-
induced polarizability as well as its analytical representation
Aaflt. (R) and the expressions for the lower- and upper-limits
of its values. In Sec. III, our recent interatomic potential of
the weakly bound krypton dimer'? is briefly described for the
sake of completeness. Section IV provides the detailed for-
mulations for the computation of virial coefficients of krypton
gas and the procedure to evaluate the uncertainty of theoreti-
cally calculated values. Section V contains a comparison of the
experimental data and the values from some literature poten-
tials with the present calculated values for the virial coefficients
of krypton to assess carefully the performance of this work. It

Published by AIP Publishing.
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should be noted that, very recently, the Rostock group reported
their fourth reference potential for pure noble gas molecules,
namely, one for krypton,'? following ones for helium,® neon,’
and argon.® Jiger et al. used the best ab initio methods suitable
for krypton to develop the potential energy curve for the two-
body as well as the three-body interaction between krypton
atoms. In Sec. V, considerable attention is paid to the agree-
ment between the new ab initio potentials of Jiger ef al.'> and
our work for the virial coefficients of krypton gas. Finally, we
summarize in Sec. VI the main conclusions and give some
perspectives of this work.

Il. DEVELOPMENT OF INTERACTION-INDUCED
POLARIZABILITY

The interaction-induced isotropic pair polarizability (the
trace of the interaction-induced polarizability tensor) A aye (R)
and its anisotropy Aaapiso (R) of the krypton dimer were cal-
culated for the same interatomic distances as those used in
the development of our high-accuracy Kr-Kr potential energy
curve.!? All calculations employed the counterpoise correction
for the basis set superposition error.>* Specifically, Aaye (R)
and Aaniso (R) are defined by

1
Aave (R) = 3 [Aa) (R) +2Aa, (R)], 6]

J. Chem. Phys. 148, 024306 (2018)

Atzaniso (R) = [Aa) (R) — Aery (R)], 2

Aa (R) = @™ (R) - 22" (R), 3)

Aay (R) = af™ (R) - 227" (R), @

where aﬁimer (R) and a‘fm"r (R) are the components of the

dimer polarizability that are parallel and perpendicular, respec-
tively, to the internuclear axis at a given interatomic dis-
tance R and a‘lf“)“"mer (R) and o™ (R) are the corre-
sponding monomer components of polarizability calculated
in the dimer basis.® All polarizabilities were calculated at the
coupled-cluster singles and doubles plus perturbative triples
[CCSD(T)] level and include corrections for core-core and

core-valence correlation (Aapg T, Aa/At-FC) and relativistic

effects (Aajs, AL ) so that
_ A, CCSD(T)/FC AE-FC rel
Aaave - Aaave + Aaave + Aaave’ (5)
A, CCSD(T)/FC AE-FC rel
A aniso = Aaaniso + Aa/aniso + Aa’aniso' (©)

Calculations were performed using the CFOUR and MOL-
PRO codes.”>” Augmented correlation-consistent Dun-
ning basis sets with X=D, T, Q, 5, 6 were used in all
calculations: they included the polarized valence series,

TABLE 1. Frozen-core CCSD(T) components of the interaction-induced pair polarizability and all-electron and
relativistic corrections (ag) for the krypton dimer near van der Waals minimum (R = 4.0 A), computed in augmented

Dunning basis sets aVXZ/aCVXZ/. . . as indicated.

X =
Component D Q 5 6

oy PO favxz 1.9897 2.5673 2.6037 2.6195 2.6246
aSSPMIEC iy X7, -0.9923 -1.2590 ~1.2445 ~1.2380 -1.2374
a PV cvxz, 2.0051 2.5805 2.6031 2.6192
a$SPOECevxz -0.9991 -1.2611 ~1.2440 -1.2377

o PO fawevxz 2.0440 2.5689 2.5998 2.6177

aSSPD/FC fawevxz, ~1.0144 ~1.2564 ~1.2421 ~1.2369

aﬁ\E-FC/avxz -0.0030 -0.0183 -0.0246 -0.0410

aNEFClavx7, 0.0015 0.0091 0.0121 0.0193
aFFCacvXz -0.0077 -0.0357 —0.0472 -0.0559
aNEFC/aCcvxZ 0.0042 0.0185 0.0240 0.0277
aFCawCvXzZ -0.0237 -0.0439 -0.0541 -0.0596

@ EFCrawCvXZ 0.0120 0.0227 0.0272 0.0294

af/avXZ -0.0469 -0.0167 -0.0160 -0.0165

aRelavxz 0.0251 0.0128 0.0143 0.0127

af/aCVXZ -0.0040 -0.0178 0.0066

aRlacvxz 0.0089 0.0137 0.0040

f*!/aCVXZ-DK 0.0237 0.0148 0.0117

aR/aCVXZ-DK -0.0030 0.0007 0.0014

a‘lrelldecontracted aVXZ 0.0185 0.0128 0.0103

aR¥/decontracted aVXZ -0.0008 0.0015 0.0020
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aug-cc-pVXZ (aVXZ), polarized core and valence, aug-cc-
pCVXZ (aCVXZ), weighted core-valence, aug-cc-pwCVXZ
(awCVXZ), and aug-cc-pCVXZ recontracted for relativistic
calculations, aug-cc-pCVXZ-DK (aCVXZ-DK).!228-32

An initial assessment of the basis sets and correc-
tions was performed on the same near van der Waals min-
imum distance as examined for the potential energy curve
(R = 4.0 A). The results of this examination can be seen
in Table I. The uncertainty of a value in a particular basis
is defined as the difference between that value and the
corresponding result in the preceding basis. As such, the
frozen-core results converge well in the aV6Z basis with
values of 2.6246 + 0.0051 ag in the parallel component
and —1.2374 + 0.0006 ag in the perpendicular component.
Likewise, the core-core and core-valence correlation cor-
rection beyond the frozen-core approximation is reason-
ably well converged in the awCVQZ basis with values of
—0.0541 + 0.0102 and 0.0272 + 0.0045 ag for the paral-
lel and perpendicular components, respectively. It was deter-
mined that a basis set increase to awCV5Z was unneces-
sary given the minor improvement and the overall small
size of the AE-FC correction. We have also checked if
higher-order coupled-cluster excitations are important for the
interaction-induced polarizability by performing a frozen-core
CCSDT calculation in the aVDZ basis set (using the ana-
lytical implementation in CFOUR). At R = 4.0 A, the dif-
ference between the CCSDT and CCSD(T) results is 0.0023
ag for the parallel component and —0.0003 ag for the per-
pendicular component. Thus, the full triples correction to the
isotropic interaction-induced polarizability is just 0.0005 ag
at this distance and we did not consider this correction any
further.

The relativistic corrections were calculated analytically
using the exact two-component (X2C) method.? This method
is available in CFOUR,** though commented out in the pub-
lic release due to the lack of picture change effects on the
dipole moment operator. To validate the results obtained from
the analytical code with a slightly incomplete treatment of

2.58 T T
\
\
\ L.
257 I \ . ..... ]
—_ N
5 2.56 N _ R
5 A g,
§ 255} -
—— CFour AE
— CFour X2C
2.54 | — « CFour FF AE
-« CFour FF X2C
— ¢ Molpro FF AE
e--» Molpro FF DKH
2.53 ‘ . -
10 10* 107 1072
E/la.u.]

FIG. 1. The parallel component of the interaction-induced pair polarizabil-
ity, Acy)|, as a function of electric field strength, E. AE denotes calculations
including core-core and core-valence correlation and no relativistic correction.
X2C and DKH denote calculations using the respective relativistic correction,
while FF denotes calculations using a finite field method. All calculations for
this test were performed in the decontracted aVTZ basis set.
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relativity, we performed finite field calculations using the
CFOUR and MOLPRO programs. The a| and @, values
for the monomer and dimer were calculated as numerical
first derivatives of the analytical dipole moment (CFOUR)
and second derivatives of the total energy (MOLPRO) with
respect to a change in a uniform electric field. MOLPRO
calculations of the relativistic effects used the second-order
Douglas-Kroll-Hess (DKH) Hamiltonian, which provides an
alternative to the X2C results.*>-*® As can be seen in Fig. 1, the
numerical and analytical results from CFOUR agree extraor-
dinarily well and the MOLPRO results provide satisfactory
agreement given the difference in methods. As a side note, it
was observed in the comparison of 4™ that the second-
order DKH correction was around twice that of X2C, as
shown in Fig. 2. This difference is small in absolute terms
and cancels out in Aay but is difficult to rationalize on its
own. Due to the consistency between methods, the analytical
approach was used to calculate the correction. The decon-
tracted aVXZ results display the fastest basis set convergence,
so we took the decontracted aVQZ values as the preferred
ones, with values of 0.0103 + 0.0025 ag for the parallel
component and 0.0020 + 0.0005 ag for the perpendicular
component.

With the selection of the basis sets and levels of theory
defined above, the interaction-induced isotropic pair polariz-
ability Aa,ye at the near van der Waals minimum separation
is 0.054 84 + 0.00297 ag, where the uncertainty is the square
root of the quadratic sum of the uncertainties of the contribut-
ing terms. This best level of theory was used to calculate
Aaave (R) and Aagniso (R) at 25 values of R from 2.6 A to
12.0 A. The ab initio values for each term and the total A ave
can be found in Table II, while the corresponding results for
Aagniso are presented in Table SI in the supplementary mate-
rial. The near cancellation of A and A, results in values
of Aa,ye very close to zero, as found previously for the argon
dimer.®

Using a weighted least-squares routine,?” the total Ayye
and A@iso Were fitted to functions with forms38—40

0.020 +3.62‘2e1 : :
1y 7 7
\ ;<
/
\\ r,n
~ 'y .
0.015 | 1 2 B
______________ Lt a
5
oS
=~ 0.010F e : E
Q§: - d
3 R
| — CFour AE
0.005 | | — CFourx2c
IETIT I — « CFour FF AE
-+ CFour FF X2C
— « Molpro FF AE
R - Molpro FF DKH
0.000 - -~ -
10 10 1073 107

E/la.ul]

FIG. 2. The parallel component of the dimer polarizability, a‘]‘)i"‘”, as a func-
tion of electric field strength, E in atomic units. AE denotes calculations
including core-core and core-valence correlation and no relativistic correction.
X2C and DKH denote calculations using the respective relativistic correction,
while FF denotes calculations using a finite field method. All calculations for
this test were performed in the decontracted aVTZ basis set.
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TABLE II. Contributions to the interaction-induced isotropic polarizability Aaaye for the krypton dimer, the total A@aye, and the total uncertainty U(Aaye) in
units of a(3). The column Acflt, contains the values obtained from the fitted expression in Eq. (7).

R(A) AaGSSPM/Fe AahETC AaRd Atave U(Adave) Aaft,

2.60 ~0.175174733 ~0.020 902900 ~0.018 060 067 ~0.214 137700 0.013476933 ~0.215636912
2.80 ~0.312638 567 —~0.005 541267 ~0.000928 067 -0.319107900 0.009993 667 ~0.315336 594
3.00 ~0.281941933 0.001092 167 0.007473 133 -0.273376633 0.008011233 ~0.275332625
3.20 ~0.194 681200 0.003 224 533 0.010414 167 ~0.181 042 500 0.006781333 ~0.183 014852
3.40 —0.103 253 400 0.003 155233 0.010266 100 ~0.089 832067 0.005 577233 —0.090 066 202
3.60 —0.029 548 700 0.002 200 600 0.008 675 167 ~0.018 672933 0.004612133 -0.017982438
3.70 ~0.001491 533 0.001 632867 0.007 680 067 0.007 821 400 0.004 163 500 0.008 577516
3.80 0.020769433 0.001 080300 0.006 668 133 0.028517867 0.003 739 100 0.029 166 655
3.90 0.037696 533 0.000574767 0.005 693 933 0.043 965233 0.003 341767 0.044415041
4.00 0.049917 100 0.000 134 167 0.004791 967 0.054 843233 0.002974 000 0.055 068 809
4.06 0.055279367 ~0.000 095 467 0.004293 867 0.059477767 0.002 767 800 0.059 576 680
4.10 0.058 127900 -0.000233 867 0.003 981 600 0.061875633 0.002 636 067 0.061 897 302
420 0.063 029 633 -0.000528767 0.003 270 300 0065771167 0.002 330267 0.065 634 625
430 0.065 282433 ~0.000754 633 0.002 658 400 0.067 186 200 0.002 053967 0.066 946 194
4.40 0.065 480967 ~0.000918 767 0.002 140 600 0.066 702 800 0.001 806 900 0.066412705
4.60 0.061 698 800 —~0.001 094 300 0.001 352633 0.061957133 0.001390300 0.061 690 744
4.80 0.054 859900 ~0.001 122400 0.000829033 0.054 566 533 0.001061 133 0.054412776
5.00 0.047011267 ~0.001 061200 0.000 494 000 0.046 444 067 0.000805 967 0.046414633
5.50 0.029333767 ~0.000764 333 0.000 120933 0.028 690367 0.000426 233 0.028 796 038
6.00 0.017528 567 ~0.000483 733 0.000 025 867 0.017070700 0.000284 100 0.017116974
7.00 0.006518 233 —~0.000 181367 0.000 002433 0.006 339 300 0.000 160700 0.006311 046
8.00 0.002761 167 ~0.000075 567 0.000001 467 0.002 687 067 0.000077 867 0.002671768
9.00 0.001 315300 ~0.000 035 533 0.000 000733 0.001 280 500 0.000039433 0.001277 486
10.00 0.000 684 067 ~0.000018 533 0.000 000700 0.000 666 233 0.000019 700 0.000 666 128
12.00 0.000223933 ~0.000006 100 0.000 000233 0.000218 067 0.000006 067 0.000217 420

A(ave)

Aa/gl\t/e (R) = ( + B(ave) + C(a‘/e)R + D(ave)R2) e—a(a“)R

C(ave)
(ave) n
+ Zn:@gﬁl (ﬁ R) _Rn 5 (7)
Aaglrtliso (R) = (A(aniso)R + B(aniSO)RZ) e—a(ani;(\)R

) C(aniso)
+ Zn:3’6’8f’l (IB(amso)R) an i (8)

where f,(x) is the Tang-Toennies damping function*!
k

f=1-e T )

The weight for each ab initio point was the inverse square
of the uncertainty and the fitted functions pass within the

has MUEo =0.140 and Aaiﬁiso (R) has MUEo =0.216, where
the mean unsigned error with respect to uncertainty (MUEo)

is defined as

1 |Fit (R) - Calc(R)]
MUEc = — 10

77 Np £k T U(Cale (R)) (10)

InEq. (10), Fit(R) is either Afl, (R) or Ae™. (R)and Calc(R)

is the corresponding ab initio value. The long range C, terms
were fitted first to the data with R > 8.0 A assuming no damp-
ing, then frozen throughout the rest of the procedure. The
values of the fit parameters for Aafll, can be found in Table
IIT; analogous parameters for the polarizability anisotropy are
given in Table SII in the supplementary material.

Additionally, the upper- and lower-limit functions for

uncertainties of all calculated points. The Aa/l, (R) function

TABLE III. Parameters of the polarizability functions of Ac;

dimer in Eq. (7).

fit
ave

both Acft

ave

(R), A,

(R), and Arzg’e_ (R) for the krypton

Parameter Acft.(R) At (R) AT (R) Units
Alave) —131248.569 521 —144967.965213 -118621.208 123 a
B@®) 80067.715 588 87897.681211 72 838.349 627 a
clave) -15649.670075 -17086.345415 -14319.251 185 a§
D@ve) 958.404 374 1040.655286 882.044 335 ap
a(®®) 1.336794 1.348786 1.324710 ay’!
g 0.857610 0.867 624 0.845 646 ay!
Celave) 27649.313556 109 817 28401.128 468 681782 26 897.498 643 404 404 ap
Cc3@® 992 472.153 87026093 1039598.256 973 1472 945 346.050 803 67229 ay!

(R) (Aayd (R) and Aagye (R)) and Aaft (R)

aniso
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(A 2‘;1:0 (R) and Aagrtmo (R)) were produced for the measure-
ment of the uncertainty of the corresponding functions and
the quantities derived from them. The functions AQQ;*; R)
and AeltT (R) were fitted t0 Adave + U (Aave) and Aage
-U (Aa/ave) respectively, using the same functional form
as Aall, (R), and the equivalent procedure was used for the
production of Aa/grt‘go (R) and A“ﬁ@o (R). The relation

A (R) < Aa™ (R) < Aa™*(R) (11)

is true for both quantities within the range of the fitted points
but not necessarily out51de of this range. The MUEo val-
ues of the functions A (R), AaftT (R), Aa™* (R), and

aniso

a,  (R) are 0.163, 0.119, 0.212, and 0.222, respectively.
The parameters for the upper- and lower-limit functions can be
found in Table I1I for Aeflt, and Table SII in the supplementary

material for Aa/dmso

lll. POTENTIAL ENERGY CURVE

In our previous work,'? we developed a new krypton—

krypton interatomic potential based on high-level ab initio
calculations. The analytic potential energy curve, used in this
work in the same form, is given by

V(R) = (A+BR+%) (12)

- fzn(ﬁR) ot

where R > 1.8 f\, A, B, C, a, B, Cg, and Cg are the fit param-
eters and f,,(x) denote the Tang-Toennies damping func-
tions,*! Eq. (9). To avoid unphysical behavior at short distances
(R < 1.8 A), Eq. (12) is spliced continuously with a simpler

expression
V(R) = (ﬂ) ¢ ORRIBHR (13)

R

In addition, we have constructed potentials V*(R) and
V~(R) by fitting the same expression as V(R) to E + U(E)
and E — U(E), respectively. Here, the uncertainty U(E) of
the potential energy E was inferred by a careful examination
of basis set convergence patterns.'? The potential of Ref. 10
was computed within the Born-Oppenheimer approximation

J. Chem. Phys. 148, 024306 (2018)

TABLE IV. Parameters of the potential energy functions V(R), V*(R), and
V7 (R) for the krypton dimer in Eqgs. (12) and (13).

Parameter V(R) V*(R) V= (R) Unit

A 467.771 557 511.688 596.938 En

B —43.111875 —45.622 -56.519 Ep -ap™!
C -509.601417 ~787.134 -997.849 Ep -ag
a 1.566 575 1.558 1.572 ap™!
B 4.083794 1.832 1.285 ap”!
Cs 126.790 499 126.498 127.083 Ey - ag®
Cg 5268.109217 5096.285 5439.933 Ep, - apd
Agh 1296.0 1296.0 1296.0 Ep -ag
@gh 3.067 950 2.744 2.900 ap™!
Bsn 0.3240714 0.239 0.280 ap™?

IV. THEORETICAL EVALUATION OF VIRIAL
COEFFICIENTS

In this section, we calculate the second pressure, acous-
tic, and dielectric virial coefficients and estimate their
uncertainties.

A. Second pressure virial coefficient

We employ the classical statistical-mechanics formulas
with second-order or third-order quantum corrections to com-
pute the virial coefficients of krypton. The calculations of the
second pressure virial coefficient B by statistical mechanics
have been studied extensively and the explicit expressions
are presented in a large number of scientific publications (for
example, in Ref. 42). For the convenience of the reader, we
still list the details of the formulations necessary to compute
B up to the third-order quantum corrections,

B = By + ABgqm1 + A*Bqma + 1*Bgm33, (14)

where A = h2,8/12m, h = h/2rx, and B = 1/kgT. m is the
relative molecular mass (83.798 for krypton in this work), A is
the Planck constant, kg is the Boltzmann constant,*> and 7 is
the temperature. In the case of a completely isotropic poten-
tial V(R) (no angular dependence), the classical and quantum
contributions can be written as follows:

— _ ” _ _ 2
(which works extremely well for nuclei as heavy as krypton) Be = =27Np /0 [exp (=V) — 1] RdR, (15
and is exactly the same for all isotopologues of the krypton
dimer. All fitted parameters in the analytical representations B — 22N / * V2 _BV)R%dR 16
of V(R), V*(R), and V~(R) are listed in Table IV. am1 = 27Na | (BV)"exp(=BVIRTdR,  (16)
Bym = =27y / vy e 2 pvy —(ﬁV')3 ~ 2(BV)’ [exp (V) 2R, (17)
am- N E 5R2 3R 6
" ” 24 133 24 ’ 1\2 2388 n3
=2nN, —(BV 14 1% — (BV Vv 14
Bana =200 [ 328V ¢ S BV 3BV ¢ 2 (8V) (BV) 4 S (8V)
6 "2 7\2 NS 1 "6 2
-=-(BV Ve - - V)Y + —=(BV -BV)R"dR, 18
SBV(BY) = e (BV) = e (V) 4 55 (V) [exp (V) (s)
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in which N 4 denotes the Avogadro constant and V' = dV /dR,
V" =d?V/dR* and V""" = d*V /dR>.
B. Second acoustic virial coefficient

The expressions for the second acoustic virial coeffi-
cient 8, are related to those for the second pressure virial

J

J. Chem. Phys. 148, 024306 (2018)

coefficient B and its first and second temperature derivatives
B’ and B”. The semi-classical expansion of the second acoustic
virial coefficient in powers of A is®

ﬁa = ﬁa,cl + /l,Ba,qm,l + /lz,Ba,qm,Z, (19)

where the individual terms are formulated as

Bacl = 47rNA [1 —exp (- ﬁV)(l + 2BV + —(ﬁV)z)]deR, (20)
Bagm.1 = 47Na E - % Vit I—(ﬁV)z] (BV’)*exp (-BV) R*dR, @
Bugma = 47N {[ 2BV - BV - O(ﬂV’)3+9(ﬁV’)“]

g(ﬁV”)2+5R2(,3V) 2BV - 2 (BV) ]ﬂV
# |25 BV - 5o (BV)? - R(ﬁV’)3+E(ﬁV/)4] (BV)Z}eXp(—ﬁV)RZdR- (22)

C. Second dielectric virial coefficient

The formulas for the dielectric virial coefficients can be
derived from the expansion of the Clausius-Mossotti function.
The second dielectric virial coefficient can again be approxi-
mated as the sum of a classical term and of quantum corrections
up to second order*’

B = Bs,cl + /lBs,qm,l + /lzBs,qm,Z’ (23)
where
87r2Ni 0 5
Bea = — / Aageexp (—BV)R*dR,  (24)
0
871'2 2
Begmi = —— Na /O [Aaave(ﬁv’)z—ma;veﬁv’]
x exp (-BV) R*dR, (25)
167er2 )
Begma = / (Advasef +8)exp (—BV) R%dR, (26)
F= BV + BV 4 g (BV') — o (BV) @7)
’ 4 ’ 10 "2 5 "3
£ = Aae [—ﬁﬂv - vy V)
—2Aal BV (28)
Here,
A, = dAayo/dR, (29)
Al = d*Aag,JdR?. (30)

D. Uncertainty

There are several possible sources of uncertainty in the
present calculation. First, quantum effects become important
at low temperatures depending on the molecule in question.

(

The lower-limit temperature for the calculations considered in
this work is 115.78 K, the triple-point temperature of kryp-
ton. At this temperature, the corresponding ratio of the ther-
mal de Broglie wavelength to the atomic diameter is much
smaller than one, i.e., (h/\/ZﬂkaT) Joo = 0.05 <« 1. This
guarantees that we can use classical statistical-mechanics for-
mulae with second-order or third-order quantum corrections to
compute the different virials of krypton for the whole temper-
ature range.

In addition, Moszynski et al.** suggested that the use
of Padé approximants could better represent full quantum-
mechanical results at lower temperatures. Our earlier unpub-
lished work on the second dielectric virial coefficient of neon at
116 K showed that the Padé approximant of order [1/1] repro-
duced the semi-classical value up to five digits of precision.
This agreement further justifies the correctness of classical
treatments supplemented by quantum expansions in powers
of A.

The other major contribution to the uncertainty of
our calculated values is attributed to the uncertainty of
the potential and polarizability of the krypton dimer. As
mentioned above, we generated V*(R), V7(R), Aagf,’: (R),
and Aagi’e_ (R) expressions that account for the correspond-
ing lower- and upper-limit ranges of potential energies
and interaction-induced polarizabilities. Following the work
of Hurly et al.,**® we attempted to estimate the uncer-
tainty U of the present theoretical results in the following
manner:

| Xy+ — Xy-|

UX) = 5 )

(€2
where X denotes virial coefficients calculated from V* and V™.
The calculation of Cencek et al.’® suggested that the influence
of the uncertainties in V(R) on the values of B; was negli-
gible. Hence, for the second dielectric virial coefficient, the

uncertainty of the theoretical values was estimated as
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B fit4 — B

&A@,y
2

fit,—
€Ay

U (Be) =

(32)

V. COMPARISON WITH VIRIAL COEFFICIENT
VALUES FROM THE LITERATURE

Here we compare the results of our calculations with val-
ues published elsewhere for the second pressure, acoustic, and
dielectric virial coefficients.

A. Second pressure virial coefficient

Very recently, Jiger et al.'” reported the calculation of the

second pressure virial coefficient of krypton from their new
potential. Figure 3 of the present article illustrates that the
ab initio pressure virial values of Jiger et al. are perfectly
consistent with our theoretical values over a wide tempera-
ture range. The difference between the two ab initio values
decreases from 1 cm?®-mol~! at 150 K down to 0.3 cm?-mol ™!
at room temperature and further down to below 0.1 cm?-mol™!
above 2000 K. Figure 3 also shows the uncertainty of our cal-
culated values, which was evaluated from the potentials V*(R)
and V7 (R) by the procedure discussed above. It is clear that
the differences between the second virial coefficient of Jiger
et al. and the results of this work never exceed the theoretically
estimated uncertainty for the complete temperature range.
There is a large number of experimental data for the sec-
ond virial coefficient of krypton, published more than 30 years
ago. The information on the sources of literature was sum-
marized in the compilation of Dymond et al.*’ It should be
noted that an experimental determination of a strictly two-
body quantity such as B(T') requires caution to eliminate three-
and higher-body effects even at low densities of the gas.*® In
their Fig. 1, Jiger et al.'> compared their computed values
with measured data sets for the second pressure virial coeffi-
cient. Because of the excellent agreement between the values
of Jéger et al. and this work, the same pattern could be drawn
for the comparison of the experimental data with our computed
values. In many cases, a deviation of more than +1 cm?-mol~!

3
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TIK

FIG. 3. Absolute deviations of the literature second pressure virial coefficient
data, By, from the values calculated in this work, B.,;, for krypton as a function
of temperature. Data sources: (red dashed line) calculated from the potential
by Jiger et al.'2 The shaded area corresponds to the uncertainty of Bey).
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could be observed between the theory and measurements for
the second pressure virial coefficient, the maximum deviation
being —16 cm?®-mol~! at the low temperature of 120 K. Aziz and
Slaman®’ did not consider the second pressure virial coefficient
of krypton as primary data in the development of their empir-
ical potentials due to the inconsistency of experimental data,
which is partly supported by the rather large disagreements in
Fig. 1 of Jiger et al.'”> Moreover, considering the fact that the
uncertainty of theoretical values for krypton is normally lower
than that of the experimental data,*’ we conclude that both the
present results and those of Jager ef al. may be employed as
recommended values for the second pressure virial coefficient
of this gas.

B. Second acoustic virial coefficient

To the best of our knowledge, only one publication with
measurements of the second acoustic virial coefficient of kryp-
ton is to be found in the literature. Ewing et al.>° built a cylin-
drical interferometer to measure the speed of sound of gases.
Values of the second acoustic virial coefficient of krypton were
reported for 285 K, 305 K, and 320 K, with a reported standard
uncertainty of around +1 cm?-mol~!. Figure 4 shows that the
experimental data of Ewing et al. are in close agreement of
+(0.5-1.0) cm?-mol~! with the theoretically calculated values
of this work.

Figure 4 also presents the differences between values com-
puted in this work and those from several krypton potentials
in the literature, namely, the well-recognized empirical poten-
tial of Dham et al.,’! the old ab initio potential of Slavicek
et al.,’® and the new, high-accuracy potential of Jiger et al.'?
The second acoustic virial coefficient from the potential of
Dham et al. agrees with the theoretically calculated values
of this work at T < 500 K. However, the absolute deviation
begins to exceed the estimated uncertainty of our theoretical
values at higher temperatures. The computed values from the
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FIG. 4. Absolute deviations of the literature second acoustic virial coefficient
data, B, i, from the values calculated in this work, B cal, for krypton as a
function of temperature. Data sources: (black open squares) Ewing et al.;°
(blue dotted line) calculated from the potential by Dham et al.d! (magenta
dot line) calculated from the potential by Slavicek et al. ;52 (red dashed line)
calculated from the potential by Jiger ef al.'? The shaded area corresponds to
the uncertainty of B ca.
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FIG. 5. Absolute deviations of the literature second dielectric virial coeffi-
cient data, By ;;, from the values calculated in this work, By ¢4, for krypton
as a function of temperature. Data sources: (black filled square) Orcutt and
Cole;>3 (red open circle) Vidal and Lallemand;>* (blue filled triangles) Huot
and Bose.”> The shaded area corresponds to the uncertainty of Bg ¢,

potential of Slavicek et al. exhibit a relatively large disagree-
ment with those of this work: the differences are larger than
the corresponding uncertainties of our theoretical values over
the whole temperature range. On the other hand, one can see

J. Chem. Phys. 148, 024306 (2018)

in Fig. 4 that there is good agreement for the second acoustic
virial coefficient between the new ab initio potential of Jiger
et al. and that of this work. The absolute difference lies within
the uncertainty range of our theoretical calculation for tem-
peratures up to 5000 K. We suggest that the present computed
values can be used with confidence in different fields wherever
values of the second acoustic virial coefficient of krypton are
required.

C. Second dielectric virial coefficient

Three sets of experimental data are available in the lit-
erature for the second dielectric virial coefficient of kryp-
ton.”3-5 Figure 5 shows a comparison of the experimental data
with the values calculated here. Orcutt and Cole>® reported
one data point at ambient temperature, where the difference
slightly exceeds our theoretical uncertainty. The data point
by Vidal and Lallemand®* at 25 °C shows a disagreement
of —1.3 cm®mol~2, which is six times larger than the esti-
mated uncertainty of our calculated value. A larger scatter of
+(2-4) cm®-mol~2 can be observed for the deviation of the
data by Huot and Bose>> with respect to the values calcu-
lated here. The inconsistency of measurements from different
laboratories implies that the prediction of this work may be
applied as reference values for the second dielectric virial
coefficient.

TABLE V. Virial coefficients of krypton and their estimated uncertainties as a function of temperature. The
temperatures 115.78 K and 209.48 K correspond, respectively, to the triple- and critical-point temperatures of
krypton. The virial coefficient values at other temperatures are available upon request for the range between

115.78 K and 5000 K.

T B U Ba U(Ba) Be U(Be)
(K) (em3-mol™)  (em® mol™!)  (em® -mol™")  (cm? -mol™')  (em®-mol™?)  (cm® - mol~?)
115.78 -321.30 4.44 —347.47 6.11 10.923 0.384
150 —198.04 2.68 -191.03 3.39 8.7080 0.2976
200 -116.34 1.68 -94.934 2.071 7.2778 0.2447
209.48 —-106.55 1.57 —83.747 1.934 7.1080 0.2386
250 -75.164 1.23 —48.270 1.52 6.5637 0.2199
273.15 —62.372 1.09 -33.980 1.37 6.3408 0.2125
273.16 -62.368 1.09 -33.975 1.37 6.3407 0.2125
293.15 -53.306 1.00 -23.911 1.26 6.1817 0.2075
298.15 -51.271 0.98 -21.658 1.23 6.1458 0.2064
300 -50.539 0.98 —20.848 1.22 6.1329 0.2060
350 -34.244 0.82 -2.9210 1.0372 5.8418 0.1973
400 -22.716 0.71 9.6263 0.9079 5.6296 0.1916
450 —-14.164 0.62 18.835 0.813 5.4663 0.1876
500 -7.5918 0.56 25.832 0.740 5.3354 0.1847
600 1.7896 0.47 35.644 0.635 5.1354 0.1810
700 8.1039 0.41 42.069 0.561 4.9861 0.1789
800 12.596 0.37 46.498 0.507 4.8676 0.1778
900 15.922 0.34 49.663 0.466 4.7693 0.1772
1000 18.459 0.31 51.983 0.433 4.6851 0.1770
1500 25.184 0.23 57.344 0.333 4.3807 0.1784
2000 27.779 0.19 58.588 0.282 4.1717 0.1811
2500 28.906 0.17 58.517 0.250 4.0089 0.1839
3000 29.382 0.15 57.940 0.228 3.8745 0.1867
3500 29.528 0.14 57.157 0.212 3.7600 0.1894
4000 29.495 0.13 56.297 0.201 3.6604 0.1919
4500 29.360 0.12 55.419 0.191 3.5726 0.1943
5000 29.166 0.11 54.551 0.184 3.4945 0.1965
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VI. CONCLUSIONS

We have developed a new interaction-induced isotropic
polarizability for the krypton dimer and used it together with
our recent interaction potential to calculate the second pres-
sure, acoustic, and dielectric virial coefficients of krypton
gas. The coupled-cluster method at the CCSD(T) level as
well as basis sets up to aV6Z was selected to determine the
interaction-induced isotropic polarizability Aa,v.(R). The cor-
rections for core-core correlation, core-valence correlation,
and relativistic effects were also included to improve the qual-
ity of Aaave(R). As a result, values of the interaction-induced
isotropic polarizability were determined with low uncertainty
for the krypton dimer at 25 different interatomic distances R
covering the range of 2.6-12.0 A. An analytical expression
of Aaf, (R) was obtained by fitting the individual values in
order to facilitate the calculation of the second dielectric virial
coefficient.

Using the newly developed interaction-induced polar-
izability, together with our highly accurate interatomic
potential,10 we computed the second pressure, acoustic, and
dielectric virial coefficients of krypton gas. Calculations were
performed using classical statistical mechanics supplemented
with quantum corrections up to second or third orders. The
theoretically calculated values of virial coefficients are listed
in Table V for the temperature range of 115.78 K-5000 K.
The corresponding uncertainty given in Table V is estimated
from the difference between the values calculated using V*(R),
V7(R), Aalis (R), and Aafl; (R).

Comparisons of the literature data were performed with
the values computed in this work. Some inconsistencies were
found with respect to the relatively small number of experi-
mental data. On the other hand, the two new ab initio potentials,
the one of Jager et al. 12 and the one of this work, exhibit excel-
lent agreement for the calculations of the second pressure and
acoustic virial coefficients. All things considered, we believe
that the present theoretically predicted values can be used as
reference values for the different virial coefficients of krypton
gas. Given the scarcity of reliable experimental data, accurate
measurements of thermophysical and electromagnetic proper-
ties of krypton gas are desirable to further check the validity
of the present predictions.

SUPPLEMENTARY MATERIAL

See supplementary material for the results of the
interaction-induced anisotropy polarizability of the krypton
dimer.
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The interactions between carbon dioxide and model systems of metal-organic frameworks were
studied using a variety of ab initio methods. Three metal species and four organic linkers were
considered in these models as a representation of the tunable nature of metal-organic frameworks
and the potential multireference character of such systems. Common single-reference methods,
such as MP2 and CCSD(T), were compared with multireference methods based on complete ac-
tive space self consistent field theory, going as far as MRCISD. Special consideration is taken
to avoid issues of size inconsistency in the Cl results, where an alternate reference is used in
the interaction energy definition. The benchmark values are used to judge the adequacy of a
selection of density functionals for the current systems. Symmetry-adapted perturbation theory
decomposition was performed to elucidate the important effects that comprise the binding inter-
actions. The systems proved to have very limited multireference character, and MP2 values were
closer to the CCSD(T) benchmark than the more difficult MRCISD results. Though the SAPT total
energies prove to be relatively poor approximations to the benchmark interaction energies, the
energy decompositions indicate that the CO, binding is driven by electrostatics and induction for
the benzenedicarboxylate and furandicarboxylate complexes but has a significant contribution of

dispersion for the diformate and paddlewheel systems.

Introduction

Metal-organic frameworks (MOFs) are crystalline structures
formed by the coordination of organic linker molecules to metal
centers or clusters. The resulting structures are highly porous
and can have open coordination sites on the metal centers that
allow for improved interactions with gas molecules. The inter-
actions of MOFs with various gases are of great interest in the
areas of gas storage, separation, and catalysis due to the tunable
nature of the MOF structures and the effect that this tunablilty
plays on the selectivity of the MOF’s interactions 1-3. More specif-
ically, these compounds have garnered interest in areas focused
on the generation of renewable energy and/or green alternatives
and improvements to fossil fuel based energy production. MOFs
have been considered as potential storage media for H; for usage
as an alternative fuel source. There has also been interest in us-
ing MOFs as selective gas filters to sequester CO, from flue and
exhaust gases®~/.

The design of MOFs with a desired level of selectivity for a par-
ticular gas requires a detailed understanding of the interactions

@ Department of Chemistry and Biochemistry, Auburn University, Auburn, AL 36849,
United States. E-mail: patkowsk@auburn.edu

1 Electronic Supplementary Information (ESI) available: a detailed explanation of
the algorithm used to determine geometries, Cartesian coordinates for all systems
considered, and additional figures. See DOI: 00.0000/00000000.

between the adsorbent and adsorbate. Computational modeling
can provide insight into these interactions, but requires the bal-
ancing of accuracy to sample size. Given the periodic, bulk na-
ture of MOFs, they are complicated systems to treat accurately
from a computational perspective. Methods that allow for a large
scale treatment of a bulk representative structure, such as peri-
odic density functional theory (DFT), have been found incapable
of accounting for dispersion interactions which are crucial for the
physisorption process®®. More accurate methods, such as the
wide array of wavefunction based ab initio ones, are capable of a
more complete description of these interactions, but are not triv-
ial to apply to large-scale simulations.

An ideal method to study these systems would be applicable
to large-scale models while also capturing the important com-
ponents of their interactions. This goal requires benchmarking
potential candidates against high accuracy ab initio calculations.
In the process, an adequate treatment of the possible multirefer-
ence character of these systems is of potential key importance.
Transition metal atoms and ions with different d-electron counts
and spin states may require the consideration of several important
electronic configurations, resulting in non-dynamical correlation.

Symmetry-adapted perturbation theory (SAPT) %12 is a pow-
erful approach for the calculation of the interaction energy be-
tween molecules. SAPT is a perturbative method that directly

Journal Name, [year], [vol.], 1-17 |1



calculates the interaction energy as opposed to the indirect de-
termination of this quantity via the supermolecular method. The
most important advantage of SAPT is that it provides a physi-
cally meaningful breakdown of the interaction energy in terms
of the electrostatic, exchange, induction, and dispersion compo-
nents. An analysis of this decomposition can provide insight on
the selectivity of gas adsorption and can also inform the devel-
opment of more approximate methodologies to accurately model
these systems, such as first principles-based force fields3. Per-
haps even more importantly, the SAPT decomposition provides a
route to a rational design of MOFs and other adsorbent materials
via amplifying or reducing particular interaction energy terms 4.

The benchmarking of DFT for interactions involving MOFs has
already been considered by several groups. Grajciar et al. inves-
tigated the suitability of DFT for the calculation of interactions
of water with the uncoordinated sites of a MOF1>. In compari-
son to their benchmark coupled-cluster singles and doubles with
perturbative triples calculations at the complete basis set limit
(CCSD(T)/CBS), DFT was found unreliable in the reproduction of
interaction energies. The addition of empirical dispersion was not
sufficient to correct the shortcomings of this method. The authors
determined that the composite DFT/CC method 1017 which adds
an empirical pairwise correction parameterized on CCSD(T) re-
sults to the DFT results in a fashion similar to the empirical disper-
sion corrections 1820, was capable of attaining acceptable agree-
ment with experimental and higher-level theoretical results?!.

Taking a different approach, Howe et al. looked at the inter-
actions of several gases with the external surfaces of MOFs22,
Their calculations utilized a number of density functionals and
wavefuction methods up to CCSD(T) to consider different sizes
of model systems of the MOF, taking into account the importance
of periodicity. Their results show good agreement between differ-
ent model sizes and predict greater interactions for the Zn and Co
containing systems over their Cu analogs.

Dzubak et al. produced a method for the development of force
fields for interactions between MOFs with open coordination sites
and gas molecules23. Their methodology uses a decomposition
of second-order Mgller-Plesset perturbation theory interactions as
the basis for the terms of a new force field. The newly produced
force field showed a favorable improvement over the universal
force field (UFF) for the simulation of adsorption isotherms of
the systems in question and also proved to be transferable to sys-
tems other than the fitted one. McDaniel and Schmidt!® used
DFT based SAPT (DFT-SAPT) for the decomposition of interac-
tions to produce physically motivated transferable force fields,
and applied these force fields to the calculation of gas adsorption
to MOFs.

In another investigation of the interactions of gas molecules
with MOFs, Goings et al. produced SAPT and DFT-SAPT decom-
positions for the potential energy curves between H, and a MOF
model containing various metals2*. The study considered Mg,
Ca, Sr, Mn, and Zn metal centers for their models. Geometries
and binding energies were produced for all metals, but the SAPT
calculations were restricted to the closed-shell dications of Mg,
Ca, and Zn. In comparison to the CCSD(T) benchmark, the DFT-
SAPT binding energies showed a much greater discrepancy than

2| Journal Name, [year], [vol.],1-17

the SAPT results due to differences in the exchange contributions.
The SAPT decompositions also show a comparably small, but im-
portant, contribution from dispersion interactions.

Recently, Sladek and Tvaroska studied the interactions between
divalent cations of Mn and Mg with a number of small molecules
representing the components of amino acids that are most likely
to bind with these metals in biomolecules?>. The authors use
SAPT decompositions in an attempt to highlight the difference be-
tween the two metals as catalytic components in enzymes, where
Mn can often serve as an acceptable stand-in for Mg while the
reverse is not necessarily true. Their results show that the in-
duction components have a greater magnitude in the interactions
involving Mn?* and that the preference over Mg?* in certain sys-
tems may be due to preferential interactions between Mn?* and
ligands that bind through N or S.

In the current study, the interactions of MOF mimic systems
with CO, are studied at several levels of ab initio theory including
spin-restricted CCSD(T) (RCCSD(T)), the complete active space
self consistent field (CASSCF), and post-CASSCF levels of theory
to determine appropriate benchmark treatments of metal centers
with different occupations of the d shell. An alternative refer-
ence for the interaction energy is defined to circumvent issues
of size inconsistency in MRCISD calculations. Then, the SAPT de-
compositions for the closed and open-shell systems are performed
to elucidate the importance of different interactions for different
model systems. These results are compared to DFT data to deter-
mine the adequacy of various functionals and dispersion correc-
tions for calculations of interaction energies in systems containing
metal ions with various spin states.

Methodology and Computational Details

The MoOLPRO code was used for supermolecular interaction en-
ergy calculations and all geometry optimizations 2627, SAPT cal-
culations were performed with the Psi4 code?8. Augmented
correlation-consistent Dunning basis sets were used through-
out and included aug-cc-pVDZ through aug-cc-pVQZ (aXZ) 2930,
Density fitting (DF) was utilized for Hartree-Fock (HF), second
order Mgller-Plesset perturbation theory (MP2), and Symmetry
Adapted Perturbation Theory (SAPT) 10 calculations, as well as
Density Functional Theory (DFT) calculations in the aQZ basis
set. Due to the limited availability of auxiliary basis sets for
the selected metals, the aXZ/MP2FIT 31733 basis set was used in
place of the aXZ/JKFIT34 basis set and aTZ/MP2FIT was em-
ployed with both aDZ and aTZ orbital bases. The DFT function-
als used in these calculations were BLYP3°, B3LYP36:37 PBES38,
PBE03%49, M05-2X#!, and M06-2X*?. Grimme’s DFT-D3 code
was used to calculate the dispersion corrections 1820, using both
the original and the revised damping parameters43. For the open-
shell SAPT decompositions, both restricted open-shell Hartree-
Fock (ROHF) and unrestricted Hartree-Fock (UHF) based meth-
ods were used 4446,

Model Structures and Geometry Optimization

Four types of systems were utilized as models for MOFs inter-
acting with CO,. The MOF fragment monomers each contain



one or two metal centers and a number of representative or-
ganic ligands. The overall charge of each system is zero. The
metal species used throughout are the dicationic forms of Mn,
Co, and Zn. The metals were chosen to provide models for com-
pletely filled (Zn?1), halfway filled (Mn?*), and intermediately
filled (Co?") d shell systems. The first two MOF models contain a
single benzenedicarboxylate (BDC) or furandicarboxylate (FDC)
linker coordinated to a single metal center. These systems were
optimized at the B3LYP/aDZ level. The third model consists of a
single metal center coordinated to two formate (HCOO™) linkers.
This system was first optimized at the same level of theory as the
previously mentioned structures, then additionally reoptimized
at the MP2/aTZ level. The fourth model has four formate anions
coordinated simultaneously to two metal centers, referred to as
a paddlewheel structure24, and was optimized at the MP2/aDZ
level. The representative structures for each complex can be seen
in Figure 1 and several important geometric parameters can be
found in Table 1.

Table 1 Geometric parameters (in Angstrom) of the optimized structures
for each complex. Values in parentheses are the optimized values for the
MOF model without CO2. Ry ;.4 p2+ i defined as the distance between
the metal cation and the closest carbon of the ligand, and R+ _¢(, is
the distance between the metal anion and the CO, carbon. For the pad-
dlewheel model, X refers to the center of mass of the MOF model and
Rypi_co, is the distance between the CO, and the nearer of the two
metal centers. The FDC system is the only one where the ligand-M>*-
CO, angle is not fixed by symmetry.

Parameter MnZt Co*t Zn*t

BDC
Rpigand 12+ 2.35(2.36) 2.35(2.29) 231 (2.27)
Rypi_co, 3.32 3.17 3.38

FDC
Rigand—m>+ 2.33(2.32) 2.30 (2.27) 2.28 (2.26)
Ryp+_co, 3.32 3.35 3.21
G)Ligandsz*fCOg 17900 15570 17890

Diformate
R igand >+ 2.46 (2.45) 2.40 (2.38) 2.35 (2.34)
Ryp+_co, 3.58 3.70 3.59
Paddlewheel

Ry _ 1.53 (1.52) 1.48(1.47) 1.36(1.34)
Rx _Ligand 2.65 (2.64) 2.64 (2.63) 2.56(2.56)
Rue+_co 3.47 3.65 3.36

For systems where the metal is Mn?t or Zn2*, the dimer struc-
tures were optimized in both a fully unrestricted way as well
as with the monomers restricted to their individually optimized
structures. This latter, rigid configuration was used for scans of
the radial potential energy curve. The full geometry optimizations
were initially not performed for systems containing Co>t due to
the potentially multireference nature of these systems. Instead,
the corresponding Mn?t geometry for each system was used as
a starting point for simple scans at the complete active space self
consistent field (CASSCF) level?7:#® in the aDZ basis set. The
details of these scans can be found in the supplementary informa-
tion. The scanned geometries were also compared to the results
of a full optimization and were found to be acceptable represen-

tatives.

The BDC-M?* dimers were found to be of nearly Cy, symmetry
and were symmetrized for computational advantage. The FDC-
M?2* structures were of Cs symmetry. The initial unrestricted opti-
mizations of the diformate complex showed notable deformations
from the planar geometries of the MOF mimics. It was deter-
mined that these geometries would not serve as suitable models
for MOFs, given the general rigidity of the larger systems, and the
optimizations were rerun restricting the (HCOO™),M>" unit to a
planar orientation.

Two minima were found for the paddlewheel dimers, the key
difference between them being the position of CO,. A visual com-
parison of the structures can be found in Figure 2. The lower
energy geometry, seen in the bottom of Figure 2, has CO, coordi-
nated to one metal center, while also showing signs of interaction
with two of the formate ligands. The other geometry has CO,
positioned on the axis passing through the two metal centers,
having an overall C4y symmetry. While the lower energy result
is also representative of interactions that can occur between gas
molecules and MOF linkers, the higher energy geometry was cho-
sen for symmetry reasons.

Single Point Calculations and Interaction Energies

The MOF-CO, interaction energies were calculated in the coun-
terpoise (CP) corrected fashion, that is, the monomer calculations
utilized the full dimer basis set%. This scheme gives an interac-
tion energy defined as
ESP — EAB(AB) — EAB(A) — EAB(B) 6))
where the superscript denotes the usage of the dimer basis set
and the letters in parentheses denote the full dimer system or
a monomer subsystem. Eﬁf was calculated with the previously
mentioned DFT functionals as well as MP2 and RCCSD(T). Con-
ventional MP2 was used in the case of the paddlewheel cal-
culations, while density fitted MP2 was used with all others.
Additionally, ESF was calculated at the CASSCF level of the-
ory along with the following post-CASSCF methods: second-
order multi-reference Rayleigh-Schrodinger perturbation theory
(CASPT2) %51 second-order n-electron valence state perturba-
tion theory (NEVPT2) °2->4, and multi-reference configuration in-
teraction with single and double excitations (MRCISD) >>°® in-
cluding the Davidson correction>’->8. All CAS based calculations
used the aDZ basis set. Because of the size inconsistency in the
MRCISD calculations, an alternative form of the interaction en-
ergy was defined as
ESP* — ER(AB) — ER~(AB) 2

int

where the first term is the dimer energy at the optimized in-
termolecular distance and the second is the energy of the com-
plex at an exceedingly large intermolecular distance (R ~ 1000
A) approximating the infinite separation of the monomers. Addi-
tionally, ghost molecules are positioned at dimer-optimized inter-
molecular separations near each monomer to maintain the coun-
terpoise correction. A depiction of such a configuration can be
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seen in Figure 3. The change in the structure of the monomers
in the complex with respect to their individually optimized struc-
tures, called the monomer deformation correction, was calculated
at the same level of theory as the optimized geometries. This cor-
rection has the form

AELS = [EM(4) - EJ (4)) + [EP(B) — E (B)] ®)
where the superscript denotes that the energy was calculated in
the monomer basis set and the subscript 0 denotes that the geom-
etry was the optimized geometry for an isolated monomer.

The 3d, 4s, and 4p orbitals of the metals were considered in the
active space. As such, the active space for the BDC, FDC, and di-
formate models was either (n,6) (without 4p) or (n,9) (with 4p)
where n is the d-electron count of the metal cation. The Mn2*t
model is considered a sextet, the Co?t a quartet, and Zn?* a sin-
glet. Since the paddlewheel models contain two metal centers,
the active space included orbitals on both metals. This results in
a (2n,12) active space if the 3d and 4s orbitals are considered,
and (2n,18) if 4p are included. The active space including the
4p orbitals was deemed too large for the purposes of this study,
so only the (2n,12) active space was considered for these mod-
els. Only the ferromagnetically coupled paddlewheel configura-
tions were considered for the Mn?*t (an undecaplet) and Co** (a
septet) systems, following the reasoning of Grajciar et al.1> that
the interaction between the MOF models and a gas molecule was
not strongly dependent on the spin state. The 1s, 2s, and 2p or-
bitals of the metal centers and the 1s orbitals of the second row
elements were frozen in all post-HF calculations. Due to limita-
tions of the CASPT2 implementation, the 3s and 3p orbitals on
the metals and the 2s orbitals on the second row atoms were also
frozen in the CASPT2 calculations. The point-group representa-
tion for all systems was A; in the Co, geometries and A’ for the
Cs FDC. Natural orbital occupation numbers (NOONs) were cal-
culated at the CASSCF/aDZ level for all considered active spaces.

Potential Energy Curves

A study of Elﬁf as a function of the intermolecular distance
was performed on all systems at the B3LYP/aDZ, MP2/aDZ, and
RCCSD(T)/aDZ levels of theory. The intermolecular distance is
defined here as the distance between the CO, carbon and the
metal center of the MOF model (the closer of the two metals in
the case of the paddlewheel systems). The intermolecular dis-
tances, Ry, for these calculations were determined by optimizing
the separation of the rigid monomer structures, so as to avoid the
monomer deformation effects skewing the curve. For the Co>*
systems, the geometries used were a combination of the scanned
dimer structure and the individually optimized CO,, with the in-
termolecular distance between the monomers allowed to adjust
to the altered CO,. The distances are represented in terms of a
dimensionless parameter z = R/Ry, so that z =1 is the optimized
structure.

SAPT Calculations
Closed-shell SAPT energy decomposition was performed on each
Zn?* containing system at the level of SAPTO (the sum of first and

second-order terms including response and the 8 (HF) correction
for higher-order induction, but neglecting intramonomer corre-
lation) and SAPT2+3 (including terms up to third-order in the
intermolecular interaction and second order in the intramolec-
ular correlation, omitting & (MP2))5°. The SAPTO calculations
were done in both aDZ and aTZ basis sets, while the SAPT2+3
calculations were performed with aDZ only. High-spin open-shell
ROHF-based SAPTO calculations were performed for the systems
containing the other two metals with the aDZ and aTZ bases.
We have also computed UHF-based SAPT for the Mn2* contain-
ing systems. For the ROHF-based SAPT results, the induction
terms currently implemented in PSi4 are not able to include the
Coupled-Perturbed Hartree-Fock (CPHF) response. CPHF induc-
tion is available for the UHF based SAPT, but was excluded in
this study because of CPHF convergence problems. Both methods
include the 6 (HF) correction.

Numerical Results and Discussion

Single Point Calculations and Interaction Energies

Table 2 shows the results for the multireference calculations
on the diformate systems in both active spaces, along with the
RHF/aDZ, MP2/aDZ, and RCCSD(T)/aDZ results for comparison.
These systems provide the opportunity to compare the consis-
tency between Elif and ng * and establish the importance of the
size consistency. Most of the results are in perfect agreement at
the presented accuracy. The differences between ES and ESF* in
these systems are never greater than 0.02 kcal/mol, excluding the
considerable differences of the MRCISD results. The issue of size
inconsistency in the conventional Elif result at the MRCISD/aDZ
level leads to results that are incongruous with the other values,
even with the Davidson correction. The results for Eff * are much
more reasonable.

Table 2 Comparison of ESP (Eq. (1)) and ESP* (Eq. (2)) for the M>+-

int int

diformate-CO, model systems (kcal/mol).

Metal Mn?*+ Co*t Zn*t
Method ESP ESPH ESPECPH ESPECP*
RHF -3.18 -3.18 -1.53 -1.53 -1.96 -1.96
MP2 -5.32  -5.32 -2.82  -2.82 -3.87 -3.88
RCCSD(T) -5.26 -5.26 -2.66 -2.66 -3.93 -3.93
(n,6) Active Space (3d4s)
CASSCF -3.18 -3.18 -1.44  -1.44 -1.13  -1.13
CASPT2 -5.37 -5.35 -3.03 -3.03 -2.78 -2.78
NEVPT2 -5.13 -5.15 -1.54 -1.54 -2.50 -2.50
MRCISD 37.69 -495 4209 -2.65 43.69 -3.54
(n,9) Active Space (3d4s4p)
CASSCF -2.99 -2.99 -1.05 -1.05 -1.65 -1.65
CASPT2 -5.51 -5.51 -2.61 -2.61 -3.82 -3.82
NEVPT2 -4.74 -4.74 -2.25 -2.25 -3.31 -3.31
MRCISD 37.21 -490 4224 -2.69 43.64 -3.67

The interactions between (HCOO~),Co*t and CO, are slightly
weaker than the (HCOO),Zn?*-CO, interactions, and both are
weaker than the (HCOO™),Mn?*-CO, interactions. MP2 is con-
sistently in good agreement with the RCCSD(T) results, differ-
ing by no more than 0.16 kcal/mol. Looking at the multirefer-
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Fig. 3 Visualization of the counterpoise corrected, size-consistent reference (Eq. (2)) for the MRCISD calculations. Unfilled contours denote ghost

atoms.

ence methods in the (n,6) active space, the Mn2* results show
no change from HF to CASSCF. Likewise, the CASPT2 results are
only 0.03-0.05 kcal/mol different from the MP2 results. The
NEVPT2 results have a slightly larger difference at 0.07-0.09
kcal/mol. The two multireference perturbation methods bookend
the RCCSD(T) results at about 0.1 kcal/mol on either side. The
MRCISD result in this active space is less negative than the values
for RCCSD(T). In the larger (n,9) space, CASSCF and the pertur-
bation theory methods show a greater degree of difference from
the single reference methods than the results in the more limited
active space. The CASPT2 and NEVPT2 results are inconsistent
in the direction of the change from the smaller active space, with
the CASPT2 interaction energy being more attractive in the larger
active space while the NEVPT2 result is less attractive. Gener-
ally, the Mn?* results in the small active space are closer to the
RCCSD(T) results. The Co?* results have some similarity with the
Mn2t results. The effect of active space sizes on CASSCF results
is more pronounced for Co’>* and the step to the larger active
space is beneficial for CASPT2 and NEVPT2. The MRCISD accu-
racy remains about the same in either active space. The Zn?*t
system is the most effected by the move from single reference to
multireference for this model. The smaller active space is con-
sistently further away from the CC results than the larger active
space. In the diformate models, MRCISD slightly underestimates
the interaction energy compared to the RCCSD(T) results.

Figure 4 shows DFT results, with and without the -D3(BJ) dis-
persion correction, for the three diformate systems, along with
the HF, MP2, and RCCSD(T) results. Again, the agreement be-
tween RCCSD(T) and MP2 in the aDZ basis set is quite good
for all three metals, with MP2/aTZ resulting in slightly stronger
binding. The DFT results are presented in the aDZ basis: though
aTZ and aQZ results were obtained, the effect of basis set incom-
pleteness on the aDZ results was minimal. In general, the DFT
functionals without the dispersion correction give a poor agree-
ment with the coupled-cluster results, though the hybrid function-
als are better than the generalized gradient approximation based
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functionals (GGAs). M05-2X and M06-2X overestimate the inter-
action energy in all three cases. BLYP, B3LYP, PBE, and PBEQ are
improved considerably with the addition of the dispersion correc-
tions. The selection of damping parameters appears to be of little
importance and only the -D3(BJ) results are shown here. The
results for the other damping parameters for these and the fol-
lowing systems can be found in the supplementary information.

For the paddlewheel models, Table 3, it can be seen that some
difficulties were encountered. The ESP and ESP* values for
CASSCF for the Mn2* and Zn2*t systems show the greatest dis-
crepancies here due to difficulties associated with the CASSCF
convergence. Additionally, the NEVPT2 ESP* value for the Co**
system was not obtained due to difficulty in the calculation of
the infinite reference. The accuracy of the NEVPT2 results, com-
pared to RCCSD(T), fluctuates throughout this work, and CASPT2
proved incapable of any useful predictive capacity past the difor-
mate systems and was discarded. We focus here on the E%) * re-
sults, when available, based on their consistency with the single-
reference results. The results in Table 3 lead to similar con-
clusions as for the diformate systems. The paddlewheel frag-
ment has the same order of preference for the metal cations,
Mn>Zn>Co (implying Mn has the strongest interaction and Co
has the weakest). Again, the transition to multireference meth-
ods has a greater effect for the Zn>* systems than Co’>* and MP2
is in very good agreement with RCCSD(T). The paddlewheel DFT
results found in Figure 5 show that dispersion is also important
to the accuracy of DFT for these systems. For these models, the
DFT results without -D3 are roughly of HF quality or worse. As
above, the hybrid functionals agree with RCCSD(T) better than
the GGAs and the Minnesota functionals overestimate the inter-
action energies. Their overestimation is quite severe for the Mn2*
case, but less so for the other two metals. The agreement between
the dispersion corrected hybrid functionals and RCCSD(T) is very

good and the selection of damping parameters is less important.

The results for the BDC and FDC models are presented in Ta-
bles 4 and 5, respectively. Interestingly, the RCCSD(T) result for
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the Zn2*-BDC system had to be replaced by RCCSD due to a
highly suspicious result for the triples correction (the discarded
RCCSD(T) interaction energy was —14.97 kcal/mol). The non-CC
results in Tables 4 and 5 generally show varying but reasonable
agreement with the CC results. Figures 6 and 7 show the DFT+D

values of EF for the BDC and FDC systems, which are similar to
the previous systems. The dispersion corrections are very small
and imply that the interactions of these systems are not highly dis-
persion dependent. Given the obvious dipole character of these

MOF models, it would stand to reason that electrostatic and in-
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duction forces would contribute more to the overall interaction.
We will revisit this issue while discussing the SAPT calculations.
Despite their limited effect, the addition of the atom-pairwise -D3
corrections does improve the agreement of the DFT results with
the benchmark values.
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Tables 6-9 present the CASSCF/aDZ natural orbital occupation
numbers of the diformate, BDC, FDC, and paddlewheel systems,
respectively. The results show that these systems have only small
amounts of multireference character, with the greatest deviations
from the expected single reference occupation values (2,1, or 0)



Table 3 Comparison of ECF (Eq. (1)) and ESP* (Eq.

int int

paddlewheel-CO, model systems (kcal/mol).

(2)) for the M>+-

Metal Mn*+ Co*t Zn*t
Method ESPEST EST ESHH ESP E;CP
RHF -5.58 -5.58 -4.66 -4.66 -4.48 -4.48
MP2 -8.02 -8.02 -591 -591 -7.57 -7.57
RCCSD(T) -8.00 -5.77 -7.57
2n,12) Active Space (3d4s)

CASSCF -3.34 -5.58 -4.57 -4.57 -6.69 -6.78
NEVPT2 -12.18 -7.76 -5.74 -19.81 -20.11
MRCISD 6791 -7.41 72.62 -5.75 75.14 -6.82

being around 0.01. Though the deviations are small, they do cor-
relate well with the observed trends in the multireference calcula-
tions. For the diformate, BDC, and FDC systems, the Co?t NOONs
show the largest deviations from a single reference character with
the Zn?* ones following after.

The flexible interaction energies ESP +AE1%“ (Eq. (3)) in Ta-
ble 10 lead to similar conclusions as the rigid interaction ener-
gies. There are no Co?*t values here because the fully optimized
structures were not considered for this system. The BDC AEl.J;lfx
corrections are the most considerable, especially for the Mn>*
system. The change in the MOF fragment geometry contributes
the majority of these corrections, with CO, being more limited in
its possibility for deformation. The limited change in Ry;gunq—p2+
for this model in its bound and unbound states also points to
the change in the BDC structure as the largest contributor to this
correction. None of the other AE{;ltex results constitute a change
greater than 1 kcal/mol, with the FDC systems exhibiting the
next largest changes. The minuscule diformate and paddlewheel
AE%“ results agree with the smaller ES values for these systems.
These structures are also more rigid in their configuration and
have ligands that have less possibility for deformation. The im-
portant geometric parameters for all systems can be seen in Table
1. The changes in these parameters between the optimized dimer
and monomer systems are generally small, with the exception of
the Co*™-BDC and Co**-FDC Ry g2+ Values. The Co?™-FDC
Ligand-M?*-CO, angle also differs from the corresponding values
for the other metals, which was also seen in the full optimization
that was previously discussed. For the Mn?*-BDC system, the
changes that lead to the value of AEi];le appear to be the O-C-O
angles of the carboxylate groups. Both angles contract by about
1.5° in the dimer structure. A similar occurence is seen in the
Zn>*-BDC system, though the angles expand and only by about
0.5°.

Potential Energy Curves
The dependence of Eﬁf on intermolecular separation can be seen
in Figures 8, 9, and 10 for models containing Mn?*, Co?*, and
Zn?*, respectively. For the BDC and FDC systems, the dispersion-
uncorrected DFT curves give quantitatively similar results to
RCCSD(T) and MP2. As seen in the single point calculations for
these systems, the dispersion corrections lead to a generally small
but beneficial change in the accuracy of the B3LYP fucntional.
The results for the diformate and paddlewheel models are also

similar to each other, with the addition of the empirical disper-
sion to DFT being necessary to obtain near-RCCSD(T) accuracy.
The CASSCEF results for the paddlewheel systems, lacking dynam-
ical correlation, do not perform any better than non-D3 DFT. It
is worth restating that the geometries used for these curves are
constructed from rigid monomers and therefore may differ from
the results of the previous subsection, which used the flexible ge-
ometries. Also, z is defined by the rigidly optimized total dimer
energy, not interaction energy, and z=1 does not necessarily cor-
respond to the CP-corrected interaction energy minimum.

SAPT Calculations

The results of the closed-shell SAPT energy decomposition for
each of the Zn*-containing systems are found in Table 11. As has
been the case for the preceding results, the BDC and FDC models
are similar in their trends. As inferred by the small effect of the
empirical dispersion correction on the DFT results, the decompo-
sition of the interaction energy shows that induction has a much
greater effect on the interactions of these models than dispersion.
Dispersion accounts for around 20% of the interaction energy for
these systems, while induction accounts for approximately 60%.
Electrostatics plays a larger role in the SAPTO results, where the
exchange term is noticeably smaller in magnitude than its attrac-
tive electrostatic counterpart. With the move to SAPT2+3 and
the accompanying jump in the exchange values, electrostatics is
mostly canceled out in the BDC model and completely canceled
out in the FDC model. The diformate and paddlewheel results
also agree with the role of dispersion noted in analyzing the DFT
data. In these models, dispersion plays a greater role in the in-
teractions, being similar in magnitude to induction in the pad-
dlewheel and greater than induction in the diformate model. To-
gether, induction and dispersion account for nearly 120% of the
total binding energy, overcoming the repulsive first-order contri-
bution as exchange overpowers electrostatics in these models. At
the SAPT2+3 level, exchange is sufficient in magnitude to effec-
tively cancel out electrostatics and induction (or dispersion in the
case of the paddlewheel structure) at the minimum intermolecu-
lar separation.

For the SAPTO calculations in aDZ and aTZ, the rate of conver-
gence with regard to basis set size can be inferred. The difference
in the total SAPT interaction energies is around 1 kcal/mol in all
cases, with the FDC model having the largest difference in con-
secutive basis sets at 1.21 kcal/mol. Regarding the convergence
of individual components, the exchange contribution shows the
least change. The electrostatics and dispersion generally con-
tribute the most to the overall change, with induction appearing
to be fairly well converged in the smaller basis. The comparison
between the results at the SAPTO and SAPT2+3 levels shows a
much greater change. The exchange contributions increase con-
siderably in each system with the addition of intramolecular cor-
relation while induction and dispersion decrease only slightly and
electrostatics increases slightly. These changes result in a total en-
ergy that is more positive than at the lower level of theory, though
only by about 1 kcal/mol at most. The SAPT2+ 3 results are con-
sistently around 2 kcal/mol more negative than the RCCSD(T) or
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Table 4 Comparison of ECP (Eq. (1)) and ESP* (Eq. (2)) for the M?+-BDC-CO, model systems (kcal/mol).

int int

Metal Mn*t Co*t Zn*t
Method ESP ESP ESP ESP ESF ESP
RHF -17.86 -17.86 -16.71 -16.71 -21.51 -21.51
MP2 -18.42 -18.42 -17.72 -17.72 -20.45 -20.45
RCCSD(T) -18.65 -17.54 -21.47¢

(n,6) Active Space (3d4s)
CASSCF -17.86 -17.86 -17.12 -17.12 -21.31  -21.31
NEVPT2 -18.02 -18.02 -18.35 -18.35 -6.58 -6.58
MRCISD 4597 -19.17 48.36 -18.52 46.31 -22.07

n,9) Active Space (3d4s4p)
CASSCF -17.67 -17.67 -16.82 -16.82 -21.01  -21.01
NEVPT2 -14.29 -14.29 -12.18 -12.18 -17.99 -17.99
MRCISD 4597 -19.18 48.25 -18.62 4485 -21.92

a RCCSD value replacing the RCCSD(T) one with a suspect triples contribution (see text).

Table 5 Comparison of ESP (Eq. (1)) and ESP* (Eq. (2)) for the M2*-FDC-CO, model systems (kcal/mol).

nt

Metal Mn*t Co*t Zn*t
Method ESP ESP* ESP ESP* ESP ESPx
RHF -17.28 -17.28 -18.30 -18.30 -21.73 -21.73
MP2 -17.91 -17.91 -18.24 -18.24 -21.44 -21.44
RCCSD(T) -18.03 -17.78 -20.89

(n,6) Active Space (3d4s)
CASSCF -17.28 -17.28 -18.48 -18.48 -21.50 -21.53
NEVPT2 -17.50 -17.50 -17.87 -17.87 -8.88 -21.02
MRCISD 43.58 -18.61 44.69 -19.29 42.74 -22.95

(n,9) Active Space (3d4s4p)
CASSCF -17.09 -17.09 -18.09 -18.09 -21.21 -21.21
NEVPT2 -13.76  -13.76 -20.62 -20.62 -17.71
MRCISD 43.16 -18.62 44.69 -19.29 41.14 -22.81

MRCISD benchmarks for each system.

Tables 12 and 13 contain the SAPTO results in aDZ and aTZ
bases for the Mn?t models based on UHF and ROHF, respec-
tively, while Table 14 contains the ROHF based results for the
Co** models. The blanks in Table 14 are due to convergence is-
sues. For Mn?*, the UHF and ROHF results show good agreement
with each other. For a given basis set, the electrostatic, exchange,
and induction terms are almost identical between the two meth-
ods. The only considerable change occurs in the dispersion term,
which is always larger in the ROHF based results. All SAPT com-
ponents for the Mn>* and Co?*t systems, where applicable, are
again indifferent to the basis set choice.

The trends seen in the SAPTO results for the Zn?t systems are
mostly repeated for each model, though there are some changes
associated with the change in metal. The BDC model has a no-
table change in results between Zn?t and Mn?*. The difference
in the electrostatic contribution between the Zn* system and the
Mn2" one is around 4 kcal/mol, while the difference in the ex-
change terms is close to —9 kcal/mol. The Zn?*-BDC exchange
term at the SAPTO level is around half that of the Mn?*-BDC
system. The differences between the induction and dispersion
terms, 1.92 and 1.27 kcal/mol respectively, negate some of the
differences between the total interaction energies, leaving the to-
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tal interaction energy in the Zn>* system only 2.19 kcal/mol more
negative than in the Mn?* one. The differences, as well as the rel-
atively large magnitudes, of the electrostatic and induction terms
are supported by the PBEO/aDZ dipole moments of the MOF frag-
ments that appear in Table 15. The BDC and FDC systems exhibit
large dipole moments, while the diformate and paddlewheel sys-
tems are effectively non-dipolar. For BDC, the slight differences
in the z-component of the dipole in the Zn?>* and Mn?* systems
support the more negative electrostatic and induction terms of
Mn>* over Zn?>*. In the FDC systems, all of the attractive terms
are slightly more negative for Zn?>* than Mn?*, and the exchange
energy is only slightly more positive. Again, the dipole moments
explain the relative sizes of the electrostatic and induction terms
between these systems. In this case, the relationship between
Co?* and the other two metals can also be seen in the dipole
moments. The smaller dipole moment of Co?*t-containing model
corresponds to less negative electrostatic and induction terms, but
the exchange term is not as positive, adding up to a lower total
interaction energy.

The same kind of lower exchange value seen in Co®*-FDC is
also observed in the Co?*-paddlewheel system, where it compen-
sates for the electrostatic and induction terms being considerably
weaker for this metal than for the other two. In the diformate



Table 6 CASSCF/aDZ natural orbital occupation numbers for the active space orbitals of M**-diformate-CO,. Numbers outside of parentheses are for
the (n,9) active space, and numbers in parentheses are for the (n,6) active space. The color of the orbital index cell denotes the dominant character of

the orbital in the following way: green for s, red for p, blue for d.

Orbital

Table 7 CASSCF/aDZ natural orbital occupation numbers for the active space orbitals of M>**-BDC-CO,. Numbers outside of parentheses are for the
(n,9) active space, and numbers in parentheses are for the (n,6) active space. The color of the orbital index cell denotes the dominant character of the

Mn2+

C02+

Zn2+

0.99678 (1.00000)
0.99626 (1.00000)
0.00376 (0.00000)
0.00321
0.99646 (1.00000)
0.00355
0.99643 (1.00000)
0.00359
0.99996 (1.00000)

1.98903 (1.99990)
1.98753 (1.99305)
0.01233 (0.00705)
0.01072
0.99553 (1.00000)
0.00470
0.99544 (1.00000)
0.00479
0.99995 (1.00000)

1.99153 (1.99999)
1.99058 (1.99672)
0.00948 (0.00339)
0.00847
1.99103 (1.99999)
0.00902
1.99099 (1.99993)
0.00904
1.99985 (1.99998)

orbital in the following way: green for s, red for p, blue for d.

Orbital

Mn2+

C02+

Zn2+

0.99676 (1.00000)
0.99624 (1.00000)
0.00378 (0.00000)
0.00323
0.99640 (1.00000)
0.00362
0.99646 (1.00000)
0.00355
0.99996 (1.00000)

1.98897 (1.99995)
1.98755 (1.99232)
0.01231 (0.00773)
0.01080
0.99550 (1.00000)
0.00473
0.99573 (1.00000)
0.00445
0.99996 (1.00000)

1.99153 (2.00000)
1.99105 (1.99627)
0.00900 (0.00386)
0.00847
1.99111 (1.99992)
0.00893
1.99127 (1.99999)
0.00878
1.99985 (1.99997)

systems, the balance between electrostatics and exchange is sim-
ilar for all three metals. The dispersion terms in the diformate
and paddlewheel systems, though weaker for Co>*, are of sim-
ilar magnitude. Between the different metals in the diformate
model, the difference in the electrostatic terms is nearly canceled
out by the difference in the exchange terms, the dispersion dif-
ference is small, and the induction difference consistutes about
66% of the total difference in interaction energy. The total inter-
action energies of the Zn?*-paddlewheel and Mn?*-paddlewheel
systems differ by less than 0.1 kcal/mol because of the interplay
in the differences of the SAPT components. The differences be-
tween the electrostatic and dispersion terms favor Zn>*, but the
exchange difference favors Mn?*. The induction terms are almost
equal. In general, the SAPT results in this work overestimate their
benchmarks by around 2-5 kcal/mol. SAPT does a good job of
replicating the metal preference seen in the RCCSD(T) results for
the diformate and paddlewheel systems. For the FDC systems,
SAPT finds correctly that the interaction of the Zn>* model with
CO; is notably more attractive than for the other two metals, but
flips the energetic ordering for Mn?*-FDC and Co?*-FDC.

Conclusions

In this work, ab initio benchmark interaction energy values, in-
cluding RCCSD(T) and MRCISD, were obtained for model frag-
ments of metal-organic frameworks interacting with CO,. These
models contained either Mn2t, Co?*, or Zn2* as representatives
of systems with half filled, intermediately filled, and completely
filled d shell cations, respectively. The potential importance of

a multireference treatment of these systems was investigated at
the CASSCF and post-CASSCF levels and considered the effects of
active space size. A selection of DFT functionals was compared
to these benchmarks, both with and without the empirical disper-
sion correction. The effect of intermolecular separation was also
considered for selected levels of theory. Last but not least, SAPT
interaction energy decompositions were performed to examine
the importance of individual interaction types for these systems.

The SAPT results obtained on the MOF model systems corrob-
orate the observed importance of the empirical dispersion correc-
tions for the DFT results. These corrections improve the overall
results slightly for BDC and FDC model systems, while providing
considerable improvement to the diformate and paddlewheel sys-
tems. Additionally, the hybrid functionals perform much better
than the GGAs and PBEO generally outperforms B3LYP. The se-
lection of damping parameters for the dispersion correction was,
in general, less important than the mere addition of this correc-
tion. The M05-2X and M06-2X functionals tend to overestimate
the RCCSD(T) values, sometimes quite considerably.

The consideration of the multireference nature of the mod-
els showed consistently that the Mn?*-containing systems were
the least affected by the switch from HF to CASSCF, while
Co?*-containing systems showed moderate change and Zn>*-
containing ones were the most affected, but still the multirefer-
ence character was small as indicated by the NOONs. For the
paddlewheel-Zn?t system, the change from HF to CASSCF was
greater than 2 kcal/mol and CASSCF proved to be a good ap-
proximation to MRCISD, though both methods fall short of the
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Table 8 CASSCF/aDZ natural orbital occupation numbers for the active space orbitals of M>**-FDC-CO,. Numbers outside of parentheses are for the
(n,9) active space, and numbers in parentheses are for the (n,6) active space. The color of the orbital index cell denotes the dominant character of the

orbital in the following way: green for s, red for p, blue for d.

Orbital

Mn2+

C02+

Zn2+

0.99676 (1.00000)
0.99645 (1.00000)
0.99624 (1.00000)
0.00378 (0.00000)
0.00356
0.00324
0.99996 (1.00000)
0.99639 (1.00000)
0.00362

1.98879 (1.99922)
1.98760 (1.99155)
0.99574 (1.00077)
0.01198 (0.00846)
0.01077
0.00443
1.00022 (1.00000)
0.99571 (1.00000)
0.00475

1.99150 (1.99999)
1.99124 (1.99999)
1.99099 (1.99618)
0.00906 (0.00395)
0.00881
0.00850
1.99984 (1.99996)
1.99108 (1.99992)
0.00897
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Fig. 8 Interaction energy curves (kcal/mol) for rigid dimer structures containing Mn?t as a function of the intermolecular separation for DFT, DFT+D,

and selected wavefunction methods. Distances are represented relative to the optimal separation distance R,. The values of R, for the BDC, FDC,
diformate, and paddlewheel models are 3.312, 3.321, 3.595, and 4.999 angstroms, respectively.

RCCSD(T) result by about 1 kcal/mol. For the MRCISD results,
the interaction energy based on the infinitely separated reference
overcomes the issues of size inconsistency and provides more
meaningful results than the typical supermolecular definition of
the interaction energy while it is still possible to retain the CP
correction for the basis set superposition error. MRCISD showed

results similar to RCCSD(T), but MP2 was consistently closer to
the benchmark RCCSD(T) values.

The SAPT decomposition shows that the binding in the BDC
and FDC systems is induction dominated, as expected from the
dipole character of these systems, while the diformate and pad-
dlewheel systems show a more even mix of induction and disper-
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Fig. 9 Interaction energy curves (kcal/mol) for rigid dimer structures containing Co®* as a function of the intermolecular separation for DFT, DFT+D,
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diformate, and paddlewheel models are 3.182, 2.070, 3.677, and 5.110 angstroms, respectively.

Table 9 CASSCF/aDZ natural orbital occupation numbers for the active
space orbitals of M>*-paddlewheel-CO, in the (r,12) active space. The
color of the orbital index cell denotes the dominant character of the orbital
in the following way: green for s, blue for d.

Table 10 Monomer relaxation corrections to interaction energy, AE,.]:,’,”
(kcal/mol), for the Mn?* and Zn>* containing systems. B3LYP/aDZ was
used for the BDC and FDC systems, MP2/aDZ for the paddlewheel sys-

tems, and MP2/aTZ for the diformate systems.

Orbital ~ Mn*t Co** Zn*t
1.00000 1.99353 1.99997
1.00000 1.99243 1.99996
1.00000 1.00000 1.99827
1.00000 1.00000 1.99401
0.00000 0.00799 0.00567
0.00000 0.00608 0.00256
1.00000 1.00000 1.99999
1.00000 1.00000 1.99980
1.00000 1.00000 1.99999
1.00000 1.00000 1.99979
1.00000 1.99998 2.00000
1.00000 1.99998 1.99999

Systems
Metal BDC FDC Diformate Paddlewheel
Mn?t 4.40 0.55 0.26 0.09
Zn%t 1.41 0.81 0.08 0.15

sion. For the three systems for which we were able to converge
the Co?* SAPTO calculations, the induction and dispersion ener-
gies are less attractive than for the Mn?* and Zn?*-containing
counterparts, but the total binding energy is only slightly less at-
tractive thanks to the reduction in the exchange repulsion. The
ROHF and UHF-based open-shell SAPT results have good agree-
ment, but the UHF-based variant provides consistently more neg-
ative dispersion values for all systems. The SAPT total energies
overestimate the benchmarks, but the energy decomposition pro-
vides useful insight and replicates the key features of the metal

preference order for each system. | Name, [year], [volJ1-17 |13
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Table 11 SAPT decomposition (kcal/mol) for complexes containing Zn>*.

Method  Basis Set electrostatics exchange induction dispersion  total
BDC
SAPTO AVDZ -16.28 9.46 -14.69 -3.42 -24.92
AVTZ -16.58 9.46 -14.76 -3.76 -25.64
SAPT2+3 AVDZ -15.12 13.06 -16.99 -5.21 -24.27
FDC
SAPTO AVDZ -22.27 19.52 -18.98 -4.96 -26.68
AVTZ -22.73 19.50 -19.11 -5.55 -27.89
SAPT2+3 AVDZ -21.46 25.54 -22.25 -7.46 -25.63
Diformate
SAPTO AVDZ -7.40 8.57 -3.13 -4.79 -6.74
AVTZ -7.55 8.56 -3.19 -5.19 -7.36
SAPT2+3 AVDZ -7.41 11.76 -3.85 -5.93 -5.44
Paddlewheel
SAPTO AVDZ -11.94 13.71 -6.24 -5.98 -10.46
AVTZ -12.21 13.70 -6.31 -6.48 -11.30
SAPT2+3 AVDZ -12.20 18.05 -7.57 -7.63 -9.35
Table 12 UHF-SAPT decomposition (kcal/mol) for complexes containing Mn>*.
Method Basis Set electrostatics exchange induction dispersion  total
BDC
SAPTO AVDZ -20.16 18.83 -16.52 -4.31 -22.16
AVTZ -20.58 18.85 -16.68 -5.03 -23.45
FDC
SAPTO AVDZ -19.85 18.63 -16.05 -4.30 -21.56
AVTZ -20.25 18.68 -16.11 -5.03 -22.71
Diformate
SAPTO AVDZ -8.97 10.00 -4.17 -4.73 -7.86
AVTZ -9.14 10.04 -4.26 -5.23 -8.59
Paddlewheel
SAPTO AVDZ -11.48 12.10 -6.20 -4.65 -10.22
AVTZ -11.71 12.16 -6.27 -5.17 -10.99
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ABSTRACT

The recently proposed spin-flip symmetry-adapted perturbation theory (SF-SAPT) first-order exchange energy [Patkowski et al.,
J. Chem. Phys. 148, 164110 (2018)] enables the standard open-shell SAPT approach to treat arbitrary spin states of the weakly
interacting complex. Here, we further extend first-order SF-SAPT beyond the single-exchange approximation to a complete
treatment of the exchanges of electrons between monomers. This new form of the exchange correction replaces the single-
exchange approximation with a more moderate single-spin-flip approximation. The newly developed expressions are applied
to a number of small test systems to elucidate the quality of both approximations. They are also applied to the singlet-triplet
splittings in pancake bonded dimers. The accuracy of the single-exchange approximation deteriorates at short intermolecular
separations, especially for systems with few electrons and for the high-spin state of the complex. In contrast, the single-spin-flip
approximation is exact for interactions involving a doublet molecule and remains highly accurate for any number of unpaired
electrons. Because the single-exchange approximation affects the high-spin and low-spin states of pancake bonded complexes
evenly, the resulting splitting values are of similar accuracy to those produced by the formally more accurate single-spin-flip

approximation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086079

I. INTRODUCTION

The interaction of two open-shell molecules in their high-
spin states produces a whole bundle of asymptotically degen-
erate states corresponding to different values of the total spin
quantum number S for the complex. The splittings between
these states arise from the resonance tunneling of electrons
between the two subsystems. Thus, when the intermolecu-
lar interaction is described in terms of symmetry-adapted
perturbation theory (SAPT)," the splittings can be attributed
exclusively to the exchange terms in the interaction: the
remaining electrostatic, induction, and dispersion terms are
the same for the entire asymptotically degenerate bundle. On
the other hand, a uniform description of all spin states is chal-
lenging for the more conventional supermolecular approach
to interaction energies: while the highest-spin state might
often be well described by a single-reference treatment, all
the remaining, low-spin states are genuinely multireference.

Therefore, in computational studies of open-shell com-
plexes, obtaining sufficiently accurate potential energy sur-
faces (PESs) for low-spin states is nontrivial. For example, for
the interaction of two ground-state (329’ ) O2 molecules, an
accurate PES for the high-spin quintet state could be con-
structed using restricted coupled-cluster theory with singles,
doubles, and perturbative triple excitations (RCCSD(T)).2 On
the other hand, the PESs for the multireference singlet and
triplet states of this complex had to be obtained by com-
bining the RCCSD(T) quintet PES with lower-level (complete
active space second order perturbation theory, CASPT2, or
multireference configuration interaction with single and dou-
ble excitations, MRCI) estimates of the singlet-quintet and
triplet-quintet splittings.®

As long as the noninteracting monomers are amenable
to a single-reference description (in this work, via spin-
restricted high-spin determinants ¥, and ¥p), the evalua-
tion of SAPT corrections does not require constructing a
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multireference wavefunction for the complex. Instead, the
perturbation series is built on top of a zeroth-order func-
tion Wo = YA¥p and the corrections are expressed in terms
of single, double, ... excitations out of the single ¥, ref-
erence. However, the established open-shell SAPT formu-
lations, based on either spin-restricted on unrestricted>®
Hartree-Fock (HF) or Kohn-Sham (KS) determinants, suffer
from a different limitation: it is assumed that ¥y is a pure
spin state (an eigenfunction of the S2 operator). This is true
only if the asymptotically degenerate bundle reduces to a
single spin state, that is, when either one of the interacting
molecules is a singlet or the complex is in the high-spin state,
Ms = +£S. Thus, the open-shell SAPT approaches of
Refs. 4-6 are only applicable to the high-spin state of the
complex. When the interaction energy in a low-spin state is
needed, these high-spin approaches can provide the elec-
trostatic, induction, and dispersion corrections, but not the
exchange corrections. No estimate of spin splittings can be
extracted from these theories.

As the first step towards extending SAPT beyond the
high-spin state of the complex, we have recently developed”
a new first-order exchange correction valid for an arbitrary
spin state of two interacting high-spin open-shell molecules,
each described by a restricted open-shell HF (ROHF) deter-
minant. The new formalism involves explicitly projecting ¥,
onto the subspace corresponding to the desired value of the
spin quantum number S. Similarly to nearly all exchange cor-
rections in closed-shell (and high-spin open-shell) SAPT, the
evaluation of matrix elements involving the (N, + Np)-electron
antisymmetrizer is greatly simplified by the use of the single-
exchange approximation, also called the S approximation as
it retains terms up to second order in intermolecular over-
lap integrals.! As shown in Ref. 7, the S? approximation allows

expressing the first-order exchange energy E(elfc)h for an arbi-
trary spin state as a linear combination of two matrix ele-
ments: a diagonal exchange energy that quantifies the spin-
averaged effect and a spin-flip term responsible for splittings
between multiplets. The coefficients in this linear combination
do not depend on a particular system and arise solely from
the angular momentum algebra. The name “spin-flip term”
reflects the fact that the matrix elements of this term are com-
puted between ¥,¥p and a function ‘Pi‘l’g where one of the
unpaired spins on one monomer has been lowered and one
of the unpaired spins on the other monomer has been raised
(that is, an intermolecular spin exchange has occurred). Thus,
the new formalism, termed spin-flip SAPT (SF-SAPT), bears
some similarities to the spin-flip electronic structure theories
of Krylov and co-workers:®? in both approaches, a multirefer-
ence low-spin state is accessed from a single reference con-
figuration. However, the excitations in the methods of Krylov
et al. alter the total spin of the system (the quantum number
Mg is changed). On the other hand, the excitations involved in
spin-flip SAPT do not change the value of Mg as a spin raise
on one monomer is always accompanied by a spin lowering on
the other monomer.

The spin-flip electronic structure formalism has been
generalized to multiple spin flips;'® however, a simple and
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often adequate approximation'' relies on using the single-
spin-flip approach (accessing the second-highest spin state
from the high-spin one) to determine the coupling parameter
Jap within the Heisenberg spin Hamiltonian model. Within this
scheme, the knowledge of Jp is sufficient to recover the entire
bundle of lower-spin states. As demonstrated in Ref. 7, in the
case of spin-flip SAPT, the same single-parameter Heisen-
berg picture is a direct consequence of the single-exchange
approximation where the value of Jo results from the single-
spin-flip matrix elements (the corresponding elements involv-
ing two or more spin flips vanish within the single-exchange
approximation).

While it would not be fair to expect quantitative accu-
racy from such a (conceptually and computationally) sim-
ple approximation as first-order perturbation theory, the

SF-SAPT approach to ngc)h has been shown” to provide rea-
sonable, qualitatively correct multiplet splittings for a num-
ber of representative complexes. The accuracy of first-order
SF-SAPT is generally similar to the (much more involved)
supermolecular complete active space self-consistent field
(CASSCF) calculation and the method does not break down
at large separations as is the case for size-inconsistent
approaches such as MRCI. However, the accuracy of SF-SAPT
splittings in the region of strong intermolecular overlap is
limited by two issues: the lack of second- and higher-order
exchange effects and the single-exchange approximation.
Addressing the first issue involves deriving and implementing
the SF-SAPT generalizations of the second-order exchange

. (20) (20) T .
corrections E_ . . and E_ | disp’ which is in progress in
our group and will be described in a separate publication.

In this work, we focus on addressing the second issue by

deriving and implementing an improved expression for nggh
in SF-SAPT, in which the single-exchange approximation
has been replaced by a much milder single-spin-flip (1-flip)

approximation.
(10)

The full nonapproximated E__, expression in standard
closed-shell SAPT has been introduced a long time ago'? and
this expression, unlike those for higher SAPT exchange cor-
rections, is available in most SAPT implementations includ-
ing the high-spin open-shell ones.“* Much more recently,
Schéffer and Jansen derived and implemented nonapproxi-
mated expressions for the second-order exchange correc-

tions E(ezo) _15and %014 We will directly adopt Schéaf-
xch—-ind exch-disp
fer and Jansen’s approach, based on the properties of singly

and doubly excited determinants and their cofactors, in our

development of the SF-SAPT nggh correction (in fact, as we
will see below, the spin-flip excitation is just another kind
of double excitation such as the one in the formulas for
i(?hf gisp)- 1t should be mentioned that the nonapproximated
p

second-order closed-shell SAPT corrections of Refs. 13 and
14 have recently been implemented within the freely available
psi4NUMPY framework.'>

It should be stressed that while the single-exchange
approximation implies the single-spin-flip approximation (the
neglect of matrix elements involving double and higher spin
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flips), the two approximations are not nearly equivalent. For
example, in any interaction involving an ROHF monomer in a
doublet state, there is only one unpaired spin on this monomer
that can be flipped, so the 1-flip approximation is exact. On the
other hand, the single-exchange approximation is not exact
for any spin states of the monomers, even closed-shell sin-
glets. It should be noted that the interaction energy in the
high-spin state of the complex (S = S5 + Sg) can be obtained
in two fully equivalent ways: using the high-spin formalism
of Refs. 4-6 (which leads to the S, Ms = S configuration)
and using the SF-SAPT formalism (which leads to the S, Mg
= Sp — Sp configuration degenerate with the previous one).
As the first-order exchange energy in the high-spin formal-
ism does not need to involve the S? approximation, we will
be able to verify the importance of both approximations for
the high-spin state of the complex (but not for the low-
spin states) by comparison with the high-spin method imple-
mented, e.g., in the ps4 package.5'¢ In fact, in Ref. 7, the
largest errors due to the S? approximation in the high-spin
complex occurred for the doublet-doublet Li-Li interaction,
and this approximation might be far from exact for another
doublet-doublet complex tested there, the pancake-bonded
phenalenyl (PLY) dimer. Thus, the replacement of the single-
exchange approximation by the 1-flip one (which is exact for
two interacting doublets) might be expected to significantly
improve the short-range splittings in some of the systems
studied in Ref. 7 and possibly in pancake bonded complexes in
general.'”

The structure of the rest of this article is as follows: In
Sec. 1, we develop the formalism and derive formulas for
the arbitrary-spin first-order exchange correction in terms
of molecular-orbital (MO) integrals. In Sec. I1I, we recast the
MO formulas into the atomic-orbital (AO) basis to facilitate
an efficient implementation that does not require integral
transformation and can utilize the benefits of density fit-
ting (DF). Sec. IV contains the results of our new method-
ology for the systems studied in Ref. 7 as well as several
larger pancake-bonded complexes. Finally, Sec. V presents
conclusions.

Il. MOLECULAR ORBITAL FORMALISM

Throughout this paper, the indices i and j denote all occu-
pied spinorbitals of monomers A and B, respectively. Further-
more, the index i is split into inactive (k, corresponding to
a doubly occupied orbital) and active (m) spinorbitals of A,
and the index j is split into inactive (I) and active (n) spinor-
bitals of B. The indices r and s are used for arbitrary spinor-
bitals occupied in the zeroth-order wavefunction regardless
of the monomer. We will add an arrow 7 or | to the spinor-
bital index whenever an explicit specification of the spin is
necessary. ¥4 and ¥ are the ground-state wavefunctions for
the individual monomers and are assumed to be ROHF wave-
functions where the unpaired electrons in ¥, have « spin
and the unpaired electrons of ¥y have g spin. The prod-
uct of these two wavefunctions is considered the zeroth-
order dimer wavefunction. As with the previous derivation
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of the SF-SAPT first-order exchange correction within the
single-exchange approximation, the current correction is
computed within the symmetrized Rayleigh-Schrodinger
(SRS) formalism."'® In the case of low-spin states, the (N
+ Np)-electron antisymmetrizer A is accompanied by the
spin projector Psyg, which projects the dimer wavefunc-
tion onto the subspace corresponding to the spin quantum
numbers S and Mg. As such, the SAPT first-order interac-
tion energy for a desired total spin is obtained from the
expression

a0y _ (¥YaV¥p [VAPgp ¥4 PB)
it (YAWg | APsy [¥a¥s)

)

where V is the perturbation operator that collects the inter-
actions between the monomers. The spin projector acting
on the dimer wavefunction is approximated by its expansion
truncated after a single spin flip

PSMSLPALPB = COLI"A“PB + Cl“I"i\{"]TS, (2)

where c¢o and c¢; are the Clebsch-Gordan -coefficients
(S(SA - SB)|SASASB (—SB)> and <S(SA - SB)|SA(SA - 1)SB(—SB + 1)},
respectively. The arrow superscripts denote a spin-flipped
monomer wavefunction, defined as ¥} = (1/4/2Sx)S_¥x or

= (1/4/2Sx)S+¥x. S. are spin-raising and spin-lowering
operators, which act on a wavefunction by applying the
one-electron spin-lowering or raising operators to all elec-
trons in the wavefunction. The result of this operation is
the sum of the wavefunctions where one of the active elec-
trons (and only the active electrons) has had its spin flipped.
The terms in parentheses in the above definitions normal-
ize the functions ‘I‘l and ‘I’T as required in Eq. (2). Due to
the assumed spins of the actlve electrons in ¥, and ¥p,
the spin lowering only makes sense for ¥, and spin rais-
ing only makes sense for ¥g. While the application of the
full spin projector produces terms with multiple spin flips,”
the truncation in Eq. (2) to terms with no more than singly
spin-flipped monomers is the essence of the single-spin-flip
approximation.

The combination of Egs. (1) and (2) produces the following
modified interaction energy equation:

(o) (Ya¥sIVAI¥AY) + T CFA Py VAN, P
(WA A Y + Cl SL(PAPs ALY

Thus, in order to compute the first-order exchange energy

E"  within the single-spin-flip approximation, one needs
exch

to evaluate the four matrix elements present in Eq. (3) and

subtract the electrostatic contribution:

g0 _ p00) _ p(0)

exch int elst 1

m — (PAVB|V[¥aYp). “)

The leading terms in the numerator and denominator of
Eq. (3) are the previously derived components of the complete
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SAPT first-order interaction energy'? and have the following
forms:

(PAPp AP PE) =

N!Ng!
S )

N, N
(PAYp VAP, PE) = A B

WAB8+ Z BWSW

ZA]TS" = Z(l)llrs)éﬂ rs) (6)

ijrs

where S is the determinant of the overlap matrix of occupied
spinorbitals of both monomers, S

1 S
= . 7
[(SAB)T 1 ] @

In Eq. (6), S" is a first cofactor of the determinant S, S¥™
is a second cofactor, Wyp is the nuclear repulsion between
monomers A and B, By and Aj are elements of the nuclear
attraction matrices for the corresponding monomer, and
(ij||rs) are antisymmetrized two-electron integrals in the
physicists’ notation. The first cofactor S of a determinant is
obtained by the deletion of row i and column r from the origi-
nal determinant and multiplying the resulting determinant by
(=1)**". The second cofactor S*" is obtained by the deletion of
two rows 1, j and two columns r, s from the original determi-
nant and multiplying the resulting determinant by (-1)1*J**s,
Furthermore, it is antisymmetric with respect to the order of
deletions: & = ~§%"* and & = SV,

The Cramer’s rule for the relationship between a deter-
minant, its inverse, and its cofactors implies that

1 wr
D, = ESL , (8

where D,; are the elements of the inverse of the overlap
matrix, D = S~L It is instructive to examine the structure of
matrices S and D in more detail. Obviously, S, and thus also D,
is block-diagonal with respect to spin. Now, the spin-up and
spin-down blocks of S are not the same: the spin-up block
contains overlap between orbital types k, m, and [, and the
spin-down block contains overlap between orbital types &, I,
and n. Thus, the spin-up and spin-down blocks of the inverse
matrix D are completely distinct even for the common indices
such as k: Dy # ka,. Therefore, in the final orbital formulas
for the SF-SAPT expressions, we will explicitly specify the spin
block of matrix D as Dg or Dﬁ Finally, note that the matrix D,
as an inverse of a symmetric matrix S, is also symmetric.
According to Eq. (8) and the relationship between the first
and second cofactors,'® the second cofactors are equivalent to

Slj'rs = S(D'y‘iDsj - DsiDrj)- (9)
Note that the second cofactors are indeed antisymmetric with

regard to swapping either i and j or r and s. Using Egs. (8) and
(9), Eq. (6) can be rewritten in the form making explicit use of

ARTICLE scitation.orgl/journalljcp

the D,; matrix elements

(PAPp VAP, PE) =

Np! S[WAB + Z BiyDyi + Z A}TDT]

]T

+ > (¢@jIrs) = (ijlsr)DpiDy

ijrs

, (10)

where we have used the fact that r and s span the same
spinorbital space and are therefore interchangeable.

The other terms in the numerator and denominator of
Eq. (3) contain the spin-flipped wavefunctions where one
active electron from each monomer has had its spin flipped.
These terms are a specific subset of the double excita-
tions needed for the computation of the nonapproximated
second-order SAPT exchange dispersion correction which
was recently derived by Schaffer and Jansen.'# Adopting the
approach of Ref. 14, the second terms in the numerator and
denominator of Eq. (3) are rewritten as

(PpPp | AW, W) = meg|A|\PA,mumﬁPB,M>

V A B mn
Na!Ng!
= AN!B 2 SASB ZSmT—)ml niont (11)

and

(PP IVAIPLYL) =

Z(‘I’A‘PB IVAIYp i nt Wt o)

V sASB mn

Na!Ng! 1
== Z(WABSmT—)ml,nl—mT

2 \' SASB mn
ir T
+ Z B’iff‘SumTeml ot t Z Ajy SJmT Sminton?
ir jr

+ Z(l]l ST

nT-minl-n?
ijrs

NAINg! 1
= AN!B Z(Il+12+13+l4) (12)

2+/SASe T

where Syt it is the determinant of the overlap matrix
that results from flipping the spin of m and n in the ket, and

S it @nd Sinfs_)ml iy are the first and second cofac-
tors of that determinant. The arrows on the indices denote
spin up or spin down. The tilded indices ¥,s in Eq. (12) denote
the contents of the columns r, s in the spin-flipped deter-
minant Sy it thus, when r = ml, # = m!, and when
r =nl, ¥ = nl (otherwise, ¥+ = r). Note that this mean-
ing of a tilde over an index is completely different from
the notation of Refs. 13 and 14. The four consecutive terms
Ii, ..., Iy in this equation will be analyzed separately—see
below It is obvious at this point that X N, - appears in all terms
in the top and bottom of Eq. (3) and will be canceled out in the
total interaction energy.

It is beneficial at this time to define the relationships
between non-excited, singly excited, and doubly excited
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determinants and their cofactors. The relationship between a
determinant S and a singly excited determinant S;_,, is such
that

Siva= ). 5uS" =8 DiySr, (13)

where S, are elements of the overlap matrix. The first and
second cofactors of a singly excited determinant can be
expressed in terms of singly excited determinants and the first
and second cofactors of the non-excited determinant in the
following ways:'3

ARTICLE scitation.orgl/journalljcp

Srs,iu t=1

S:.i;u _ Srs,ti w=1
é(srs,m"s‘iaa - STS,W.St_)a - STS,H'Su_)a) 1 ¢ {t1 u}~

(15)

The doubly excited determinants can be written in terms of
singly excited determinants as

1
E(Si—)a‘%ab -

Sisajob = SispSjma)- (16)

s s" s=1 The first and second cofactors of doubly excited determi-
Sta=11 S"S S"s . (14) nants can be expressed in terms of the other components
3( isa — s—>a) S #1, aglé
J
]ylb s=1
T] o
o = | Sia s=) (17)
1 i i ..
3 (Si—»a,j—ﬂ)srs - 88—>a,j—>b8m - Si—m,,s—»bsr]) s ¢ {17_] }7
S™Y t=iu=j
St t=ju=1
Sfig t#i,u=j
Ts ﬂ. . .
Srstu _ SJ—>b t#)u=1 18
i-aj-ob — S;iéu t= i,u ¢j ( )
SPi t=ju=#i
1 Ts,tu Ts,iu Ts,ti
3 (Si—m,j—»bs - St—>aJ—>bS - Su—>a,j—>b8
_Si—>a,t—>b8TSJu - Si—>a,u—>bSTS'tJ + St—>a,u—>bSrS’U) ivj ¢ {t,u}.

With the relationships between various determinants and
cofactors now defined, it is possible to express the remaining
parts of Egs. (11) and (12) in terms of the elements of the D and
S matrices. Starting with the term from the denominator,

(PAPs AP L)

Na!Npg! 1
=4 'B par——— SmT—mll,nl—mT
N! 2 SASB mn
NA'NB

Z ( S (SmT —mb Snl -nl — Snl —m! SmT —n! ))

SASB mn

Na!Npg! 1
- AN!B Zm Z(Z D”L] ]ml)(z DytiS mT)y (19)

where the cancellation of the S, Sny term is due
to the spin-diagonal nature of S and D [cf. Eq. (13)]. A
singly excited determinant with a spin-flipping excitation

requires coupling S and D matrix elements of opposite spin,
resulting in a zero spin integral. This property will be used
repeatedly to simplify the following equations. The new sum-
mations in the last line have been truncated from r since
m! is orthogonal to all occupied spinorbitals on A and n' is
orthogonal to all occupied spinorbitals on B (note that, e.g.,
the index j covers both the inactive spinorbitals [T, I* and active
spinorbitals n'). The complete denominator is thus equal to

NA!NB!S(1

N! Z nlj JmleTl mT)) (20)

2C0\/SASB mnij

For the numerator term, we will analyze the consecu-
tive contributions I, to Eq. (12). The first of these terms, I,
is simply the nuclear repulsion term multiplied by the same
doubly excited determinant that appears in the denominator.
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It is easy to see that the terms in the numerator that contain
the nuclear repulsion are, in fact, equal to the denominator
multiplied by the nuclear repulsion. As such, the total inter-
action energy contains this term exactly once, which is to be
expected.

I, the term containing the nuclear potential of monomer
B, contains a first cofactor of a doubly excited determinant.
As the summation over r contains both m' and n!, it has to be
broken into three parts accounting for the special cases shown
in Eq. (17). The resulting equation is

n
I = Z Biml miont t Z BmT T—>ml +
i

X (SmTﬂml,nl anTSl Srami nlanTSL

1
Z Bi?g

ir, r;t(mT nt)

1
n
mT —mlr-on! SL )

(21)
We expand the first summation in this term as
Z Blml L_mT Z Blml( (S1 mT Spiomr —S™S i St ot ))
=- Z SBipni DpsiDytir Sirmt (22)
i
and the analogous result for the second summation is
Z Bint St ot = = > SBiyt Dyt Dyt Sy - (23)

i

The third summation in I, contains the same doubly excited
determinant that was previously described, as well as two
others. Following the same logic as above to eliminate the
singly excited determinants that vanish by spin integration
and expand the remaining determinants, and noting that ¥ = r
for all terms in the restricted summation, this last term is equal
to

Z SBlT rl Z DmTi’ Si’nT Dnj,j Sjml

ir,r#(mt,nd) )

+ Dmﬁ Z Dy Si’nTijSij + Dnli Z DmTi’ Si’nTDTijml . (24)
j j
The restriction in the summation in Eq. (24) to r not equal to
either m' or n! can be lifted since the result of the additional
r=m! and r = n! terms is equal to zero in these cases. For
example, when r = m', the first two terms in parentheses can-
cel each other and the third term is zero due to spin. A similar
result can be obtained for r = n!,
With these results in hand, the complete I, term is

== S( Z B; manltDmTl imt Z BmTDmTanl)S]ml

i

+ > By(D
ir

— Dnli Z Dmﬁ/ Si’nTDTijml))- (25)
j

ri Z Dmtir Sint DnyjSjmy, = Dmgi Z DyiSirntDnyjSimy
1’] 'l’_]
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An analogous derivation for I3 gives

I3 =- S(Z manl)DmTt int T Z nTDmTanlj’ jml
i i

Z A)r Tj Z DmTLSmTDnL)' jm| — mTJ Z DnSmTDnL]’ jm|
jr i ij’

~Duy . DutiSint Dry Sy ml)) (26)
i

The breakdown of the most complicated I4 term in Eq. (12)
involves each of the cases in Eq. (18)

1 .. . . RTINS
L=5( X @imahSI™ e S Gimimh ST
ij,r=ml,s=nl ij,r=nt,s=m!
.. T\ Qi .. 1\ gijrm?
* Z <1'J I >‘S‘lnfﬁ—wnl Z <1]| rm >S:Ll—>nT
ijr#ml s=nt ij,r#nt s=m!
.. 1 ijmls . ijnts
* Z <1J ltm S>8nl—>nT Z <1J| In S>SmT—>mi
ijr=m! s#nt 1),T=ni,s#mT

| ij,rs ij,m's
+ Z <1]||T3>g(SmTHml,nlamSU’ _ Tqmivnlémstl

ijrs,(r,s)#(mf,nt)

ij,rm! ijnts
- Ssaml nlont N - SmTaml r—nl N

- p——
- SmT*}ml,SHTLT S+ r—m!,s—nl S’ )) (27)

Before tackling these summations, we can take advantage of
antisymmetry relations of integrals and cofactors to reduce
the number of terms that need to be expanded in the first line
of Eq. (27)

G tmHSI™ i iminhSIM 2 i minhySTM™ (28
j j j

Therefore, we need to expand only one of these summations

@lminHSH™ = (jimin®y ~ Gjin'm!)S(DyiiDnij ~ DysiDynt)

= —(ijIn"mYHSD 1Dy — (A IM ) SD i Dy,
(29)

where the two terms that are omitted in the second line are
zero due to spin.

When dealing with the summations in the second and
third line of Eq. (27), it is again possible to equate some terms
to each other using their antisymmetry. Additionally, r and s
can be swapped arbitrarily since they both span the complete
occupied space. Therefore,
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N ij 3 st 5 it
S amhSITT = S GjlisnhSET = N djlimts) SIS (30)
r#my s#my s#Em]
and

D @lmhSE = Z(l)llsml)SEfL":ﬁ = Z(Ullmls)SZﬂTsT. (31)
r#nl s#En) s#nl

Now, expanding the term in Eq. (30)

@lpmhsim (ijllrn >( Sy SIS, St g Stmm)

mloml S
= = (IS, DytiDpsj + (G IS, Dyt Dt + (G 1MS, i Dyt Dy
— IS, DiiDirj = (i IS e DyiDyrj + <4 NS e DyiDysj

+ (IS i DytiDrj = G IS Ly Dyti Di

= S((ij I'TDy1iDytj > (Dry Syt ) + G 1rN)DysiDytj > (Dryr St
7 7

~ (i Ir")YDriDyyj > (Dnij Sy ) + <G T)DriDy; > (Dt Syt )
7 7

+ (i rn")D ;D Z(ij, 5t ) — (IN'T)D, Dy Z(Dnﬁ, J-,ml)) (32)
7 7

with the terms that are removed vanishing due to spin integration. The analogous treatment of the other term containing single
excitations yields

nl—nt

il |Tmi>54]yrm = S(<U |mlT>DniiDmTj Z(Dri’ Si’nT) +(y |Tml>DmTiDnlj Z(Dri’ Si'nT) -y “ﬂm'l >DTiDnlj Z(Dmﬁ’ Si’nT)
& & v

+ <1] |mlT>DTiDnlj Z(DmTi’ Si’nT) + <1] |TmL>DnliDTj Z(DmTi’ Si’nT) - <1] |mlT>DnliDU' Z(DmW Si’M))' (33)

v v v

The restrictions in Eq. (27) of r # m! and r # n! for the summations involving Egs. (32) and (33), respectively, can be lifted since it
can now be seen that these conditions reduce the given term to zero.

For the last summation of I4, we begin by noting that = 7,5 = s under the restrictions of this summation. Next, we expand
the doubly excited determinants. The first of them has been handled above and the others expand as follows:

1
Sraml nlon! = E(Srﬂml Sﬂl*}’l’” - Sram Snlaml) = _S Z(Dﬁ' Si/nT Dnl]‘r j’ml )7
i/j/

1
Ss—mll,ni—)nT = S(Ss—ﬂnisnl—nﬂ - Ss—»nTSnlaml) = _SZ(DSi’ Si'nT Dnlj' j'mi)»

i’j'

1
SmT —mbron! = 3 (SmT —ml Sr—»nT - SmT—mT Sr—wnl ) =-8 Z(DmTi’ Si’nT DTJ" Sj’mL )v (34)

i'j'

1
SmTﬂml,SanT = E(SmTﬁml SS*WLT - SmTanT Ssaml) = _SZ(DmTi’ Si’nT DSj' Sj’ml)7

irj/

1
Sr—wnl,s—)nT = S(ST—»ml Ss—mT - ST—)nT SS—»Tnl) = S( Z(Dyj’ Sj'ml DyirSint) = Z(Dﬂ" Simt DSJ" Sj'ml )) )

i/j/ i’j’

Now we make the necessary replacements and expand the integrals and second cofactors for the last summation in Eq. (27)
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S[ - (’L] |1"S>DﬁDSj Z(me sirnT Dnij’ Sj’mi) + (’L] |Y‘S)DSiDTj Z(me Si’nT Dnlj’ Sj’ml) + (’L] |ST>DﬁDSj Z(me sirnT Dnij’ Sj’mi)

ij/ i!jl ilj/
=i IST>DSiDYj Z(DmTi' Syt Dnlj’ j’ml) +(ij |TS>DmTiDSj Z(Dﬁ'si’nT Dnij’ j’ml) =y |rS>DSiDmTj Z(Dﬁ’ St Dnlj' j’ml)
f"’!j! i/j! f"’/j!

= (Y IsT)DyyiDs; Z(Dri' Syt Dy Sj/ml) +(4j1s)Dsi Dy Z(Dn" Sint Dty j»mi) +(4j118)Dyi Dy Z(Dsi' Syt Dy Sj/ml)

i/j/ i’j’ i']"

=y |TS>DmTiDTj Z(Dsi’ St Dnij' j’ml) ] |ST>DTiDmTj Z(Dsi’ Sint Dnlj' j’mi) +(ij |ST>DmTiDVj Z(Dsi’ Simt Dnlj’ j’mi)

i/jl i/j/ i/jr
+(ijIrs)Dy1;Dyj Z(DW Sint DrjrSymt) = (1jIrs)Dgi Dy Z(DW Sirmt DrjrSymt) — (i IsT)Dpi D Z(me Sirmt DrjrSjrmt)
irjl ilj/ ilj/
+ <’L] |ST)D31'D”¢]- Z(me Si’nT Dy‘j/ Sj’ml) + (’L] |TS>Dn'Dn¢j Z(DmTi’ Si’nT Dsj' Sj’ml) - (’L] ITS)DnliDTj Z(me Si’nT Dsj’ Sj’ml)
i’j, f"’/j/ irj/

~(ij1sTYDriDysj Y (DytiySymt Dsy Spmt) + (11579DpsiDrj > Dyt Syat sy Smt) + C178)DytiDrs Y (Dr S DsieSirmt)

1'/)'/ irj/ 1'/)'/

=y |TS>DnliDmTj Z(Drj’ Sj’ml DyirSynr) = (i |ST>DmTiDn1j Z(DU" Sj’ml DyirSipmr) +<ij |ST>DnliDmTj Z(ij’ Sj’ml DysiSirnr)

"‘//jl irjl ilj/

= (4j1r$)DytiDytj > (DrirSirnt Dsj Syms) + (i175)Dysi Dyt D (DrirSymt D Sjant) + €4IsTYDp1i Dty Y (DriSiemt Dy Sym)
irjl »i/jr irjl

~(§jIST)DpiiDytj > (Drir S Dy sj,ml)] . (35)
»"//j/

Inspection of the terms in Eq. (35) shows that four of them vanish upon spin integration. Moreover, upon the summation over r, s,
the remaining 24 terms can be collected into 12 equal pairs when we again take advantage of the fact that r and s can be swapped.
Again, the restrictions (r, s) # (m', n!) on the summation can be lifted because the sum of the terms reduces to zero when either
T or s is equal to m" or n!. The total I term can now be rewritten as

Iy = S( 7 [- @i MDDy = M0 )Dpsi D] + > [ MDDt D (D Symt) + G IMHDysi Dy > (Do Smt)

i ijr J J

— IrnDDrDy; > (D Sjme) + M DDyt > (Dt Sjant) + GMN)DyutiDry Y (Dt Symt) = M T)DyutiDry Y (Dt Sy}
7 7 7 7

+(i |mlT>DniiDmTj Z(DW Si'nT) + (i |Tlm‘l >DmTiDnlj Z(DTL’ Si'nT) =y |le>DﬁDnlj Z(DmTi' Si’nT) + <ij|miT>DHDn1j Z(DmTi' Si’nT)
4 4 4 4

+ (G IrmHDyiDy > (Dt Sir) = GIMTIDiDry Y Dyt Syat)| + D [ = @1r$)DyiDs; > (Dot Simt Doty Syms)
14 v

ijrs vy

+(ij |TS>DSiDrj Z(DmTi’ Simt Dnlj' j’mi) +(ij |YS>DﬁDmTj Z(Dsi’ Sint Dnlj’ j'ml) = (ij |TS>DmTiD7j Z(Dsi’ Simt Dnlj' j’mi)

i’j’ i’j’ irjr
— (i1ST)Dyi Dy Z(st Simt DutjpSymt) + (4 1STYDyy1i Dy Z(Dsi, Sirnt Dty Symt) + (0 I1$)Dyi Dy Z(DM Sint Dy Sjms)
i/jl ilj/ i/]'/
— (§jIrs)Dyy1; Dy Z(me Sint DsySjms) = (i 1sTYDyi Dy Z(Dm Sint DsrSjrms) + (1jISTYDy1; D Z(Dm, Sint Dy Sirms)
i/j/ i/j/ i/j'
~ (ij1rs)DyiDyty (D Syans Dsi-Snt) = (Gj1sT)DyntiDity (D Syt D S| ) (36)
i/j/ i/j/

where the common & has been factored out and the } canceled by the factor of 2 from the term pairings.
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With all necessary terms in hand, there remain a few
minor points to consider. First, it can now be seen that S
appears in all terms in the numerator and denominator of
the total energy equation and will cancel out. Second, we
introduce the following function:”

€1
ZCQVSASB
S(S + 1) + ZSASB - SA(SA + 1) SB(SB + 1)
4SASp

Z(Sa, Sg,S) =

(37)

which replaces both the ratio of the Clebsch-Gordan coeffi-
cients and normalization factors from the spin-flipped wave-
functions. Through a proper choice of the factor Z, the desired
spin state is obtained.” Finally, the equations up to this point
remain in the spinorbital form and spin integration has only
been accounted for as a means of eliminating terms that van-
ish. We will now make the spin integration explicit and spec-
ify the exact spin blocks of the D matrix that give nonzero

ARTICLE scitation.orgl/journalljcp

contributions in the resulting orbital expressions. This step
is necessary in preparation for the atomic-orbital equivalents
of these expressions (which will be derived in Sec. III), as the
latter would otherwise lose any information about the spin
combinations that result in nonvanishing contributions. In the
resulting expressions below, all sums run over the respective
orbitals and not spinorbitals. However, the spin integration
results in different ranges of summation for orbitals occu-
pied by spin-up and spin-down electrons. These ranges will
be specified by an overbar for spin-up indices and an under-
bar for the spin-down ones: specifically, i, j, and 7 represent
the occupied orbitals of A, B, or either monomer, respec-
tively, which can be combined with an « spin function, and
i, j, and r denote the corresponding orbital types that can
be combined with a g spin function. In terms of the inac-
tive and active orbitals on both monomers, the summations
over i, j, 7, i, j, and r break up into summations over (k, m),
(D), (k, L, m), (k), (I, n), and (k, L, n), respectively. In this nota-
tion, the orbital equivalents of Egs. (10), (19), (25), (26), and (36)
are

(A5 VAP Pp) = NA NB S|Wap + Z B; D + Z B D + ZAJTDU + Z A DY Z(zﬂrs)Dng > (ijlrsyDaDf + Z(q [rs)DY D
jr jrs fl?§ ijrs
+ Z<ij|rs> Z<y|sr>Da DS - Z(iﬂsr)DﬁDg , (38)

ijrs ijrs ijrs

= _SWAB Z nj )m (Z D;;lism)’ (39)

(Z BimD? DY, Sy + Z Bin D2 DL Sjm + Z By, D2 Z D, SinDESim + > By DA > D SinD Sy
i ir 7

- > Bl Y, Dy SenDfySim - Z By ) Do SinDf) sjm) (40)
ir

vj vj

=S ( 2 AmDyDiniSin + D AjnDf DR Sy +
j I

D ADE Y Do iSinDl Sym + ) ADS > DiriSinDl, Sy
i [ Ir i

i

- > ADy, ZD SinD%, Sjm - ZAJT mZDWSm ' Sim) (41)
jr
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Iy = S( = D (mm)Dg, Dy = > (i Imm)Dy D + 3 (i) Dy DEDY, Sjan + ) (ijirm)Dls Digy DY Sy = " (ijIrmyDys Digs Dl Sy
i § iy iy g
- Z(ij [r)D Dyt D Sy + Z(ij Inr)Dy; Dy Dy Sy + Z(ij [rn)Dyy DD Sy Z(ij nr)Djy, DD/ Sy
iy ijry ijry i
— > InnDg DEDE Sy + ) (GIMnDE DD Sen + Y (i rm)Dg DE.DE, Sy = ) (ijIrm)DDs. Dy Sien
iy g v g
— > Irm)DE DA DG Sen + Y (i MDD DG, Sin + Y (Irm)DEDEDE, S — Y (jimr)DADEDG S
v igr? it i
_ Z(iﬂmr)DﬁiD'f;D;;i, Sim — Z (ij|rs>D;’iD;;DT‘;i,Si,nDﬁj,Sj,m - Z (ij |rs>D;fiDgD1‘;li,Si,nDﬁj, Sim
i sty sty
_ Z <ij|rs>DﬁD;;D;i,si,anj,sj,,n - Z <ij|rs>DfiD§D;;n,si,nDﬁj,sj,m + Z (ijlrs)DEDE D, si,nnfj,sj,m
ijrsvj ijrsij ijrsiy
+ Z <ij|rs>D§Df;D;;i,si,nD§j,sj,m + Z (ij|rs)D;’iD;fljD;’i,Si,nDﬁj,Sj,m + Z (ijlrs) n.D;:ljD;’i,Si,nDﬁj,Sj,m
grsiy ijrsiy ity
- 2, (ijIrs)Dgy; DEDE, Sin Dl Sy - > (ijIsr)Dg D ;D% SinDly, Sy + D (ijIsr)Dg D DS Sy Sym
ijrsij irsiy ijrsij
+ ) (ijIsrDg DEDS SenDly, Sy + ) ({jirs)DE D Dy SenDsy Sym + Y (ijIrs)DADA Dy SenDE, Sjm
sy sy iirsty
= > G IrS)DE DD SynD S — Y (i ISTIDEDS D SenDY Sy + Y (i1sT)DL DS D, Sy Sym
sty iy ity
+ ) (IsrD DL SinDS Sy — ) (ij1rs)Dy DD SymD Sim = - (ijlsrDig DD, sj,mD;;,si,n). (42)
ijrst’y sty sty

lll. ATOMIC ORBITAL FORMALISM

We now recast the equations derived in Sec. II from
molecular orbitals to atomic orbitals, which provides sig-
nificant computational benefits as integral transformation
is avoided and efficient generalized Coulomb and exchange
matrix codes can be utilized.”'62021 Let us start from the
expression for the spin diagonal component of the numerator
[Eq. (38)]. In the AO form, the leading nuclear repulsion term
stays the same, so we move to the first attractive potential

term
Z By Dy = Z CixBxr.Cr LD} = Z B1xCr.D;iCix
ir

KL KL
= Z Bix(DY)ix =B - DY, (43)

KL
where X - Y = Yk Xk Yk is the matrix dot product, the cap-
ital letter indices span the AO set, B is the nuclear poten-
tial matrix of monomer B in the AO basis, C,x are the SCF
coefficients of spinorbital r, and DX, defined by the above
equation, is the representation of DZ in the AO basis. We

use capital letters in the superscript of DX to remind the
reader that R, I are no longer the indices of the matrix but

merely specify the spinorbital spaces over which the contri-

butions have been summed. The second term involving Bj,

results in a fully analogous contribution B-DE!, and we can now
define

RI RI , ORI

DX, = DX + DY, (44)

as the AO representations of the D matrices, unlike the MO

ones, are all the same size and can be added. Breaking the

indices into the inactive and active ones, corresponding to a

further restriction of the summations in the definition of DX!

and Dy, yields
RI _ nKK , plK , pMK , nKM , pLM , pMM
D(l :D(! +Dﬂ/ +D(l +D(Z +D(l +D(! ’

(49)

RI _ KK , LK , pNK
D; =Dg" +Dg +Dg". (46)
Note that the different D matrices are in general not symmet-
ric. The derivation of the remaining nuclear attraction terms
follows an analogous path, giving

RJ
D ADE+ ZAerf; =A DY (47)
jr jr
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The two-electron terms give way to similar transfor-
mations of the D matrices. Some representative spin-block
contributions are

D (ijIrs)DEDg = > (DF)i (KMILNY(DE
s KLMN

=Dy -J[DY], (48)
D (ijlsnDEDg = > (DENi (KNIMLY(DE
s KLMN

=D} -K[DY], (49)

where J[X] and K[X] are the generalized Coulomb and
exchange matrices, defined as follows:

Xl = Y (KMILNYXyy  K[XJx = » (KNIML)Xyy. (50)
MN MN

The other spin blocks give rise to analogous contributions and
the complete spin diagonal term can now be written in the AO
form as

N,!Np!
(¥ VAN W) =~ S[Wap + B - D{js + A - D,
+ DY), -J[DF;]1-DY - K[DY]- DY’ - K[DY']].

(G

Next, we move to the spin-flipped term of the numerator
[Eq. (12)]. The I; term in Eq. (12) is the nuclear repulsion part
for the spin-flip term and is explicitly defined in Eq. (39). This
term is transformed into the AO basis as follows:

J
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L = -WsS Z DﬁjCJKsﬁgcmLD miCMSMNCan
GKLMN

=-WuS D (anDﬁjchsﬁf)-(cmLD;;iciMs;tA%
GKLMN

= -WapS ) (D)'S" )i (DY'S*)1n
LN

= ~WapS[(D5’s™) - (D}'S")"]. (52)

Note that we used the fact that the orbitals are spin-restricted
so that, for example, Cpy, = Ciyr, = G- The term in the last
line of Eq. (52) also constitutes the spin-flip part of the denom-
inator after dividing by Wp. Using the same methods as above,
the I, and I3 terms of Eq. (12) transform as

I, = -S(B - (D}'s*°D}) + B - (DY's*D}!
+(B - D) ((DY's"ODy) - %)
-B-(DYs"°Dy’s*°D})-B - (DEJSAODL‘EISAODEI)) (53)
and
Is = -S(A- (DY'S*°DY) + A - (DY'S*DY)
+(A- DEJB)((DZHSAODII\;U) ] SAO)
- A-(D¥s*°DY'S'°DYY) - A - (DF'S**DYS*D})). (54)

Finally, 14 transforms into the following form:

Iy = 3( - D" - K[DY'T" - D} - K[DY]" + K[DY']" - (DF'S*°DY") + K[DJ'T" - (DF'S"°D}Y) - J[D,] - (D)'S"°DY)

+K[DR]" - (D)'S"°DY) + KDY]" - (D)'S* D) - J[D, ] - (D)D) + KDY]" - (DR'S OD}!) + KDL]" - (DY'S*OD}Y)

apf

~JDY,] - 0Y'SOD}) + KDY - (DXS*OD)Y) + K[D]" - (DS DY) ~ J[DR,] - (DS D))

- (D - IDgEI(D"s D) - 8%) + (DY - K[DF]")(DY'S"ODy’) - 8°°) + (D' - K[DFT)(Dy"s*°Dy’) - 8*°)

+ J[Dilﬁ] . (DilsAODngAODJ‘\l/U) _ K[DEJ]T . (DEISAODEUSAODZH) _ K[DEI]T 3 (DEISAODgJSAOD?fJ)

+ J[DRJ ] . (DﬁISAOD[I\;USAODI(\:H) + J[DEE()’] . (D?SAODIXHSAODEJ) _ K[DEJ]T . (DEJSAODIXHSAODEH) _ K[Dgl]T . (DIR;JSAODI(\YAISAODEJ)

apf

+J[DY,] - (DFS*°DY's*°D}') - (DF's*°D}Y) - KIDY's*°Dy'T" - (DF'S*°DY") - K[DE,ISAOD/I}U]T). (55)

Note that the final formula (55) can be written in many
equivalent ways due to the “Hermitian-like” symmetry of the
Coulomb and exchange matrices

X JY]=Y-JX] X -K[Y]=Y- KX] (56)

The form adopted in Eq. (55) minimizes the number of
Coulomb and exchange matrix evaluations necessary.

IV. RESULTS

Both the MO and AO formulas for the newly devel-

oped nggh correction were implemented using psi4'® and the
psiaNUMPY framework.’> The agreement between the high-spin
SF-SAPT results and the conventional ROHF-based SAPT in
psi4® was verified for the test systems where the single-spin-
flip approximation is exact, e.g., the systems containing Li. For
other systems, the 1-flip values are compared with the exact
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high—spin Engh to determine the adequacy of the proposed
approximation.

The aug-cc-pVTZ basis set???* was used for the Li- - - Li,
Li---N, N---N, and Mn- - - Mn complexes. The results for the
pancake bonded systems were obtained in the aug-cc-pVDZ
basis set.?223> To allow for comparison with the previous
results, the O;- - - O, calculations were performed in the ANO-
VTZ basis set?>2% and the Li- - - H calculations were performed
in the basis set of Ref. 27. When the density fitting (DF) approx-
imation was utilized, the def2-QZVPP /JKFIT?¢ sets were used
for Li and Mn atoms as well as for O - - - O,. All other atoms
used the aug-cc-pVXZ /JKFIT?° sets with X being the same as
for the orbital basis set. Throughout the discussion below, we
will refer to the exchange splitting between the highest and
lowest spin states of the complexes, which is defined as

10 (10
Eiexc)h - Eexch(s Sa+ SB) exc)h( =1Sa—Sg |) (57)
For the Mn---Mn complex, difficulties converging the

ROHF iterations in psi4 led us to use moLpro*° for the monomer
calculations. The ROHF orbital energies and vectors were read
from the moLpro output and passed into psiunumpy. It should also
be noted that in the initial SF-SAPT work (Ref. 7), the Mn- - - Mn
results were computed from incorrectly converged monomer
ROHF wavefunctions. Therefore, the corrected SF-SAPT(S?)
results for this system will be presented below.

A. Diatomics and the O, dimer

The first of the smaller test complexes that we consider is
Li- - -H, where only one pair of electrons can be exchanged.
As already mentioned, the single-spin-flip approximation is
exact whenever at least one monomer in the complex is a

doublet. The values of E™ calculated in both approxima-
tions for the singlet and triplet states of the Li---H com-
plex are provided in Table I, along with the AES}?C)h value and
the full configuration interaction (FCI) based SAPT results of

Ref. 27. While the 1-flip results agree remarkably well with the

TABLEI SlngletandtrlpletE( ) vaIuesandtheAE( ) spllttlng(cm*1)|ntheL|

ARTICLE scitation.orgl/journalljcp

FCI-based values, confirming that the effects of intramolec-
ular correlation are minuscule for this system as observed
earlier,” there is a noticeable discrepancy between these val-
ues and the S? results. While it may come as a surprise, the S2
approximation in the commonly used form is not exact even
in this case. During the derivation of the E(elfc)h correction in
the S? approximation,®' the following intermediate formula is
reached:

(10)
exch

(VP +E exch(P) =(VP), (58)
where P is the single-exchange operator. A related formula is
obtained during the derivation of the E(elfc)h(SZ) correction in
SF-SAPT [Eq. (9) of Ref. 7]. At that point, the E(elfc)hU)) term on
the lhs of Eq. (58) is normally neglected because it is at least of
the order S* [S? in ngc)h and S? in (P)]. However, this term is
not zero even for systems such as Li- - - H where only a single
electron exchange is possible. We have verified that the differ-
ences between the S? and nonapproximated results for Li- - - H

originate solely from the removal of the E h(’P) term.

For the Li dimer and the Li---N Complex, the single-

spin-flip ngc)h result is exact due to the doublet nature of a
lithium atom, meaning there is only one spin to be flipped.
Figure 1 shows how severely the E(lo) values for the lithium
dimer are affected by the S? approx1mation. The deviation
of the S? results from exact E(elf) is already visible at the
van der Waals minimum of the triplet state (7.9 bohrs), and
is on its way to catastrophic failure at the chemical mini-
mum of the singlet state (5.0 bohrs). At around 4.2 bohrs,
the splitting predicted by ES}?C)h(SZ) changes sign, leading to
an unphysical energetic ordering of the two states. It can
also be seen that the S? value for the singlet deviates from
its complete E1 ) ,, counterpart at a slower rate than for the
triplet. Similar results are seen for the Li- - - N complex in Fig. 2.
The two methods give equivalent results near the 10.2 bohr
van der Waals minimum for the quintet state of this system

- H complex as a function of interatomic

distance (bohr) from FCI- based SAPT27 and SF- SAPT W|th and without the single-exchange approximation.

(S =0) EGon (S =1) AEG,

R FCI S? 1-flip FCI S? 1-flip FCI N 1-flip

6.00 —1434.15 —1484.93 —1434.71 1562.92 1509.18 1564.05 2997.07 2994.11 2998.76
7.00 —602.08 —611.89 —602.71 624.05 615.34 624.87 1226.13 1227.23 1227.58
8.00 —230.99 —232.81 23139 234.31 233.31 23476  465.30 466.12 466.15
9.00 —83.09 —83.48 —83.28 83.54 83.55 83.75 166.63 167.03 167.03
10.00 —28.39 —28.49 —28.47 28.44 28.50 28.53 56.83 56.99 56.99
11.00 —9.24 —9.27 —9.27 9.25 9.28 9.28 18.49 18.55 18.55
11.50 —5.18 —5.19 —5.19 5.18 5.19 5.19 10.35 10.39 10.39
12.00 —2.86 —2.87 —2.87 2.86 2.87 2.87 5.72 5.74 5.74
12.50 —1.56 —1.56 —1.56 155 1.56 1.56 3.1 3.12 3.12
13.00 —0.83 —0.84 —0.84 0.83 0.84 0.84 1.66 1.67 1.67
14.00 —0.23 —0.23 —0.23 0.23 0.23 0.23 0.45 0.45 0.45
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(excluded from the figure) and the S? results for the triplet
also deviate slowly from the complete exchange results. At
the chemical minimum of the triplet state (3.5 bohrs), the
S? approximation diverges considerably from the complete
results, recovering 92% of the exchange energy for the triplet,

88% for the quintet, and 58% of AEY)

exch”
For the Li dimer, we also investigated the significance of

the E(elfc)h(P> term, which can easily be incorporated into the
S . - (10)
S? approximation by solving Eq. (58) for E. .- Even though

the S? approximation does not become exact for this system
when the E(elfc)h(P) term is taken into account (one is still miss-
ing the effects of double and triple electron exchanges), the
inclusion of this term resulted in a much improved agreement
with the complete exchange results. Therefore, the inclusion
of E(elfc)hO?) while neglecting all other multiple exchanges was
tested on a number of other small complexes. Unfortunately,
such a treatment was found to drastically overcorrect for the

effects missing in nggh(sz) so that the resulting values were

90 T
\ —== ESN(S=2, 1-flip)
801\ EL9)(S=1, 1-flip)
\ — EG(5=2,5)
70 1 \\ E1) (5=1, 52)
60
S
£
R 10
M FIG. 2. Triplet and quintet ngc)h values (kcal/mol) of
3 40 Li- - - N as a function of interatomic distance (bohr) from SF-
o SAPT with and without the single-exchange approximation.
w
30
20
10 -
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3 4 5 6 7 8

R[bohr]
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in worse agreement with the complete exchange results than
the S? data. We suspect that the good performance of the

ngc)h<P> inclusion for Li- - - Li is merely a consequence of each
monomer having only one valence electron.
The N- - - N complex is the first of our test systems where

the exact and single-spin-flip nggh values are distinct. Both
of these results can be calculated for the high-spin state [the
exact one using the standard high-spin SAPT(ROHF) imple-
mentation*©]. This provides an opportunity to gauge the rel-
ative accuracy of the 1-flip and S? approximations, as shown
in Fig. 3. The 1-flip treatment is a much milder approximation

that slightly overestimates the exact E(elfc)h value, as opposed
to the single-exchange approximation which underestimates
it. Figure 3 also shows the low-spin exchange energies, where
again the singlet state is less affected by the S? approxi-
mation than the highest spin state. In this way, the differ-
ence in the splittings predicted by the two approximations
is primarily driven by the high-spin state error. The range
presented in Fig. 3 falls between the septet van der Waals
minimum of 7.2 bohrs and the singlet chemical minimum of
2.1bohrs.

Table II provides the SF-SAPT E(elfgh values for the man-
ganese dimer. For the undecaplet exchange energies, the
single-spin-flip results maintain perfect agreement with the
exact high-spin ngc)h throughout nearly the entire range pre-
sented here, while the S? results begin to deviate at a relatively
long-range distance of 9 bohrs. That said, the energy splittings
from the two approximations are in close agreement due to
the more even deviation of the S? values from the 1-flip ones
for both the highest and lowest spin states of this system.

The last system that we consider in this section is the first
bimolecular complex, the O, dimer. This system is interest-
ing due to the large effect that geometry has on the splitting

6.0

between the singlet and quintet states. Figure 4 shows the
AES)?C)h values for the four representative geometries at several
center-of-mass distances. The spin splitting is much larger in
the L (linear) configuration and much smaller in the X con-
figuration. For the H, T, and X structures, the 1-flip and S?
splittings are virtually indistinguishable, while the two approx-
imations slightly deviate from each other at short range for
the L configuration. We report in the supplementary material
that the 1-flip results show great agreement with the exact

high-spin E(elfc)h values for all four geometries. The very good

recovery of the singlet-quintet splitting by the S? approxima-

tion, shown in Fig. 4, stems from a cancellation of beyond-S?

effects between the two spin states of the complex.

TABLEI. Si a0) 1) spiit
- Singlet and undecaplet E._ ", exch SPittings (kcal/mol) for

the manganese dimer as a function of interatomic distance (bohr). The S2 and exact

values and AE

ESSC)h values are different than in Ref. 7, as the ROHF convergence issues of the
former calculations have been corrected.
10 10 10
Eten(S=0) Eten(S = 9) AL,

R S? 1-flip S? 1-flip Exact S*  1-flip
4.50 115.32 157.35 117.51 159.52 159.51 2.19 217
5.00 7910 9944 79.89 100.23 100.23 0.79 0.79
5.50 5296 6239 5325 6269 62.69 0.29 0.30
6.00 3462 3884 3473 3895 3895 0.1 0.11
6.50 2216  23.98 2220 24.02 24.02 0.04 0.04
7.00 13.92 14.68 13.94 14.70 14.70  0.02 0.02
7.50 8.60 8.91 8.61 8.92 8.92 0.01 0.01
8.00 5.25 5.37 5.25 5.37 537 0.00 0.00
9.00 1.88 1.90 1.88 1.90 1.90 0.00 0.00
10.00 0.65 0.65 0.65 0.65 0.65 0.00 0.00
11.00 0.22 0.22 0.22 0.22 0.22 0.00 0.00
12.00 0.07 0.07 0.07 0.07 0.07 0.00 0.00
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8.0

B. Pancake bonded systems

An interesting possible application of SF-SAPT, already
initiated in Ref. 7, is the spin-state splittings of pancake
bonded dimers.'” These systems are composed of radicals
with highly delocalized singly occupied orbitals which inter-
act in a fashion that is intermediate between covalent and
noncovalent bonding. The pancake bonded singlet minimum
is separated by a relatively small gap from the van der
Waals-bonded triplet state. SF-SAPT is one of the simplest
approaches to investigate these splittings, and the single-
spin-flip approximation is exact for this doublet-doublet
interaction. We have selected a number of pancake-bonded
complexes to test our method, illustrating the favorable per-
formance of our AO implementation with density-fitted gen-
eralized Coulomb and exchange matrices [Eq. (50)] from psi4.'6
Figure 5 shows the monomers selected for our investiga-
tion. These include the phenalenyl (PLY) radical,*> one of
the prototypical examples of pancake bonding systems, as
well as four of its derivatives®> and the larger trioxotrian-
gulene (TOT) radical.># The orientations of these systems in
the homodimer prefer a maximum overlap of the delocal-
ized singly occupied orbitals, i.e., the monomers stack directly
on top of one another with their atoms lining up. With the
central carbons of the monomers aligned, these dimers can
have a staggered or eclipsed conformation as illustrated in
Fig. 5. Both conformations of the TOT dimer are considered,
but only the staggered conformation is used for PLY and its
derivatives.

The spin state splitting in the PLY dimer was ana-
lyzed previously within the S? formulation of first-order
SF-SAPT, together with the (much more demanding) super-
molecular complete active space self consistent field the-
ory (CASSCF).” Figure 6 presents these results along with

8.5 9.0

the new nonapproximated AE") ones, the multireference

averaged quadratic coupled cluster (MR-AQCC)>> benchmark
from Ref. 32, and the density functional theory (DFT) results
obtained with the M05-2X functional.*%37 Similar to the man-
ganese dimer case, the splittings produced by the two versions
of SF-SAPT do not differ greatly within this range. Some devi-
ation can be observed at the shortest ranges in Fig. 6, but
it is not drastic compared to the differences between vari-
ous methods presented. The effect of the S? approximation
appears to be relatively more consistent between the two spin
states than observed for smaller systems.

The results for the homodimers of the PLY derivatives,
shown in Fig. 7, further indicate that the S? and 1-flip AES}?C)h
values agree well even at shorter distances. This observa-
tion would seem to support the idea that the removal of
the S% approximation is less important to the improvement
of the SF-SAPT splittings than the inclusion of higher-order
exchange terms (which is in progress in our group). For com-
parison, we look at the M05-2X splitting values from Ref. 33.
This functional was chosen as the most suitable for pan-
cake bonded systems based on previous benchmarking.>” The
tri(tert-butyl)phenalenyl (TBPLY) dimer has the smallest split-
ting value at the minimum, where the SF-SAPT values for
both approximations agree with each other and represent
about two-thirds of the DFT result. For the other deriva-
tives, the SF-SAPT results are about half the magnitude of the
DFT results at the minimum. Also, for the triaminophenalenyl
(TAPLY), trifluorophenalenyl (TFPLY), and trimethylphenalenyl
(TMPLY) dimers, SF-SAPT shows a different ordering of the
splitting values. The DFT results show the order of the split-
tings as TAPLY > TFPLY > TMPLY, while both SF-SAPT meth-
ods provide the order TMPLY > TAPLY > TFPLY for the
MO05-2X-optimized structures.
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FIG. 5. Pancake-bonded radicals considered in this work.
The staggered geometry was used for all dimers, and the
eclipsed geometry was also considered for the trioxotrian-

gulene (TOT) dimer.
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Finally, we look at the trioxotriangulene dimer in its
staggered and eclipsed conformations in Table III. The SF-
SAPT methods agree with the DFT results on the ordering
of the splittings of the two conformations, showing a larger

TABLE Ill. Singlet and triplet nggh values and AEngh splittings (kcal/mol) for the

eclipsed and staggered geometries of the trioxotriangulene dimer as a function of
interatomic distance expressed in units of the M05-2X optimized minimum sepa-
ration (RE"P°* = 6,659 bohrs, EN'0> Z0EelPsed < 333 yeaimol, RS 88"
splitting 0
MO05-2X,Staggered

=5.962 bohrs, Es]Dlittin p =10.67 kcal/mol).>*
(10) (o _ (10) (o _ (10)
Eexch(s - 0) Eexch(s - l) AEexch
R/Ro S? 1-flip S? 1-flip S? 1-flip
Eclipsed
0.80 22543 22841  238.31 24122 12.88 12.81
0.90 79.48 79.74 84.67 84.89 5.19 5.15
1.00 27.11 2711 29.05 29.05 1.94 1.93
1.10 9.00 9.00 9.70 9.69 0.70 0.69
1.20 2.92 2.92 3.16 3.16 0.24 0.24
140 0.28 0.28 0.31 0.31 0.03 0.03
1.60 0.02 0.02 0.02 0.02 0.00 0.00
Staggered

0.80 41736  426.73  443.09 453.31 25.74 26.58
0.90 167.05 168.34 17942 180.70 12.37 12.35
1.00 64.48 64.60 69.86 69.94 5.38 5.34
110 2417 24.17 26.36 26.35 2.19 2.18
1.20 8.85 8.84 9.70 9.69 0.85 0.85
1.40 1.10 1.10 1.22 1.22 0.12 0.12
1.60 0.12 0.12 0.13 0.13 0.01 0.01

splitting for the staggered one. Again, the SF-SAPT values are
between half and two-thirds of the M05-2X values.>* The S?
results for both AESfc)h and the individual ngc)h values are quite
accurate in the presented range for this system compared to
the nonapproximate 1-flip data.

V. SUMMARY

We derived a new formula for the first-order spin-flip
SAPT exchange energy,” valid for an arbitrary spin state
of a weakly interacting complex, replacing the conven-
tional single-exchange (S?) approximation by the much milder
single-spin-flip approximation. The new SF-SAPT correction,
with the noninteracting monomers described by their ROHF
determinants, involves terms similar to those appearing in the
expressions for the complete (non-S?) first-order exchange
and second-order exchange-dispersion energies.'?1% In this
way, the spin flips are treated as a subset of the double
excitations found in second-order dispersion and exchange-
dispersion corrections. The resulting equations were imple-
mented in both their molecular orbital and atomic orbital
forms, where the latter allows for the application of this
method to much larger systems.

The newly enhanced first-order SF-SAPT approach was
applied to the same selection of diatomic and small molec-
ular test systems as in Ref. 7. The S? approximation is
not exact even for the Li---H system where only a sin-
gle electron exchange is possible, as this approximation
neglects a term that is a product of two single exchanges.
This approximation is also particularly poor for the lithium
dimer, leading to an unphysical crossing of the singlet and
triplet curves at short range. In contrast, the single-spin-flip
approximation was demonstrated to be much milder than
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the S% one. The 1-flip treatment is formally exact for any
dimer with at least one doublet monomer and deviates from
the exact E(elfc)h much slower than the S? variant in other
cases. Another observation made possible by the new devel-
opment is that the S? approximation is generally better for
the low-spin states of small complexes than for the high-
spin state. As the size of the system increases, at least
for the complexes considered here the effect of the S?
approximation on the high and low-spin states becomes
comparable.

The new E(wg formulation was further applied to
the determination of the singlet-triplet splittings for the
phenalenyl radical dimer and other pancake bonded systems.
These calculations are feasible, thanks to the recasting of the
MO formulas into their AO form, which allows us to take
advantage of psi’s efficient tools for producing density-fitted
generalized Coulomb and exchange matrices.’® The result-
ing implementation is only somewhat more expensive than

the E(elfc)h(sz) one of Ref. 7, exhibiting the same N* scaling
with the basis set size with a somewhat larger prefactor. In
fact, the computation time is dominated by the construc-
tion of the Coulomb and exchange matrices, and the num-
ber of such matrices is 8 for the S? correction and 11 for the
1-flip one. Despite the formal exactness of the 1-flip treatment,
it does not provide especially different first-order splittings
compared to the S? approximation. This is due to a more even
effect of the S? approximation on the singlet and triplet states
of these systems. The SF-SAPT splittings were compared to a
selection of literature values, in particular, the M05-2X results
from Refs. 33, 34, and 37. In comparison to the DFT results,
the first-order SF-SAPT treatment underestimates the split-
tings and shows a different ordering of the PLY derivatives.
While these splittings are generally difficult to calculate and
the literature results are far from benchmark quality, we can-
not expect a high quantitative accuracy from a simple first-
order perturbation theory that also neglects intramolecular
electron correlation. The work to extend the new SF-SAPT
formalism to arbitrary-spin second-order exchange induc-
tion and exchange dispersion energies is in progress in our

group.

SUPPLEMENTARY MATERIAL

See the supplementary material for the numerical data
presented in all figures and the Cartesian coordinates for the
complexes considered in this work.
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