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Abstract

Abstract

Coupled cluster(CC) [1] method has evolved as the most accurate and reliable com-
putational method for energy and energy derivatives. The first main focus of this thesis
is to develop and implement the coupled cluster(CC) method for the accurate calculation
of magnetic properties of molecules. Second focus is on the implementation of higher
order correction in A-FSMRCC method for first order property.

The single reference coupled cluster(SRCC) method has been successful in describ-
ing energy, gradients and molecular properties around equilibrium geometry [2—5]. The
method is non-variational and it has built in size-extensivity and size-consistency prop-
erty. However, SRCC gives accurate energy even at the truncated level, most often we
are interested in obtaining the energy differences and derivatives. The analytic response
approach for energy derivatives in SRCC context was developed first by Monkhorst [5].
The non-variational SRCC response approach did not have a (2n+1) rule [6] inherent
in it. As a result, the evaluation of the energy derivatives turns complicated, that is the
expression for the first order energy derivative involves the derivative of the first order
wave function. However, the dependence of derivative amplitudes with respect to differ-
ent perturbation can be avoided with the help of an additional perturbation independent
amplitudes. This is known as Z-vector approach, which was first introduced in config-
uration interaction (CI) method by Handy and Schaefer [7]. Later this technique was
implemented in the context of CC by Bartlett and coworkers [3]. Z-vector technique
simplified the CC response approach, in particular for gradients. However, extension of
this technique to higer derivatives is tedious. On the other hand, Jorgensen et al [4] pro-
posed a conceptually different approach called constrained variational approach(CVA).
In CVA, the Lagrangian is constructed with SRCC equations as constraints. The form of

the Lagrangian is

$(0) = (gole " He |go) + Y Ag{dgle™ He" o). 1)
q#0



Abstract

The variation of Lagrangian with respect to Lagrange multipliers (\,) gives SRCC
amplitude equations, while variation with respect to cluster amplitudes gives equations
for Lagrange multipliers. It is known that both the approaches are equivalent. A major
advantage of CVA is, being variational it satisfies (2n+1) rule for cluster amplitudes and
(2n+2) rule for Lagrange multipliers. This approach can easily be extended for higher
order properties.

The thrid approach is a fully variational approach. This was implemented for energy
derivatives by Bartlett and coworkers and Pal and coworkers. In this approach, form of
the functional is very important. Various functionals exists in literature namely, expecta-
tion value CC (XCC) [8], Unitary CC (UCC) [9] and extended CC (ECC) [10]. XCC and
UCC were studied for energy and energy derivatives. Pal and coworkers implemented
variational response approach with XCC and ECC functionals [11, 12]. Among these
ECC method proposed by Arponen [10] is based on the double similarity transformation
and has been very efficient for molecular property evaluation of closed shell molecules.

The functional form of ECC is
E = <¢0‘€E€7TH€T€72’¢O>DL. 2)

The double similarity transformed energy functional leads to double linking of the
functional after the additional transformation on the right vectors. The double linking
of the left vectors and the connectedness of the Hamiltonian to the right vector ensures
natural termination of the series and the size-extensivity in the equation of the cluster
amplitudes. The amplitudes are obtained by varying energy functional with respect to
right and left vectors. Despite being size-extensive, ECC is not quite useful for energy.
This is because it contains double the number of coupled cluster amplitudes as well
as number of equations as compared to single reference CC. But due to its variational
nature, Hellmann-Feynman theorem holds and (2n+1) rule is applied for evaluating re-
sponse properties. The response properties in ECC are pursued extensively by Pal and
coworkers [12].

The single reference based methods despite of being size-extensive and size-consistent,
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fails to describe the quasi-degenerate situations such as potential energy surfaces at bond-
breaking/bond-stretching regions, open shell atomic states and low-lying excited states
of molecules has led to the multi reference(MR) based theories [13, 14]. The multi-
determinantal or multi-reference based methods well describe quasi-degeneracy through
the pre-chosen model space consisting of important determinants. Among the multi-
reference methods, effective Hamiltonian based MRCC methods, provide multiple roots
via diagonalization of the effective Hamiltonian within the model space. This subclass
mainly spans two approaches: namely the Hilbert space (HS) MRCC [13] and Fock-
space (FS) MRCC [14]. Both differ in the nature of ansatz used for the wave-operator
and both the methods are size-extensive, and hence are suitable for different types of sit-
uations. FSMRCC is based on the concept of a common vacuum and assumes a valence
universal wave operator to describe the various states, which are generated by addition
and/or removal of electron to/from the common vacuum, usually the closed-shell RHF
configuration. FS methods are suitable for the difference energy calculations and thus
describe ionized, electron-attached, or excited states of a closed-shell system [15].

A response approach similar to Monkhorst’s non-variational CC is developed and
implemented for FSMRCC method by Pal [16]. This was not pursued because of the
explicit dependence of the first order derivative cluster amplitudes in the first order prop-
erty. To solve this problem, a Z-vector type approach was attempted by Ajitha and Pal
[17], but this proved satisfactory in eliminating wave-function derivatives only in limited
cases. Along the lines of SRCC, the constrained variation approach based on Lagrange
multipliers has been developed in MRCC framework (A-MRCC) [18]. This was also
pursued independently by Szalay and coworkers [19]. Though in principle Szalay’s ap-
proach can be used for general model spaces, this was implemented only for complete
model spaces. But the one proposed by Pal and coworkers has been applicable for gen-
eral incomplete model spaces. The A-FSMRCC method was implemented successfully
for electric based properties of doublet states as well as the excited states of molecules

[20].
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It is well known that triple excitations in SRCC contribute to the energy from fourth
order onwards. So far different version of the SRCC method with full or partial in-
clusion of triples with increasing precision have been developed for energy [21]. The
non-iterative triples are routinely used for high accuracy with an economical treatment
of triples. The full inclusion of triples is expensive, though in the SRCC it has been
implemented by Bartlett and co-workers for energy. The perturbative treatment of the
quadruple excitations has also been attempted in single reference context [22]. There
are several implementations of the full and partial inclusion of the triples within the
Fock space MRCC [23]. Pal and co-workers included non-iterative triples for ionization
potential and excitation energies, within Fock space MRCC scheme and Bartlett and co-
workers included full triples correction for excitation energies. However, to improve the
accuracy of the molecular properties of the outer valence as well as some of the inner
valence states, it is important to include the effect of triples. However, inclusion of full
triples is computationally expensive. This limits the applicability of the method to small
molecules or to moderate basis sets. The non-iterative triples based on perturbative order,
does not guarantee the improvement of molecular properties towards the Full CI (FCI),
due to oscillatory nature of the perturbation series.

As we know, many important molecular properties are defined as the derivatives of
the molecular energy [24]. The second derivative of energy with the magnetic field is
termed as the molecular susceptibility. The second derivative of the molecular energy
with the nuclear magnetic moment and the magnetic field is termed as the nuclear mag-
netic resonance(NMR) shielding constant.

The evaluation of magnetic properties are not straight forward like electric based
properties because of two factors. First, the nature of the magnetic field is purely imagi-
nary and hence the finite-difference procedures using the complex wavefunction for cal-
culating the magnetic properties are highly undesirable. We need the analytical method
for magnetic properties calculation. The method should efficiently include the fact that

the matrix representation of the imaginary quantities is antisymmetric. Secondly, the
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electric field interacts with the charged particles (electron and nuclei) and adds a scalar
potential to the Hamiltonian operator. However, magnetic field interacts with the mag-
netic moments generated by the movement of the charged particles and hence adds a
vector potential to the Hamiltonian. A vector potential is a vector function from which
the magnetic field is derived. This vector potential is not uniquely defined since the gra-
dient of any arbitrary scalar function may be added to the vector potential and leave the
field unchanged (gauge invariance). Hence a proper gauge should be chosen or the gauge
independent atomic orbitals(GIAO) [25] should be used to eliminate this problem.

The motivation of this thesis is to evaluate the magnetizabilities and NMR shielding
constants using these highly effecient methods for closed and open-shell molecules. The
first attempt of GIAO in ECC method is also presented. Along with this, the new im-
plementation of partial triples for the dipole moment of doublet radicals in Lagrangian
formulation of FSMRCC (A-FSMRCC) response method has also been presented.

The thesis is organized as follows:

CHAPTER [ : This chapter includes a brief overview of many-body methods starting
from Hartree-Fock approach. Eventually, in this chapter evaluation of magnetic proper-
ties using various correlated methods are presented in details. This involves the insight of
the coupled-cluster methods both single reference based and multi-reference based and
its energy derivatives. We also discuss the correlated methods used in the literature for
magnetic properties evaluation such as perturbation theory, linearized coupled cluster(L-
CC), multiconfigurational self-consistent-field (MCSCF), CCSD, CCSD(T) and equation
of motion CC (EOMCC).

CHAPTER II : This chapter presents calculation of the nuclear magnetic shield-
ing constant using ECC approach. We present the results for the HF, BH, CO and N,
molecules using standard atom-centered Gaussian basis functions and choosing proper
gauge as origin. The results reflect the importance of correlation corrections for the
shielding constant.

CHAPTER III : This chapter deals with the details of the FSMRCC method and

X1v
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Lagrangian technique method for properties. Along with the details, first implementation
of the recently developed FSMRCC response approach for magnetizabilities is discussed.
The FSMRCC treats dynamic and static correlation in a very extensive manner. We report
pilot application of the dia-magnetizability of NO, NO,, OH and BH, radicals. We also
report preliminary applications of the paramagnetic magnetizability of the NO radical.
Standard atom-centered Gaussian basis functions have been used and this allowed us to
study the gauge-dependence of the magnetizabilities.

CHAPTER IV : This chapter says the importance of triples correction to the FSM-
RCC method. The new implementation of partial triples for the dipole moment of dou-
blet radicals in Lagrangian formulation of FSMRCC (A-FSMRCC) response method has
been presented. We have implemented a specific scheme of non-iterative triples, in ad-
dition to singles and doubles scheme, which accounts for the effects appearing at least
at the third order in dipole moments. The method is applied to the ground states of OH,
OOH, HCOO, CN, CH, NH; and PO radicals.

CHAPTERV : In this chapter we present implementation of GIAO-ECC method.
The test results are presented for HF, BH and N> molecules. The shielding tensors ob-
tained with and without GIAO are presented and compared. The summary of the present
thesis is presented. The future perspective in this field is given, which will lead the

pavement for the evaluation of other properties.
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Chapter 1

A brief Overview: Ab-initio methods and

molecular magnetic properties

1.1 Introduction

Chemistry is the science dealing with construction, transformation and proper-
ties of molecules. Theoretical chemistry is the subfield where mathematical methods are
combined with fundamental laws of physics to study processes of chemical relevance.
Theoretical chemistry has attained significant improvements in past few decades. A very
important conceptual advance in theoretical field was achieved by the exploitation of the
variation principle, which led to the formulation of Hartree-Fock(HF) equations. The
HF method gives 99% of the total energy, and still not accurate enough to describe many
chemical phenomena or properties of interest. This paved the way for “many electron”
methods like configuration interaction(CI), many body perturbation theory(MBPT) and

coupled cluster (CC) methods [1]. All these methods are grouped as single-reference
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methods(SR). Among all these, coupled cluster [2, 3] method has gained a special at-
tention due to its size-extensivity, size-consistency and the correct treatment of electron
correlation effects. The double similarity transformed single reference based CC known
as extended CC (ECC) has been extensively developed and used for molecular proper-
ties. However, for quasi-degenerate cases SR methods fails. The restricted open-shell
(RO)- based CC methods, which uses linear operator have been successful in describ-
ing the quasi-degenerate cases. Though in single reference framework, selected triples
and quadruple level excitations have been considered for quasi-degenerate cases, multi-
determinantal or multi-reference coupled cluster (MRCC) [4-10] methods have emerged
as the method of choice to take into account the quasi-degenerate molecular systems.
Analytical evaluation of accurate properties using this method is more demanding due
to the successive evaluation of higher derivatives. In this thesis we present the analytical
evaluation of magnetic properties using CC method.

Unlike the electric properties, the evaluation of magnetic properties is not so straight-
forward. Hamiltonian of the system in the presence of external magnetic field depends on
the gauge of the magnetic vector potential [11, 12]. Various attempts were made earlier
at self-consistent field (SCF) [13] level as well as correlated levels [14] to eliminate the
problem of gauge-variance of magnetic properties to some extent by using extended basis
set of field-independent atomic orbitals, so that the results are almost gauge-invariant at
the complete basis set limit. However, computationally this approach is quite time con-
suming, since the basis set required for reasonably accurate results is quite big even for
small molecules. To eliminate the gauge problem various other studies have been pro-
posed by making use of field-dependent orbitals. This starts with the work of Kutzelnigg
on individual gauge for localized orbitals (IGLO) [15]. For several reasons the gauge-
including atomic orbitals (GIAO) approach [16, 17] has become the standard method for
quantum chemical applications. This solution to the gauge problem was first advocated
by London [16] in the context of magnetic susceptibilities and later used by Hameka

[18], Ditchfield [19] and others for chemical shifts [20].
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The aim of the present chapter is to give a brief over-view of ab-initio methods and
their development for properties. In particular, the literature towards chemical shieldings
and susceptibilities are discussed. A brief discussion on importance and developments

of higher order amplitudes are also presented.

1.2 Basis of quantum Chemistry

Electronic structure of atoms and molecules are studied by solving time-independent
Schrodinger equation proposed in 1926. In Dirac notation Schrodinger equation is writ-

ten as
Hy) = Ey). (1.1)

In this form it is easy to demonstrate that the expectation value of the above Hamiltonian

gives energy. For a system of interacting electrons and nuclei, Hin auis [1]

1 1 1 Za 1 ZAZB
H:—§Zv$—§;mvi—;;a+22—+zz oo (12)

/r'..
i i o> Y A B>A

Where i indexes the electrons, A indexes the nuclei. By introducing Born-Oppenheimer(BO)
approximation [21], the above Hamiltonian is simplified. Born-Oppenheimer approxi-
mation states that, since the nuclei are approximately 1800 times as massive as electrons,
they can be considered as stationary points, and electrons move in their constant potential
field. Under this the second term in eq.1.2 is zero, since the nuclei have no kinetic energy,
and the last term is constant, since the distance between the nuclei will not change. Thus

eq.1.2 is reduced to

1 Z 1
H:—§Zv§—2%:i+zzr— (1.3)

i og>i Y

H=) h(i)+ ) g(ij) (14)
i J>t
1 Z 1
M) = =5 Vi=D_ gl =) - (1.5)
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where h(7) is one electron term and g(77) is two electron term. If the two-electron terms
g(ij) were absent, H would be a sum of terms each depending only on the coordinates
of one electron. Then H would be additively separable. Its eigenfunctions would be just
products of eigenfunctions of the one-particle Hamiltonian /(i) and its eigenvalues are
sums of eigenvalues of /(7). Unfortunately, H contains the two-electron repulsion terms

g(ij) and they are by no means small and cannot be simply neglected.

1.3 Many-electron wave function and molecular Hamiltonian

Another technique used to simplify Schrodinger equation is called the orbital approxi-
mation, where the many-electron wave function is written as the product of one-electron

wave functions. Many-electron wave function for NV electron system is written as
U= (1)WUs(2)W3(3)...U N (N). (1.6)

This product form is known as Hartree [22] product and W, is called spacial orbital. Ac-
cording to Born interpretation of the wave function, the spacial probability density is
|W|2dr, where dr is an element of volume. If the wave function is written as a Hartree
product, then this probability density must be the product of the squares of the individual
orbitals. According to probability theory, this can only be true if the probability repre-
sented by the individual orbitals are independent of one another. Hartree product is also

known as the independent-electron wave function.

1.4 Antisymmetry and the Slater method

According to Pauli’s exclusion principle, no two electrons in an atom can have the same
set of quantum numbers. Since electrons have spin quantum number of 4-1/2, this means
each orbital can have two electrons with one up-spin and one down-spin. This condition

arises naturally, if we assume the nature of the wave function to be antisymmetric i.e.,
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the wave function changes sign when the two electronic coordinates are interchanged
U(x1, e, Tiy ooy Tjy oy o) = =V (21, 00, T, oo, Ty o, TN). (1.7)

It is apparent from the Hartree form of the wave function 1.6 that it is not antisym-
metric. Although various ways to expand the antisymmetric wave function are available,

ubiquitous in quantum chemistry is the expansion in terms of Slater determinant.

Uy, 2, ) = ﬁ | xi@)s x5 (22)s o x| (1.8)
where Y;’s are spin orbitals. Here the rows are labeled by electrons and columns are la-
beled by spin orbital. Slater determinant incorporates exchange correlation, which means
that the motion of two electrons with parallel spins is correlated. This is known as Fermi
hole. The concept of Fermi hole emerges from the Fermi-Dirac statistics obeyed by elec-
trons and according to this, probability of finding two electrons with parallel spin at the
same point in space is zero. This is an important feature of many-electron wave function.
Another feature is the presence of coulomb hole. The concept of coulomb hole emerges
from the coulombic repulsion of electrons, which leads to probability of finding two
electrons at the same point in space is zero. Within the single determinant description,
the motion of electrons with parallel spins is correlated but the motion of electrons with
opposite spins is not. However, the Fermi hole also includes the corresponding Coulomb

hole to some extent.

1.5 Glimpse of Hartree-Fock method

If it was possible to write the Hamiltonian in eq.1.3, as the sum of one-electron terms,
then the solution of the Schrodinger’s equation would be a simple task by separation
of variables. As the Hamiltonian depends on %, which means that we must know the
instantaneous relative positions of two electrons. Therefore, the full Hamiltonian cannot

be written as the sum of one-electron Hamiltonians. However, the best solution within the
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class of simple independent particle model wave function can be obtained by a spherical

averaging of inter electronic interactions. This is known as the Hartree Fock potential.
1
Ha ror — _VQ Vi 1.9
Pp ;[2 ; + V()] (1.9)

where, V() is some average potential resulting from the field of other electrons from the
system. As written, this approximate Hamiltonian does not explicitly include electron
correlation, which is the instantaneous interaction of pairs of electrons. This V(i) in-
cludes the classical coulomb and exchange potentials. The N-electron expectation value
of this Hamiltonian with antisymmetrized single determinant in eq.1.8 gives

N N

(V[H|V) = ZWLM +3 Z[wrm — (ij]73)]- (1.10)
i i#j
where the following one- and two-electron integrals occur. One-electron integral is

(@l = [ (L1

The two-electron Coulomb-integral part is
Galig) = [ % (0xG2)—xi(D)x;(2)dr. (1.12)

The two-electron exchange-integral part is
Gglga) = | i (G(2)—xs ()i (2)dr. (1.13)

Coulomb-integral corresponds exactly to the classical Coulomb interaction between two
charge distributions. The exchange interaction has no classical analogue and is a conse-
quence of the antisymmetry requirement to the quantum mechanical wave function.

To find the best spin orbital, one has to apply variation principle to the wave function
and vary the energy expectation value in eq.1.10 with W as a functional of the occupied
orbitals ;. This is achieved through minimization of the Lagragian defined as,

£=(WHIW) + ) eylab) — 0] (1.14)
i,J

7
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with respect to the spin orbitals ;. The minimum of this functional is obtained by vary-
ing the spin orbitals ;. The coefficients ¢;; is the Lagragian multipliers. By performing

variation, one arrives at the following one-particle pseudo eigenvalue equation

Fixs) = eilxa)- (1.15)
Here, y;;7 = 1,2..., N are orthonormal set of spin orbitals, ¢; is orbital energy and f is

the effective one-electron operator called as Fock operator.

F1) = h(1) + iwjm — K1) (1.16)

Where J; and K are coulomb and exchang]e terms
BOx() = [ 6@tz (1.17)
K;(1)xi(1) = /X;(Q)Xi@)%xja)dxg (1.18)

The equation 1.15 is the Hartree-Fock(HF) equation which plays the role of a one-
electron Schrodinger equation for the orbitals x;. The main features of the HF equation
is follows. The HF equation is an integro-differential equation. Since the Coulomb and
exchange operators have to be determined by solving HF equation, iterative procedure
called Self-consistent field method(SCF) is used to solve HF equation. The ground state
of the N electron system is obtained if the energetically lowest HF orbitals are occupied
in V. Generally, one distinguishes between occupied orbitals as those orbitals occupied
in ¥, which are used to construct .J and K operators and virtual orbitals which are not oc-
cupied in W. The virtual orbitals are not optimized orbitals, since the energy expectation
value does not depend on them at all. They are however frequently used for electroni-
cally excited states. The eigenvalues ¢; of the HF equation are called orbital energies.
The orbital energies of the occupied orbitals can be identified by the Koopmans theorem
The Koopmans’ theorem states that the orbital energy of the 2-th occupied orbital is equal
to the negative value of the energy necessary to remove one-electron from orbital (Ion-
ization potential). Likewise, electron affinities can be related to energies of unoccupied

orbitals.
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If all the electrons are paired in the HF determinant, the corresponding method is
referred to as closed-shell or restricted HF (RHF) method. If there are one or more un-
paired electrons, it is referred to as restricted open-shell Hartree-Fock (or ROHF) method.
On the other hand, use of unrestricted set of orbitals results in unrestricted HF (UHF)
method. The RHF theory has few shortcomings. First, it can not always provide the
proper dissociation of molecules. For example, the dissociation of the Hs molecule,
where “dissociation catastrophe” occurs because the separated hydrogen atoms cannot
be described using doubly occupied orbitals. Because in this case H, tends to dissociate
in H* and H~. This problem does not occur in the UHF method. However, this has the
disadvantage that it does not give pure spin states. Second, the HF wave functions takes
care of Fermi hole, but not able to account the Coulomb hole. This can be taken care of
by higher level theories, which includes electron correlation.

The essence of HF approximation is that it involves replacement of the complicated
many-electron problem by an effective one-electron problem in which electron repulsion
is treated in an average way. This leads to a simple picture of molecular orbital (MO)
theory with electrons occupying different orbitals. HF theory is a common starting point
for many more advanced theoretical methods, some of them are outlined in the next

section.

1.6 Correlation energy and configuration interaction

The Hartree-Fock method is an approximation to the exact solution of the Schrodinger
equation. In many cases, for yielding accurate results one has to go beyond the HF
method. All effects beyond the HF level are called as “correlation” effects. It arises due
to the fact that HF method is still an effective one-particle (or mean-field) method and
can not fully account for instantaneous electron repulsion. The correlation energy of a

system as defined by Lowdin [23] is the difference between the exact energy eigenvalue
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of the N-electron Hamiltonian and the SCF energy
Ecm"r =F - ESCF~ (119)

The conceptually simplest method to account for correlation effects is the method of
configuration interaction (CI).
Here the main idea is based on the lemma, that the N-electron wave function is

constructed as linear combination of Slater determinants.
oo
l:[l(l'lax%"'al‘N) :ZCI¢I(w1ax27'“7xN) (120)
I=1

where C}’s are linear coefficients, which are determined by the variational optimiza-
tion(linear variation) of the expectation value of the energy

o (U|H|W)

ac, (uv) e

It is possible to rewrite Eq.1.20 in terms of the reference ¢y and different excited deter-
minants obtained from systematically replacing increasing number of occupied orbitals
in ¢y by virtual orbitals.
U=go+ Y Cidh+ >  Codi+.. (1.22)
a,r a>b,r>s

This is the form of the CI wave function. Here the orbital labels a, b... refer to occupied

rSs
aby

orbitals and 7, s, ... refer to unoccupied orbitals in the reference determinants. ¢,
are singly, doubly etc, excited determinants. They differ from the lowest energy spin
orbital ¢, by single, double etc excitations. These excitations are obtained by replacing
the spin orbital x, by x, for singly excited determinants and x,, x» by X., xs for doubly
excited determinants etc. The orbitals used in the above expansion are often chosen to
be HF orbitals, and reference determinant ¢ is then the corresponding HF determinant.
Although such a choice is not necessary, it is convenient and leads faster convergence in

cases where the HF determinant is really dominant one. The restriction on the summation

10
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takes care of the appearance of the given excited determinant once in the function. Here
the intermediate normalization convention (¥|¢y) = 1 has been used.
These linear variation method for evaluating coefficients are equivalent to an eigen-

value problem for the coefficients and the energy.
HC =FEC (1.23)

where H is the Hamiltonian matrix with the elements H;; = (i|H|j), and C is the coeffi-
cent matrix. When all possible excited determinants within a given basis set are included,
it is referred to as the Full-CI(FCI) method. The eq.1.23 corresponds to a standard Her-
mitian eigenvalue problem of linear algebra. This is therefore solved by diagonalizing
the Hamiltonian matrix in the usual manner. Since we are interested in only few of its
lowest eigenvalues, the complete diagonalization of the Hamiltonian matrix is not re-
quired. Selected eigenvalues of the Hamiltonian can be determined by iterative methods.
Several authors used Davidson’s [24] iterative diagonalization scheme to compute few
lower lying eigenvalues and eigenvectors of CI matrix. This method bypasses the need
of complete diagonalization of FCI matrix by using matrix-vector product of the Hamil-
tonian with a trial vector.

If this expansion in eq.1.22 is carried out to all possible excitations (FCI), leads to
an exact solution of Schrodinger’s equation in the space spanned by the basis set. For
FCI wave functions, the number of excited determinants increases rapidly with the num-
ber of electrons and with the number of orbitals. Hence for practical calculations it is
not possible to include all excitations as the FCI becomes quickly intractable with the
increase in number of electrons. A useful approximations can be obtained by truncating
at the different levels. Due to Brillouins theorem, the singly excited configurations alone
cannot improve the ground state of the wave function, although, they can lead to excited
states. The most common truncations of CI are double excitations (CID), and single and
double excitations (CISD). These are specially suited for states where the reference de-

terminant is dominant(ground state), and recovers a significant portion of its correlation

11
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energy within the given basis set.

Apart from the large configurational space problem, truncated CI suffers from two
important criteria namely size consistency and size extensivity which any quantum me-
chanical method should satisfy. The size consistency signifies the proper description at
dissociation limit and size extensivity is related to the proper scaling of energy with re-
spect to the size of the system. These two concepts are discussed in detail in the next

section.

1.7 Size-consistency and size-extensivity

As stated earlier, any approximate many body method should satisfy two important crite-
ria, namely size consistency and size extensivity [1, 25-27]. As defined by Pople and co-
workers [25], a method is size consistent if energy of a molecule is the sum of energies of
its fragments at non-interacting limit. In other words, if a system has N non-interacting
monomers with energy e;, its total energy will be Ne;. This means, if a system consists
of two non-interacting fragment A and B, (or if AB molecule dissociates in to A and B

at infinite separation) then the energy should be additively separable
Eisp=FEs+ Ep, (1.24)
and the wave function should be multiplicatively separable
Vpp =V, Up. (1.25)

The concept of size extensivity is related to size consistency. It accounts proper scaling
of the energy with the number of particle i.e. with the size of the system. Unlike size
consistency, which is a property of infinite separation of the fragments of the system,
size extensivity is a more general mathematical concept that hold at any situation. If a
method is not size extensive, the error in calculated energy will scale as N™, where m is

either less than 1 or greater than 1 and NV is the number of particles present in the system.

12
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In the former case, the correlation energy per particle decreases as the number of particle
N increases and becomes zero as N — oo. In the later case, the correlation energy per
particle becomes infinity as N — oo. Therefore, it results unphysical behavior in energy
calculations. It can be easily shown that the wave functions obtained from any truncated
CI calculations are not multiplicatively separable and hence the energies of the fragments

are not additively separable.

1.8 Perturbation Theory

A different systematic procedure for finding the correlation energy, which is not varia-
tional is perturbation theory (PT). Since the correlation energy can be considered as a
small perturbation on the HF energy, the full Hamiltonian can be written in the following
way:

H = Hy+ \HW (1.26)

where H is zeroth order Hamiltonian, A is an ordering parameter which varies between
zero and unity, and H" is the perturbation.

Among the various perturbation approaches e. g. Rayleigh-Schrodinger perturbation
theory(RSPT) [1, 28], Brillouin-Wigner perturbation theory (BWPT) [28] and Van-Vleck
perturbation theory [29], the conceptually simplest one is RSPT. Since the Hamiltonian
depends on perturbation, the eigenfunctions and eigen vaules also becomes perturba-
tion dependent. The exact eigenfunctions and eigenvalues of a non-degenerate state are

expanded as Taylor series expansions around A\ = 0

A\? A"
U;(\) = 0! 4 ae 4 gxp?) ot m\pg Yt (1.27)
Ei(\) = EQ 4+ EW + EEF) +o+ mEi( 4. (1.28)

By substituting the above expressions in the corresponding Schrddinger equation and

equating the co-efficients of A\ one gets the perturbation corrections to energy order by

13
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order. The zeroth order energy is expectation value of the zeroth order Hamiltonian over

the unperturbed function

EO = (0| Hy|w"). (1.29)

At first order in the perturbation, BWPT and RSPT theories are equivalent. However,
BWPT extends more easily to higher orders, and avoids the need for separate treatment
of non-degenerate and degenerate levels. For each unperturbed eigen state a pair of
complimentary projection operators are defined as Py = |Uo)(Vo| and Qo = 1 — .
A little manipulation of Schrodinger equation with these operators leads to following

BWPT expression for energies

EY = (W HO[w D) (1.30)
E® = (v HOREO gy, (1.31)

Where R is the resolvent
R=— ?OHO (1.32)

Equations 1.30 and 1.31 contains the unknown exact energy in the denominator and
hence iterative method is adopted to solve these equations.
In RSPT the unknown energy in the denominators of the BWPT expansion is avoided

and this enables a size-consistent theory. The resolvent is Ry = E(OC)QOH . The corrections
i 410

in the energy are,

B = (w2 HO) (133)

EP = (O |H R H O |w”) (1.34)
(WO HO Y (WD HO )

@ _
E® = S 0

(2
n#i
The efficiency and convergence of the perturbation series depends on the choice of

(1.35)

zeroth order Hamiltonian H. For the quick convergence of the perturbation series one
needs a wise choice of Hj and the small H'. Different perturbation theory differ in ex-

plicit expressions for £ and U™ If Hy is chosen as the sum of Fock operators, i.c.,

14
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Hy =75, f (7) in the RSPT, the partitioning is known as Moller-Plesset (MP) partition-
ing scheme. In this case, \I/(()O) (the HF wave function) is the zeroth order function for

the ground state, E(()O) is the zeroth order energies which is the sum of energies of the
occupied HF orbitals, and \117(10), n # 0 are the different excited determinants as in CI
expansion. The Second-order MPPT (also known as MP2 method) for energy recovers
considerable fraction of correlation energy for closed-shell atoms and molecules.

The main idea behind the Van Vleck PT [29] is that a unitary transformation U is
applied in order to construct an effective Hamiltonian which exhibits, to a certain order
in the perturbation, the same eigen energies as the original Hamiltonian but only connects
almost degenerate levels. Originally the Van Vleck PT is used to treat modifications on
diatomic molecules caused by vibrations and rotations of the nuclei [29]. Since then the

formalism has found many applications in both chemistry and physics and experienced

various modifications [30].

1.9 Second quantization

Second quantization method was first introduced by Dirac in his treatment of quantiza-
tion of radiation field. This method takes care of the antisymmetry of electronic wave
functions in a more elegant way than the Slater method. It is very useful for explaining
the coupled cluster and related many-body methods. In the second quantization formal-
ism the expansion of a determinant into V! terms is bypassed. Instead, the antisymmetry
is taken care of by defining creation operators a;r and annihilation operators a;.

The creation operator aL creates an electron on the spin orbitals ;. An annihilation
operators a; annihilates or removes an electron from the spin orbital y; if the later was

occupied. So, if a creation operator aj operating on the N electron determinant without

the spin orbital y; creates N + 1 electron state:

ait|xg, Xu, Xt) = |Xi> Xj» X X1) (1.36)
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An annihilation operator a; annihilates an electron from the N electric state which con-

tains spin orbital y; generates N — 1 electron state:

@il Xis Xjs Xks X0) = X35> Xk X2) (1.37)

The creation-annihilation operator shares the adjoint relation a; = (axt)f. The cre-
ation and annihilation operators satisfies the various algebraic properties. The anti-

commutation relation between them is given below:

alal +alal = [al,dl], =0 (1.38)
a;ar + ara; = |a;,agly =0 (1.39)
aIak + akaj = [al, agls = ik (1.40)

Let us define the concept of an abstract mathematical entity called vacuum state.
It is the state that contains no electron and is denoted by |vac). The vacuum state is
normalized to unity (vac|vac) = 1 and orthogonal to any other state. Any N electron
state can be obtained by acting creation operators on vacuum. Fock space is a linear
vector space spanned by determinants with different number of electrons. This can also
be visualized as the direct sum of Hilbert spaces with different number of electron. Any
N electron Fock space can be constructed as aja;...ajv|vac>.

In second quantization, the Hamiltonian is expressed in terms of these creation-
annihilation operators and hence the dependence on number of electrons is eliminated.
The expectation values of such operator between functions of a Fock space are deter-
mined by applying the concept of normal ordering and Wick’s theorem [31]. The concept
of normal ordering is used to evaluate the matrix elements of second quantized operators
between any two Fock space determinants. The generalized Wick’s theorem states that
any time order operator string can be written as normal ordered form plus sum of all pos-
sible contractions. In normal ordering, all annihilation operators are placed at the right of

the creation operators. When a commutation/anti-commutation is performed between a

pair of creation and annihilation operators, two terms arise. One that doest not contain the

16
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pair of creation-annihilation operators is known as contraction term. In the second term
the creation and annihilation operator pair is commuted/anti-commuted. The states of
many particle system between which the expectation values to be calculated are written
as a string of creation-annihilation operators acting on the vacuum. The above expressed
correlation methods e.g. CI, MBPT are re-expressed in terms of second quantization.
The diagrammatic technique was introduced by Feynman [32] in the context of quantum
field theory and later on applied to many electron problem. The diagrammatic represen-
tation of the Wick theorem bypasses the cumbersome algebraic formulation of many-
body methods. The diagrammatic representation of the corresponding energy terms and

amplitude equations not only simplify the formulation but monitor the size extensivity.

1.10 Coupled cluster

The coupled cluster (CC) methods form another popular approach to the problem of
constructing correlated wave functions. The CC theory has been employed for decades
in the physics community, particularly in the area of nuclear physics by Coester and
Kiimmel [2] to deal with double magic atomic nuclei. It was originally introduced into
the quantum chemistry community by Ciizek and Paldus [3] in the late 1960’s. These
early formulations used Feynman-like diagrams and the notation of second quantization
to aid in the derivation of programmable CC equations. Both Feynman diagrams and sec-
ond quantization concepts were alien to quantum chemists, it was Hurley [33] to present
derivation of CC theory in terms accessible to chemists. Despite Huley’s derivation, the
use of second quantization and diagrammatic theory is still beneficial in the efficient
derivation of CC equations. The use of these efficient derivation tools is so important to
CC theory because, unlike CI theory in which the core problem is the diagonalization
of the Hamiltonian matrix with elements given by Slater’s rules and in which individual
methods only differ in the basis functions used to construct this matrix, standard CC the-

ory requires the iterative solution of algebraic equations which must be re-derived with

17



Chapter | Introduction

each change in method.

There are many differences between CI and CC theory. In CI theory, the wave func-
tion may be written as a linear combination of all excited states relative to a chosen
reference configuration eq.1.22. Using the second quantization operators, the operator
C’n can be written which, when acted on the reference, generates a linear combination of
all possible n-tuply excited configurations:

A 1 -
C, = (H)2 Z cg’_:'alaz...ajai (1.41)

ij...ab...
The ¢}¥- coefficients are the CI coefficients for the configurations produced by the action

of the string of creation and annihilation operators on the reference. Making use of these

excitation operators, the CI wave function is given by equation
Ver = (14 C)|go). (1.42)

where

N
é=a+@+m:§:@. (1.43)

In this notation, it is possible to construct any CI wave function which is truncated solely
on the basis of excitation level by including only the desired ), excitation operators in

C. The CC method employs an excitation operator T which is identical in form to the C

operator of CI theory, N
T=T+hy+.. =Y T (1.44)
with .
Tn = (%)2 Z t%?:jalaz...ajai (1.45)
ij...ab...

but instead of acting on the reference in a linear fashion, the 7" operator of CC theory

acts exponentially:

Voo = el | @), (1.46)
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The tfj” coefficients in the ’fn operators are known as cluster amplitudes. Analogous
to CI theory, an excitation truncated CC method may be constructed by including only
the desired excitation operators within T. For example, the popular CCSD method is
realized when only the T and T} operators are included within T. There are various
theoretical basis for employing the exponential formalism instead of remaining with the
linear ansatz of CI theory. The interesting thing is that the exponential approach produces
a method which is both size consistent and size extensive, provided the reference function
possesses these qualities, even when T is truncated at a chosen excitation level.

Having established that the CI and CC formalisms differ primarily in the method in
which the excitation operators CandT operate on the reference, linearly for CI and expo-
nentially for CC, the next step is to examine how one derives the working CC equations.
Beginning from the universal starting point, the Schrdinger equation, one substitutes in

the form of the CC wave function given by eq 1.46 and finds

el |®y) = EeT|@y). (1.47)

Projecting through on the left by the reference, |®,), one can obtain an expression
for the energy

(Bo| He™ |®o) = E(Do|e”|®g) = E, (1.48)

provided one employs the technique of intermediate normalization and sets the overlap
between the reference and the CC wave function i.e., (®g|¥ ) equal to unity. Obtain-
ing an energy expression is only the first step, however one must also determine all of
the cluster amplitudes which define the wave function with this energy. In order to ac-
complish this, one must left-project eq 1.48 by the excited determinants produced by the

action of the 7' operator:
(@ HeT|go) = E(DL |7 |dy). (1.49)

For example, one can produce an equation for the specific amplitude t;‘;’ by left-projecting

by the |<I>Z“-L]b) excited determinant. The resulting equation is non-liner and depends upon
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other cluster amplitudes. However, these equations are exact, and if one were able to
solve them with the full 7 operator, one would indeed obtain the full CI energy and wave
function.

The CC method depends upon the action of the exponential excitation operator el on

the reference. The excitation operator is expanded as the power series

~ ~

2 T3
—1+T+§+§+ (1.50)
As a matter of fact, the equivalence of e and this power series is commonly used in the

various arguments employed to justify the exponential ansatz. From eq.1.48 one get
E = (®| H| o) + (o| HT| Do) + <(I)0|H @0) <(I)0|H |<I)0> - (15D

from which one can find another benefit of the exponential formalism. The Hamiltonian
operator only includes one- and two- particle operators, and thus, according to Slater’s
rules, matrix elements of the Hamiltonian between determinants which differ by more
than two spin orbitals must vanish. Therefore, the fourth and subsequent terms in the
above expansion, in which the T operator is raised to the third or higher power and
can thus produce only triply or higher excited determinants when operated upon the
reference, must also vanish and the energy expression is truncated to
R R T2

E = (Do|H|Do) + (Po| HT'| Do) + <(D0’H_|<Do> (1.52)
This is a natural truncation of the CC equations due to the nature of the Hamiltonian and
also applies to the amplitude equations, although the exact range of allowed powers of T
will vary from that seen for the energy expression. Therefore, in practical CC derivations,
theorists exploit a bit of mathematical experience and multiply eq 1.48 through on the left
by e T Subsequent left-projection by the reference and excited determinants produces

the following new set of energy and amplitude equations:
E = (Bole T HeT|®y) (1.53)
(@0 e " HT |@o) = B(Q e e |®g) = E(P{h|Dg) = (1.54)
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respectively. Notice that the introduction of the e T operator cancels out its ¢! counter-
part in the amplitude equations and guarantees that the right hand side vanishes, taking
any dependence of the amplitudes on the energy with it. The similarity transformed
Hamiltonian, e~7 He?, employed in the above energy and amplitude equations is not
a Hermitian operator; therefore, the energy equation does not satisfy any variational
conditions where the energy is derived from the Average Value Theorem. Despite this
disadvantage, which is considered to be small by a number of theorists, the use of this
similarity transformed Hamiltonian has as a second benefit which makes this formula-
tion of the CC equations both practical and desirable. The e~ THel operator may be

expanded as a linear combination of nested commutators

e THET = Ho [, 7|+ — [, 7], T+ ~[[[H, T), 7], T+ ~[[[&, 7, 7], 7], 7]+ --

2! 3! 4]
(1.55)
according to the Campbell-Baker-Hausdorff formula.

While the expansion of the similarity transformed Hamiltonian given above in equa-
tion 1.55 may not, at first glance, appear to be simple but the sequence of nested commu-
tators naturally truncates due to the structure of the electronic Hamiltionian. The second
quantized form of the Hamiltonian includes strings containing at most a total of four
general-index creation and annihilation operators. When one evaluates the commutator
between the Hamiltonian and the 7' operator, one replaces one of these operators by a
Kronecker delta function. This reduces the number of available general-index opera-
tors in the Hamiltonian by one. Thus, the sequence of nested commutators in eq.1.55
must truncate after the five terms explicitly written. Using this truncated Hausdorff ex-
pansion, it is possible to obtain analytic expressions for the commutators which may be
inserted into both the energy and amplitude equations. Finally, these equations may then
be reduced into expressions that depend only on the amplitudes and the known one- and

two-electron integrals.
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1.11 Different cluster approximations

The method which uses the cluster operator in eq.1.44 is known as full CC (FCC) and
is equivalent to FCI. Obviously the number of cluster operators are same as CI opera-
tors. However, the simplicity of CI is lost due to the exponential nature of CC function
and hence it is never used in practice. Unlike truncated CI, CC is known to be size-
consistent and size-extensive at any level of truncation because of its exponential nature.
The most commonly used CC ansatz is to define 7' = T} + 75 leading to singles and
doubles (SD) approximation by Purvis and Bartlett [34]. This model consider the effect
of disconnected triple excitations, but it neglects the connected triple excitations. The
importance of connected triples is demonstrated by the complete fourth-order MBPT
calculations [35] for energy, chemical reactivity and molecular properties. The inclusion
of connected triples within the CC scheme is considered very early after the introduc-
tion of the CC approach by Paldus, Cizek, and Shavitt [36]. There are various models
like CCSDT-1a, CCSDT-1b, CCSDT-2, CCSDT-3 are developed to reach full CCSDT
model [37]. The details of all these models are compared in reference [38]. The main
goal of the approximate model is to obtain the results closer to FCI with a computational
efforts that is as small as possible. The non-approximated coupled cluster models only
provide a feasible hierarchy for small systems due to their fast increasing computational
cost: CCSD(NN%), CCSDT(NV®), etc., where the number in parentheses denotes the scal-
ing with the number of orbitals. The perturbative correction in the CCSD(T) model [39]
is used successfully in obtaining static molecular properties. CCSD(T) scales as N7. The
quadruple excitations are also taken care perturbatively CCSDT(Q) and fully CCSDTQ
[40]. There are methods which emphasizes only on molecular properties rather than the
total energies because the accuracy of total energies does not assure accuracy of molec-
ular properties. The second order CC model known as CC2 [41] is an approximation to

CCSD and CC3 [42] is an approximation to CCSDT.
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The complexity of the implementation of CC methods grows rapidly with the excita-
tion rank of the cluster operator. At most pentuple excitations are derived and coded in a
“traditional way” [43]. However, the implementations of higher excitations with proper
computational scaling is developed in two ways. One involves an automatic generation
of Fortran (or other language) code for each particular case, which is then compiled and
linked into the final program [44]. Second way is the string-based CC approach, which
implements contractions of tensors with arbitrary number of indices within one (human-
written) code [45]. Both approaches are able to achieve proper computational scaling and
take advantage of the antisymmetry of amplitudes and spin symmetry for any CC exci-
tation level. Approximate non-iterative schemes of general order and analytic gradients

using the string approach are implemented by Kally and coworkers [46].

1.12 Alternate single reference(SR) CC approaches

The traditional CC method just discussed is known as normal coupled cluster (NCC)
method. The implicit formulation of this method is non-variational. In this version the
proof of size extensivity is more transparent. The nonvariational CC has been extensively
applied for the calculation of electronic energies. However, the nonvariational nature
makes it computationally unattractive for energy derivatives. Alternate way to simplify
the problem is to solve the CC ansatz variationally. The advantage of variational CC is
that, here, Hellmann-Feynman theorem and (2n + 1) rule holds. This makes the method
attractive for higher energy derivative. These stationary methods includes expectation
value functional (XCC), unitary CC (UCC) and extended CC (ECC). We will review

these mothods in the following subsections.
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1.12.1 Expectation value and Unitary coupled cluster ansatz

One of the attempt in formulating the stationary theory is via the expectation value type

hermitian functional

(Dl HeT|Dp)
(BgleT" el Dy)

This functional is referred as expectation value coupled cluster (XCC) [47, 48]. The

B =

(1.56)

T operators are hole-particle creation operators like in NCC, the 7 being conjugate of
T, indicate hole-particle destruction. The practical implementation of this functional is
impossible because both the numerator and denominator are infinite series in 7" and 7.
Moreover, this functional does not exhibit the connected nature of energy as in NCC. Pal
et al. [48] used linked cluster theorem and showed that the numerator can be decom-
posed into a connected term multiplied by a disconnected term. The disconnected term
exactly cancels the denominator. Therefore, the connected form of the functional which

is suitable for carrying out the variation is
E = (®]e™ HeT|Bg) conn- (1.57)

It can be seen that the functional is a nonterminating, but hermitian series in cluster
amplitudes and thus has to be truncated for any practical application. Various truncation
schemes were employed in the literature to truncate this functional. Pal et. al. [47] used
polynomial truncation based on fixed power of T and T . Bartlett and co-workers [49]
used perturbative arguments for the truncation.

An another stationary CC scheme proposed by Kutzelnigg [50] following Van Vleck
[51] and Primas [52] formalism is based on the unitary ansatz, referred as unitary CC

(UCCQ). The exact correlation function has the form
U = e7|¢p). (1.58)

where o is anti hermitian 0 = —o'. The special choice of o is ¢ = T — T't. With this

wave function, the energy functional becomes,
E = (¢ole” " He?|¢o) (1.59)
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This functional is connected due to BCH expansion of e~ He?. However, the expansion
leads to an infinite series and need to be truncated for practical implementations. Pal et.
al. [47] showed that the UCC functional in eq.1.58 is identical with the XCC functional
in eq.1.57.

These stationary CC methods, however, were not pursued extensively due to some
inherent drawbacks. Unlike the standard variational methods, these truncated energy
functional does not lead to any upper bound of calculated energy. Although the en-
ergy functional is connected, the differentiations of this functional with respect to cluster
amplitudes lead to disconnected terms in the amplitude equations. Consequently, the

disconnected terms bring in an inherent error of size-extensivity into the theory.

1.12.2 Extended coupled cluster

Extended coupled cluster (ECC) proposed by Arponen [53] is an alternate stationary
coupled cluster method which uses the double similarity transformation in the energy
functional

E = {(¢o|e”e T Hel'e™>|¢y). (1.60)

Here, ¥ is an deexcitation operator and e*|®,) = 0. This functional terminates nat-
urally depending of the rank of the 7" and X operators. This functional can be vari-
ationally optimized with respect to cluster operators > and 7. However, it generates
some disconnected terms in the amplitude equations while differentiations leading to
size-inextensivity in the energy value. Arponen and Bishop [54] arrive at double linked

type functional by transforming 7’
E= <¢0‘€E€7TH€T€*E|¢0>DL~ (1.61)

Here DL means double linking which means that 7 is linked to Hamiltonian due to BCH
(e‘T~H eT), Y’ operator is connected to either at least with one Hamiltonian vertex or with

two distinct 7" vertex. Alternately, eq.1.61 can be expressed as
E = (¢o|e®[He]1|60) b (1.62)
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or _ o8
do ot

The equations of > and T are obtained by making the energy stationary with respect to ¢

0. (1.63)

and o. The double linking ensures the connectedness of terms in the equations of > and
T, there by ensuring the size-extensivity. Piecuch [55] and Gordon and co-workers [56]
used the method to study the molecular bond breaking. Piecuch and Bartlett [55] tested

size-extensivity of ECCM.

1.13 Equations of motion CC

The equation of motion CC (EOMCC) provides a straightforward and general path to
calculate energy differences. In EOMCC formalism, Rowe’s [57] equation is solved for
excitation operators (2. The electronic states, different from ground (or reference) state

are parameterized in a linear fashion as
U, = QU = Qe Ty, (1.64)

where () is a linear operator. The method is also called as the coupled cluster linear
response theory (CCLRT). The €2, may change the number of particles, and by making
different choices for the set of (), different sectors of Fock space are made accessible.
The operator €2 is a sum of operators with odd number of electron creation and de-
struction operators such that the final state is N & 1 electron state. In case of excitation
energy (EE) the excitation operator is formed from a set of equal number of creation and

annihilation operators. The eigenvalue equation obtained in EOMCC is

Here, H = e THe™ and wy, = E), — E,. As mentioned above EOMCC gives the energy
difference directly by solving the EOMCC eigenvalue equation of H i.e.diagonalization
of H in the excited manifold generated by 2, . Bartlett et. al. [58] proposed EOMCC for
the calculation of difference energies. Since the equations are not fully linked, the cor-

responding excitation energies are not size extensive. The second drawback of EOMCC
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method is that since it diagonalizes a non-Hermitian Hamiltonian /, one may encounter
complex eigenvalues in the eigenvalue spectrum. The EOM-CC methods and are now,
very commonly used for ionisation potential, electron affinity and EE calculations [59-
61]. Recently Nooijen et. al. [62] proposed a similarity transformed EOMCC method to
over come the size-extensivity problem in EOMCC. For one valence problem EOMCC
and FSMRCC are equivalent. However, such equivalence breaks down for excited state.
EOMCC contains certain unlinked diagrams which are associated with charge-transfer
separability [63]. The spin-flip EOMCC method has also been introduced as a clever

way to describe the multi reference states [64].

1.14 Static and Dynamic correlation

In the design of the configuration spaces smaller than that of FCI, it is important to dis-
tinguish between static and dynamic correlation. Static correlation or nondynamical is
treated by retaining, in the dominant configurations in FCI expansion as well as those
configurations that are nearly degenerate with the dominant configurations. These con-
figurations selected for an adequate description of static correlation are referred to as
the reference configurations of the CI wave function. The configuration space spanned
by the reference configurations are called the reference space. Dynamical correlation is
subsequently treated by adding the wave function configurations generated by excitations

out of the reference space to the dominant configuration.

1.15 Quasidegeneracy and multi-reference methods

The SR methods are suitable for the description of closed-shell atomic states and near
equilibrium ground states of closed-shell molecules where the single determinant domi-
nates ¢. A major portion of electron correlation in such states is accounted in the mean-
field description used for finding this dominant determinant. The remaining part of short

range electron correlation is referred as dynamical or external correlation. The dynamical
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[65] correlation arises due to somewhat weak interaction of various excited determinants
with this dominant determinant and contributes to correlation energy of the state. There
are many cases in chemistry are dominated by several determinants. The cases such as
degenerate or quasi-degenerate systems (excited states of molecules and potential energy
surfaces, bond breaking processes, reactive chemical phenomena, and so on) involves
more than one configurations or multi-configurations (MR). A quasi-degenerate state is
characterized by a significant amount of non-dynamical electron correlation arising due
to strong interaction between the dominant determinants.

The first MR correlated method to be implemented was MRCI [66, 67] (due to its
conceptual simplicity) but it has still not been devoid of the size-consistency problem
that is inherent to all variational approaches. Therefore, in the past decade, there has
been much effort involved to develop MR MBPT [68, 69] and MR CC [7] methods that
are assumed to treat electron correlation from the secondary space more effectively than
CI methods do. The common obstacles of both MR approaches are (i) the choice of an

appropriate reference space and (ii) the problem of intruder states.

1.15.1 Multi-reference configuration interaction (MRCI)

The MRCI method is the straightforward extension to the SR-CI method. This method
has been implemented first by Buenker and Peyerimhoff [66]. In this method the ref-
erence is taken as the linear combination of several interacting dominant configurations
known as model space. The MRCI wave-function is constructed as a linear combina-
tions of all distinct excited determinants generated by carrying out excitations on each
determinant within the model space. The MRCI-SD wave function is written as the com-
bination of excited determinants obtained from the set of reference functions ¢z. The

normalized reference and MRCI wave functions for state n is

U =" Cratr (1.66)
R
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Vrrer—sp = Z Crn®r + Z Csogs + Z Cpop. (1.67)
R S D

Here ¢ and ¢ are singly and doubly excitations obtained out from the set of refer-
ence functions {¢r}. Solving MRCI is also similar to SRCI. The combining coefficients
in eq.1.67 are determined by applying the variational principle leading to diagonaliza-
tion of the Hamiltonian matrix evaluated between different determinants. The problem
of size inconsistency of truncated CI-methods is not solved by taking more references.

The modern MRCI treatments make use of spin-adapted configuration state functions
(CSF) in place of determinants along with the efficient rules developed for evaluation of
coupling coefficients entering the Hamiltonian matrix elements. To achieve efficiency,
they further employ the direct CI method proposed by Roos [70] in combination with
the graphical methods of unitarty and symmetric group approaches. The works by vari-
ous authors Meyer [71] and Knowles and coworkers [72, 73] and Werner and coworkers
[73, 74] uses internally contracted configurations. Various methods like multireference
averaged coupled-pair functional (MR-ACPF) method of Gdanitz and Ahlrichs [75], the
multireference averaged quadratic coupled cluster (MR-AQCC) method of Szalay and
Bartlett, [76] and the multireference self-consistent self-consistent CI (MR-SCSCCI)
method of Malrieu and coworkers [77] emerged to fulfill the size-consistency require-

ment.

1.15.2 Multiconfigurational self consistent field (MCSCF)

In MCSCF the wave function [78] is written as a linear combination of determinants,

whose expansion coefficients are optimized along with molecular orbitals.
Uy =) Cioy (1.68)

The MCSCF wave function is well suited for the system involving degenerate or nearly
degenerate configurations, where static correlation is important. Such states are usually
encountered in the description of reaction process involving bond breaking, even some-

times in ground state geometry. Unlike RHF wave function, the MCSCF wave function
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gives a balanced description of the potential energy surfaces of ground state hydrogen
atoms. The most difficult part in handling the MCSCF wave function is in the addition
of configuration spaces. That has been elegantly taken care in the generalized form of
MCSCEF called complete active space SCF (CASSCF).

Aanother MCSCF model is based on a partitioning of the subspace of active orbitals.
This is known as restricted active space (RAS) SCE. Here the active orbitals are parti-
tioned into three subgroups [79]. In the first subspace, usually called RAS1, the number
of electron holes is restricted, in the second subspace (RAS2), all occupations are al-
lowed, in the third subspace (RAS3), the number of electrons is restricted. RASSCF
function may provide a good approximation to the corresponding CASSCEF function us-
ing a much smaller set of configurations. More frequently, it is applied to provide a
coarse description of dynamical correlation effects by including extended set of active

orbitals in the RAS3 subspace.

1.15.3 CASSCF

The CASSCF wave-function as zeroth-order reference function was developed and suc-
cessfully applied by Roos and coworkers [80]. In CASSCEF the basic quantity of interest
is the molecular orbitals. The starting point is an orthonormal orbital space ¢;(r);i =
1,...,m. The MQO’s are obtained as expansion in a set of atom-centered basis function
(the linear combination of atomic orbitals)(LCAO method), m being the number of such
functions. The MO space is further divided into the inactive, active and external orbitals.
The inactive and active subspaces constitute the occupied spaces, while the external or-
bitals are unoccupied. The CASSCF wave function is formed as a linear combination
of configuration state functions(CSF). The configuration state functions are constructed
by considering doubly occupied orbitals as inactive orbitals and the remaining electrons
occupy the active orbitals. Using these electrons and orbitals, a full list of CSF’s which
have the required spin and space symmetry is constructed. The CASSCF wave function

is written as a linear combination of all these CSF’s, comprising a complete expansion
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in the active orbital subspace.

Unlike CI method, in CASSCF the energy is optimised with respect to expansion
coefficients and MQO’s. During the optimization the core orbitals are kept frozen. This
reduces the computational effort. By replacing the core electrons by effective core poten-
tial (ECP), CASSCF can be extended to systems containing several heavy atoms. When
active space comprises all the orbitals in the system, the FCI wave function is recovered.
For the case of empty active space the MCSCF reduces to HF. The MCSCF model may
be regarded as a combination of HF model and FCI model.

There are cases where a larger number of active orbitals are needed. In such cases

the restricted form of the CASSCF wave function may be used.

1.15.4 Multi-reference perturbation theory (MRPT)

The MRPT is classified in to two categories. In the first one the perturbative effec-
tive Hamiltionian is constructed over the defined model spaces. The diagonalisation of
this Hamiltionian yields approximate energies and approximate wave-functions of one or
more states having their zeroth-order components within the model space. They are com-
monly known as perurb-then-diagonalise type of approaches and also known as quasi-
degenerate perturbation theory (QDPT) by Brandow [68]. The second category is the
straight extension of the SR perturbation theory where the zeroth order wave function
qualitatively describing the desired state is first constructed by diagonalizing the Hamil-
tonian over the model space, usually through a multi-configuration self-consistent field
(MCSCEF) calculation. This is then used to construct the zeroth order Hamiltonian, which
then defines perturbation. The perturbative expansion over zeroth order wave function is
used to obtain the corrections to the wave function and energies at various order. This
is a state-specific approach (one state at a time), usually referred to as diagonalize- then-
perturb approach by Wolinski [69]. Of course, the diagonalize then perturb approach or
the perturb then diagonalize approach will yield the same result at infinite order but the

results at low order may differ significantly.
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The so called ’perturb then diagonalize’ approaches involve works by Robb and
coworkers [81], Freed and coworkers [82], Nakano [83], Davidson [84], Malrieu and
coworkers [85], works by Mukherjee and coworkers [86], Finley [87], Angeli et al. [88]
and others. There are schemes developed without an effective operator by several authors
Davidson [89], PT formulations worked out by Wolinski, Pulay, Murphy and Messmer
[90], the complete active space second-order PT (CASPT2) methodology by Roos and
coworkers [91], studies by Werner, Dyall and Mitrushenkov [92], the multi reference
Moller-Plesset (MRMP) methodology of Hirao and coworkers [93], works by Rosta and
Surjan [94], the n-electron valence state perturbation theory (NEV-PT) framework of An-
geli et al. [95] and the recent multi configuration perturbation theory (MCPT) [96] and
several others.

An another approach called as generalized Van Vleck PT (GVVPT) [97] is a subspace-
specific variant of multireference perturbation theory. This approach is contrast to most
computationally feasible MRPTs or QDPTs which accounts for the interaction of the per-
turbed model space functions of interest with the unperturbed complementary states. Per-
haps most importantly, GVVPT avoids completely the notorious intruder state problem,
even when considering excited electronic states. As a consequence, GVVPT potential
energy surfaces of both ground and excited states are rigorously continuous. Recently,
analytical evaluation of dipole moments is acheived through Lagrangian technique by
Pal, Hoffmann and coworkers [98].

A main difficulty of MRPT lies in the choice of the zeroth-order Hamiltonian In
multi-reference cases, the zeroth-order Hamiltonian is in general non-diagonal. As a
result, a set of linear equations have to be solved to determine the first-order wave func-
tion. The issue of zeroth-order Hamiltonian in diagonalize-then-perturb type of MRPT
approaches has been a subject of numerous detailed studies. This is also related to the

size-consistency aspects of the method.
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1.15.5 Multi-reference CC methods (MRCC)

The single reference based approach is well suited for nondegenerate or closed shell sys-
tems and only in limited cases for quasidegenerate situations. The ground states of open
shell radicals are described by SRCC based on the restricted open shell HF determinant.
Similarly in some cases excited states are described accurately by the SRCC method.
On the other hand, to introduce nondynamical correlations systematically in the wave
function, a general solution is to start from a multideterminantal model space consisting
of dominant determinants. Subsequent introduction of dynamical correlation through
the exponential wave operator is the basis of the class of multireference CC methods
(MRCC) [4-8]. In recent years, this class of methods are studied for the description
of excited states, ionized states, and potential energy surfaces (PES), where the nondy-
namical correlation is likely to be important. The traditional MRCC uses an effective
Hamiltonian route [99], which is investigated extensively in recent years. The effec-
tive Hamiltonian is constructed within a model space (corresponding states of interest).
The effect of orthogonal complement to the model space is folded into the model space
through the wave operator for the construction of an effective Hamiltonian. The standard
and commonly used effective Hamiltonian is the Bloch effective Hamiltonian. The ef-
fective Hamiltonian method can provide the energies of multiple states at a time and this
advantage can be exploited in many situations. The effective Hamiltonian methods can
be further classified into valence-universal or Fock space (FS) [4, 106, 107] and valence-
specific or Hilbert space types (HS) [109, 110]. The valence universal type is based on a
common vacuum with respect to which holes and particles are defined. These holes and
particles are further subdivided into active and inactive subsets. The active subset is the
one that contained in the model space determinants. This approach works well when the
model space determinants contain a small number of active holes and particles. This class
is well suited for ionized or low lying excited states. However, for the PES, the model

space determinants usually do not satisfy this feature and the valence specific type, where
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each determinant acts separately as vacuum, is more suitable for PES calculations. This
is called as HSMRCC. However, for a general problem of PES, the effective Hamiltonian
method, which provides the energies of a multiple of states still suffers from the intruder
state problem. The state specific MR (SSMR) theory by Malrieu and co-workers [100],
Mukherjee and co-workers [101, 102], and Masik et al. [103], pertaining to the descrip-
tion of a single state (i.e, one state at a time) has emerged as a more attractive formulation
to take care of intruder state problem. The state-specific multi-reference CC (SS-MRCC)
method of Mahapatra et al. [102] uses CAS and it is rigorously size-extensive. SS-type
approaches are classified into those that employ genuine MR CC equations, represented
primarily by MkCC (Mukherjee et al. MR CC [101, 102]), KB-MRCC (using Kucharski
and Bartlett coupling [104]), and by the BW-MRCC (Brillouin Wigner MR CC [105])
methods, as well as by a large group of approaches that are essentially of a SR-type, but

employ some MR CC ideas in accounting for higher-than-pair clusters.

1.16 Fock-space multi-reference coupled-cluster method

The FSMRCC theory was originally formulated by Kutzelnigg [106], Mukherjee [4] and
Lindgren [107], and applications to atoms were made by Kaldor and co-workers [8]. First
molecular applications of FSMRCC theory at singles and doubles level were presented
in a few important papers published in the late 1980’s [5, 6, 108].

In the Fock-space, the model space determinants contain h-holes and p-particles dis-
tributed within a set of what are termed as active holes and active particles, usually around
the fermi level. We denote the above p-active particle, h-active hole model space deter-
minant by {@Z(p ’h)}. Thus, the model space of a (p, h) valence Fock-space is written

as

ph) >— Zcph (1.69)
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The projection operator for model space is defined as
P = o > < oPh| (1.70)

The orthogonal component of the model space, i.e. the virtual space is defined as
Q=1-P (1.71)

The dynamical electron correlation arises due to comparatively weak interactions of the
model space configurations with the virtual space configurations. This interaction is
brought in through a universal wave operator {2 which is parameterized such that the
states generated by its action on the reference function satisfy the Schrodinger equation.
To generate the exact states for the (p, h) valence system, the wave operator must gen-
erate all valid excitations from the model space. Subsequently, 2 should contain cluster
operators 7" which are defined as follows

p

h
Tem =3 "7k (1.72)

k=0 =0
The superscripted bracket in the right hand side of the above expression indicates that the
cluster operator 7' is capable of destroying exactly & active particles and [ active holes, in
addition to creation of holes and particles. The 7" operator subsumes all such lower

T®D operators. Using these operators, the € is defined as follows.
Q= {7} (1.73)

The brace-bracket in eq.1.73 indicates normal ordering of the cluster-operators. The

Schrodinger equation for the manifold of quasi-degenerate states can be written as
HYM > = EluPh > (1.74)
which leads to,

§:0“ JpPhy = Esz§jcnm¢“ (1.75)
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The effective Hamiltonian for (p, h) valence system can be defined such that

h
Y (HECh = EuCi

J

(HEM)y = (o7 HO|el) (1.76)
which can be written as
HYY = et HQpeh), (1.77)

The form of the inverse of €, in general may not be well defined. Hence, above definition
is seldom used to obtain the effective Hamiltonian. Instead, the Bloch-Lindgren approach
is commonly used to define the effective Hamiltonian. The Bloch equation is just the

generalized form of Schrodinger equation.
HQP = QH 4P (1.78)

The Bloch-Lindgren approach not only eliminates the requirement of 2!, but also pro-
vides an important criterion the effective Hamiltonian must fulfill. The effective Hamil-
tonian is, in general, non-hermitian. The Bloch projection approach is used to obtain €2

and the effective Hamiltonian. This involves left projection of above equation by P and

Q.

PEY(HQ - QHE) PR = 0
Q*D(HO — QHLE;,I))P(k,l) — 0
Vk=0,...,p;l=0,...,h (1.79)

The normalization condition is specified indirectly through parameterization of €. In
case of complete model spaces (CMS), the intermediate normalization is commonly em-
ployedie. PQP = P.

The diagonalization of the effective Hamiltonian within the P space gives the ener-

gies of the corresponding states and the left and the right eigen vectors.
H(;’ﬁg(pﬁ) — P E
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() H,f;’h) — EC®h) (1.80)

G @) — o) Gk — (1.81)

Because of normal ordering, the contractions amongst different cluster operators within
the exponential are avoided, leading to partial hierarchical decoupling of cluster equa-
tions. This is commonly referred to as sub-system embedding condition (SEC). The
lower valence cluster equations are completely decoupled from the higher valence clus-
ter equations because of SEC. Hence, the Bloch equations (1.79) are solved progressively
from the lowest valence (0, 0) sector upwards up to (p, k) valence sector.

The applications of FSMRCC were done using a model space of 1-active hole and 1-
active particle, which automatically included the lower one-valence FS sectors of 1-active
hole (0,1) or 1-active particle (1,0) sectors. These one valence sectors, by definition are
complete model spaces. However, lh-1p sector denoted as (1,1) sector is not CMS.
However it was shown that this is a special case of quasi-complete model space [5, 111].
For general model space, it was shown by Mukherjee [112] that valence-universality
of the wave operator was sufficient to guarantee the linked cluster theorem, but it was
important that the condition of intermediate normalization need to be relaxed. Thus, the
P-space projection equation explicitly involved PP term. However, for the special
case of (1,1) sector, PCQ)P term effectively behaves as a model space projector only and
thus the (1,1) sector equations behave as CMS equations. This was a simplification which
was exploited in actual calculations.

It was important to recognize that for (1,1) sector, starting with the ground state
RHF as vacuum, the wave function contained 7)) operator, which generates the RHF
determinant. However, as an additional simplification, the excitation energy calculations

did not involve the calculation of 7)) amplitudes [5].
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1.17 Linear response method for molecular properties

Molecular properties are specific for a given electronic state which is described as the
“response” of the molecular system to an external perturbation. In the presence of small
time-independent perturbation (, the Hamiltionian is a function of this perturbation and
which can be expanded as a Taylor series of (. However, for small perturbation the
higher order derivatives of Hamiltionian are negligible. Hence the Hamiltonian is a linear
function of ¢

H()=HY +¢O (1.82)

where H© is a total electronic Hamiltonian in the absence of perturbation and Oisa
proportionality constant. The resulting method of obtaining derivative eigenfunctions
and eigenvalues is referred as “Linear response” (LR).

In the presence of perturbation, the wave function and the energy parameters be-
comes dependent on perturbation and can be expressed in terms of Taylor series expan-
sion. Hence the properties are obtained as the derivatives of energy. For the case of
electric field as perturbation, the first order quantity is called as dipole moment, second
order quantity is polarizability etc. For chemists, certainly NMR shieldings and spin-
spin coupling constants are of greater interest. However, theory also allows calculation
of magnetizabilities, spin-rotation constants, rotational g tensors [113] as well as pa-
rameters that can be obtained from ESR spectroscopy [114]. All these properties are
expressed in terms of second derivatives, arises from magnetic field as perturbation.

In principle, derivatives of the energy can be computed in a rather straightforward
manner using finite-differentiation or finite-field (FF) technique (numerically). In FF
method, the Schrodinger equation for the system of interest at various field values are

obtained.
dE  E(Ax) — E(—Ax)
doe 2Ax

where Az is an approximate chosen step size. This method requires very accurate eval-

(1.83)

uation of wave function and energy, although, no computational developments are re-
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quired. Furthermore, it is very difficult to use FF for higher derivatives and also handling
of magnetic properties is less straightforward, as the computation requires the capability
of dealing with complex wave function parameters. The alternative to numerical differ-
entiation is analytical differentiation. This means that first an analytic expression for the
corresponding derivative is deduced and then implemented within a computer code for
the actual computation of the corresponding property. It is known that the exact wave
function follows the Hellmann-Feynman theorem (HFT). The Hellmann-Feynman theo-
rem states the identity of the derivative and expectation value expression for first order

properties:
dE
A

The theorem can be generalized for higher order derivatives. The generalized Hellmann-

= (¥ | I‘If> (1.84)

Feynman theorem says that with the knowledge of wave function and its derivatives
up to n-th order, one can obtain analytically, the response properties up to (2n + 1)-
th order. This is the famous (2n + 1)-rule used in the context of analytical response
properties. For a general non-exact wave function, the HFT and its generalized form are
not applicable. However, if the wave function is obtained variationally, it can be easily
shown that the wave function obeys the generalized HFT. Hence, in electronic structure
theories, emphasis is given on stationarity of the wave functions. HFT does not hold for
approximate wave functions with which we are generally dealing in quantum chemistry.
However, it holds for a few special cases such as, for example, in HF theory at the
complete basis set limit. For approximate wave functions the derivative expressions are

usually the preferred choice.

1.18 Linear response in SRCC theory

The linear response approach to SRCC was initiated by Monkhorst [115]. In the presence
of uniform external field ({) the SRCC energy and amplitude 7" becomes perturbation

dependent and expanded in terms of Taylor series expansion. The expressions for the
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derivatives of energy and wave functions are obtained by differentiating eq.1.53 and 1.54
with respect to ( up to desired order. Without the orbital relaxation, the expressions for

first derivatives of correlation energy and cluster amplitudes are respectively,
B¢ = (@ol[(OeT)e + (Hye TW).] g0) (1.85)

0= (¢1][(OeT)e + (HneTTW).]| o) (1.86)

From eq.1.85, it is apparent that for getting energy derivative, response of the amplitudes
T® is required. This is obtained by solving the eq.1.86. This needs to be solved for
every mode of perturbation, which is a clear disadvantage. This disadvantage arises due
to the fact that SRCC theory is non-variational (or non-stationary) theory, and it does
not have advantages of the generalized Hellmann-Feynman theorem and (2n + 1)-rule of
variational theories.

To circumvent this problem of the dependence of wave function derivative in the en-
ergy derivative expression, Bartlett and co-workers [116] introduced Z-vector technique
in SRCC context. This is based on Dalgarno’s interchange theorem [117]. The idea
of Z-vector was taken from Handy and Schaefer who used the technique for analytical

derivatives of CI method. The eq.1.85 and eq.1.86 are written in a different from
EC W = yTTMW 4 Q(0) (1.87)
0=ATY + B(O) (1.88)
where,

YTTW = (o] (Hye"TM).| o)
Q(0) = (do](Oe").|do)
AT = (¢;|(Hne™TW) |do) 3 B(O) = (11(Oc” )| o)

We introduce a perturbation independent vector Z 7 as
ZTA=YT, (1.89)
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Substitution of eq.1.88 and eq.1.89 in eq.1.87 leads to
EW = ZTB(0) + Q(0), (1.90)

which is independent of wave function derivative. Thus, one has to solve only one extra
set of perturbation independent amplitudes, i.e. the Z-vectors, defined by eq.1.89, in
addition to the cluster amplitudes, making the procedure of obtaining first derivatives of
energy more efficient.

An another attractive method to eliminate the dependence of 7" is pursued by Jor-
gensen and co-workers [118-120] for SRCC derivatives which automatically incorpo-
rates the benefits of Z-vector technique to all orders. This approach, known as con-
strained variation approach, involves construction of a functional with undetermined La-

grange multipliers )\, corresponding to SRCC equations as follows.

S(C) = (dole " He"|go) + Y Ag(ogle™" He|gho). (1.91)
q#0

Optimization of the above functional leads to the same equations as SRCC equations and
with \, equations similar to Z-vector in eq.1.89. In this formulation, obtaining derivative
expressions for higher order is quite transparent. While the cluster amplitude derivatives
obey the (2n + 1)-rule, the derivatives of Lagrange multipliers obey (2n + 2)-rule [118,
121]. Koch and coworkers have used this approach to obtain efficient expressions for up

to third-order molecular properties [121].

1.19 Linear response to stationary CC

As we discussed, the stationary CC method enjoys the advantage of being variational
and hence HFT holds. This makes the evaluation of higher derivatives simple. The
response approach in XCC and UCC framework was developed by Pal [122] and ex-
tensively used for obtaining static properties [123—125] of molecules. Here the energy

functional and the response of the functional is expressed in terms of the CC amplitudes
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and their derivatives. These amplitudes and derivatives are obtained by imposition of the
stationarity of the functional and functional derivatives. This stationarity ensures that in
the final formula of the first derivative of energy, the first derivative amplitudes do not
appear.

The energy functional and cluster amplitudes in the presence of external fields can
be expressed as Taylor’s series around the external field. The different derivatives of
the functional and the cluster operators are denoted as £ and 7). The equations
to determine the cluster amplitudes and their derivatives are defined by making F(7)
stationary with respect to 7) amplitudes in general for i > j. Pal and coworkers showed

[122—124] that, if cluster amplitudes and their derivatives are truncated to uniform degree

then aaf(?)) = 0, provides identical set of equations for a fixed value of (i-j). Hence, the

following set of equations
OE®)
ot

are sufficient to calculate all the cluster amplitudes and their derivatives. While, the XCC

0;i=1,2,3... (1.92)

and UCC functionals suffer from loss of size-extensivity due to disconnected terms in
cluster equations, the double-linked form of ECC functional ensures the size-extensivity
even for the energy derivatives. ECC has therefore, emerged as a state-of-the-art method
for obtaining molecular properties. Pal and co-workers extensively used ECCSD re-
sponse for molecular electric properties [126, 127]. Recently, Pal and coworkers at-
tempted ECC response for obtaining magnetizabilities [128]. In this thesis we attempted
the ECC response for obtaining molecular shielding constants, which is discussed in

chapter II.

1.20 Linear response to FSMRCC

Naturally the energy derivatives of the FSMRCC was the next important development in
quantum theory. The essential difference in implementing energy derivatives in FSM-

RCC, a opposed to the SRCC, arises from the fact that the FSMRCC is an effective
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Hamiltonian approach providing multiple roots via diagonalization. Initial developments
by Pal and co-workers involved explicit differentiation of Bloch equation with respect to
uniform external field. In presence of time-independent uniform external field, the pa-
rameters T = {H e(j;;h) ,Ceh) Cwh) B (2} become perturbation dependent and can be

expanded in Taylor series of (.
1 1
T(¢) =71O 4 ¢r® 4 5(2T(2) + §g3r<3> +... (1.93)

The differentiation of the Bloch equations following left projections by model space
and virtual space configurations with respect to ( yields the equations for wave function

derivatives and the derivative effective Hamiltonian.

(0) (1)

P(k’l)(H(l)Q(O)—i—H(O)Q(l)—Q(I)Hij?’l) —Q(O)He(];f.’l) )p(k»l) = 0 (1.94)

Q(k,l) (H(I)Q(O) + H(O)Q(l) . Q(I)H£J§c7l>(0) . Q(O)He(;,l)(l))P(k,l) = 0 (195)

Vek=0,...,p;1l=0,...,h

The equations are linear in the perturbation dependent quantities. It is interesting to
note that the homogeneous parts of the €2 derivative equations are identical to the linear
homogeneous part of the undifferentiated cluster equations. The SEC transparently holds
at every order. The method provides multiple roots of derivative effective-Hamiltonian

which can be obtained simultaneously by solving following equations.

Z{(Hjj;?)ﬁcfﬁ) + (HD)CWY = BV + EOC) (1.96)

0
Ju po i
i

However, due to its non-variational nature, the method does not obey the generalized
Hellman-Feynman theorem for energy derivatives. Therefore, the evaluation of n'" order
energy derivatives demands the knowledge of cluster amplitudes and their derivatives up
to n'" order and is thus not a practicable approach.

In lines of Z-vector formalism in SRCC, Pal and co-workers proposed Z-vector tech-
nique for FSMRCC response [129]. Ajitha and Pal [129] proposed a perturbation in-

dependent set of amplitudes Z such that for every Q@M TP p(Ph) sector amplitude,
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there is a corresponding P") 7" (k) amplitude and the derivative effective Hamil-
tonian equation can be written in terms of these Z vectors using Dalgarno’s interchange
theorem. However this worked only in the case of diagonal assumption of the effective
Hamiltonian. In the lines of SRCC, the Lagrange approach for energy derivatives was
introduced in FSMRCC context by Szalay [130] and was applicable for CMS. Later, Pal
and co-workers [131] independently formulated a conceptually simple Lagrange vari-
ation based approach for general incomplete model spaces (IMS) and showed that the
functional simplifies to the one proposed by Szalay if applied for CMS and QMS. The
above method of Pal and co-workers provides response of a specific root of the multiple
roots of FSMRCC. One has to project a single desired state (root of effective Hamilto-
nian) for doing constrained variation. In FSMRCC context, the energy of a specific state

of the (p, h) FS sector is given by

E, = Z CN (H )b 051 (1.97)

ZJ JH

We construct the Lagrangian to minimize the energy expression given above, with the

constraint that the MRCC equations [Eqs (1.79,1.81)] are satisfied for the state .

g = Zcph) Phc(Ph

+ Z Z{P(k,l)A(k,l)P(k,l)P(k,l) [HQ . QHE(];?(_J)}P(k,Z)

k=0 1=0
P(k DA Q (K, Z)Q (k1) [HQ . QH;;,Z)]p(k,l)}
+E,| qu;h ) 1] (1.98)

The A’s in the above equation are the undetermined Lagrange multipliers obtained by
applying stationarity condition on the Lagrangian & with respect to the cluster ampli-
tudes of the corresponding sectors. The stationarity condition on & with respect to the
A vectors yields the MRCC equations for the cluster amplitude. Obviously, the cluster-

amplitudes are completely decoupled from the A vectors. The A vectors follow the partial
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sector wise decoupling exactly in the reverse SEC, i.e., the A vectors of the highest sector
are totally decoupled from the lowest ones. The lowest sector A vectors are coupled with
the As of all the higher sectors through the inhomogeneous part of the linear equations.
The eigen vectors and effective Hamiltonian can be obtained by applying stationarity
condition on the & with respect to each other. In case of CMS and IMS, since the effec-
tive Hamiltonian can be explicitly defined in terms of the cluster amplitudes, the above
method simplifies to the one proposed by Szalay.

The Lagrangian defined in eq.(1.98) can be differentiated with respect to the field
( to obtain the Lagrangians at different order. The energy derivatives follow (2n + 1)
rule with respect to the 2 amplitudes and (2n + 2) rule with respect to A amplitudes.
There is a (2n + 1) rule for the eigen vectors C*1) and C'®) for evaluation of energy
derivatives. The first order properties can thus be obtained simply with the knowledge of
) and A amplitudes only. For second order properties, we differentiate the Lagrangian
(eq.1.98) twice with respect to the external field. However, the expensive evaluation of
wave-function derivatives for each mode of perturbation is avoided in A-FSMRCC. This
feature becomes more prominent while obtaining higher order properties like polariz-
ability and first hyper-polarizability. The electric properties using A-FSMRCC method
was successfully implemented for the dipole moment [132] and polarizability [133] of
the doublet radicals as well as excited states [134] of molecules.

It may be pertinent to note that studies have been carried out to compute energy
derivatives using methods which are related to MRCC. EOMCC derivatives for property
calculation was initiated and implemented first by Stanton [135] and then by Stanton and
Gauss [136, 137]. Analytic energy derivatives for ionized states were described by Stan-
ton and Gauss [137] in EOMCC formalism. Subsequently, analytic second derivative for
excited state was also introduced by Stanton and Gauss [136]. Gradients using STEOM-
CC were implemented by Nooijen and coworkers [138] using Lagrange undetermined
multipliers. In STEOMCC method, two more Z-vector like quantities are required to

be evaluated for the response of the S* coefficients to the perturbation along with the
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Lagrange multipliers (A). The role of A is equivalent in both cases. In this thesis we dis-
cussed the A-FSMRCC for magnetic properties in chapter-III. Further triples correction

to this method is discussed in chapter-IV.

1.21 Motivation behind molecular magnetic property study

Although quantum chemists have spent most of their effort in searching for good wave
function and energies, the aim of a quantum chemical calculations is often neither the
wave function nor the energy, but rather some physical properties or to phrase it more
physically, the response of a system to an external perturbation [11, 12]. The perturbation
can be external electric field, magnetic field or nuclear displacement. Depending on the
field type properties are characterized. For the case of magnetic field as perturbation one
obtains magnetizabilities, NMR shieldings, spin-spin coupling constants etc [11]. The
evaluation of magnetic properties are not straight forward like electric based properties
because of two factors. First, the nature of the magnetic field is purely imaginary and
hence the finite-difference procedures using the complex wave function for calculating
the magnetic properties are highly undesirable. We need the analytical method for mag-
netic property calculations. The method should efficiently include the fact that the matrix
representation of the imaginary quantities is antisymmetric. Secondly, the electric field
interacts with the charged particles (electron and nuclei) and adds a scalar potential to
the Hamiltonian operator. However, magnetic field interacts with the magnetic moments
generated by the movement of the charged particles and hence adds a vector potential to
the Hamiltonian. This thesis is focused on magnetic properties because of the challenges
posed by it and also less available studies for the evaluation of these properties. The
closed shell method ECC, which is very useful for higher order property evaluation is
used for magnetic property studies, also the FSMRCC method is used for the studying
open-shell system property evaluation. These two highly efficient methods should be

able to handle various situations involving magnetic field. In the following subsections
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we will discuss the above mentioned issues and some already available methods for the
magnetic property evaluation.
1.21.1 Magnetic properties as energy derivatives

The electronic energy in the presence of an external magnetic field B and nuclear mag-

netic moment M, around zero field and and zero magnetic moments is expressed as

1 1
E(B,M) = Ey + 5BE<2°>B +5 > BE My + - (1.99)
K
where
E(B, M
EC) —532 ),B:W:O Ny (1.100)

is the representation of the magnetizability (£) and

d*E(B, M)

(11)
E —
K dBdMp

|B=o.v—0 — O (1.101)

is the representation of the shielding tensor (¢). These properties have two contributions,
one is dia magnetic and another is from para magnetic contributions. For linear and

symmetric top molecules the isotropic shielding constants are defined by
1
o= g(O’H +20,) (1.102)

where o refers to the component along the major molecular axis and o is the compo-

nent in the direction perpendicular to it. Anisotropies are given by
Ao =o0|—0.. (1.103)

All these properties are second order quantities. Other properties like spin-spin rota-
tion constant, g-tensors etc, also be expressed using energy derivatives (Chapter V). In

this thesis we are focused on the magnetizability and shielding constants.
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1.21.2 Molecular Hamiltonian in magnetic field

Unlike electric perturbation, magnetic perturbation is associated with a change in mo-

mentum in the kinetic energy part of Hamiltonian H [12].
e
p—orm=p+-A (1.104)
&

where e is elementary charge, c is speed of light and A is vector potential. All quantities
are in Gaussian system of units. The vector potential A, is the vector function from which

the field is derived. The magnetic field is uniquely defined through A
B =V x A. (1.105)

The vector potential is not uniquely defined since the gradient of any scalar function(f)
may be added and leave the field unchanged (V x V f = 0). It is convention to select it

as

A:%B X 7. (1.106)

The vector potential shown above satisfy the Coulomb gauge condition (V.A = 0). With

eq.1.104 the H is

2 e 62

A? . 1.107
2m  mc 2mc? +Vir) (1.107)

The Hamiltonian differ from the true Hamiltonian by the presence of two terms, one is
first order in magnetic induction B (via A), the second is second order (viaA?). Inserting

the explicit form of vector potential in eq.1.106, the H is

h e 2
H:——V2—£B.(TXV)+86

2m 2me mc?

[(B.B)(r.r) — (B.r)(B.r)] + V(r). (1.108)

Here, the first term is the unperturbed kinetic energy term.

1.21.3 The gauge origin problem

The problem of gauge invariance (gauge-origin independence) arises in the magnetic

properties calculation because of the use of vector potential A for the description of
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the magnetic interactions in the Hamiltonian. The Hamiltonian in the presence of the
magnetic field does not contain the field B directly, but rather its vector potential. If A
is given B can be constructed eq.1.105. However the converse is not true. The reason is
the V operator in eq.1.105 which allows to add the gradient of any scalar function to A
without changing the corresponding magnetic field. If A satisfies eq.1.105 with a given

B, then A" with an arbitrary scalar function Y,
A=A+ Vy (1.109)

also satisfies eq.1.105. Hence A is determined up to the gradient of an arbitrary ’gauge
function’. All physical observables should be independent of gauge function. The ma-
jor problem in quantum chemical calculation of magnetic properties, as pointed out by
Kutzelnigg [139] is that the exact solution to the Schrodinger equation satisfies the re-
quirement of gauge invariance. The gauge invariance is not necessarily ensured for ap-
proximate solutions of the Schrédinger equation.

The main problem with the gauge-dependence of the results which are computed is
that they are no longer uniquely defined. The computed values for magnetic properties
depend on a parameters which can be chosen in an arbitrary manner. In all practical
calculations the results are gauge independent only when a complete basis is used. The
choice of gauge is very important for calculations. For an external homogeneous mag-
netic field of strength B, a possible choice of the vector potential is

A(r) = %B x (r — R) (1.110)

where R is a fixed point in space, called the 'gauge origin’. For atoms there is a 'natural’
gauge origin namely R = (X,Y,Z) = 0. In molecules there is, however, no natural
gauge origin and it is very important to choose the proper gauge origin. One can have
unique results by simply fixing the gauge origin to the center of mass of the considered
molecule. Of course, such a choice would guarantee unique results, but on the other

hand it does not resolve the fundamental problem connected with the gauge problem
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in the computation of magnetic properties. There are methods developed to eliminate
the gauge dependence in the magnetic property calculations, which are discussed in the

following sections.

1.21.4 Local gauge origin methods

In local gauge origin methods or distributed gauge origin methods, the gauge invariance
is eliminated by using more than one gauge origin for the external magnetic field. In
this method the molecule is partitioned into local fragments and for each fragment the
gauge origin is individually chosen in an optimal way. If the local fragments is assigned
to the various atoms in the molecule, the corresponding nuclear position is good choice
for local origin. For understanding local gauge origins, it is important to introduce gauge
transformations. A shift of gauge origin from R, to R, is achieved via gauge transfor-

mation. The corresponding equations for one electron system are
U — U = exp(—A(r))¥ (1.111)

H — H' = exp(—A(r))Hexp(A(r)) (1.112)
The gauge factor is defined by

Ar) = 2%[(3; ~ R,) x Bl (1.113)

Expansion of the Hamiltonian H’ using Hausdorff formula H' = H+[H, A|+5[[H, A}, A]+

1
2
... shows that H’ is indeed the Hamiltonian with the gauge origin at R instead of R,.
Local gauge origins are introduced by the more general gauge transformations of the

following kind
> eap(Aa(r))Pa (1.114)
A

where P, is a suitable projector on the local fragment A and exp(A4(r)) a gauge trans-
formation to the origin chosen for A. The above eq.1.114 is suitable to define the

local fragment at the one electron level. The individual gauge for localized orbitals
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(IGLO) [15, 140] by Kutzelnigg and Schindler, and local origin (LORG) [141] scheme
of Bouman and Hansen are based on individual gauges for molecular orbitals. However,
standard HF orbitals are usually delocalized, they are not well suited for local origin ap-
proach. Therefore Kutzelnigg [15] introduced localized orbitals and defined individual

gauges for them.

1.21.5 The GIAO ansatz

Having seen that localized orbitals are not more suitable choice, it is more natural to work
with atomic orbitals(AOs) and to assign each of them an individual gauge origin. This
choice of local gauge origins leads to what is nowadays known as the gauge-including
atomic orbital approach (GIAO) [16, 18-20]. This is sometimes called as London atomic
(LAO) approach.

In GIAO ansatz, local gauge origins for atomic orbitals |y,,) is chosen. The meaning
of this is that the corresponding nucleus at which the atomic orbital is centered is chosen
as the “natural” gauge origin. Within the concept of local gauge origins, the GIAO ansatz

is based on the following gauge transformation
Zexp(/\u(r))ﬁu. (1.115)
w

The projector on |y,,) defined by ]5“ = 1Xv) S, (Xo| - The gauge factor given by

e

Au(r) = %h

(R, — R,) X Bl.r (1.116)

where I, is the initial gauge origin in the Hamiltionian and R, is the center of the basis
function |y, ). This gauge factor given above shifts the gauge origin from R, to R,,.

It is convenient to attach the additional phase factors to the AO’s to describe GIAO
ansatz. The calculation of magnetic properties are carried out with the following pertur-
bation dependent basis functions

1€

xu(B)) = expl(— 5

(B x [R, — Ro])-r|xu) (L.117)
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instead of the usual field independent functions |x,,(0)). This field dependent basis func-
tions are represented as gauge-including atomic orbitals or London orbitals. There are
various advantages involved in GIAO. This first provides unique results and ensures the
fast basis set convergence, as for each AO the corresponding optimal gauge is used.
When AO’s depend on perturbation, the corresponding coefficients are also depend on
perturbation. One need to solve coupled-perturbed HF for obtaining coefficent deriva-

tives.

1.22 Coupled-Perturbed HF

Although a calculation of the wave function response can be avoided for the first deriva-
tive, it is necessary for higher derivative. The first derivatives of the coefficients are
obtained by solving Coupled Perturbed Hartree-Fock equations [142]. For HF wave
function, an equation of the change in the MO coefficients may also be formulated from
the HF equation

FOCO = 5000, (1.118)

The superscript (0) here denotes the unperturbed system. Expanding F, C, S and ¢, ma-
trices in terms of a perturbation parameter (e.g. F' = F© + \F(M) 4+ \2F®) 4 ...) and

collecting all the first order terms gives first order CPHF equations,
(F(O) + 5(0)5(0))0(1) - (F(l) + 5O 5(1)5(0))0(0)‘ (1.119)
The orthonormality condition becomes
Ot O (0) 4 t(0) g1 (0) L F(0) g (1) — . (1.120)
The F(") in eq.1.119 is given as
FO = p® 4 W pO 4 g0 pl) (1.121)

where h is the one-electron(core) matrix, D is the density matrix and G is the tensor con-

taining the two-electron integrals. The SV, (1) and G") quantities are (first) derivatives
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of overlap, one- and two-electron integrals over basis functions. When the Fock matrix
is diagonal, then the derivatives of Fock matrix are also diagonal.

The density matrix is given as a product of MO coefficients
DO = ctOc®. pt) = ¢t O 4 T M) (1.122)

The stationary orbitals, in the presence of a perturbation, is given by a unitary trans-

formation of the unperturbed orbitals
cW = cOym, (1.123)
On simplifying the eq.1.119, using CT(® SO0 = 1 and C1O FOC% = E one obtains
EUY W g = ot g g _ 1) p(1)(0) + ED (1.124)

This equation is a CPHF equation in matrix form. The CPHF equations are linear and
can be determined by standard matrix operations. The size of the U matrix is the number
of occupied orbitals times the number of virtual orbitals, which is generally quite large.
Solving the CPHF equation requires U matrix, which in turn used for the construction
of derivative Fock matrix. Hence CPHF equations are normally solved by iteratively
[143]. The CPHF equations may be formulated either in an atomic orbital or molecular
orbital basis. Although the latter has computational advantages in certain cases, the
former is more suitable for use in connection with direct methods (where the atomic
integrals are calculated as required). There will be one CPHF equation to be solved for
each perturbation. If it is an electric or magnetic field, there will in general be three
components ([}, I, I,), if it is a geometry perturbation there will be 3N (actually only
3N-6 independent) components, N being the number of atoms.

The CPHF procedure may be generalized to higher order. Extending the expan-
sion to second-order allows derivation of an equation for the second-order change in the
MO coefficients, by solving a second-order CPHF equation etc. Pople and coworkers

[144] developed an efficient method for solving CPHF equations, which made second
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derivative calculations practicable for SCF and unrestricted SCF wave functions. The
CPHF method is extended to restricted openshell HF cases also[145]. The CPHF method
is equivalent to the random phase approximation (RPA) [146] or the Time-dependent

Hartree-Fock (TDHF) [147] for static calculations within a given basis.

1.23 Coupled-Perturbed MCSCF

The Coupled-Perturbed MCSCF (CPMCSCF) have been formulated [148] and MCSCF
second derivatives are applied by various groups [149]. The CPMCSCEF simultaneous
equations provide the derivatives of both MO and CI coefficients with respect to pertur-
bations. The equations are obtained by differentiating the variational conditions on both
the CI and MO spaces.

The MCSCF wave function is written as,
IMC) =" CO|p) (1.125)
n

satisfies the condition

(MCIHIMC) _yyy, (1. C|H|p, C)

po _ \MCOHIMC) (1, C1H R, C)
MeT (memMce)y Y, Clp, C)

(1.126)

with respect to the MO and CI coefficients. Expressions for the MCSCF molecular prop-

erties are
EY. = (MC|H®|MC) (1.127)
EV). = (MC|HO|MC) (1.128)
EX. = (MC|H®|MC) + (MC|[™V, HV]|MC) (1.129)
+2(MC|HV|cWY — 260 (MC|CW). (1.130)

The normalization of the wave function (MC|MC) = 1 is assumed. The first order

CPMCSCEF equations are required for constructing second order CPMSCF equations.
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There are methods developed for the calculation of shielding constants at the MCSCF
level. The two approaches mainly developed are GIAO [150] and IGLO [151] approxi-
mations. For the identical MCSCEF references, the results obtained in the MCSCF-GIAO

and IGLO approaches are similar.

1.24 Magnetic properties from CC method

In common gauge origin calculation for £, the only needed integrals are

O 1
9B, §<Xu|((7“ Ro) X p)alxv) (1.131)
and
Ot L s — B2 — (= R)s(r — Ru)al) (1.132)
8363 4Xu ap\T r 0)p\T o)a|Xv)- .

The gauge-origin independence is achieved by using the following explicitly magnetic

field dependent basis functions:

XulB) = eap(=5(B X (Ry = 1)) xu(0) (1.133)

where y,(0) is standard field-independent basis functions, R,, is center of the basis func-
tion x,, %, as the global gauge origin and  as the coordinates of the electron.

A general formula for o can be obtained by first differentiating the energy E with
respect to my and then with respect to 5. A computationally convenient expression for
oN 18

82h,, 0D, Ohy,
N(CCSD) ZDW@B B Za—B,-am—Nj (1.134)

where 41, v are atomic orbital indices, D,,, is one-particle density of CC gradient theory,

= CrDpClyg (1.135)

The elements of D, are determined by the ¢ amplitudes that are solutions of the usual

CCSD equations. The D,,,, has two two contributions, one is from amplitude part and the
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second is from orbital response part. The most computationally demanding requirement
is a knowledge of the perturbed density matrix. Since the derivative of the density matrix
(amplitude part) involves derivative of coefficient, one need to solve CPHF equations to
obtain U matrices. The orbital response part of the perturbed density is obtained from

the first order Z-vector equations.

1.25 Brief overview on available methods for the calculation of mag-

netic susceptibilities and NMR shieldings

The use of London orbitals in ab initio calculations are pioneered by Hameka [152] in
the 1950s and 1960s and by Ditchfield [153] in the 1970s. Efficient implementations are
presented, first for self-consistent field (SCF) shieldings by Wolinski, Hinton, and Pulay
[154]. The use of London orbitals has now become widespread, and Hiker et al. pre-
sented a direct program for the calculation of nuclear shielding constants [155]. The cor-
related shieldings are calculated by Gauss et. al. [156] at the second-order Moller-Plesset
(MP2) and MP3 level and by Ruud et al. [157] at the multiconfigurational self-consistent
field (MCSCEF) level. Stanton and Gauss [158] calculated shielding at CCSD, CCSD(T)
and CCSDt-n levels. Using various density functional theory (DFT) approximations, the
NMR parameters are studied by Salsbury and Haris [159], Cheeseman et al [160] and by
various authors [161]

Ruud, Helgaker, and co-workers have presented calculations of magnetizabilities at
the SCF [162] and MCSCEF levels. The multi-configuration IGLO is proposed and stud-
ied by Kutzelnigg et al [163]. Cybulski and Bishop reported, set of small molecules,
large-scale magnetizability calculations at MP2 and MP3 levels as well as using the
linearized CC doubles model (L-CCD) [164]. Magnetizabilities of some hydrocarbons
are done using IGLO calculations [165]. GIAO MCSCF program is able to calculate
magnetizabilities of relatively large molecules accurately with modest basis sets [166].

Magnetizabilities calculations using CC level theory is achieved by Gauss et al. [167].
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The magnetizability is studied using DFT method considering various functionals and its

performance also argued by many authors [168].

1.26 Objective and Scope of the thesis

The ECC and FSMRCC methods are well studied for electric properties. Our plan of
this thesis is to develop these methods for the magnetic based properties calculation.
We also implement a non-iterative triples correction to FSMRCC method for dipole mo-
ment. The ECC method is used here to study the nuclear magnetic shielding. The proper
gauge as origin and standard atom centered basis functions are chosen to carry out the
study. Considering small molecules as a study, the analysis are done, which is included in
the chapter-1I. The shielding values obtained are carefully compared with the CASSCF
method, choosing reasonably larger active spaces. In this thesis FSMRCC method for
magnetizability study of radicals is implemented. The FSMRCC method, which is suit-
able for doublet radicals are tested for few small radicals. The standard atom centered
basis functions are used along with the proper choice of gauge origin. The calculations
are performed in two different gauge origins. From our calculations, it is reflected that
the center of mass is a more suitable gauge for magnetic properties studies. The results
obtained are compared against the CASSCF values. In chapter-1II the details of magne-
tizability calculations are given. Along with the magnetic properties study we have also
presented a partial triples correction to FSMRCC method for properties. The triples are
taken order wise and amplitudes up to third order are considered. The dipole moment
obtained from this method is correct up to third order. This method has been tested with
some radicals. The results are compared against the FCI and finite-field approaches.
The details and results are presented in chapter-IV. In the last chapter we give the fu-
ture perspective in the field of magnetic properties using these methods and higher order
corrections to other properties. We also give the importance of including GIAO’s for

chemical shieldings under ECC method.
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Chapter 2

Chemical shielding of closed-shell molecules

using Extended Coupled-cluster theory

In this chapter we report calculation of the nuclear magnetic shielding constant using
extended coupled cluster response approach. We present the results for the HF, BH,
CO and N5 molecules. These results show importance of correlation corrections for the

shielding constant.
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2.1 Introduction

The single-reference coupled-cluster (SRCC) theory [1-7] is one of the most
accurate and widely used electronic structure method for studying ground state energy,
properties and spectroscopy of closed-shell molecules at the equilibrium geometry [6, 8—
10, 10-16]. Due to its in-built size-extensivity and size-consistency property SRCC has
been accepted as the state-of-the-art method for electronic structure and properties of
atoms and molecules. Energy derivatives obtained through analytic response approach
were first developed by Monkhorst [8]. Traditional CC response approach based on
non-variational method did not have a (2n + 1)- rule inherent in it. As a result, the
expression for the first order energy derivative involves the first derivative of the wave
function with respect to the external perturbation. This means one needs to evaluate
wave function derivatives with respect to all modes of perturbation for the first order
property. This problem was overcome by Bartlett and co-workers [16, 20]. They imple-
mented the idea of algebraic Z-vector method introduced by Handy and Schaefer [18]
based on Dalgarno’s interchange theorem [19]. The method is known as the Z-vector
technique. This development made the non-variational CC method viable for the com-
putation of energy derivatives, using only one extra set of perturbation-independent vari-
ables, solved through a linear equation. This and the subsequent developments by Bartlett
and coworkers [15, 16, 20] substantially facilitated efficient implementation of molecular
energy gradients for SRCC, and significantly contributed to its success in quantum chem-
istry. However, Z-vector type of approach turned out to be a tedious job for higher-order
properties such as Hessian’s, polarizabilities, etc. On the other hand, a conceptually dif-
ferent approach, using a constrained variation method (CVM), proposed by Jgrgensen
and coworkers [21, 22] was more useful. This approach is based on the formation of
Lagrangian functional which is easily applicable to higher order energy derivatives [23—
25]. Constrained variation approach involves recasting of the standard SRCC equation

in a stationary framework by introducing an extra set of de-excitation amplitudes. It was
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shown that this method includes the Z-vector method as a zeroth-order result and trans-
parently extends its benefits to higher-order properties. Parallel to these developments,
Pal [26] proposed a fully stationary response approach. In this approach choice of the en-
ergy functional is very important. Initial implementation was based on the expectation-
value (XCC) functional [27-29]. The XCC functional, however, is a non-terminating
series and the stationary equations resulting from the functional were truncated to a fixed
power in cluster amplitudes contain disconnected terms. Bartlett and co-workers [30, 31]
used the truncation scheme based on the order of perturbation for the XCC and Unitary
CC (UCC) functional. This scheme of truncation leads to connected series, however, it
is computationally expensive to implement this approach beyond third order of perturba-
tion.

Extended coupled cluster (ECC) functional based on a double-similarity transforma-
tion of the Hamiltonian is other energy functional implemented by Pal and co-workers
[32-34]. The ECC functional developed by Arponen and co-workers [35-37], uses bi-
orthogonal vectors and is shown by Arponen to have a special double-linking structure.
Linear form of the left amplitudes gives SRCC equations when differentiated with re-
spect to the left amplitudes. This double linking structure of the bi-orthogonal or ECC
functional not only ensures natural termination of the series, but also provides fully con-
nected amplitude equations, even when truncated to a fixed power in number of cluster
amplitudes. Being variational, method enjoys the advantage of (2n + 1)-rule i.e. it sat-
isfies Hellmann Feynman theorem. The natural termination of the functional occurs at
high order and for the practical purpose needs to be truncated. CC response approach is
extensively used for the electric properties [30—34], however, there are not many reports
on magnetic properties [25, 38]. Magnetic response property calculations are not straight
forward like electric response properties. The Hamiltonian of the system in the presence
of external magnetic field depends on the gauge of the magnetic vector potential. Proper

gauge origin should hence be chosen for the evaluation of the magnetic properties [39].
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Various attempts were made earlier at the SCF level [39-43] as well as correlated lev-
els [44-50] to eliminate the problem of gauge-variance of magnetic properties to some
extent. Recently Manohar er al [38], reported the ECC response for magnetizability
of the closed shell molecules. GIAO-based techniques have been implemented for the
coupled-cluster singles and doubles (CCSD) [51] method as well as for the CCSD(T)
approach [49] in which triple excitation effects are approximated based on perturba-
tive guidelines. Coupled-cluster calculations of NMR shifts have been very successful
in achieving experimental accuracy especially when partial triples are included. While
CCSD and CCSD(T) appear to be the best approaches for highly accurate calculations in
most cases but it is computationally very expensive. However, when system is dominated
by non-dynamic correlation, it is important to use multi-determinantal based theory like
multi-configurational SCF (MCSCEF) [44, 45].

In this chapter we report the shielding constant for the closed shell molecules using
extended coupled cluster response approach. In the following sections we discussed the
theory of the shielding constant and CC response approach, results and discussion and

conclusion of this work.

2.2 Theory

The theory of nuclear magnetic resonance (NMR) and electron paramagnetic resonance
(EPR) [25, 52] parameters is the study of an atom or a molecule in external homoge-
neous magnetic field of different origin. Inclusion of electron correlation effects is very
important for the accurate prediction of nuclear magnetic shielding constants and the re-
lated NMR chemical shifts. At least for molecular calculations with atom-centered basis
functions, center of mass represents the preferred choice of gauge origin. Nuclear mag-
netic shielding tensor is a mixed second-order energy derivative. Calculation of NMR
chemical shifts thus requires evaluation of a second derivative of the energy with re-

spect to the magnetic field and nuclear magnetic moment. The perturbation involved is a
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imaginary perturbation, transforming the real wave function of the unperturbed molecule
into complex field-dependent wave-function. Thus, magnetic properties, unlike electric
properties and other second-order quantities, cannot be computed easily using numerical
differentiation techniques. Hence, development of analytic response approach for the
calculation of magnetic properties was necessary and represented the main bottleneck in
the development of correlated schemes for the calculation of chemical shifts.

The Hamiltonian in the presence of a magnetic field can be written as

OH OH
J i ’

2.1

Hy is the usual field-free, non-relativistic Hamiltonian of a molecule and the pertur-

bation contributions are given by

OH 1
o = 5 (- R) X Py
0B, 2 zk: g k
2.2)
OH
oon = 00 (= By) X Po)if | ri = Ry [
m; -
2.3)
0*H a? ,
aBjamN = 7 Z (Tk - RO)(rk - RN)éij - (Tk - Ro)i(ﬁc — RN)]'/ | r, — Ry ‘
t k

2.4)

Here r;, and pj, are the position and momentum operators for the k" electron, R, is
the gauge origin, [? represents the position of the Nth nucleus and « is fine structure

constant.
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The tensor element of NMR shielding constant can be computed as the corresponding
second derivative of the electronic energy
2
Y Om;' 0B, B=0;mN =0

Similar to the magnetizability, shielding constant also has diamagnetic and paramagnetic

(2.5)

component. In the case of closed shell molecule the diamagnetic nuclear spin -electron
orbit operator contributes to the shielding constant. Diamagnetic contribution can be ob-
tained through expectation value approach. For the paramagnetic shielding constant we
need the response of the wave function. Thus, we need to get the derivative of the CC
cluster amplitudes with respect to the nuclear magnetic moment first, then we evaluate
the derivative of the cluster amplitudes with respect to the magnetic field. Only, after
having obtained both the derivative cluster amplitudes we can get the paramagnetic con-
tribution for the shielding constant. For the calculation of NMR shielding we have used
fully variational CC response approach based on extended coupled cluster functional.
Variational methods satisfy Hellman -Feynman theorem which is very useful for the
higher order properties. This Means, with the help of first order response wave-function
we can calculate the properties up to third order. The form of the energy functional in

ECC s
Eq = <<Z50 | €S(H€T)L | <Z50>DL (2.6)

where, L means linked and DL is double linked. This makes functional naturally ter-
minating and we never end up with disconnected diagrams for the amplitude equations.
Thus the properties obtained using this functional are size-extensive. Though the func-
tional is naturally terminating it terminates at quite high order and needs truncation for
the practical application. We have used the singles and doubles (CCSD) approximation.
Thus, within CCSD approximation we have included all the terms for the one and two
body H = (H eT)Comppen)in the energy as well as derivative energy functional. We can
see that we have two set of amplitudes S and 7T". Thus, the price one pays to get terminat-

ing series is double the number of amplitudes as well as double the number of equations.

79



Chapter 11 ECC shielding

To get the equation for the cluster amplitudes we differentiate energy expression with re-
spect to t as well as s. For the derivative amplitude equations we differentiate derivative
energy expression with respect to the unperturbed t and s amplitudes only. For the details
of the ECC response see refs. [32-34].

The cluster amplitudes of S and T" operators as well as those of the derivative S
and 7" operators are obtained using a stationary condition. The double-linked nature
of the functional guarantees that the terms generated by the deletion of a vertex from
the energy/energy derivative diagram remains connected. Thus, the stationary equations
resulting from the variation of the functional with respect to the cluster amplitudes are
themselves connected. This yields the equations for the amplitudes of the cluster opera-
tors S and 7', denoted as s(®) and ¢(*). The following set of equations are solved to obtain

the above amplitudes: (2.7)

OE Wy

570~ U gm =Y

The functional, at the stationary point, Fs.;: , has a simplified structure, due to the sta-
tionary condition of cluster amplitudes. To obain the derivative amplitude equations, one
makes the derivative energy functional £ stationary with respect to the ground state
s and t(©) amplitudes. This explicit derivative functional depends on the amplitudes
s +0) 51 and t(), Thus, the equations

SEM SEM
5 = O G

2.7)

provide us with the equation for s and ") amplitudes. The double-linked structure
of the £ leads to the connectivity of the terms in the equations for derivative cluster
amplitudes. The resulting higher order properties (up to first hyper-polarizability) are

thus fully size-extensive.
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2.3 Results and Discussion

In this section we report the shielding constants for some closed shell molecules using
extended coupled cluster method. The nuclear magnetic shielding constant o can be
defined as the second derivative of the energy with respect to the external magnetic field
B and a nuclear magnetic moment my. In the perturbation formulation, the shielding
constant can be written in terms of a diamagnetic and paramagnetic contribution, where
the former is calculated as an expectation value of the diamagnetic shielding operator
(DS) while the latter is calculated as a response property of the paramagnetic spin-orbit
(PSO) and orbital Zeeman (LG) operators. It is known that electron correlation and basis
set plays an important role in the accurate determination of nuclear magnetic shielding
constants. Here, absolute values of shielding constants are reported. In particular, for
magnetic properties it is very important to have large basis sets to counter gauge origin
problem. Thus, a basis of at least valence triple zeta quality is chosen. It is interesting
to study the shielding constants for molecules with multiple bond. Nitrogen and carbon
monoxide are interesting systems for the study of magnetic shielding constants. In this
section shielding constants for HF, BH, N5 and CO molecules are reported. For BH and
Ny, the cc-pVXZ (X=QZ,5Z) basis without g and h functions are used. For Hydrogen
fluoride and carbon monoxide molecules the cc-pVTZ and cc-pVQZ basis sets are used
for our studies. The results are compared with the MCSCF values obtained using the
DALTON program [53]. Also the results are compared against the available experimental

values.

2.3.1 Boron hydride

For boron hydride cc-pVQZ and cc-pV5Z basis without g and h functions are used for
the calculations. The bond distance of 1.2328 A is used. The MCSCF calculations in the
same basis using 4 electrons and 15 active orbitals as our CAS space are performed.

In Boron, the effect of electron correlation is large for the paramagnetic component
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Table 2.1: Nuclear magnetic shielding constants values BH

d

d

Basis Method lopet os, ob. o
cc-pVQZ "B SCF 214.01 198.81 -708.31 -263.26
ECC 214.03 199.53 -625.08 -207.52
MCSCF 214.09 199.71 -57047 -171.02
cc-pV5Z B SCF 214.01 198.82 -713.08 -266.43
ECC 214.01 199.50 -634.66 -213.03
MCSCF 214.09 199.71 -573.88 -173.30
FCI ¢ -170.08
Extrapolated FCI -183.08
cc-pVQZ 'H SCF 17.77  33.63 2.53 24.75
ECC 18.19  33.66 2.15 24.90
MCSCF 18.28  33.69 2.33 24.97
cc-pV5Z 'H SCF 17.72  33.64 2.83 24.90
ECC 18.11  33.65 241 24.89
MCSCF 18.22  33.69 2.60 25.12
FCI ¢ 24.60
Extrapolated FCI 24.90

Results in ppm
% see Ref.[54]
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of shielding than the diamagnetic shielding component. For the case of Boron in BH
molecule, in comparison with SCF, electron correlation reduces paramagnetic compo-
nent of the shielding constant by 11% in ECC and almost by 20% in MCSCF method.
For BH the full configuration interaction (FCI) results available for triple zeta plus basis
as well as extrapolated FCI value [54] are reported. These results are obtained using a
large basis set. Though, the FCI results are not in the basis we have used but it can be
used to get the qualitative trend of the correlated shielding values compared to SCF. The
coupled cluster level calculation overestimates the shielding constant compared to FCI
value. With larger basis it is enhanced. The same trend is observed for FCI as well as
MCSCEF. Table-2.1 reports the results for the shielding constant of ''B and 'H in BH. For
'H we observed that the ECC values are in good agreement with the MCSCF as well as

extrapolated FCI values.

2.3.2 Hydrogen fluoride

Hydrogen fluoride is an another system studied for the shielding constant. Here, cc-
pVTZ and cc-pVQZ basis is used without any g functions. In Table-2.2, the results for
the diamagnetic and paramagnetic components of the shielding constants of Fluorine as
well as Hydrogen in HF are reported. Here too the results are compared with the exper-
imental [55, 56] as well as MCSCEF results obtained using 4 electrons and 10 orbitals.
With increase in basis set paramagnetic component of the shielding is reduced and total
shielding constant value is in good agreement with the experimental shielding constant.
The CC results are in good agreement with the MCSCF results. For 'H in hydrogen
fluoride good results are obtained compared to experimental value [57] for both the basis
sets. For hydrogen, change in shielding constant is very small as basis set convergence

1s almost reached.
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Table 2.2: Nuclear magnetic shielding constants values of HF

Basis Method ol ol oP o
cc-pVTZ 'H SCF 877 44.13 12.04 28.59
ECC 8.88  44.46 12.29 28.93

MCSCF 082 44.44 12.14 29.45

cc-pVQZ 'H SCF 8.48  44.07 11.67 28.13
ECC 949 4434 11.80 28.98

MCSCF 949 4437 11.73 28.96

'H Expt® 28.5+0.2

cc-pVTZ YF  SCF 481.88 481.75 -112.36 406.93
ECC 48190 481.52 -115.07 405.06

MCSCF 481.98 481.74 -111.84 407.03

cc-pVQZ YF SCF 481.81 481.69 -104.21 412.29
ECC 481.89 481.48 -106.91 410.64

MCSCF 48197 481.81 -104.04 412.99

YE  Expt 410+6

Results in ppm
%see Ref. [55]
bsee Ref. [56]
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Table 2.3: Nuclear magnetic shielding constants values of Ny

B d d D —
Basis Method lopet o2, ob. o

cc-pvVQZ N SCF  362.67 338.70 -681.46  -99.62
ECC  363.02 339.56 -591.47  -390.11
MCSCF 362.96 339.30 -618.42  -57.21

cc-pV5Z PN SCF  361.89 338.71 -639.82 -108.38
ECC  362.77 339.57 -588.77 -37.48
MCSCF 362.73 33931 -621.60  -59.48

15N Exp® -61.642

Rsults in ppm
% see Ref.[57]

2.3.3 Nitrogen dioxide

The N shielding is studied in cc-pVQZ and cc-pV5Z basis without any g and h func-
tions. The MCSCEF results are obtained using rather small active space of 4 electrons and
6 orbitals. It can be seen that the paramagnetic component of the shielding constant is
reduced considerably by electron correlation in coupled cluster method for both the basis
sets, whereas in MCSCEF it is not so. In fact, as we go from cc-pVQZ to cc-pV5Z basis
coupled cluster reduces the paramagnetic component of the shielding, although in MC-
SCF it increases. Compared to experiment, coupled cluster underestimates the shielding
constant, whereas MCSCEF value is in good agreement with the experiment. Discrepancy
of the CC could be attributed to the relaxation missing at the CCSD level. Inclusion
of partial triples may improve results. MCSCEF introduces relaxation which may be the
reason why MCSCF despite of using a smaller space in calculations, provides a closer

values to the experimental results.
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2.3.4 Carbon monoxide

In Table-2.4 shielding constants for *C and 7O in cc-pVTZ and cc-pVQZ basis without
any g functions are reported. The results are compared with the MCSCEF results obtained
using 10 electrons and 12 active orbitals. It can be seen from the Table-2.4, that the para-
magnetic component of the shielding for '3C is reduced in both the basis sets by almost
10% due to electron correlation. ECC as well as MCSCF predicts positive shielding con-
stant, whereas SCF gives negative shielding constant. Thus, effect of electron correlation
is seen to be important for *C. However, neither ECC nor MCSCF is closer to the exper-
imental results. For the 17O shielding constant is reduced in ECC and MCSCF compared

to SCF, which is considerably emphasizing on the effect of electron correlation.
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Table 2.4: Nuclear magnetic shielding constants values of CO

Basis Method ol ol oP o
cc-pVTZ 13C SCF 297.77 271.10 -459.78 -17.64
ECC 298.13 272.66 -417.48 11.32

MCSCF 298.30 272774 -413.48 13.52

cc-pVQZ 13C  SCF 297.12 271.03 -461.58 -1.77
ECC 298.28 272.62 -422.65 7.97

MCSCF 299.68 272.63 -419.55 9.05

13C  Expt® 0.6£0.9

cc-pVTZ "0 SCF 430.54 410.46 -754.65 -74.25
ECC 43093 410.08 -681.87 -30.60

MCSCF 430.98 410.00 -689.43 -36.11

cc-pVQZ "0 SCF 43195 41048 -760.49 -83.50
ECC 430.47 410.18 -682.94 -31.58

MCSCF 43045 410.24 -639.30 -39.07

"0 Expt® -42.34+17.2

Results in ppm
@ see Ref.[58]
b see Ref.[59]
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2.4 Conclusion

In this chapter we report the shielding constants for the Hydirdes BH and HF along
with multiple bonded systems Ny and CO. Accuarate calculation of shielding constant
is by far more challenging as values for the shielding are very sensitive to the basis set
chosen and electron correlation effects. We see that for the 'H in HF and BH basis set
limit is almost reached and hence shielding constant is closer to the experimental or FCI
value. However, for other cases we have not reached the basis set limit. In particular,
for multiple bonded systems it might be useful to choose basis sets with more tight S

functions. Partial inclusion of triples might improve results.
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Chapter 3

Magnetizability of doublet radicals using Fock

space multi-reference coupled cluster method

In this chapter we report the first implementation of the recently developed Fock-space
multi-reference coupled cluster (FSMRCC) response approach for magnetizabilities. The
FSMRCC treats dynamic and static correlation in a very extensive manner. We report pi-
lot application of the dia-magnetizability of NO, NO,, OH and B H, radicals. We also
report preliminary applications of the paramagnetic magnetizability of the NO radical.
Standard atom-centered Gaussian basis functions have been used and this allowed us to

study the gauge-dependence of the magnetizabilities.

93



Chapter 111 FSMRCC magnetizability

3.1 Introduction

Single reference coupled cluster (SRCC) [1-4] has been accepted as the state-of-
the-art method for the electronic structure calculations. It has been successfully imple-
mented for the energy, energy gradients [5, 6], molecular properties [7-9] and for po-
tential energy surfaces. In general, SRCC very successfully introduces dynamic electron
correlation, which keeps electrons apart. However, for cases where several configura-
tions are likely to make nearly equal contribution to the exact wave-function i.e bond
breaking situations or in excited states, single reference CC fails. Multi-reference based
CC (MRCC) [10-12] have been regarded as the methods of choice in such situations to
take care of non-dynamic electron correlation in an effective manner. Among the MR
based methods, effective Hamiltonian methods [13, 14] provide multiple solutions at a
time. Effective Hamiltonian is defined over a small primary space of interest in such
a way that diagonalization of it gives the exact eigen-values and the associated eigen-
functions are the zeroth order approximation for the exact eigen functions. This space
is known as reference space or model space. This class of methods can be further sub-
divided into two variants as Hilbert space (HS) [15, 16] and Fock Space (FS) [17-19]
methods. Choice of model space and the wave operator play a central role in MR based
methods. Hilbert space MRCC assumes different vacuum for different configurations
in the model space. A cluster operator 7}, is associated for each of the model space
determinant ¢, acting as a vacuum. The Fock space is based on the concept of a com-
mon vacuum, which is usually a closed-shell restricted Hartree-Fock determinant. With
respect to this vacuum, holes and particles are defined, which are further sub-divided
into active and inactive holes and particles. Fock space method is suitable for the differ-
ence energy calculations and thus describes ionized, electron-attached or excited states
of a closed shell system, whereas Hilbert space based method is suitable for the poten-
tial energy surface calculations. In addition to the effective Hamiltonian-based methods,

state-selective multi-reference CC methods [20] have also been developed, which are
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appropriate for potential energy surface calculations.

SRCC based methods like Equation of motion (EOM) CC [21, 22], symmetry adapted
cluster expansion configuration interaction (SACCI) [23, 24] method restricted open-
shell (RO) based CC methods [25] have also been successful in describing some quasi
degenerate problems. For one valence problem, EOMCC, SACCI and FSMRCC are
equivalent. However, for higher valence this equivalence no longer holds.

Each of the above methods has its own merit and demerit which gives different win-
dow for their applicability in real problems. It is well known that the intruder state
problem is one of the major drawbacks for the effective Hamiltonian based methods.
To avoid the problem of intruder states incomplete or quasi complete model spaces can
be used. Independent partitioning technique [13]. is another way to get rid of intruder
states problem. Within a complete model space, this can be avoided with the proper
choice of the active orbital. FSMRCC, EOMCC and SACCI have been successfully used
for the difference energy calculations [26, 27]. However, for the linear response there
are very few implementations. The initial linear response in SRCC was proposed by
Monkhorst [28] and subsequently made more efficient by Bartlett and co-workers using
Z-vector technique [7, 29]. Around the same time, Jorgensen and co-workers [30] im-
plemented constrained variational approach to obtain the same response equations. Pal
and co-workers [31, 32] used the fully variational approach using different functionals.
However, the variation based multi-reference variants for the response approach have
been developed only recently. The derivatives using EOM-CC based methods, which
are equivalent for one valence problem to the FSMRCC, were developed by Stanton and
Gauss [33]. Initially, Pal and co-workers [34] implemented Z-vector method for the Fock
space based coupled cluster. Later, Pal and co-workers [35, 36] proposed a more efficient
constrained variational approach for Fock space as well as Hilbert space for a single root
at a time for a general model space. Szalay [37] also proposed a constrained variational

approach for a complete model space within FSMRCC framework. For a complete model
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space both the approaches are equivalent. Pal and co-workers [38, 40] implemented La-
grangian based FSMRCC linear response approach for dipole moment and polarizability
for the doublet radicals of one valence problem as well as excited states more recently.
Though the response approach was tested for electric properties of closed and open
shell molecules there are very few applications for the magnetic properties [41, 42]. The
imaginary perturbation and the gauge-dependence of the properties make it complicated
to implement. Gauss and co-workers [43] have recently implemented gauge-independent
magnetizabilities using CC for closed shell molecules. Pal and co-workers [44] used
extended coupled cluster method to calculate the magnetizabilities of the closed shell
molecules without any gauge dependence. In this chapter, we report pilot applications of
the dia-magnetic magnetizability of the ground states of NO, NO-, BH, and OH doublet
radicals and perpendicular component of the paramagnetic magnetizability of the NO

radical using different gauges.

3.2 Review of FSMRCC Response Theory

The FSMRCC theory [10, 12, 17, 26] and the Lagrangian formulation within FSMRCC
have been described in detail in various articles [36, 38, 40]. However, for the com-
pleteness of the chapter, we briefly discuss the FSMRCC theory here. The FSMRCC
method is based on the concept of a common vacuum. We choose an N-electron RHF as
a vacuum. With respect to this vacuum, holes and particles are defined, which are further
divided into active and inactive space. Thus, a general model space contains m-active

particles and n-active holes. The model space function can be written as

[ >=3" cirm e > 3.1)

where, ij?’”)’s are the model space coefficients. The correlated wave function for the
u!" state can be written as

m,n . (m,n)
(W™ >=Qu g > (3.2)

’
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The universal wave operator () is such that the states generated by its action on the

reference space satisfy Bloch equation. The wave operator is defined as

Q= {"y (3.3)

The curly bracket denotes normal ordering of the operators within it [39]. The cluster

operator T(mn) can be expressed as

n

Z Tk (3.4)

k=0 (=0
T is capable of creating holes and particles in addition to destroying specifically k-
active particles and /-active holes. Thus, T (m.n) amplitudes contain all the lower valence
amplitudes and give additional flexibility to the theory. For a specific problem of zero
active particle and one active hole, we write the Schrodinger equation for the quasi-

degenerate states as

HYOY > = B, U0 >
which leads to

2001)@(01 _ EQZCOl 01) (3.5)

Projection operator for model space is defined as
PO =3 "™ > < oY) (3.6)

The complementary space operator Q is 1 — P. The effective Hamiltonian(Hyy) is
defined commonly through the Bloch equation.
POVHQ - QHGY)POD = 0
QUVHO — QHEP)POY = 0
(3.7)

Because of normal ordering, the contractions amongst different cluster operators within

the exponential are not possible. This leads to decoupling of the equations of different
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sectors. The equations for the cluster amplitudes are solved, starting from the lowest
valence sector upwards. This is also known as subsystem embedding(SEC) condition.
Similar to the Lagrange formulation of linear response approach of SRCC, Szalay
[37] developed a response approach for the multi-reference methods. Though this ap-
proach can in principle, be applied for general model space, this has been implemented
to complete model spaces. In this approach response of a specific root out of multiple
roots of the effective Hamiltonian is targeted. Thus, one has to project a single desired
root of the H. ¢ out of various roots for variation. We construct the Lagrangian and min-
imize the energy expression with the constraint that the MRCC(i.e. Bloch equations) are

satisfied for a specific u'" state.

3 — Z C’ (0,1) o 1) C,(o 1)
+ZA < ¢OV(HQ — QHpp) |6 >
+ Z SOAGY < 6PV(HQ — Qg0 >
+ Y ARY <oPUIHQISMY >+ 0N ALY < 60O HOY™ >
Ji a 7

(Z anhe 1) (3.8)

Where qb(o 2 (b (0.1) ¢(00 and ¢>(00 are the functions in P space. % and ¢&0’0) are
functions in Q space. AQ i Y and A ) are the Lagrange multipliers defined within P-space
for the (0,1) and (0,0) sectors respectively. Similarly, A(0 Y and A ©0) are the Lagrange
multipliers from P to Q-space for the (0,1) and (0,0) sectors respectively. However, in
case of complete model space (CMS), effective Hamiltonian has an explicit expression
in terms of cluster operators. As a result, the closed part of the Lagrangian multipliers

vanishes. Thus, the second and fourth terms of eq (3.8) vanish, simplifying Lagrangian
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to:
(0,1) (0 1) ~(0,1)
= Tl
YA < N0 - 0 >
£ 30 STALY < o0 e >

(Z cOve 1) (3.9)

Differentiation of eq 3.9 with respect to A results in expression for cluster amplitudes,
i.e., the Bloch equation. Differentiation of eq 3.9 with respect to the 7" amplitudes leads
to equation for Lagrange multipliers. It is seen that the equation for cluster amplitudes
is decoupled from the A amplitude equation. The A equations are however coupled with
those of the cluster amplitudes 7'. In the presence of the external field, the Lagrangian
and the parameters H.,y, C,C, E, Q, A become perturbation dependent. The differentia-
tion of the Lagrangian with respect to unperturbed cluster amplitude leads to equation
for the Lagrangian multipliers. Similarly differentiation of the Lagrangian with respect
to unperturbed Lagrange multipliers leads to equation for cluster amplitudes. Cluster
amplitudes follow (2n + 1) rule whereas Lagrange multipliers satisfy (2n 4 2) rule. Thus
with the help of first derivative of cluster amplitudes and Lagrange multipliers , one
can obtain energy derivatives up to second order i.e. polarizability. Lagrangian for the
first and second order properties for one valence hole are presented in references [40]
and [38] under singles and doubles approximation. Along similar line, the one valence

particle problem can be solved.

3.3 Computational details

The diamagnetic magnetizability is obtained as expectation values of the second moment

integrals. The corresponding operator is written as
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1

Xag = —1 > [(ri = Re)*das — (ria — Raa)((ris — Reg). (3.10)

i

The magnetic moment operator for a closed shell molecule is defined as
m_ 1 Ml (3.11)
lu’a - 2 - o *

where, [;, is the o'® component of the angular momentum operator for the ' electron.
Then, energy can be written as

1 1
E(B) = E, — 3 BB~ 5B.Xd.B + ... (3.12)

where ¢ and x” are diamagnetic and paramagnetic magnetizability tensors, respectively.

The diamagnetic susceptibility is obtained as

Xiﬁ = TT(Hg,BDO) = <¢0|>2i5’¢0> (3.13)

and

Xog = Tr[HED ()] (3.14)

where Dy and D)}" are the perturbed and unperturbed densities, respectively. We ob-
tain the density using field-independent cluster amplitudes, Lagrange multipliers, and
model space coefficients and then calculate the diamagnetic magnetizability as trace of
the product of density with the second moment operator. However, for the paramagnetic
susceptibilities, we need the derivative of the cluster amplitudes and effective Hamilto-
nian. We have, however, included only the orbital response part in our implementation
and not the spin contribution. In the present application, we have used singles and dou-
bles truncation of the Lagrange multipliers and cluster amplitudes.

In the presence of the magnetic field, Hamiltonian of the system is not uniquely
defined. Because of complex potential and gauge dependence of the Hamiltonian, com-
putation of the magnetic properties is not so simple. However, the problem of gauge
can be partially taken care by using the proper gauge origin, i.e., center of mass coordi-

nates. There are various attempts at SCF and correlated level to eliminate the problem of
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gauge dependence using large basis set, so that we get nearly complete basis limit results.
However, this is not computationally feasible. Methods are developed for the evaluation
of gauge-independent properties. Gauge including atomic orbital (GIAO) approach by
London [45], individual gauge for localized orbitals (IGLO) by Van Wulen and Kutzel-
nigg [46], and second-order polarization propagator (SOPPA) of Geertsen [47] are some
of the methods. Recently, Kollwitz and Gauss [48] have implemented GIAO at the cou-
pled cluster singles and doubles level for the calculation of magnetizability and nuclear
shielding of closed-shell molecules. However, there is no report of calculation of mag-
netic properties of open-shell molecules. In the next section, we report the study of the
diamagnetic magnetizabilities of various radicals using moderate basis sets. The RHF
configuration of the cation/anion of the radical is chosen as vacuum. With respect to the
vacuum, we have defined a few active particles/holes and the model space of the radicals
consists of one particle/hole FS. To compare our results, we performed a relatively more
extensive complete active space (CAS) SCF calculation in the same basis as well as at
the same gauge origin using DALTON code [49]. We will describe the CAS for each

application later.

3.4 Results and discussion

The A-FSMRCC method is used successfully for studying magnetizabilities. The mag-
netizabilities of NO,, OH, BH; and NO radicals and perpendicular component of the
paramagnetic part are studied and compared against the CASSCF method. The details

are given in following sections.

3.4.1 NO, radical

To study the magnetizabilities of NO, doublet radical, we choose RHF of NO, as our
vacuum and thus the radical is studied as electron attached state of NO,. With respect

to this vacuum, we chose two active particles which are close lying in energies of our
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Table 3.1: Diamagnetic magnetizabilities of NO, radical

Basis ‘ Gauge‘ Method ‘ X ‘ Y ‘ Z

cc-pVTZ CM | A-FSMRCC | -6.56 | -24.43 | -23.34
CASSCF | -6.60 | -24.44 | -23.36

N atom | A-FSMRCC | -6.87 | -24.64 | -23.53
CASSCF | -7.01 | -24.85 | -23.36

cc-pVDZ M -FSMR -6. -24. -23.
p C A-FSMRCC | -6.51 | -24.44 | -23.34
CASSCF | -6.55 | -24.45 | -23.36

N atom | A-FSMRCC | -6.90 | -24.83 | -23.35
CASSCF | -6.96 | -24.86 | -23.36

Results in au

interest. Here center of mass is one of the gauge, and the other gauge was chosen to be
at N atom. The molecule lies in the XZ plane. For the gauge at the N atom, we placed N
along the Z-axis at 0.8875 au, whereas the two oxygen atoms are placed along the X-axis
at +2.0814 au For the center of mass as gauge, coordinates were chosen accordingly so
that the center of mass is at the origin. The ground-state electronic structure of the ni-
trogen dioxide is [core]3a?2b34a33b31b?5a31a34b36a). We have studied the diamagnetic
components of the NO, radical using cc-pVDZ and cc-pVTZ basis sets. For cc-pVTZ
basis, we have chosen five electrons and eight orbitals as our active space. On the other
hand, for the cc-pVDZ basis, we chose five electrons and six orbitals as active space.
The Table-3.1 gives the results for the NO;. We can see that all the three components of
the diamagnetic magnetizability of NO, are in good agreement with CASSCEF results for
center of mass as gauge. However, there is some slight deviation between FSMRCC and

CASSCF when we chose nitrogen as our gauge.
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Table 3.2: Diamagnetic magnetizabilities of OH radical

Basis ‘Gauge‘ Method ‘ X ‘ Y ‘ Z

aug-cc-pVTZ | CM | A-FSMRCC | -2.84 | -2.80 | -2.34
CASSCF | -2.63 | -2.87 | -2.29

O atom | A-FSMRCC | -2.88 | -2.85 | -2.34
CASSCF | -2.87 | -2.90 | -2.29

aug-cc-pVDZ | CM | A-FSMRCC | -2.75 | -3.03 | -2.41
CASSCF | -2.63 | -2.87 | -2.27

N atom | A-FSMRCC | -2.79 | -3.07 | -2.41
CASSCF | -2.66 | -2.90 | -2.27

Results in au

3.4.2 OH radical

For OH radical, the bond distance of 0.97953 A was considered. The coordinates were
chosen such that in one case, center of mass is at the origin, while for second gauge
molecule is symmetrically places around the origin. We start with RHF of hydroxide
anion as vacuum and choose the degenerate m HOMOs as active orbitals. Electron de-
tachment from these active orbitals results in doublet ?II state of OH radical. We have
studied this radical using aug-cc-pVDZ as well as aug-cc-pVTZ basis. The gauge origin
was chosen at the center of mass and at the oxygen atom. Table-3.2 gives the results for
the OH radical. We compare our results with the CASSCEF results obtained with the CAS
space of five electrons and nine active orbitals. It can be seen that for a given gauge with
the better basis set diamagnetic magnetizability value enhances. It is observed that in a
given basis, there is a marginal change in the diamagnetic magnetizability of this radical

with the gauge origin.
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Table 3.3: Diamagnetic magnetizabilities of BH; radical

Basis \Gauge‘ Method ‘ X ‘ Y ‘ Z

aug-cc-pVDZ | CM | A-FSMRCC | -5.72 | -4.86 | -3.36
CASSCF | -5.72 | -4.85 | -3.32

Origin® | A-FSMRCC | -6.54 | -4.86 | -4.82
CASSCF | -6.54 | -4.84 | -4.14

¢ Origin is at the mid point of the H-O-H bond
Results in au

3.4.3 BH, radical

In Table-3.3, we report the results for the BHs radical. To obtain the diamagnetic mag-
netizability of BH,, we start with BH;r as a vacuum. Hence, the model space of BH; can
be expressed as one particle FS. In the case of BH; molecules for both the gauge choices,
molecule was placed in the YZ plane. For the choice of the gauge at the origin, boron
atom is placed along the Y-axis at 0.924714 au and the two hydrogens are placed along
the Z-axis at +2.02910 au. For the gauge at the center of mass, we choose the coordi-
nates such that center of mass is at the origin. The ground-state electronic structure of
BH, is 1a?2a?1b33a1. With respect to the vacuum, we choose two active particles for our
study. We have studied this radical in aug-cc-pVDZ basis in two different gauges. One
of the gauges is the center of mass, whereas the other one is at the origin of the molecule.
In case of A-FSMRCC, the magnetizability is enhanced as we go from center of mass
to gauge origin to molecular origin. The CASSCEF results obtained with three active
electrons in three active orbitals. Our results are in good agreement with the CASSCF

results.
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Table 3.4: Diamagnetic magnetizabilities of NO radical

Basis ‘Gauge‘ Method ‘ X ‘ Y ‘ Z

aug-cc-pVTZ | CM | A-FSMRCC | -841 | -8.40 | -3.79
CASSCF | -842 | -8.41 |-3.78

N atom | A-FSMRCC | -13.42 | -13.44 | -3.80
CASSCF | -13.46 | -13.45 | -3.78

aug-cc-pVDZ | CM | A-FSMRCC | -8.35 | -8.57 | -3.85
CASSCF | -8.51 | -8.36 | -3.80

N atom | A-FSMRCC | -13.55 | -13.38 | -3.85
CASSCF | -13.56 | -13.40 | -3.80

Results in au

3.4.4 NO radical

The ground-state electronic structure of the nitrous oxide is 1o210720220230; 17,17},
The basis sets used are aug-cc-pVTZ and aug-cc-pVDZ. We have studied the molecule
using center of mass and the N atom as gauges. The bond distance of 1.15077 4 is used
for the NO radical. The coordinates are chosen in a way that the center of mass is at
the origin in one case, whereas for the second gauge center of the molecule is at the
origin. To study the NO radical, we start with NO™ as our vacuum. For , NO™ the
sigma orbital in the virtual space is comparable in energy with the doubly degenerate
7 orbital (LUMO). Therefore, we choose ¢ and 7 as active orbitals. With respect to
this vacuum, NO radical can be seen as one active particle problem. Table-3.4 gives
magnetizabilities of NO doublet radical in two different basis sets at both the gauge
origins. We observe that for a given basis, diamagnetic susceptibility along the molecular
axis, i.e., Z direction is invariant to the gauge. It can be seen that the absolute values of

the magnetizability are enhanced as we go from center of mass gauge to nitrogen atom
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Table 3.5: Paramagnetic magnetizabilities of NO radical

Basis ‘Gauge‘ Method ‘ X ‘ Y

aug-cc-pVTZ | CM | A-FSMRCC | 3.98 | 8.25
CASSCF | 588 | 6.93

N atom | A-FSMRCC | 9.60 | 8.25
CASSCF | 10.52 | 11.58

aug-cc-pVDZ | CM | A-FSMRCC | 4.65 | 191
CASSCF | 633 | 7.52

N atom | A-FSMRCC | 9.60 | 5.60
CASSCF 875 | 9.92

Results in au

as our gauge origin. We have chosen three electrons as active electrons and 11 orbitals
as active once for our calculation of CASSCEF results for comparison. In aug-cc-pVTZ
basis, the FSMRCC and CASSCEF results are in good agreement for both the gauges.
However, for the aug-cc-pVDZ basis, center of mass gauge has some discrepancy be-
tween CASSCF and FSMRCC. This could be because of the poor basis set. In general,
there is a good agreement between the FSMRCC and CASSCEF results.

Table-3.5 reports the perpendicular component of the paramagnetic magnetizability
of the NO radical. To obtain the paramagnetic magnetizability of the NO radical, we
use NO™ as our vacuum. The NO™ being a closed-shell system and we do not have the
spin component in the magnetic moment. However, because NO is a linear molecule,
we expect that the spin component of the magnetic moment will align itself along or
opposite direction to the magnetic field. Thus, only the z-component of the paramagnetic
magnetizability will be affected by the spin part of the magnetic moment. We do not
expect the contribution of spin magnetic moment to be large compared with the orbital

contribution in the perpendicular direction. Hence, we report only the perpendicular
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component of the paramagnetic magnetizability, which is obtained using only orbital part
of the magnetic moment. Although the basis is not good enough for the paramagnetic
properties, it is only for preliminary application we are presenting. From the table, it

appears that N atom as a gauge is more reliable for paramagnetic properties.

3.5 Conclusion

In this chapter, we have studied the diamagnetic magnetizabilities of doublet radicals us-
ing the recently developed stationary FSMRCC method. We have studied NO, NO,, OH
and BH; radicals starting from their corresponding cation/anion as a vacuum. We com-
pare our results with the MCSCEF results obtained with a CAS space, which is relatively
larger than the corresponding model space for the FSMRCC. We have studied each of
the molecules in two different gauges. Except, for the NO radical, we observe that the
gauge does not change the magnetizability values much for other radicals. We observe
that FSMRCC results obtained with a relatively smaller model space are in good agree-
ment with the MCSCEF results for most of the molecules. For comparison, the MCSCF

method is used
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Chapter 4

Effect of triples to dipole moments in
Fock-space multi-reference coupled cluster

method

In this chapter, we present the new implementation of partial triples for the dipole mo-
ment of doublet radicals in Lagrangian formulation of Fock-space Multi-reference cou-
pled cluster (A-FSMRCC) response method. We have implemented a specific scheme of
non-iterative triples, in addition to singles and doubles scheme, which accounts for the
effects appearing at least at the third order in dipole moments. The method is applied to

the ground states of OH, OOH, HCOO, CN, CH, NH, and PO radicals.
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4.1 Introduction

Single reference coupled cluster (SRCC) [1-7] has been accepted as the state-
of-the-art method for the electronic structure calculations. It has been successfully im-
plemented for the energy, gradients, molecular properties and potential energy surfaces
[8—18]. In general, SRCC introduces dynamic electron correlation, which keeps elec-
trons apart. It is well known that triple excitations in SRCC contribute to the energy
from fourth order onwards. So far different version of the SRCC method with full or
partial inclusion of triples with increasing precision have been developed [19-24] for
energy. The non-iterative triples are routinely used for high accuracy with a economi-
cal treatment of triples. The full inclusion of triples is expensive, though in the SRCC
it has been implemented by Bartlett and co-workers [21] for energy. The perturbative
treatment of the quadruple excitations has also been attempted [23, 25] in single refer-
ence context. However there are cases which involve several configurations which make
nearly equal contribution(quasi-degenerate) to the exact wave function, i.e., bond break-
ing situations of the ground state or in excited state, where single reference CC fails. The
restricted open-shell (RO)- based CC methods [26], which uses linear operator have been
successful in describing the quasi-degenerate cases. Though in single reference frame-
work, selected triples and quadruple level excitations [27, 28] have been considered for
quasi-degenerate cases [29, 30], multi-determinantal or multi-reference coupled cluster
(MRCC) methods have emerged as the methods of choice to take into account the quasi-
degenerate molecular systems [31]. Among the multi-reference methods, the effective
Hamiltonian [32-34] based MRCC methods provide multiple roots via diagonalization
of the effective Hamiltonian within the model space. This subclass mainly spans two
approaches: namely the Hilbert space (HS) MRCC [35-37] and Fock-space (FS) MRCC
[38-44]. HSMRCC assumes different vacua for different configurations in the model
space with same number of electrons and a state-universal wave operator to introduce

the model space to virtual space excitations. The method is suitable for potential energy
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surface (PES) studies [31] and the situations involving curve crossing. However for PES,
state selective MRCC method developed by Mukherjee and co-workers [45, 46] has been
found to be more attractive in recent years from the point of view of circumventing the
problem of intruder states. The FSMRCC theory was originally formulated by Kutzel-
nigg [38], Mukherjee [39-41] and Lindgren [42], and applications to atoms were made
by Kaldor and co-workers [43]. The FSMRCC applications to molecules were performed
by Pal et al [44]. FSMRCC is based on the concept of a common vacuum and assumes
a valence universal wave operator to describe the various states, which are generated by
addition and/or removal of electron to/from the common vacuum, usually the closed-
shell RHF configuration. FS methods are suitable for the difference energy calculations
and thus describe ionized, electron-attached, or excited states of a closed-shell system.
However, both these methods suffer from the problem of intruder states. This problem
can be avoided with the help of intermediate Hamiltonian [33] based formulation both in
Fock space [47, 48] as well as Hilbert space [49, 50].

The important feature of both the multi-reference formulations is their size-extensivity.
On the other hand, in equation of motion(EOMCC) [51-57] or linear response CC(CCLR)
method [58-60] use a linear operator for an excited state, but an exponential operator
for the ground state. The EOMCC method has been extensively developed for ion-
ized [53, 54], electron attached [55] and excited state [51] problems. The similarity
transformed EOMCC method (STEOMCC) which is size extensive was developed by
Nooijen and co-workers [61, 62]. For one valence problem EOMCC and FSMRCC are
equivalent. However, such equivalence breaks down for excited state. EOMCC contains
certain unlinked diagrams which are associated with charge-transfer separability [61].
The spin-flip EOMCC method has also been introduced as a clever way to describe the
multi reference states [63]. The symmetry-adapted cluster expansion configuration in-
teraction (SACCI) [64, 65] and method of moments coupled cluster(MMCC) [66, 67]
have also been successful in describing some quasi-degenerate problems. There are sev-

eral implementations of the full and partial inclusion of the triples within the Fock space
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[68-71] MRCC. Pal and co-workers included non-iterative triples for ionization poten-
tial [68, 69] and excitation energies [70], within Fock space MRCC scheme and Bartlett
and co-workers included full triples correction for excitation energies [71]. The full
triples correction to excitation energies in intermediate Hamiltionian Fock space CC has
been pursued currently by Musial et al [72]. The inclusion of iterative and non-iterative
triples in EOMCC [73-77] and state-selective approaches [78, 79] for energy calcula-
tions has also been attempted. The perturbative triples corrections to EOM-IP-CCSD
was introduced by stanton and Gauss [80]. Recently, perturbative triples correction to
EOM-EA-CCSD has been done by Manohar et al [81]. The selected set of triples de-
fined through the active orbitals in EOMCCSD (EOMCCSDt) has also been attempted
[82]. Recently, Krylov et al. employed the non-iterative perturbative triples correction to
spin flip EOMCC (SF-EOMCC) method for excitation energies [83]. The non-iterative
energy corrections to MMCC for excitation energy has been achieved by Piecuch et al
[84].

Formulation of energy derivatives using multi-root CC methods is a challenging task.
The response theory has been a valuable theoretical tool to study molecular properties
[85, 86] . Along lines of non variational CC (NVCC) response approach of Monkhorst, a
response approach was developed for Fock-space MRCC formulation [87, 88] and imple-
mented for FSMRCC based dipole moments of various ionized/electron attached states
as well as excited states. This method explicitly calculates the first derivatives of all clus-
ter amplitudes [89, 90] and thus was not a satisfactory approach. Extending the idea of
the Lagrange multipliers for the specific root of the effective Hamiltonian, Pal and co-
workers developed the response approach within the MRCC framework A-MRCC). This
approach was formulated for the Hilbert space [91] as well as Fock space [92] MRCC
methods. This formulation is very general and can be implemented in any method. Re-
cently this was implemented for the Generalized van Vleck perturbation approach [93].
Szalay [94] independently formulated similar approach based on Lagrange multipliers

for the Fock space MRCC method. Though in principle, Szalay’s approach can be used
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for general model spaces, this was implemented only for complete model spaces [95].
A-FSMRCC method was successfully implemented for the dipole moment [96] and po-
larizability [97] of the doublet radicals as well as excited states [98] of molecules. The
initial implementation was within singles and doubles (A-FSMRCCSD) approximation.
Response theory for molecular properties has been pursued by Jorgensen et. al in LR-CC
formalism [99]. Theory for analytic energy derivatives in EOMCC method was proposed
by Stanton [100] and implemented by Stanton and Gauss [101, 102]. Nooijen and co-
workers implemented gradients in STEOMCC [103, 104], using Lagrange multipliers.
Analytic gradients for SFFEOMCC model at singles and doubles level has also been pro-
posed recently [105].

However, to improve the accuracy of the molecular properties of the outer valence as
well as some of the inner valence states, it is important to include the effects of triples.
However, inclusion of full triples is computationally expensive. This limits the applica-
bility of the method to small molecules or to moderate basis sets. Hence, partial inclu-
sion of the triples is more practicable and this has been implemented in this work. Since,
triples are added on the basis of perturbative order, it does not guarantee that inclusion
of triples will improve molecular properties towards the Full CI (FCI), due to oscillatory
nature of the perturbation series. Analytical derivatives for CCSD with various levels of
triples excitations has been analyzed long ago [106, 107]. Gauss et al [108] implemented
analytical gradients for the CCSDT model. Recently, parallel calculation of CCSD(T)
has been achieved for analytic first and second derivatives [109]. In the context of SRCC,
the importance of triples to the dipole moment has also been analyzed [110]. Triples ex-
citation in linear response CC method for excited state properties were studied iteratively
[111].

The FSMRCC theory [38, 40-42, 44, 112] and the Lagrangian method in FSMRCC
[92, 96, 97] are given in details in the introduction of this thesis. The review of the
above are also discussed in chapter 3 of this thesis. With this beginning, let us move on

to the triples correction to FSMRCC first order properties. In this chapter, we present
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the first implementation of partial triples corrections to the response properties for La-
grange based formulation within Fock space multi-reference coupled cluster method (
A-FSMRCC) for first order electric property. We have implemented the terms coming
from triples whose contribution is at the fourth order in energy and at least up to third

order in dipole moment.

4.2 Implementation of the partial triples in A-FSMRCC method

In this section, we will present the contribution of triples to the dipole moment, whose
origin is beyond the singles and doubles approximations in FSMRCC scheme. Here we
will discuss the first implementation of non-iterative triples in 7" and A-amplitudes to
the dipole moment in FSMRCC response. The triples amplitudes are generated as and
when used. Since there are several schemes for the inclusion of triples in the literature
for SRCC, first we will discuss the specific scheme implemented in this chapter for (0,0)
sector. The approach implemented here uses canonical orbitals and the orbitals are not
allowed to change with the perturbation and hence this approach is a non-relaxed ap-
proach. We solve TI(O’O) and T2(o,0) amplitudes excluding VTg(O’O) in a completely iterative
manner, which is CCSD approximation. Using these amplitudes of Tl(o’o) and TQ(O’O),
Téo’o) amplitude is calculated non-iteratively from VT 2(0’0) and VTz(O’O)Tz(O’O). The T; 1(0’0)

and TQ(O’O) amplitudes are solved iteratively including the term VTg(O’O).

The inclusion
of VTB(O’O) term in singles and doubles amplitude equation updates the CCSD equations.
Even though VTPEO’O) term is third order, considering the term in 7: 350’0) equation will
make the method iterative. Hence, this term is not included in this scheme. The term
VTQ(O’O) contributes at the second order, VTz(O’O)Téo’O) contributes at the third order in
perturbation.

In the implementation of the MRCCSD(T*)/CCSD(T*) approximation, we construct
an intermediate operator H given by H = exp(—T9)Hexp(T(?)) and truncate up

to one(F), two(V) and three body(W) parts. For the construction of H we use CCSD
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approximation without including the amplitudes of triples i.e. T3(0’0). H_ sy under this

approximation is
Hepp = POY(F + FT"Y + V™) + P 4 vI®D)POY  4.)

The Fock space Bloch equations for the T1(0,1), T2(o,1) and Tg(o’l) amplitudes are as

below
(10,1)(}5 n FTl(O’l) n VTQ(O’I) I FTQ(O’I) i VTg(o,l) _ Tl(o,l)Heff)p(o,n —0 (42

ng’l)(V+FT2(O’1)—H_/Tl(o’l)—i—‘_/TQ(O’l)—i—WTZ(O’l)—H_/Téo’l)—i—FTng’l)—Tg(o’l)Heff)P(O’l) -0
4.3)
YW+ wrPV + FTOY vV — TV H ) PO =0 (44)

It can be seen that V7. 3(0’1) is the only term contributing to the singles and doubles am-
plitude equation along with H.;s. It is easy to see that 1V cannot contribute to H, ;.
The equations 4.2 and 4.3 are first solved fully excluding the terms which involve Téo’l)
amplitude, which is CCSD approximation . Using these amplitudes eq 4.4 is solved non-
iteratively. In eq 4.4, we want to be accurate up to third order. Hence we include in the

term Téo’l)He £r only Tgfo’l)F . After solving Téo’l), we again solve the equations 4.2 and

4.3 iteratively. Here the effect of T.\""") appears via VT."" and FT{""

We now consider the triples correction to the A amplitudes and then to the overall
dipole moment. The A equations are like the conjugates of the 7" amplitude equations
and hence the terms in 7" equations appear in A equations also. It should be mentioned
here, that unlike in 7" amplitude equations, here we first solve for the (0,1) sector and
then for the (0,0) sector due to reverse decoupling in A equations.

First, the A amplitudes in singles and doubles approximation are solved iteratively

for both (0,1) and (0,0) sector. With these A amplitudes the Lagrangian for triples is

constructed. During the construction, the singles and doubles(SD) terms remain as such.

119



Chapter IV A-FSMRCCSD(T#*)

The Lagrangian with the triples correction is given by,

S = SD+VIOVCE + APYPTOD 4 AL TOD 4 ALY FTOD 4 AL pTOD
—|—Ag)’1)FT3fO’1) . AgO,I)TQ(O,l)(VT?EO,I)) + AgO,I)VTBEO,l)
AéO,O)VTQ(O,O) _’_AgO,O)VT?EO,O) _}_AgO,O)VTS(O,O) —f-AéO’O)FTéO’O) _'_Aéo,l)V—VTz(O,O)

APV + APV T 4.5)

The C and C are left and right eigen vectors of the H,z. The Lagrangian in eq 4.5 is
differentiated with respect to Téo’l) to get the equation for Aéo’l). The equation defining

the Aéo’l) amplitude is given in eq 4.6.
< PODVCOC + APVF = APVTODV + APV 4 ADVVIQEOD =0 (4.6)

The Lagrangian in eq 4.5 is differentiated with respect to T2(0’1) to get the equation for

Aéo’l). The Ago’l) equation is given by
SD+ < POVADYY + ADVWQOD >=0 4.7)

The eq 4.6 is solved non-iteratively to obtain Aéo’l). The connected terms in A:(go’l) am-
plitude equation are considered in this approximation. Thus, Ago’l) amplitude is obtained
from the terms VCC, ALYV, ALYV and ALY TV, These contribute at the first
order, second order and third order respectively. The Ago’l) amplitude is also obtained
from the second order F' containing term Aéo’l)F. After obtaining Ago’l), its effect on
A;O’l) appears through the third order terms Ago’l)f/ and Aéo’l)W. The equation for Ago’l)
amplitude, eq 4.7 is solved fully by taking in to account the A:(;O’l) terms calculated above.

For solving (0,0) sector A:(),D’O) amplitude is obtained first. Here too the equation for
A:(,)O’O) is obtained by differentiating the Lagrangian in eq 4.5 with respect to 1: 350’0). The

terms appear after the differentiation with respect to TS(O’O) are given in eq 4.8.

< POOAPIE 4 APOY 4 APOY 4 ADVYIQPO =0 (4.8)
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The equation for A§°’°> is obtained from differentiating eq 4.5 with respect to T2(0’0). The

Ago,o) equation with triples correction is given by

SD+ < P(0,0)|AgO,O)V+Az())O,1)V +Az())0,0)vT2(0,0)|Q(0,0) >=( (49)

The eq 4.8 is solved non-iteratively to obtain Ago’o). Aéo’o)’s are obtained by taking the

direct contribution from the second order term A(zo’O)V and the third order terms AgO’O)V
and Aéo’l)V. Also F containing term AgO’O)F contributes to Ago’o) equation at second or-
der. It should be noted that due to reverse decoupling A" involving terms ALV V7%
and A"VVT appear in A9 After obtaining AL, its effect on AL equation is
incorporated through the third order terms AéO’O)V, Ago’l)V and Aéo’o) VT. 2(0’0). The eq
4.9 is solved fully by taking in to account of Ago’o) terms calculated above. Finally, the
triples contribution to E() are given in eq 4.10, where O is the explicit derivative of

Hamiltonian with respect to external field.

o0

triples

= APVOTY + APV O (4.10)

These triples corrected A and T amplitudes are used for the evaluation of dipole
moments in (0,0) and (0,1) sector. The term VTQ(O’O)TQ(O’O) in Tt 3(0’0) equation will thus
have higher effect on the dipole moment, while the other triples correcting terms will
affect the dipole moment at third order. The third order terms which appear in the dipole
moment are Ago’l)OATg(O’l) and AéO’O)OAT:,EO’O). Hence the final dipole moment is corrected

at least up to third order in triples.

4.3 Results and discussion

We have implemented the contribution of triples partially to the FSMRCC singles and
doubles scheme (FSMRCCSD(T*)). To test our code we chose small systems as a case
study. We present our results and discussion on them in this section. The code is tested
against the non-relaxed finite field approach. The systems studied are OH, OOH, HCOO,
CN, CH, PO and NH, radicals.
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Table 4.1: Dipole moments of *IT OH radical
BASIS | A-FSMRCCSD(T*) | A-FSMRCCSD | EOMCCSD(unrelaxed) * | Full CI ©

cc-pVDZ 0.682 0.634 0.639 0.663
cc-pVTZ 0.682 0.645
cc-pvVQZ 0.684 0.645

Results in au

? Reg=1.85104 ag
b see Ref.[96]
¢see Ref.[113]

4.3.1 OH radical

We report the dipole moment of hydroxy radical at the equilibrium geometry in Table-
4.1. We start with the closed shell configuration of OH™ anion as a vacuum. The HOMO
of OH™ is two fold degenerate in nature. The degenerate HOMO’s are chosen as ac-
tive holes of the Fock space (0,1) sector. The removal of an electron from one of these
HOMO’s lead to degenerate doublet 2IT of hydroxy radical. In Table-4.1 we report
the dipole moment of hydroxy radical in cc-pVXZ(X=D,T,Q) basis. The calculated FCI
and available EOMCCSD dipole moments in cc-pVDZ basis are also presented. The
A-FSMRCCSD values shows that the dipole moment is converged from cc-pVDZ to
cc-pVQZ. Whereas, the A-FSMRCCSD(T*) produces a marginal change in dipole mo-
ment. It is observed that the A-FSMRCCSD dipole moment in cc-pVDZ basis is 0.634
au, whereas the A-FSMRCCSD(T#*) increases the dipole moment (0.682 au) towards the
FCI value of 0.663 au [113]. Though triples exceeds the FCI dipole moment, the quali-
tative trend towards FCI dipole moment is obtained. With the higher order triples it may

improve further.

4.3.2 CN radical

The dipole moments of the CN radical are presented in the Table-4.2. We start with the

cyanide anion which is closed shell with the ground state geometry >X*. Removal of
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Table 4.2: Dipole moments of X" state of CN radical

BASIS | ROHF \ A-FSMRCC
CCSD CCSD(T) CCSD CCSD(T*)
cc-pVDZ 0.522 0.476 0.427 0.497
(0.437)° (0.489)°
aug-cc-pVDZ 0.510 0.558
CBS LIMIT ¢ 0.55940.001
Exp* 0.5740.03

Results in au

¢ Reg=2.21512 ay

b Results obtained from ACES II package
¢ Relaxed finite-field values

4 see Ref.[114]

e see Ref.[116]

an electron from the cyanide anion gives CN radical. The studies are carried out with
one active hole. Since the dipole moment of the CN radical is important in astrophysics,
there are various theoretical calculations [114, 115] to achieve the experimental accuracy.
In Table-4.2 we report the dipole moment obtained using our method in cc-pVDZ and
aug-cc-pVDZ basis sets. For cc-pVDZ basis we also report the finite field dipole mo-
ment values using ROHF CC and FSMRCC within singles and doubles approximation
as well as with partial triples. The values presented in parenthesis denote the finite field
FSMRCC results. Observation of the various levels of theory [114, 115] says that it is
necessary to have augmented basis sets for the dipole moment calculations of CN radical,
which is clearly reflected in the Table-4.2. It has been observed so far that only beyond
the double zeta with augmentation, dipole moment close to CBS limit (0.55940.001 au)
[114] and experimental(0.57 4-0.03au) [116] value is attained. In our method, as we go
from cc-pVDZ basis to aug-cc-pVDZ basis, A-FSMRCCSD gives dipole moment values
of 0.427 au and 0.510 au respectively. Thus, with augmented basis at the CCSD level
is close to the reported CBS limit as well as experimental dipole moment. The inclu-

sion of triples improves the dipole moment values to 0.497 au for cc-pVDZ basis and
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Table 4.3: Dipole moments of OOH and HCOO radical
STATE | DIRECTION | A-FSCCSD(T*) | A-FSCCSD | FF-FSCCSD(T*) | EOMCCSD “

OOH
2 A, X -0.588 -0.557 -0.571
Y -0.713 -0.669 -0.692
Total 0.924 0.870 0.897
144 X -0.402 -0.369 -0.387
Y -0.717 -0.676 -0.694
Total 0.822 0.770 0.795
HCOO
’B, Y 0.965 0.909 0.979 1.004
2/, Y 0.835 0.786 0.842

Results in au
% see Ref.[101]

0.558 au for aug-cc-pVDZ basis respectively. It can be seen that the qualitative trend re-
mains same in both the basis sets i.e triples correction increase the dipole moment values.
However, in ROHF-CC approach the trend is opposite to that of A-FSMRCC. ROHF-CC
results are obtained using finite field approach which inlcudes relaxation effects. To test
the effect of relaxation we have done finite field relaxed FSMRCC calculation. Here too,
we get the same trend as we obtained from the analytic non-relaxed approach. Thus the
difference in trends of dipole moment in A-FSMRCC and ROHF-CC may arise due to

combination of the way triples are included and the treatment of dynamic correlation.

4.3.3 OOH and HCOO radical

The dipole moments for the non-linear molecules such as hydroperoxy and formyloxy
radical at the equilibrium geometry

were studied using the double zeta basis set of Huzinaga Dunning [117, 118] with a
set of uncontracted polarized functions. The description of the geometries for these radi-

cals are given in appendix A. The center of mass coordinates are used and the molecules
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are kept along the X,Y direction and the dipole moments for each direction is obtained
and presented in Table-4.3. Since there is no FCI or experimental dipole moment avail-
able for these systems, we report the relaxed finite field FSMRCC(FF-FSMRCC) dipole
moments. We start with the RHF of hydroperoxide anion as vacuum. The electronic
configuration of RHF of hydroperoxide anion is

[core], 3a12,4a12, 5a,2, 1asy?, 6a12, Taq?, 2a,>

Removal of an electron from one of the two highest occupied orbitals results in near-
degenerate states ( 24, and 2A;) of hydroperoxy radicals. The dipole moments of
the radical along two orthogonal directions (X and Y) have been presented in Table-
4.3. We also report the FF-FSMRCC calculations for the system. In this case, the
A-FSMRCCSD(T*) predicts the lower dipole moment than one obtained from the FF-
FSMRCCSD(T#*).

The dipole moments of the first two low-lying near-degenerate states of formyloxy
radical at the equilibrium geometry are given in Table-4.3. We start with the RHF of
formate anion as vacuum. Removal of an electron from the formate anion results in
formyloxyl radical, the near degenerate low-lying states of which, have the electronic
configuration

[core], 3a12, 2b2%, 4a1%, 5a12, 3bo2%, 16,2, 1as?, 6a,2, 4by?

and

[core], 3a12, 2022, 4a12, 5a1?, 3bo2, 1b12, 1as?, 6aq ", 4b,>

The dipole moments along the H-C bond axis for these states, denoted by 2B, and
2 A, have been reported. The EOMCC result [101] for the ground state has also been
reported. We have also mentioned the finite field dipole moment obtained by the FF-
FSMRCCSD(T#*) in Table-4.3, which stays close to the dipole moment obtained from
the A-FSMRCCSD(T*) method.
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Table 4.4: Dipole moments of CH radical

BASIS \ A-FSMRCCSD(T*) | A-FSMRCCSD | Full CI
cc-pVDZ Req 0.575 0.582 0.548
Sadlej Req 0.547 0.540
Exp” 0.5740.023
cc-pVDZ Rais 0.061 0.100 0.074
Sadlej Rais 0.084 0.111

Results in au

% see Ref.[121].
Re; =2.11648 ay.
R4;5=3.1660 aq.

4.3.4 CH radical

The CH radical can be considered as the electron attached state of the corresponding
cation CHT. The RHF configuration of CH", 102202302 is chosen as a vacuum. The
degenerate LUMO’s are chosen as active particles. For CHT we report the dipole mo-
ment at the equilibrium as well as at the stretched geometry i.e., at 1.5 R.. Table-4.4
reports the results for the CH radical in cc-pVDZ [119] and Sadlej [120] basis along the
direction of molecular axis. We compare the dipole moment obtained from cc-pVDZ
basis with the FCI dipole moment and the dipole moment obtained from Sadlej basis
with experimental [121] value. At the equilibrium geometry the dipole moment value is
reduced in A-FSMRCCSD as well as in A-FSMRCCSD(T*) as we go from cc-pVDZ to
Sadlej basis. However, at the stretched geometry, the dipole moment is increased with
the basis set. In cc-pVDZ basis, at the equilibrium geometry the A-FSMRCCSD dipole
moment value is 0.582 au, which is reduced by the triples correction (0.575 au). The
A-FSMRCCSD(T*) dipole moment (0.575 au) is closer to the FCI(0.548 au) value. At
the stretched geometry the A-FSMRCCSD gives 0.100 au, the inclusion of the triples
reduces it to 0.061 au, which is approaching towards the FCI value of 0.074 au. This em-
phasizes the importance of inclusion of the triples for the calculation of dipole moment at

the stretched geometry. Similar trend is observed for the Sadlej basis too. However, even
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Table 4.5: Dipole moments of PO radical
BASIS ROHF ? \ A-FSMRCC

CCSD CCSD(T) | CCSD CCSD(T*)

cc-pVDZ 0.777 0.726 0.708 0.750
Exp ¢ 0.74040.028
Results in au
¢ Req =2.78357ay
b Results obtained from ACES II package
4 see Ref.[122]

at the equilibrium geometry with the inclusion of partial triples the dipole moment value
approaches towards FCI. This shows the importance of the triples even at the equilibrium

geometry.

4.3.5 PO radical

The dipole moment of PO radical, which is difficult to be predicted by the single refer-
ence method, has been studied using FSMCCSD and FSMRCCSD(T#*). The RHF con-
figuration of PO~ has been taken as the vacuum. The calculations are carried out with
one active hole. The dipole moment value of PO radical obtained using cc-pVDZ basis in
FSMRCCSD is 0.708 au and FSMRCCSD(T*) is 0.750 au. The dipole moment obtained
from the FSMRCCSD(T*) method, as can be seen from the Table-4.5, is slightly over
estimated. However, inclusion of triples improves the accuracy towards the experimental
value of 1.8840.07 debye [122](0.74040.028 au). The finite filed relaxed ROHF-CCSD
and ROHF-CCSD(T) are performed in the same basis using ACES-II package [123].
The opposite trend in the inclusion of triples is observed for ROHF based CCSD and
CCSD(T). This difference in trends in the inclusion of dipole moment of triples in A-
FSMRCC and ROHF-CC could be due to combination of the way triples are included

and the treatment of dynamic correlation.

127



Chapter IV A-FSMRCCSD(T#*)

Table 4.6: Dipole moments of NH; radical
BASIS | Method | X | Z | Total | FullCI | Exp*®
DZV SD | 1.199 | 0.947 | 2.146
SD(T#) | 1.262 | 0.993 | 2.255 | 2.428

cc-pVDZ SD 0.930 | 0.734 | 1.663
SD(T*) | 1.026 | 0.979 | 2.005
1.82(5)
cc-pVTZ SD 0.970 | 0.767 | 1.737
SD(T*) | 1.051 | 0.822 | 1.873

aug-cc-pVDZ SD 0.615 | 0.486 | 1.101
SD(T*) | 0.653 | 0.520 | 1.173

Results in au, * see Ref.[124]

4.3.6 NH, radical

The A-FSMRCCSD(T*) method discussed above is used to study the ground state dipole
moment of an important doublet radical NH,. We performed the calculations using four
different basis, DZV, cc-pVDZ, cc-pVTZ and aug-cc-pVDZ. The dipole moments ob-
tained are presented in Table-4.6. We compared our results with experimental dipole
moment of NH, radical [124]. We observed that for cc-pVDZ and cc-pVTZ basis re-
sults are better with A-FSMRCCSD(T*) than A-FSMRCCSD and close to experimental
value. For DZV basis set the dipole moment is away from experimental value. We per-
formed FCI calculation using this basis and we observed that the dipole moment with
triple correction is close to FCI value(2.428 debye). The A-FSMRCCSD dipole moment
is away from the FCI in this case.

In the case of aug-cc-pVDZ basis, as can be seen that the A-FSMRCCSD(T*) dipole
moment is quite off from the experimental value. However, the results improve with
triples than A-FSMRCCSD. Thus all the results emphasize the importance of triples for

the accurate calculation of the dipole moment of the doublet radicals.
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Table 4.7: Dipole moments of ClO radical in Debye
BASIS | A-FSMRCC ROHF Non-relaxed” = ROHF Relaxed®

CCSD | CCSD(T*) | CCSD | CCSD(T*) | CCSD | CCSD(T*)

cc-pVDZ | 1.051 1.418 1.160 1.166 1.131 1.153

cc-pVTZ | 1.081 1.147 1.148 1.152 1.112 1.150

Exp 1.297 D

MRCI 1.275D
% C1-O bond distance is 3.1898 Bohr

b Obtained from ACES 11

Table 4.8: Dipole moments of SF radical in Debye

BASIS |  A-FSMRCC ROHF Non-relaxed® ROHF Relaxed”
CCSD | CCSD(T#*) | CCSD | CCSD(T*) | CCSD | CCSD(T#*)
cc-pVDZ 1.027 1.127 1.046 1.049 1.128 1.062
cc-pVTZ 0.892 1.064 0.895 0.878 0.895 0.878
Exp 0.87+0.05 D
CISD 1.106 D
CEPA-3(SD) 0.968 D

@ S.F bond distance is 1.600575A

b Obtained from ACES II
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4.4 ClO and SF radicals

The dipole moment values for the ClO radical in Table-4.7, shows that the inclusion of
partial triples i.e. A-FSMRCCSD(T*) converge the dipole moment values toward the
experimental value, hence the inclusion of triples lead to more accurate results. Even
though in case of the cc-pVDZ basis the triples correction goes beyond the predicted
experimental value, its basic trend is in the right direction. ROHF also predicts the same
trend in the triples correction. On the other hand, in case of the SF radical in Table-4.8,
the CCSD value of 0.892D is already in good agreement with the experimental value
of 0.87D. On including the partial triples it overestimates the dipole moment value to
1.064D. The triples correction in the ROHF calculation is seen to match fairly well with
the predicted experimental dipole moment. However, the CISD and CEPA-3(SD) results
are in better agreement with that of A-FSMRCCSD(T*). In case of the SF radical, it is
seen that the ROHF and FSMRCC triples addition follow opposite trend. A probable
reason could be the way, the effect of triples have been implemented in both the methods

and the different manner in which the dynamical correlation has been taken into account.

4.5 Conclusions

In this chapter we presented the implementation and the results for the recently devel-
oped Lagrange based Fock-space multi-reference coupled cluster response approach with
the inclusion of partial triples for electric properties of the doublet radicals. The results
for the OH, CH and N H, radical indicate that the A-FSMRCCSD(T*) perform better
than A-FSMRCCSD and tend towards FCI. In particular, when the dipole moments of
the A-FSMRCCSD and A-FSMRCCSD(T#*) are compared at the 1.5R, for the CH rad-
ical, we can observe that the inclusion of triples leads to more accurate results than the
A-FSMRCCSD results. At stretched geometries, where the multi-reference description
is required, inclusion of the triples provides better results. From the dipole moment of

OH radical using cc-pVDZ, TZ, QZ basis sets, it is observed that at the A-FSMRCCSD
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level dipole moment saturates at 0.645 au whereas with the inclusion of triples it is 0.684
au which tends to the FCI dipole moment of 0.663 au. Though it is slightly over esti-
mated, compared to the FCI it gives qualitatively correct trend. Also, the non-relaxed
EOMCCSD shows dipole moment of 0.639 au which is closer to the A-FSMRCCSD
value. The results of the analytic A-FSMRCCSD(T*) are compared with the finite field
dipole moments for OOH and HCOO molecules. In both the cases, it is observed that
the analytic A-FSMRCCSD(T*) shows qualitatively correct trend as does the finite field
dipole moment. However, it should be mentioned here that the finite field method has
explicit relaxation through the orbital rotation whereas the analytic method implemented
does not include the explicit relaxation effects. The calculations are performed for CN
radical using cc-pVDZ and aug-cc-pVDZ basis sets. Augmented basis set helps to get
the results closer to the basis set limit. Inclusion of the non-iterative triples improves
dipole moment by about 9%. The inclusion of the triples indicates the dipole moment
closer to the experimental as well as basis set limit value. Another radical where we have
analysed the importance of triples excitation is PO. We observe that the triples excitation
found to improve the result for cc-pVDZ basis. ROHF based CCSD and CCSD(T) calcu-
lations are performed to analyse the way triples improve the dipole moment for CN and
PO radicals. It has been observed that the way the triples contributes to dipole moment
is opposite to that of the FSMRCC method. This can be due to the different way the
triples are taken in FSMRCCSD(T*) method and the different treatment of the dynamic
correlation. Thus, all the results emphasize the importance of triples for the accurate

calculation of the dipole moment for the doublet radicals.
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Chapter 5

GIAO-ECC and Future aspects

In this chapter we present the implementation of the gauge including atomic or-
bital ansatz in extended coupled cluster method (GIAO-ECC) for the shielding constants.
The preliminary results are presented for HF, BH and N5 molecules. Along with this the

future direction on the present thesis work is also presented.
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5.1 Introduction

The main goal of this thesis is to develop coupled cluster based method to study
molecular magnetic properties. Much of the interest in the field of molecular magnetic
properties focuses on the parameters encountered in magnetic resonance [1, 2]. These
parameters include nuclear magnetic resonance (NMR) shielding constants, gyromag-
netic ratio or g—values, spin-spin coupling constants and hyperfine coupling constants.
All these properties are second-order quantities. Among all these, the importance of the
NMR shielding constants is wide spread due to its importance in the chemical appli-
cations. Generally, the magnetic properties evaluation is not so straightforward mainly
because of two reasons [3]. First, due to the imaginary character of the magnetic per-
turbation magnetic properties cannot be treated in a trivial manner. Second difficulty
in the accurate evaluation of molecular magnetic properties stems from the fact that, in
general, the use of approximate wave functions leads to an unphysical dependence on the
so called gauge origin of the magnetic vector potential A. The magnetic field B appears
in the Hamiltonian in the form of the vector potential A whose origin is called gauge
origin, which is not fixed. The results are independent of the gauge origin only when
the complete basis sets are used. But, in most of the cases, we use finite basis for the
calculation.

Various attempts have been employed at the SCF and correlated levels to elimi-
nate this gauge dependence. However, computationally this approach is quite expen-
sive, due to the basis set required for reasonably accurate results is quite big even for
small molecules. Various other approaches have been extensively studied to eliminate the
gauge-dependence of the magnetic properties by making use of field dependent orbitals.
This includes the ‘individual gauge for localized orbitals (IGLO)’ method of Kutzelnigg
[4], ‘second-order polarization propagator approximation (SOPPA)’ of Geertsen [5] and
other approaches like local origin method (LORG) [6] and random phase approximation

[7].
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A satisfactory approach to treat gauge origin problem was proposed by London [8]
imposing gauge-origin independence in his study of molecular diamagnetism by attach-
ing field-dependent complex phase factor to the atomic orbitals (AO’s). This method is
known as gauge-including atomic orbital (GIAO) ansatz, widely used for NMR chemical
shieldings [9—11]. The use of these orbitals for the calculation of NMR chemical shift
via electron correlation is now widespread [12—-18] and often preferred due to the more
rapid convergence of the properties with respect to the size of basis employed.

These GIAO or London orbitals are used by Hameka for calculating the magnetic sus-
ceptibility and shielding constants of Hy [9]. Ditchfield employed London orbitals in ab
initio calculations of shielding constants [10]. The GIAO method has been incorporated
at self-consistent field (GIAO-SCF) level by Wolinski et al. [19] and Haser et al. [20].
The electron correlation effects are important for the accurate prediction of nuclear mag-
netic shielding constants and chemical shifts. Gauss formulated and implemented GIAO
in second order many-body perturbation theory (GIAO-MBPT(2)) [21] and Cybulski and
Bishop presented conventional MBPT(2) calculations for chemical shifts and magnetic
susceptibilities [22]. The electron correlation effects of the nuclear magnetic chemical
shifts using GIAO-MBPT(3) are investigated by Gauss [23]. The multi-configuration
level (GIAO-MCSCEF) chemical shift calculations are carried out by Ruud et al. [24, 25]

Among the various methods, the coupled cluster (CC) method [26, 27] emerged as
the most promising tool to treat electron correlation, due to its size-extensivity. In the
single reference framework, the GIAO-CC is developed successfully by Gauss et al. at
the singles and doubles (CCSD) [28] and triples level [29-31]. The CC calculations on
NMR shielding have been very successful in achieving experimental accuracy especially
when the partial triples are included [31].

Arponen and Bishop developed [32] the extended coupled cluster functional (ECC)
which uses the bi-orthogonal vectors. Arponen showed that the special double linking
structure of the energy functional leads to natural truncation of the series. However,

the natural truncation of the series occurs at higher order and for the practical purpose
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needs to be truncated. Due to its double linking structure of the functional, the amplitude
equations are connected even when truncated to a fixed power in number of cluster am-
plitudes. Variational nature of ECC enjoys the advantage of (2n+1)-rule. The shielding
tensor is formally a second order property. The ECC method, with inbuilt (2n+1)-rule,
takes care of second order property evaluation naturally. The ECC response approach is
extensively used for the electric properties [33, 34]. However, not many reports on mag-
netic properties. Recently, ECC method is used for evaluating susceptibility [35] and
chemical shielding tensors [36] with atom centered Gaussian orbitals. In this chapter, we
present the first implementation of GIAO’s in ECC method for shielding constants. In
section 5.2, the GIAO-ECC theory and its implementation are presented. The results and
conclusions are given.The future direction of this thesis work is outlined at the end of the

chapter.

5.2 GIAO-ECC Theory

The work implemented in this section uses the GIAO’s for ECC method. The GIAO

ansatz for calculating NMR parameter uses the following field-dependent basis functions

\u(B) = exp[—zic(B % Ry)r]xa(0) 5.1)

where, x,(0) is the usual field-independent AO’s, R,, is their center and c is speed of
light. The nuclear magnetic shielding tensor o of a nucleus N is defined by the mixed
second-order energy derivative with respect to the magnetic field B and nuclear magnetic

moment my
d*Escr)

dBidmNj

A general formula for ¢V can be obtained by first differentiating the energy F with

o (SCF) = ( ). (5.2)

respect to my

0F — ZD(SCF)% (5.3)
v

dmy, e Omy,

144



Chapter V GIAO-ECC

where, D, are elements of an effective one-particle density matrix and %, the one-
electron part of the Hamiltonian. The final expression for o is obtained by differentiat-

ing eq.5.3 with respect to B

(SCF)
SCF Z pECr) _ =~ T 0 hNV Z DMV ahMV

W 9B 0my, 0B; Omy; o4

The labels p, v, ... mention the AO’s. From the above expression, we can observe that
the knowledge of both the unperturbed and perturbed one particle densities are needed
for the evaluation of the shielding tensor.

In eq.5.4, the first term provides the diamagnetic contribution and part of the para-
magnetic contribution to the shielding tensor. The second term provides exclusively the
paramagnetic contribution to the shielding. The derivatives of the one-electron Hamil-
tonian integrals in eq. 5.4 includes the derivatives of A and contributions due to the

derivatives of the AO basis functions with respect to the external field

I ulhlv) —  Oxy oh OXv
LBl = (Gt hlv) + Gl 5 ) + (bl ) 55
with
dx )
a_Bl: = _Z_C(R'u X T)jX#(O) (56)
The derivatives of the one-electron Hamiltonian A are defined as
oh 1
Oh [(T - RN)V]J
— 5.8
8mNj |7" — RN|3 ( )
and
O%h . LT'(T_RN)(SU —Ti<T—RN)j (5.9)
OB;Omy;  2c? lr — Ry|? '

where, R is the coordinates of the nucleus /V.
The magnetic perturbation is imaginary in character, due to which the first derivative
integrals are imaginary and therefore antisymmetric with respect to the bra-ket permu-

tations. The second derivative integrals are real and have the same symmetry as the
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undifferentiated integrals, except that in the two-electron integrals we cannot permute
the labels of each electron independently. The two-electron derivative integrals are an-
tisymmetric only with respect to a simultaneous permutation of the two labels of each

electron. The symmetry of two-electron derivative integrals in Mulliken notation is

W _

(1] po)™ = (polp)V = —(vpulop)™ = —(oplvu)™.

The symmetry of two-electron derivative integrals in Dirac notation is

(1) _

(plva)® = (pplor)® = ~(wolup)® = —(ov]ou)®

Therefore, the derivative two-electron integrals have a lower permutational symmetry
than the corresponding undifferentiated integrals.
The density at SCF level is given by,
DT =" ¢t Dygcuy. (5.10)

p.q

The density times the integral in eq.5.9 gives the diamagnetic part of the shielding. The
density times the integral in eq.5.7 gives the part of paramagnetic shielding, which is
coming from the derivative Hamiltonian. For obtaining another part of paramagnetic
contribution, the derivative of the density is needed. The construction of the derivative
density at the SCF level requires the derivative of the coefficients, which is obtained
from the coupled-perturbed Hartree-Fock equations (CPHF). The derivative of density is

defined as

0D, scr . ,
“ = ZZ (UZcr coi + CycpULT) (5.11)

where, the MO coefficients are parameterlzed using Uﬁi ’s

8% Z o (5.12)

The occupied-virtual block UZ? is obtained as solution of the CPHF equations, while the

occupied-occupied and virtual-virtual blocks are chosen though the overlap matrix i.e,
Bi _ Bi
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and

UBi = —1/285 (5.14)

Using this, the one-electron derivative density is constructed. The derivative of the den-
sity with field B and the angular momentum integral in eq.5.8 gives another part of
shielding contribution.

In GIAO-ECC method, the form of energy functional in ECC method is

Ewcc) = <¢0‘€ (He )L|do) D (5.15)

where, L means linked and DL is double linked. In the presence of magnetic field pertur-

bation (), the functional and the amplitudes ¢ and s depends on the perturbation,

E(X) = {po(N)]e" (H(N)e"™)L]éo(N) pr (5.16)

The ECC shielding tensor is obtained by differentiating ECC energy with respect to B
and my

(5.17)

?H oD on
ECC D E'C’C) |24 v H

Z 3B 3mN] Z 8BZ amNj
The c,;’s are molecular orbltal (MO) coefficients. The main difference between the
GIAO-SCF and GIAO-ECC lies in the definition of the density matrix. In general, den-

sity Dy, 1s separated in to two parts. One is response of the amplitude part D,()Zmp ) and

the other is orbital relaxation effect from response of the orbitals D(Orb).

The amplitude part of the density is obtained by solving the ECC equations. The
stationary equations resulting from the variation of the functional with respect to the
cluster amplitudes are themselves connected. This yields the equations for the amplitudes

of the cluster operators S and 7', denoted as 5() and ¢(?). The following sets of equations

are solved to obtain the amplitudes

oE 0E

_— L = . .1
ot " Os 0 (5.18)
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The density at the ECC level is constructed using these s and ¢ amplitudes. The occupied-

occupied and virtual-virtual block of density is given as

DFee Zt FY N sl >N tibslsi > 0N ksl (5.19)
k  ab k  ab k  ab

and

DECO) _ Z Bst+Y Z st 43 N tiesisi+ Y Z s (5.20)
c c o ig ¢

The second derivative integrals 92h,,, /0 B;0m y; are immediately multiplied with DfVC ¢
to give the diamagnetic contribution of o®. The first derivative integral eq.5.7 multiplied
with DEZ,C  to give a part of paramagnetic shielding tensor oP. This part is coming from
the derivative of the Hamiltonian i.e kinetic energy term eq.1.108. We are adding it to
paramagnetic part of the shielding tensor. The required integrals are extracted from the
Hondoplus package of version-5 [37].

For obtaining the other part of o”, the derivative of the density at the ECC level is
needed. Hence, the derivative of the amplitudes s") and ¢(") are required. The clus-
ter amplitudes of S and T" operators as well as their derivative S and T'") operators
are obtained using a stationary condition. To obtain the derivative amplitude equations,
one makes the derivative energy functional £(!) stationary with respect to s(*) and ¢(©)
amplitudes

oEW OEW

w0 =% 55 =0 (5.21)

Because of the field dependence of the Hamiltonian in eq.5.16, the one, two- particles

integrals and also the coefficients depend on the field. In £() the CPHF contribution is
taken care. The amplitude contribution to the derivative density DM (@) for occupied-
occupied, virtual-virtual, occupied-virtual and virtual-occupied blocks are constructed
using S, T, S and ™. The perturbed amplitude part of the density matrix D) (@mP)
at ECC level is obtained from the solution of CPHF-ECC equations. The perturbed
off-diagonal part of the density i.e. occupied-virtual and virtual-occupied blocks con-

tributes to orbital relaxation part D) The occupied-virtual and virtual-occupied
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blocks DV (ECC) and DW(ECC) gre obtained by the solution of the first order Z-vector

equations,

Z D)9 (malei) — (malie) +0imbea( fae— fimi)]— D [2(ae|im) — (ae|mi)] = — X,
(5.22)
Z DLV (el am) — (ie|ma)+0imbea( foa— fim )| — DV [2(im|ae) — (im|ea)] = — X,
(5.23)
where, f,, are matrix elements of the Fock operator and (pg|rs) are two-electron inte-
grals. The quantities X, and X,; are interpreted as the gradients of the energy with
respect to rotations amongst the molecular orbitals and are defined as

= ) T (=2(ielmn) + (ielnm)) + 2> T3l (eflam) — Tyl (e flan(5)24)

mne efm

+ZDme(2<im\ae) (tmlea)) + ZD 2(ielam) — (ie|ma)),

me

O — ZP{;(2<ma|ef> (mal fe)) —i—Z mnlie) (=20 + 10 ) (5.25)

ia
mef mne

+ZDme(2<ma|ez> (malie)) + ZD 2(aelim) — D, (ae|mi)).

me

The total DMECC) jg obtained by adding the amplitude derivative density part with

orbital derivative density part
DWECC) _ pW)(amp) 4 1(1)(ord) (5.26)

Thus, the obtained D™ (¥¢) is multiplied by the angular momentum integrals to get the
o? shielding tensor at the ECC level. The implemented GIAO-ECC ensures the results

do not depend on the choice of the gauge origin.
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Table 5.1: The calculated absolute shieldings (o in ppm) using GIAO-ECC ansatz in

cc-pVDZ basis

MOLECULE | ATOM | SCF* | CCSD* | ECC | EXPo,” | EXPo. ¢ | FCIY

HF H
F
BH H
B
Ny N

29.5

423.5

24.5

-257.3

-79.5

30.4

427.0

24.8

-167.3

-22.0

32.7

419.2

233

-229.8

-26.3

28.5+£0.2

410 £ 6

-61.6 +£0.5

292 +£0.5

419.7+£ 6

-59.6 +£1.5

24.60

-170.08

¢ obtained using cfour program package
b The experimental o, from Ref. [38] for HF, Ref. [39] for N,
¢ 0. using ro-vibrational corrections [38]

4 Ref. [40]

5.3 Results and discussions

In this section the absolute shieldings, shielding anisotropy and the comparison of our

methodology without GIAO is presented.

5.3.1 Absolute shieldings

The preliminary test results of GIAO-ECC shielding constants are presented for HF, BH

and N, in Table 5.1. The cc-pVDZ basis is used for the calculations. For HF molecule the

equilibrium bond distance of 0.9169 A is chosen. The shielding obtained for H atom by

GIAO-ECC method is 32.7 ppm. This is quite large compared to the experimental value

without ro-vibrational corrections (28.5 &£ 0.5) as well as with ro-vibrational corrections

(29.2 £+ 0.5) [38]. It is observed from the calculation that the correlation for H must

be small, because SCF itself is able to predict the shielding closer that the experimental
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value. Further, the CCSD and ECC are overestimating the shielding for H atom. The
shielding constant for F atom obtained by GIAO-ECC is 419.2 ppm. This is close to
the experimental value with ro-vibrational corrections (419.7 4= 6 ppm). The CCSD and
SCF shielding values are 427.0 ppm [38] and 423.5 ppm respectively. For F atom the
importance of correlation is very clear from the values presented. The results shows
that the CCSD is not improving towards the experimental value, but ECC does improve
towards the experimental limit.

Our second case study is BH molecule. The B-H bond distance of 1.2328 A is chosen.
The GIAO-ECC shielding value is 23.3 ppm for H atom. The CCSD and SCF values for
this atom are 24.8 and 24.5 ppm respectively. For B atom, we find that the GIAO-ECC
shielding value is -229.8 ppm , whereas, the SCF and the CCSD shielding values are -
257.3 and -167.3 ppm. The full CI (FCI) shielding constant [40] for B and H are -170.08
and 24.60 ppm respectively.

We also implemented our methodology to study the shielding value of multiple bonded
system N using cc-pVDZ basis. The N-N bond distance of 1.0943 A is used. The GIAO-
ECC shielding value is -26.3 ppm, whereas, the experimental value is -61.6 £ 0.5 ppm
[39]. The SCF and CCSD values are -79.5 and -22.0 ppm respectively. The results indi-
cate that for multiple bonded systems, the cc-pVDZ basis is not good enough to predict
the shielding.

In Table 5.2 we presented the basis set convergence study of shielding constant for HF
molecule. We started with DZ basis and added polarization functions for the construction
of DZP basis. For constructing DZ+(2p,2d), we added 2p functions to H atom and 2d
functions to F atom in DZ basis. Similarly, the TZ+(2p,2d) is also constructed. The
polarization functions are given in appendix A. For H atom with DZ basis, the shielding
constant obtained is 32.1 ppm. It can be seen from the results that, with the addition
of p function, shielding constant for H atom is reduced to 29.8 ppm. However, with
the addition of further p and d functions, the shielding of H is increased to 30.8ppm.

Triple zeta basis reduced the value to 31.61 ppm. Here too, further addition of p and d
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Table 5.2: GIAO-ECC shielding constants of H and F in HF (in ppm)

BASIS | H \ F
DZ 32.1 368.9
DZP 29.8 411.20
DZ+(2p,2d) ° 30.8 397.1
TZ 31.61 365.1
TZ+(2p.2d) 33.1 4123
Exp” 29.240.5 | 419 6

“ Pople (2d,2p) polarization is taken.
> The experimental o, obtained from Ref. [38].

functions to TZ, increases the values to 33.1 ppm, which is away from the experimental
values of 29.2£0.5 ppm. Thus we see that shielding constant has a oscillatory behavior
with increasing the basis set.

In the case of F also we observe oscillating behavior of shielding constant as we go
from DZ, DZ+p and to DZ+(2p,2d) basis. From DZ to TZ basis, shielding constant is
reduced from 368.9 ppm to 365.1 ppm. Further addition of 2p+2d function increases
it to 412.3 ppm. Thus, we do not have any definite conclusion for the convergence of

shielding constant, we plan to do more extensive study in the future.

5.3.2 The shielding anisotripies

The shielding anisotropies (Ac) for HF in cc-PVDZ basis are presented in table 5.3.
We observed that for H, the anisotropy by ECC is 16.7 ppm, whereas, the CCSD gives
anisotropy value of 21.1 ppm. The anisotropy of F atom is 94.8 ppm by ECC. The
anisotropy obtained by CCSD for this case is 82.2 ppm. The experimental value is 93.8
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Table 5.3: The calculated shielding anisotropies (Ao in ppm) using GIAO-ECC ansatz

in cc-pVDZ basis

MOLECULE | ATOM | SCF? | CCSD* | ECC | EXP
HF H |219 | 211 | 167
F | 8.1 | 822 | 9438 93.8¢
BH H | 137 | 132 | 155
B | 6842 550.2 |642.9
N, N | 627.8 | 5427 |534.0 | 601.3", 603 +£28°

@ Ref. [38]
b Ref. [41]
¢ Ref. [42]

4 obtained using cfour program package

ppm [38]. We found satisfactory shielding and anisotropy value for F atom.

The anisotropy obtained by ECC for N atom in Ny case is 534.0 ppm. The SCF and

CCSD values are 627.8 and 542.7 ppm respectively. The experimental anisotropy in this

case is 601.3 [41]/603 +28[42]. For this system, the CCSD and ECC underestimates the

anisotropy, when compared to experimental value. This may be due to the fact that the

basis is not good for triply bonded system. For the case of H atom in BH molecule, the

GIAO-ECC anisotropy is 15.5 ppm compared to the SCF value 13.7 ppm and the CCSD

value 13.2 ppm. For the B atom in BH, the anisotropy is 642.9 ppm compared to the SCF

value 627.8 ppm and CCSD value 542.7 ppm. Since, there is no benchmark is available

for BH anisotropy, we cannot conclude its behavior with our methodology.
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Table 5.4: The calculated absolute ECC shieldings in cc-pVDZ with and without GIAO
ansatz

MOLECULE ATOM GAUSSIAN’S GIAO ANSATZ  EXP? FCI¢

HF F 391.5 419.2 419+6
H 28.6 32.7 29.240.5

BH H 25.9 23.3 24.60
B -72.4 -229.8 -170.08

@ all results are in ppm
b o, obtained from Ref. [38].

¢ Ref.[40]

5.3.3 Comparison of the ECC shieldings with and without GIAO ansatz

We compared the absolute shielding obtained using the standard atom centered Gaussian
with our recently implemented GIAO-ECC methodology. The calculations are carried
out using the cc-pVDZ basis. For the calculations without GIAO, the center of mass is
chosen as the Gauge origin. The results are presented in Table-5.4. The results for H
with and without GIAO in HF shows, the shielding value of 419.2 ppm and 391.5 ppm
are obtained. With GIAO ansatz, the results are close to the experimental value of 41946
ppm [38]. For H atom, the shielding with GIAO is 32.7 ppm, whereas, without GIAO
it is 28.6 ppm. The experimental value for H is 29.2+0.5 ppm [38] . The another case
study is BH molecule in cc-pVDZ basis. Here, The shielding tensor for H atom using
GIAO ansatz is 23.3 ppm, whereas without GIAO is 25.9 ppm. The FCI value is 24.60
ppm [40]. For B atom, without GIAO, the shielding value is surprisingly low with this

basis (-72.4 ppm), whereas in GIAO ansatz, the shielding tensor is -229.8 ppm. The
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FCI value for B is -170.08 ppm [40]. This study actually proves the statements made
in the chapter I, that larger basis sets and center of mass is the preferred choice for the

calculations without GIAO.

5.4 Conclusion

In conclusion, the GIAO-ECC method has been implemented in this chapter. The code
is tested for few molecular systems in cc-pVDZ basis. The results are compared with the
SCF, CCSD and the experimental values. The results are quite satisfactory. Ideally, for
getting better shieldings and anisotropies, one should go for larger basis sets. Particularly,
a very good basis should be chosen for multiple bonded systems. The comparison of
the ECC shielding with and without GIAO methodology is performed. The presented
values prove the importance of GIAO ansatz for the shielding calculations. The results
presented for HE, BH and N5 in this chapter are only preliminary results. Because of the
constraints in the software we are using for the integrals, currently, we are not able to

include F functions. A more extensive study will be performed on this in future.
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Future direction of the thesis

In this thesis, we studied the susceptibility and magnetic shielding by using the com-
mon Gauge origin with atom centered Gaussian orbitals. This has been quite satisfactory
for small systems. To take care of the so called Gauge origin problem, magnetic shield-
ing tensors using GIAO ansatz have been studied. To incorporate the importance of the
higher order excitations in FSMRCC method, the partial triples have been done for dipole

moments. However, the present thesis work put forth the following future research.

e The GIAO-ECC method presented in the above section can be used for the evalu-

ation of magnetic susceptibilities.

e Properties other than NMR are less used and the development on these proper-
ties are current field. Methods to evaluate g— tensors are less because of the
less available methods for the study of open-shell properties. The A—FSMRCC
method which have used for predicting open-shell susceptibilities can be used for
g—tensors. The g—tensors is

1, 0°F

9= M—B(m)&s:o- (5.27)

The theoretical clue for the evaluation of g—tensors, as proposed by Gauss et. al
[43], 1s
g = ge[ + Agpso + Agdso + Agrms (528)

where, the g—tensors is split in to various components, like free electron value(g.),
paramagnetic spin-orbit (Ag,s,), diamagnetic spin-orbit (Agys,) and relativistic
mass correction (Ag,.,s) terms. The quantum chemical calculation of the elec-
tronic g-tensor requires the evaluation of one true second-order contribution (Ag,s,)
and of two first-order contributions (Aggs, and Ag,.,,s) for which the perturbed

Hamiltonian is second order.

e In chapter-IV we studied triples correction to the first order properties. In the same
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spirit the inclusion of triples excitations can be pursued in FSMRCC for the cal-
culation of the higher order properties. For getting the higher order property, say,
polarizability or second order magnetic properties, the derivative of the amplitudes
at the 7 and T("P) level is needed. Since we have included triples excitation
in 701 and 7% amplitudes, the excited state properties need only the triples

contribution from 7Y sector.
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“We ought to consider the present state of this universe as the effects of its previous
state and as the cause of that which is to follow. An intelligence that, at a given instant,
could comprehend all the forces by which nature is animated and the respective situation
of the beings that make it up, if moreover it were vast enough to submit these data to
analysis, would encompass in the same formula the movements of the greatest bodies of
the universe and those of the lightest atoms. For such an intelligence nothing would be
uncertain, and the future, like the past, would be open to its eyes.”

- Pierre Simon De Laplace

(1814)



Appendix

The Geometries

All the geometries reported here are in atomic units.

Molecule Atom X Y Z
OH H 0.00000 0.00000 1.85104
@) 0.00000  0.00000 0.00000
OOH H -1.60075 -1.66668 0.00000
0, 1.27888 -0.01807 0.00000
o2} -1.17802 0.12308 0.00000
HCOO H 0.00000 2.96725 0.00000
C 0.00000 0.88855 0.00000
0, -1.98007 -0.42700 0.00000
0, 1.98007 -0.42700 0.00000
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Appendix

Pople polarization functions

(p.d)
HYDROGEN
P 1
1 1.000000 1.000000
FLOURINE
P 1
1 0.0740000 1.000000
D 1
1 0.9000000 1.000000
(2p,2d)
HYDROGEN
P 1
1 1.500000 1.000000
P 1
1 0.375000 1.000000
FLOURINE
D 1
1 2.3960000 1.000000
D 1
1 0.8750000 1.000000

164



