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Chapter 1

Introduction

A striking example of Circularly Polarized Luminescence (CPL) in nature was reported
in 1980 [4]. The left and right lanterns of live larvae of fireflies were found to emit
circularly polarized light with opposite handedness. Although CPL measurements on
chiral samples dates back to 1948 [5], first principle calculations of vibrationally resolved
CPL were only reported in 2010 using time-dependent density functional theory (TD-
DFT)[6]. The possible use of Circular Dichroism (CD) and CPL spectra combined with
theoretical calculations as a probe for conformational changes upon electronic excitation

has been demonstrated since 1974[7].

1.1 The relation between CD and CPL

Circular Dichroism is the differential absorption of left and right circularly polarized
light by optically-active compounds|[8]. Spontaneous and induced emission of circularly
polarized light is expected to occur in optically active compounds because the theo-
retical expressions for both light absorption and emission contain the same molecular
quantities[9]. In a study by Emeis and Oosterhoff [9], circular polarisation was shown
to occur both in fluorescence and phosphorescence. CPL which is the emission analogue
of CD, thus measures the differential emission of left and right circularly polarized light

by chiral luminescent systems|[10].
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1.2 Theoretical Approach for CD calculations

The difference in absorption coefficients between left and right circularly polarized light
is proportional to the scalar rotatory strength for a transition from ground to excited
state in randomly oriented molecules [11]. In linear response theory approach, the
scalar rotatory strength can be obtained as a residue of the linear response function
[12, 13]. Coupled-Cluster response calculation of natural chiroptical spectra was re-
ported in 1999[13] using coupled-cluster singles and doubles (CCSD) model. The verti-
cal excitation energies and structures given by the approximate Coupled-Cluster model
CC2 is comparable to that of CCSD [14]. The CC2 implementation in TURBOMOLE
also utilizes the RI-approximation for two electron repulsion integrals. RI-CC2 approach

can be used for larger molecules because of its low computational costs [15].

1.3 Theoretical Approach for CPL calculations

1.3.1 Circularly Polarized Fluorescence (CPF)

In Fluorescence, the excited state is a singlet and the transition is spin-allowed to the sin-
glet ground state [16]. The CPL intensity is also proportional to the rotational strength
between the excited state and the ground state. The only difference in calculation is
that the input structure is a geometry optimized excited state as opposed to a ground

state structure in CD [11].

1.3.2 Circularly Polarized Phosphorescence (CPP)

A review article [17] on CPL asserts that TD-DFT is the widely used method for com-
puting and interpreting CPL spectra for small to mid-sized molecules. In Phosphores-
cence, the excited state is a triplet and the transition is spin-forbidden to the singlet
ground state [16]. For CPP, an alternative cost-effective way of computing spin-orbit cou-
pling (SOC) matrix elements is the approximate Coupled-Cluster Singles and Doubles
Method, RI-CC2. A relativistic calculation can be performed using exact two compon-
tent (X2C) ansatz[18]. This is still expensive for correlated wave function methods.

The SOC effects are small for molecules with only light elements and can be treated
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within the framework of perturbation theory (PT) and spin free formalism for closed
shell systems using RI-CC2 [19]. An explicitly spin-coupled basis for singlet and triplet
operators was used thereby avoiding spin-orbital treatment for closed shell systems.
SOC-PT employed together with response theory is size extensive. Also, the spin-free
formalism is cheaper than a spin-orbit based formalism by a factor of four. SOC-PT
ansatz within response theory framework has also been implemented at the MCSCF

[20], TDDFT [16] and CCSD |[2] level for singlet-triplet transitions.

CC2 being an economic alternative to CCSD is also capable of treating larger molecules
consisting only of lighter elements. The RI-CC2 implementation[19] of phosphorescence
lifetimes using SOC-PT was roughly 12 times faster than a two component relativistic
calculation and was calculated for a metal-free organic light emitting diode with almost
60 atoms. The accuracy of phosphorescence lifetimes for lowest triplet states in halogen
hydrides did not differ by more than 50% from those obtained with X2C-CC2. However,
for heavier elements like Bromine in the higher nearly degenerate states the SOC-PT-
CC2 was a poor approximation because the spin-orbit corrections to the excitation
energies was of the same order of magnitude as the energy differences between electronic
states in a one-component calculation. The memory and disk space demands for the
RI-CC2 method are reduced from O(n2N?) in the CC2 method to , O(N?) and O(nN?)
respectively [21] making RI-CC2 method capable of handling molecules 2-3 times larger

than conventional CC2.



Chapter 2

Objective of the study

Molecular systems where phosphorescence contributions to emission spectra become
important poses a challenge for theoretical calculations [17]. So far, a theoretical and
computational protocol seems to have been developed only using TD-DFT method for
certain chiral enones and diketones [16]. No experimental data has been reported for

the CPP strengths of these molecules.

In this master project, an attempt was made to study the CD and CPL strengths of
chiral enones and diketones from the aforementioned reference [16] using wave function
based method, RI-CC2, and to extend it to a a larger metal-free chiral aromatic [22]
system for which there is experimental data for room-temperature persistent CPP. This
article[22] gives TD-DFT values only for spin-allowed CPL rotational strengths and not

for spin-forbidden phosphorescence.

In this study, Hydrogen Peroxide was used as a test molecule to check for basis set
dependency and gauge-origin invariance. Since no experimental data is available for CD
rotator strengths of HoOs , X2C-CC2 calculations were performed for comparison. The
CPP rotator strengths were obtained using TURBOMOLE[40] package as an extension
of phosphorescence lifetime code implemented in RI-CC2 [19] using SOC-PT within the
framework of response theory. In order to compare the emission strengths and their
relation to the excited-state structure, spin-allowed CPF calculations were performed.
The CD calculations in spin-allowed and spin-forbidden transitions were also performed

to study the changes in the sign of rotational strengths in absorption and emission.
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Theoretical Background

3.1 CD and CPL strengths in CC Response theory

3.1.1 Definitions

Oscillator strength  Consider a transition between ground state |0) and excited state

|n) for isotropic samples, the oscillator strength[13, 23] is given by

"fU = o= (0lpln) - (nlpl0) (velocity gauge) (3.1)
mro= 2%(0\1’]71>(n|r|0> (length gauge) (3.2)

Rotator strength  The imaginary part of the dot product between electric and mag-
netic transition dipole moments for a transition between v, and v, gives the scalar

rotatory strength for circular dichroism [12, 23].

R(O — n) = Im[<¢o|,uel’¢n><¢o‘:umag‘¢n>] (3'3)

The ordinary scalar rotatory strength[13, 24] for randomly oriented samples between

ground state |0) and excited state |n) is given by

1
npv  _— ﬂ<0|p|n> - (n|L|0) (velocity gauge) (3.4)
npro_— —%<O|r|n> - (n|L|0) (length gauge) (3.5)

5
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In these expressions, atomic units are used. L, p and r refer to the orbital angular
momentum, momentum and electronic position operators respectively and hw, refers to

the excitation energy for the nth electronic transition [11, 24].

Dipole strength  The absorption intensity for a transition from the ground state |0)

to the excited state |n) is proportional to the scalar dipole strength and is given by [11]

1 .
npY = E<O|p’n> - (n|p|0) (velocity gauge) (3.6)

n

"D" = (0|r|n) - (n|r|0) (length gauge) (3.7)

3.1.2 Coupled Cluster theory

The ground state CC wave function is given by the ansatz [2, 25]
(CC) =exp(T)|HF) (3.8)

where the reference wave function is a single determinant Hartree-Fock wave function.

The cluster operator T' is given by

T=Ti+ T+ +Tn=Y Tuly (3.9)
1%

where T},,7,, and ¢, refer to n electron excitations, excitation operator and cluster am-

plitudes respectively and p denotes the individual excitations.

Multiplying the Schrodinger equation from the left with exp(—T'), we obtain
exp(—T)Hexp(T)|HF) = E|HF) (3.10)
which maybe regarded as a Schrédinger equation with an effective, non-Hermitian similarity-

transformed Hamiltonian H” .

Projecting the similarity-transformed Schrédinger equation onto the Hartree-Fock state
and onto the excited projection manifold, we arrive at the equations for the coupled-

cluster amplitudes and energy:

(HF|exp(-T)Hexp(T)|HF) = E (3.11)

(ulexp(=T)Hexp(T)|HF) = 0 (3.12)
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3.1.3 Response theory

Response functions of a system govern the response of the observables of the molecular
systems to external frequency-dependent perturbations. The exact response functions
have poles where the frequency of an external perturbation is identical to excitation
energy[2]. For excited state properties, response theory approach can be used to deter-
mine properties related to frequency-dependent electromagnetic fields and non-linear op-
tical spectroscopies [1]. The frequency-dependent response functions can be derived from
time-averaged quasienergy. The quasienergy is similar to the energy in time-independent
theory. For exact wavefunctions, the time-independent Hellmann-Feynman Theorem is

stated as

dE d , - OH
A &(WHVM = <¢|§|¢> (3.13)

The time-averaged time-dependent Hellmann-Feynman theorem identifies response func-
tions as derivatives of quasienergy.
The variational principle for Time-Periodic Systems is given by
to+T
57 [ Wle ~ i) =0 (314)
_ — 71— — .
T 0 dt
to
The derivation of frequency-dependent response properties using Fourier component

variational perturbation theory has been reported [1]. Transition strengths are calculated

as residues of a linear response function in coupled cluster theory [13, 26].

(O An) (| BI0) = Tim (w — w,){(4, B)). (3.15)

The rotator strengths can be expressed using response functions [12, 26] as

3
npo 1 . . ‘
R = 2w, . wlggn(w — wn)((pi; Li))w (velocity gauge) (3.16)
;3
=g lim (w —wp)((ri; Li))w (length gauge) (3.17)
i=1 "

where ((;)) denotes the linear response function.

The dipole strengths can be expressed using response functions [11] as
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nnv o _ 1 . . .
D' = oy Jim (= ) (pip)) (velocity goue) (3.18)
"Dro= lbm (W —wy){(r;1)), (length gauge) (3.19)

where ((;)) denotes the linear response function.

3.1.4 Coupled Cluster Response Theory [1-3]

The starting point of CC response theory is the Lagrangian[19]

Leo = Eco + ) L8 (3.20)
“w

The excitation energies in CC response theory are determined by

AR = wR' (3.21)

L'A = L'w (3.22)

where A is the CC Jacobian which is not symmetric. A is the partial second derivative
of Loc with respect to cluster amplitudes ¢, and Lagrange multipliers ¢,. The right
and left eigen vectors, R and L, are therefore not adjoints of each other. However, the

eigen vectors are biorthogonal and can be chosen to satisfy the normalization condition.

L'’ =6 (3.23)

The one-photon transition strength for a transition from state m to state n is
Lox vy Y X
Sxv = (mX[n){m|X|n) = ST Tom + (Tom Tinn )] (3.24)
Symmetrization with respect to complex conjugation and simultaneous exchange of X

and Y is essential for non-variational models and for exact states it is redundant.

Only the product of two transition matrix elements is unambiguously defined by this
equation and CC left and right transition matrix elements cannot be unambiguously

ascertained. Thus only (|(m|X|n|?> = S7%) is determined.

In the CC response theory, the spin-orbit operator is used in the place of operators X

and Y. Only the pure singlet and triplet states in the absence of spin-orbit coupling are
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considered initially. Then the effects of coupling are introduced and this corresponds to a
perturbative treatment. In addition, spin symmetries are exploited to derive equations
within a spin-free formalism[19]. For closed-shell reference determinants, the cluster
operator 7' commutes with spin operator S? because the states determined by response

theory are pure spin states.

3.1.5 Breakdown of Perturbational ansatz[2]

In case of curve-crossings between a reference state and another state, response theory
approach fails due to the breakdown of perturbational ansatz. At a crossing, the coupling
between two states will no longer be small compared to the energy difference whch leads

to the breakdown of perturbational ansatz.

3.1.6 Gauge-origin invariance

In the CCSD theory, gauge invariance is absent and the theory is not origin independent.
The excited states in coupled cluster theory being orthogonal to the ground state trivially
establish origin independence for the oscillator strength [13].Gauge-origin invariance is
observed in velocity gauge formulation of rotatory strength tensor regardless of basis set
quality. This is not true in the case of length gauge formulation and leads to errors for
approximate calculations[27]. These conclusions can be carried over to scalar rotatory

strengths [13].

3.2 Spin free formalism for CPP and Perturbation theory

3.2.1 Treatment of spin-forbidden transitions in PT

The importance of spin-orbit effects increases with increasing nuclear charge but these
effects can also become crucial for some aspects of molecular behaviour for systems
containing only light atoms[2].The main relativistic corrections for molecules without
heavy elements is the first-order spin-orbit correction and the first-order one-electron
spin-free corrections [29]. The emission of light in phosphorescence is spin-forbidden

in non relativistic quantum mechanics because of the change in spin quantum number
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between the excited state and the ground state. For light elements, spin-orbit coupling
with perturbation theory presents a sufficiently accurate description of phosphorescence

[19].

3.2.2 Spin-free formalism

In all cases, we follow the convention that occupied molecular orbitals are labeled with
i,j, ...and virtual molecular orbitals are labeled with a,b, .... MOs that can be either

occupied or virtual are labeled with p,q,r, s.

The linear independent basis for one- and two-electron excitation operators is given by

Yrii = Eu (3.25)

Yty = EaiByj with (ai) > (b)) (3.26)

For closed-shell systems, spin-symmetry can be used to introduce singlet and triplet

adapted excitation operators [19, 28].

Case(i): Singlet

$rai = T (3.27)
Drpivi = TuiFpj + EaiTyj with a > b,i > j (3.28)
rpini = TuiEyj — EaiTyj with (ai) > (bj) (3.29)
Case(ii): Triplet
Eoi = aly0ia+a) g0 (3.30)
Toi = alaam—aiﬁaw (3.31)

The Hamiltonian and components of dipole operator can be expressed in spin-free form

as

- - 1 ~

H = Z hpgEpg + ) Z Gpgrs(EpgErs — 0gr Eps) (3.32)
pq pars

X = ) ViEp (3.33)

rq
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3.2.3 Spin-Orbit operator

Spin-orbit coupling constants describe coupling between states of different spin-multiplicity.
The spin-orbit coupling constant between singlet state 'm and triplet state >n is given
by (!m|Hs,|>n) where Hy, is the spin-orbit operator. The calculations of these matrix

elements are non-trivial[2].

The operator which affects both the spin and spatial part of the wave function is called
the spin-orbit operator and the effective one-electron spin-orbit coupling operator can

be expressed in the second quantization representation [30] as

1

soCc  _ T x z iz .

14 = 52(‘/1,qu€, + Vi Ty + VoD, (Cartesian) (3.34)
Pq

1 - — z iz :
= 3 Z(V;JZT;(} L. quTplq’+1 + VoaTpy) spin-tensor form (Helgaker(3.35)
pa

1
= 3 Z(_ ‘/pqui»lTplq’il - V;Dl(flTl}éH + %]Z’OTI}(}O) spin-tensor form (3.36)
pq

The cartesian components of the triplet excitation operators are given by

T = a};aaqg+a;5aqa (3.37)
1

Y = —(ahatgs — a)5040) (3.38)

Ty = alaaqa—a;iﬁaqﬁ (3.39)

1
The prefactor 3 in the Cartesian triplet operators has been moved in front of the sum-
mation in the expression for VS9C . Otherwise, these equations directly compare with

the equations in reference [30].

In molecular electronic structure theory, a spin tensor operator of integral or half-integral
rank S is a set of 2S+1 operators T°M [30]. The three components of the triplet

excitation operator in spin tensor form are given by

1,-1 _
Tt = alsa (3.40)
Tt = —al,ags (3.41)
1
1,0 _ T
T = \ﬁ(a;r,aaqa—apﬁaqg) (3.42)
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The relations between the Cartesian and spin tensor form of the triplet excitation oper-

ators are given by

— 1,+1 1,—-1
Tn = — Tyt + T (3.43)
1 1,+1 1,-1
Ty = (=T =1 (3.44)
T;, = Ty =210 (3.45)

The transformation matrix elements between the Cartesian and spin tensor forms can

then be obtained from the definition of the triplet excitation operators in these forms.

VS9C can be written as
1 1
soc  _ z 1,41 1,1 1,41 1,-1 2 1,
v = 3 D (Vog— T + T + Voo (= Tpg = Tpg ) + Vi V/2T,03.46)
pq
1 €T . 17—1 €T . 17_;'_1 2z 170
= 52 (Vi VT — (Vi — iV T ™ + V2V T0) (3.47)
pq
This leads to the following identities
1,-1 _ . _ i
Vg = ~(Vog + Vi) = —Vpq (3.48)
1,+1  _ x . . _
Vog = (Vg = 1Vg) = = Vg (3.49)
Vai! = V2V, (3.50)

3.2.4 Matrix elements of the spin-orbit operator

If the reference states are closed-shell cases , spin symmetry can be utilized to introduce
singlet and triplet adapted excitation operators. Both the Hamiltonian and the compo-
nents of the dipole operator can be expressed in a spin-free form [19]. For spin-forbidden
transitions involving a singlet state and triplet state,the triplet state can couple to the
singlet state through the three components of the SOC operator.
=5 2 pg Voi " (O[T L)
COVIOTREmef) = N =3 S Vod (01T P (3:51)
3 3 Vod (01T 1*0f)
The M; = 0 component (T, = Tpléo) does not change the M, quantum number. A

formulation that requires only the (10|T},,|>° f) matrix element of the T}, operator can
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be found using the Wigner-Eckart theorem. This allows the treatment of singlet-triplet

transitions in a spin-free formalism[19)].

3.2.5 Wigner-Eckart theorem

The Wigner-Eckart theorem [31] (WET) can be applied to generate equalities where all
components of the triplet state are expressed using only the (10|7},4|>° f) matrix element

of the T}, operator.

With the help of WET

ik
o Mnkq’ N " —m! —m"” C]/ m” 1 1 kq
(m7 T | jm”) = (=)™ " (g'm’ [T jm) (3.52)
ik
-m' ¢ m
the following equalities can be generated
1
(01T, 10 F) ﬁ<10|qu|3’of> (3.53)
1n|l,—113,4+1 _ 1g|7L03.0 1
(O, [P0 f) = =COIT, [77f) = \@< 0|7, ) (3.54)
1o l,41)3,—1 _ 1g|L03.0 1
COIT, 17 ) = =C0[T |77 f) = \/§< 0|7, ) (3.55)
The matrix elements of the SOC operator can then be expressed as
(PO VIOCP F(M, = +1)) = ZW 0T 0 ) (3.56)
(OVICTPf (M = ~1)) = Zvl ~H0I T >0 f) (3.57)
OV f(Ms = 0)) = ZV“’ 0] Zpq | £) (3.58)

Phosphorescence has been implemented at the MCSCF level using quadratic response
functions for singlet and triplet perturbations. The equations obtained here compare

well with the equations obtained for MCSCF [20].

3.2.6 Phosphorescence

The spin-forbidden transitions between the excited triplet state |3f) and the singlet

ground state |10) is called phosphorescence. In order to compute rotator strengths for
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circularly polarized phosphorescence, the first-order transition dipole matrix elements
between the initial and final states averaged over the M, components is required. For
exact spin eigen functions, the dipole transition moment vanishes for states of different
multiplicities. But when spin-orbit interactions are considered, these states are no longer

pure spin states [20].

DI ME =Y (ol )W) ofafP ) (3.59)

m m

+ (ol Wy oty D+ (Cofzf

YD) tojz ) M)

Using perturbation theory, the spin contaminants can be expanded in a set of interme-

diate states to obtain a sum-over state expression for exact states.

3 (*0fz| k) (MK [V SO f)
W — Wk

<10\VSOC\3’mk>< R
Wk

oz = (3.60)

1k

)

3mp
For the unperturbed states, the excitation energies wy for the three components of a

triplet 3k do not depend on m. We may rewrite the last equation as

<10|$|3’mf>(1) — <1(~)x|VSOC’3’mf> + <10‘VSOC|3,m]'Ex> (3.61)

with the short-hand notation

o) = S ) CHe (0] (3.62)

Wf — Wk

- 3, M| p 3,m
3,mk

We can then express the first-order transition strengths as

D (0| VISP E) 4 (O[O £))* (0. [VEOC P f) 4 (o)

m

f)) (3.64)

Four contributions can be obtained on opening the parentheses, all of the form:
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+ (V,if) V,20)(3.67)

9)(3.68)

9)(3.70)

9)(3.71)

)(3.72)

The above equations exploited the facts that the formula for the transition strength

includes only a summation over the m components of the triplet state and the transition

operators do not affect the spin.

The following type of contributions arise when computing the the SOC matrix elements,

where we need to account for all components of the triplet state.

(1[0 £y 2

TV T
VL T P (M
= (<1i’V7qupq|3f(
VTP M

2
1, 4.
+ §(<11|%%qu’3f(M

| R
+ §(<11|%quq’3f(M

1, .
+ §(<1Z‘V;>%qu,3f(M

= > ({4

a=x,Y,z

V;%qupf(

1 .
1 D ({lV TP £ (M
Pq

My = 0)))"(*i]
=0))* ("l

0)))* ("l

ViaTpa > (M.

= 0)))" (" Vg Tl > F (M,
My = 0)))* (Nl Vg™ Tg[* (M =
= 0)))* (1| Vg ™ T (M =
Vi Toal* F (M.
Vi Tal* £ (M
0)))* (il Vi Togl* f (M,
Vi Tpal* £ (M
= 0))) (il Vi Ty |* F (M
M, = 0)))* ("l

=0))

=0))
=0))
=0))
=0))

= 0))3.73)

(3.74)

= 0)) (3.75)



Chapter 4

Computational details

4.1 Basis sets and Methods

Basis sets In the calculations that have been carried out, we have used cc-pVTZ[32],
aug-cc-pVDZ,aug-cc-pVTZ,aug-cc-pVQZ, d-aug-cc-pVDZ, d-aug-cc-pVTZ and d-aug-
cc-pVQZ basis sets [33].

Methods  The start structures of molecules were generated using MOLDEN([35] and
TmoleX[36]. The ground state DFT geometry optimizations were performed using
B3LYP[37] functional for small molecules and dispersion-corrected[38] B3LYP functional
for the larger metal-free chiral aromatic system. A development version of TURBOMOLE[39]
package was used for spin-forbidden transition moments and other calculations were per-
formed using TURBOMOLE V7.1[40]. The two component relativitic calculations X2C-
HF-SCF and X2C-CC2 were carried out using ridft [41, 42] and ricc2[15, 43] programs

respectively without using point group symmetry.

Some of the ground state geometry optimizations, all of the excited state geometry opti-
mizations and transition strengths were determined using RI-CC2. To obtain converged
SCF orbitals, dscf [34] module was used before the ricc2 calculation. For the RI approx-
imation, corresponding optimized auxiliary basis sets[44, 45] were used. Frozen-core
approximation for all non-valence electrons was used un the correlation and response
treatment. Numerical Laplace transformation was used for the one-electron density

matrices that involves derivatives of the cluster amplitude or eigen vectors [19].

16
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4.2 Choice of molecules

The chiral molecules were chosen from literature for which DFT values for CD, CPL

and CPP were already available [11, 16].

A O O~ O

(i}

5 6 7

FIGURE 4.1: (1S,3R)-4-methyleneadamantan-2-one 1, (1R,4R)-bicyclo[2.2.1]hept-
5-en-2-one 2, (1R)-7-methylenebicyclo[2.2.1]heptan-2-one 3, (1S)-2-
methylenebicyclo[2.2.1]heptan-T-one 4, (R)-(-)4,4a,5,6,7,8-hexahydro-4a-methyl-
2(3H)-naphthalenone 5, (1S,4R)-1,7,7-trimethylbicyclo[2.2.1]heptane-2,3-dione
(camphorquinone, 6), (1S,4R,5R)-5,7,7 trimethylbicyclo[2.2.1]heptane-2,3-dione 7 [16]

Furthermore, to show the applicability of our method to larger systems, a metal-free

chiral aromatic system exhibiting CPP, CPF and CD at room temperature reported

was chosen from literature[22].

CH, CHs;
/ /
Zva N—H
N—H N—H
\ N
OO CH3 e CH3

(R)-DMBDA  (S)-DMBDA

FIGURE 4.2: Structures of (R)-DMBDA((R)-N, N'-dimethyl-1, 1’-binaphthyldiamine)
and (S)-DMBDA((S)-N, N’-dimethyl-1, 1’-binaphthyldiamine)[22]



Chapter 5

Results and Discussion

5.1 Test calculations

A small test molecule, Hydrogen Peroxide, was selected [16] to run test calculations to
determine the basis set quality and size dependency of calculated dipole strengths and
rotational strengths for spin-forbidden transitions using RI-CC2 method. The triplet
excited states (7*,0%) of HaO are valence states with small rydberg character [46].
Diffuse functions are required to study rydberg states which necessitates the use of aug-

mented basis.

TABLE 5.1: Comparison of the RI-CC2 velocity (DY, R?) and length (D!, R!) gauge

results for the dipole [esu? ¢cm?] and rotational [esu cm erg G~1] strengths of the first

spin-forbidden transition in HoOs for the DFT optimized structure using different basis
sets.

Basis set D! DY R! RY

aug-cc-pVDZ  8.73 x 107%1  5.03 x 1074 —7.49 x 10746 —1.45 x 10*
aug-cc-pVTZ 9.83 x 1074 6.58 x 10741 —7.65 x 10746 —1.46 x 104
aug-cc-pVQZ 1.02x 10740 737 x 1074 —812x 1074 —1.43 x 107

In the ground state, HoO> belongs to Cy point group and point group symmetry was
exploited in the calculations. Since, the calculations were done on the ground state
structures, these calculations correspond to spin-forbidden CD. Dipole strengths and
rotational strengths were computed on ground state DFT (B3LYP) geometry optimized

structure using different basis sets (Table 5.1). It is observed that the rotational are not
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very sensitive to basis set size. The dipole strengths increase slightly with increasing
basis set quality. The values for aug-cc-pVQZ are not so different from that of aug-cc-

pVDZ.

TABLE 5.2: Comparison between X2C-CC2 and RI-CC2 transition strengths in atomic
units

Method Oscillator Strength  Rotational Strength
X2C-CC2  1.68 x 107° —4.40 x 1077
RI-CC2  3.60 x 1076 —5.47 x 1077

Since no experimental data is available for spin-forbidden CD rotator strengths in HoOa,
the SOC-PT-CC2 calculation was compared with the relativistic 2-component calcula-
tion, which includes the SOC already at the SCF level. In the X2C calculation, only
the one-electron part of the spin-orbit Hamiltonian is included. For a better comparison
with the 2-component calculations one should disable the 2-electron contribution of the
spin-orbit mean-field operator in the non-relativistic calculation. For the cc-pVTZ basis
set, the agreement of the relativistic calculation with the perturbative calculation is for

the rotational strength as good as for the oscillator strength.

TABLE 5.3: Comparison of the RI-CC2 velocity (D, R?) and length (D!, R!) gauge

results for the dipole [esu? ¢m?] and rotational [esu em erg G—1] strengths of the first

spin-forbidden transition in HoOs for the CC2 optimized ground state structure using
different basis sets.

Basis set D! DV R! RY

aug-cc-pVDZ 837 x 107* 510x107* 6.32x 1074 —9.80 x 10~%
aug-cc-pVTZ  9.38 x 1074 6.74 x 107 831 x 10746 —8.86 x 10%
aug-cc-pVQZ  9.70 x 1074 754 x 1074 8.25 x 10746 —8.31 x 104
d-aug-cc-pVDZ  8.39 x 1074 5.02 x 107 6.36 x 10746 —8.91 x 10~%
d-aug-cc-pVTZ 9.39 x 1074 6.75 x 1074 8.28 x 10746  —8.83 x 104
d-aug-cc-pVQZ  9.69 x 1074 7.56 x 10741 8.26 x 10740 —8.31 x 1074

For the CC2 geometry optimized ground state, the values varied as seen in table 5.3.
The effect is more for the length gauge results than the velocity gauge results. Dipole
strengths remain similar but length gauge rotator strengths also change the sign. Double
augmentation does not vary the results significantly. The aug-cc-pVDZ basis set provides
sufficient accuracy for the rotational strengths and shall be used to determine rotational

strengths for the molecules under study in this master project.
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Furthermore, calculations were done both in the velocity gauge and length gauge formu-
lations for the singlet-triplet transitions of first three excited states to establish gauge-
origin invariance for the velocity gauge formulation. The length gauge results are origin
dependent as expected. Here, two sets of calculations were performed. In one case, the
gauge origin was placed at the center of mass which is the default and in the other case
the origin was moved away with respect to centre of mass by (1,1,1) vector. The relative
changes in the length gauge and velocity gauge results for the DFT optmized ground
state (Table 5.4) and CC2 optimized ground state (Table 5.5) are similar. The CC2 ge-
ometry optimizations were performed in the respective basis in which the spin-forbidden

strengths were determined.

When calculations were redone after the atoms were moved back to the origin, the
results were very slightly different from the values calculated initially (values varied in

the fourth decimal place). This is attributed to HF orbital artifact.

Since the rotational strength values are reported only upto two decimal places, the
velocity-gauge formulation provides sufficient accuracy for gauge-invariance and is used

in all further calculations of rotational strengths.



TABLE 5.4: Gauge-origin dependence of rotational [esu cm erg G~1] strengths in length gauge and velocity gauge formulations for the first, second
and third transitions in HyO5 for the DFT geometry optimized ground state structure. CM refers to gauge origin placed in the center of mass , and

CM + 1 where it is moved by the (1, 1, 1) vector.

Basis set Length Velocity
CM CM + 1 CM CM + 1

aug-cc-pVDZ  —7.49287 x 10746 1.40109 x 10746 —1.45424 x 1074 —1.45428 x 10~
aug-cc-pVTZ —7.64774 x 10746 —9.81712 x 10747 —1.45542 x 10~  —1.45547 x 10~44
aug-cc-pVQZ —8.12726 x 10746 —1.85073 x 10746 —1.43528 x 10~%* —1.43552 x 10~%4
aug-cc-pVDZ  —2.62012 x 10743 —2.61943 x 107* —1.18512 x 1074 —1.18502 x 10~4!
aug-cc-pVTZ —1.32067 x 1074 —1.32291 x 10743 —8.31269 x 10742 —8.31209 x 10~42
aug-cc-pVQZ —8.31322 x 1074 —8.34029 x 10~* —6.79902 x 107*2 —6.79680 x 10~42
aug-cc-pVDZ —1.78689 x 10747 9.16900 x 107 —-8.85118 x 10746 —8.85630 x 10746
aug-cc-pVTZ —6.50913 x 10746 —5.83222 x 10746 5.38759 x 1074  5.38696 x 10~%°
aug-cc-pVQZ —8.56719 x 10746 —7.23544 x 10746 1.35722 x 107%*  1.35713 x 10~%

UOISSTISY(] pUD SYNSIIY
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TABLE 5.5: Gauge-origin dependence of rotational [esu cm erg G~1] strengths in length gauge and velocity gauge formulations for the first, second
and third transitions in Ho0O4 for the CC2 geometry optimized ground state structure. CM refers to gauge origin placed in the center of mass , and

CM + 1 where it is moved by the (1, 1, 1) vector.

Length Velocity

Basis set CM CM +1 CM CM +1
aug-cc-pVDZ  6.31893 x 10746 1.01099 x 107  —9.80240 x 10745 —9.80227 x 10~%
aug-cc-pVTZ  8.30681 x 10746 1.02406 x 1074 —8.85561 x 10745 —8.85595 x 10~4
aug-cc-pVQZ  8.25316 x 10746 1.00619 x 1074 —8.31297 x 1074 —8.31369 x 10~%
aug-cc-pVDZ  —3.26902 x 1074 —3.27165 x 1074 —1.75521 x 10~ —1.75531 x 10~4
aug-cc-pVTZ —1.25309 x 1074  —1.25816 x 1074 —8.69561 x 107*2 —8.69478 x 10~42
aug-cc-pVQZ —5.30664 x 1074 —5.36114 x 107* —4.56790 x 107%2 —4.56737 x 10742
aug-cc-pVDZ —8.39167 x 10740 —8.49549 x 10746 —7.99542 x 10™% —7.99487 x 10~%
aug-cc-pVTZ —2.04200 x 10745  —2.03856 x 1074 —2.16422 x 1074 —2.16440 x 104
aug-cc-pVQZ —2.44760 x 1074  —2.43723 x 1074 —2.73500 x 10~ —2.73528 x 10~%

UOISSTISY(] pUD SYNSIIY
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5.2 CPL

The equilibrium geometries of ground state and excited state are important for deter-
mining strengths of CD and CPL respectively. When the two structures are similar, the
emission and absorption band have same sign and similar magnitude, due to the fact

that the rotatory strengths are similar [11].

But, when the excited state has a lifetime long enough for the molecule to structurally
relax, CD and CPL bands are dissimilar. CPL spectra with different signs have been
reported [11] using DFT methods for f3,y-enones for spin-allowed transitions. This is
attributed to the puckering of carbonyl group in the excited state either towards or away

from C=C double bond causing an inversion in sign of CPL with respect to CD.

More recently, similar results have been reported for CPP using TDDFT [16] as a probe
of the structure of triplet excited states. In the following sections. RI-CC2 calculations

have been compared with the DFT results reported in literature [11, 16].

The CD spectrum values did not vary much based on geometry optimization. For exam-
ple, the spin-forbidden rotational strengths of enone 5 in absorption was 6.794 91 x 10~44
esu cm erg G~1 and 6.79084 x 10~* esu em erg G~ for the CC2 and DFT geometry

optimized structures respectively.

In all further calculations, the ground state geometry optimization was done using
DFT/B3LYP(cc-pVTZ basis set), excited state geometry optimization was done using
CC2(aug-cc-pVDZ basis set) and transition strengths were calculated using CC2(aug-

cc-pVDZ basis set) unless mentioned otherwise.
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5.3 CPF and CPP of 3,y-enones

TABLE 5.6: Comparison of the rotational [esu cm erg G~!]strengths in velocity gauge
for singlet-singlet transitions in enones using RI-CC2 method and aug-cc-pVDZ basis
set.

Strength Gr Sla S1b
Enone 1 1.20 x 10739 3.15x 10740 —1.23x 10~

Enone 2 4.25 x 10739 1.26 x 10739 3.96 x 10~%°
Enone 3 2.34 x 10739 5.08 x 10740 6.56 x 10740

Enone4 —2.03x107% —580x1074  1.95x 10~

The CPF results compare well with the results from DFT [11]. The carbonyl group is
flat in the ground state structure. For enone 2, a second excited state minimum was
also found using RI-CC2. Enone 3 did not exhibit opposite signs as expected from DFT
results. This is possibly due to exchange of closely lying excited states between DFT
and CC2.

Gr S1la S1b

FIGURE 5.1: The ground and first singlet excited state structures of (1S,3R)-4-
methyleneadamantan-2-one 1

Gr Stla S1b
FIGURE 5.2: The ground and first excited singlet state structures of(1R,4R)-
bicyclo[2.2.1]hept-5-en-2-one 2

The most dominant natural transition orbital for the transitions from excited state

to ground state is also shown. Natural transition orbitals provide a compact orbital
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b
Gr Sta S1b

FIGURE 5.3: The ground and first excited singlet state structures of (1R)-7-
methylenebicyclo[2.2.1]heptan-2-one 3

Gr Sta Sib

FIGURE 5.4: The ground and first excited singlet state structures of (1S)-2-
methylenebicyclo[2.2.1]heptan-7-one 4

representation for the electron transition density matrix[47]. Here, we can visualize the
n — @ and ™ — n nature of the transitions. The RI-CC2 optimization of excited
states overestimates carbonyl bond length when compared to DFT [11] and may give
rise to discrepancy of the results.The equilibrium geometries of ground state and excited
state are important for determining strengths of CD and CPL respectively. The DFT
results for CPF show that rotatory strength is sensitive to geometric parameters such

as dihedral angles and bond lengths of the chromophores.

For cases, where change in CPL sign is not observed, the NTO’s appear similar for both
the structures. Since, NTO’s are dependent on transition moments which are used to
calculate rotator strengths they give rise to qualitatively similar results. The orbitals
involved in the n — 7* excitation are to some extent delocalized on the C=C bond as

hypothesized in reference [11].

Similar calculations and NTO analysis have been done for CPP. Our results compare
well with DFT [16]. Enone 1 and Enone 4 do not show opposite signs for CPP in the
excited states. Enone 2 showed opposite signs to what is expected. This is possibly due
to exchange of order of close-lying excited states between DFT and CC2. The triplet

excited states look similar to singlet excited states with the puckering of carbonyl either
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(1 (11) (1) (if)
151a 151b

(1) (11) (1) (if)
2514 251b

P

(1 (11) (1) (if)
3514 351b

(1 (11) (1) (if)
4S51a 451b

FIGURE 5.5: Most dominant occupied (i) and virtual (ii) natural transition orbitals of
enones 1-4 for the singlet excited state structures

towards or away from the C=C bond. The NTO analysis also revealed that T1la state
for Enone 2 involved the excitation of C=C chromophore. The NTOs indicate local
excitation of the carbonyl chromophore in all cases except for Tla of enone 2 which
involves a charge-transfer excitation. When the structures of ground and excited state

are similar, the signs of rotator strengths are also similar.

Two local minima were found in the excited state structures both for CPP and CPF. The
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Gr T1a T1b

FIGURE 5.6: The ground and first triplet excited state structures of (1S,3R)-4-
methyleneadamantan-2-one 1

& X

Gr T1a T1b

FIGURE 5.7: The ground and first excited triplet state structures of(1R,4R)-
bicyclo[2.2.1]hept-5-en-2-one 2

.
S 4

Gr T1a T1b

FIGURE 5.8: The ground and first excited triplet state structures of (1R)-7-
methylenebicyclo[2.2.1]heptan-2-one 3

Gr T1a T1b

FIGURE 5.9: Most dominant occupied (i) and virtual (ii) natural transition orbitals of
enones 1-4 for the triplet excited state structures

energies of the two minima do not differ by more than 0.05 eV except for the case where
different chromophores are excited ( Table 5.7). In all cases, CPP rotational strengths
are atleast four orders of magnitude smaller than the corresponding CPF rotational

strengths.
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TABLE 5.7: Vertical transition energies for CD,CPF and CPP for transitions between
ground and first excited state AE (eV)

Strength Gr — T1 Tla Tlb Gr —S1 Sla Slb
Enone 1  3.95 2.06 2.05 4.35 241 245
Enone 2 3.85 1.04 193 4.30 254 244
Enone 3 3.81 2.08 2.06 4.17 2.50 2.55
Enone 4 3.96 1.80 1.79 4.37 2.35 2.36
TABLE 5.8: Comparison of the dipole [esu? ¢m?] and rotational

[esu cm erg G~ lstrengths in velocity gauge for singlet-triplet transitions in
enones using RI-CC2 method and aug-cc-pVDZ basis set.

Strength  Gr T1la T1b

Enone 1

D 1.57 x 1074 1.71 x 10741 1.81 x 10~4¢
R —343x107% 627 x 1074 —6.56 x 1074
Enone 2

D 8.69 x 1042 1.08 x 1042 218 x 10~4
R —1.00x107* 170 x 107% —9.71 x 106
Enone 3

D 1.60 x 10~4! 8.26 x 1042 1.33 x 10~41
R 6.87 x 1074 2.05x 1074  —8.64 x 1074
Enone 4

D 9.15 x 10742 2.66 x 10~4 2.71 x 1074
R 8.43 x 10~%7 3.64 x 10745 1.74 x 10745
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(1) (11) (1) (if)
1T1a 1T1b

& %

(11) (1) (if)
2T1b

3T1b

(1 (11) (1) (if)
4T1a 4T1b

FIGURE 5.10: Most dominant occupied (i) and virtual (ii) natural transition orbitals
of enones 1-4 for the triplet excited state structures
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5.4 Ketones with conjugated double bonds

Molecule 5 is an «, 8 - enone with conjugated double bonds. The molecule here is an
enantiomer and CD results compare well with DF'T. The CPP result of the first excited
state is opposite to that of DFT result and could be because of exchange of states
between DFT and CC2. The 2nd excited state in CD is 0.5 eV higher making this very
likely. Here, there is no puckering of carbonyl group in the excited state and it is still
flat. The sign of the rotational strength is therefore dependent on the bond lengths and

not just the dihedral angle.

TABLE 5.9: The dipole [esu? cm?] and rotational [esu cm erg G~]strengths in velocity
gauge for singlet-triplet transitions in enone 5 using RI-CC2 method and aug-cc-pVDZ
basis set.

Enone 5 D R
Absorption  8.02 x 10 6.79 x 10~%

Emission 1.59 x 10740 247 x 10743

Molecules 6 and 7 are diketones with conjugated double bonds. For the first three
excited states, the CD and CPL results have been tabulated for both spin-allowed and
spin-forbidden transitions Table 5.10. One would expect that the sign of the rotational
strength is same in CD and CPL. But this is not true for all cases. However, this can
be explained when one looks at the close lying energy values (Table 5.11) in CPL (<0.5

eV). There might be an exchange of states in the emission resulting in varying signs.

TABLE 5.10: The rotational [1 x 1074 esu c¢m erg G~']strengths in velocity gauge
for CD,CPF and CPP transitions in diketones 6 and 7 using RI-CC2 method and
aug-cc-pVDZ basis set.

Excited Absorption Emission Excited Absorption Emission
state (CD) (CPL) state (spin- (CPP)
forbidden
CD)
Diketone 6
S1 -1.01 1.13 T1 2.75x 1076 —7.52 x 1076
S2 0.30 -0.17 T2 2.53 x 107° 1.34 x 10~°
S3 13.84 26.56 T3 —4.45x107°  —1.08 x 10~*
Diketone 7
S1 -0.95 -0.80 T1 5.45 x 1076 —1.08 x 107°
S2 0.70 0.39 T2 1.76 x 107°  —8.55 x 107°

S3 3.09 -2.13 T3 —3.69 x 107° 9.55 x 107
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Also, since no puckering of carbonyl group happens in the excited states, it is clear that
puckering cannot be the only reason for sign change in CD and CPL as hypothesized in

reference [16]. The NTOs of the first two excited states look very similar for diketones.

FIGURE 5.11: The first excited triplet state structures of (S)-(-)4,4a,5,6,7,8-hexahydro-

4a-methyl-2(3H)-naphthalenone 5, (1S,4R)-1,7,7-trimethylbicyclo[2.2.1]heptane-2,3-

dione (camphorquinone, 6) and (1S,4R,5R)-5,7,7 trimethylbicyclo[2.2.1]heptane-2,3-
dione 7

{ % £ %

(i) (1) (1) (if)
6T1 672

(1 (if)
BT3

FIGURE 5.12: Most dominant occupied (i) and virtual (ii) natural transition orbitals
for the triplet excited state structures of (1S,4R)-1,7,7-trimethylbicyclo[2.2.1]heptane-
2,3-dione (camphorquinone, 6)

It is also seen that the absolute value of rotational strength for the third excited state
is always higher than the first two excited states. In some cases it is one or two orders
of magnitude higher. This is possibly due to m# — «* transitions which have higher
strengths than n — 7* transitions. In order to emphasize the effect of order of magnitude
of rotational strengths on the appearance of the CD spectrum, a CD spectrum for the

spin-allowed transitions of Diketone 6 has been included (Figure 5.13).
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TABLE 5.11: Vertical transition energies for CD,CPF and CPP for transitions between
ground and first, second, third excited states AE (eV) in velocity gauge in diketones 6
and 7 using RI-CC2 method and aug-cc-pVDZ basis set.

Excited Absorption Emission Excited Absorption Emission
state (CD) (CPL) state (spin- (CPP)
forbidden
CD)

Diketone 6
S1 3.82 2.29 T1 3.82 2.29
S2 4.93 2.62 T2 4.93 2.62
S3 5.91 4.49 T3 5.91 4.49
Diketone 7
S1 3.79 2.29 T1 3.79 2.29
S2 5.00 2.57 T2 5.00 2.57
S3 5.48 4.26 T3 5.48 4.26
40
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FIGURE 5.13: The CD spectrum for singlet transitions of (1S,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptane-2,3-dione (camphorquinone, 6)
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5.5 CPP in Metal-Free Chiral Aromatics

The applicability of SOC-PT-CC2 can be extended to a larger metal-free chiral aromatic
system (44 atoms). The molecule, (S)-DMBDA ((S)-N, N'-dimethyl-1, 1’-binaphthyldiamine),

exhibits circularly-polarized persistent room-temperature phosphorescence[22].

Conformation 1

So

Sy

T,

FIGURE 5.14: The geometry-optimized ground state (Sp), first excited singlet state
(S1) and first excited triplet state (T7) structures of (S)-DMBDA

The enantiomer of this molecule has three conformations each in the ground and first
excited singlet state according to the DFT calculations in reference [22]. Calcula-
tions for CPL and CD were done using RI-CC2 for one of the conformers of (S)-
DMBDA. The geometry optimizations of the ground state structure was performed
using DFT/B3LYP(cc-pVTZ) and the excited state structures were geometry optimized
using RI-CC2(aug-cc-pVDZ). All the rotational strengths were calculated using RI-CC2
in aug-cc-pVDZ basis set. The rotational strengths calculated from RI-CC2 (Table 5.12)
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agreed qualitatively with the TD-DFT results for the enantiomer. RI-CC2 underesti-
mated the rotational strengths by a factor of one when compared to TD-DFT. Figure
5.14 also shows the geometry optimized triplet excited state using RI-CC2 (aug-cc-

pVDZ). The excited state geometries agree well with that of DFT optimized structures.

Conformation 1

S 4
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FIGURE 5.15: Most dominant occupied (a) and virtual (b) natural transition orbitals
of (S)-DMBDA for the transition from ground state to first excited state as visualized
on the ground state (Sp) structure and first excited state(S;) structure

The NTOs for the singlet-singlet transitions show charge-transfer from one binaphthyl
to the other. Since, S-DMBDA is C2-symmetric another set of NTOs with an oppo-
site charge-transfer between binaphthyls was expected. A second close-lying excited
state(AE & 0.1 eV) to this effect was found using RI-CC2 with an opposite sign for the

rotational strength of spin-allowed CD.

The rotational strength calculated for the spin-forbidden triplet-singlet tansition using
SOC-PT-CC2 was 5.96 x 10747 esu cm erg G~!. Experimentally, the phosphorescence
is observed between 500-600 nm which agrees well with our result at ~ 556 nm corre-
sponding to the yellow region of the visible spectrum. The NTOs (Figure 5.17) for CPP

exhibit local excitations in contrast to charge-transfer excitations observed in CPF.

Thus, SOC-PT-CC2 approach can be used to calculate spin-forbidden rotational strengths
of larger molecules. With its low computational costs, RI-CC2 is useful for computing

the CPP rotational strengths of large metal-free systems.
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Conformation 1

@) ®)

FIGURE 5.16: Most dominant occupied (a) and virtual (b) natural transition orbitals
of (S)-DMBDA for the transition from ground state to first and second excited state as
visualized on the ground state (Sg) structure

Sa‘—T1

F1GURE 5.17: The natural transition orbitals for the spin-forbidden triplet-singlet
transitions corresponding to circularly-polarized phosphorescence in S-DMBDA

TABLE 5.12: Rotational strengths [esu cm erg G™!] and energies AE (eV) of different
transitions in S-DMBDA

Transition Rotational Strength Energy

So — S1 2.81 x 10739 3.67
So — S —5.62 x 10739 3.73
S; — Sp 5.85 x 10739 2.87

T, — So 5.96 x 1047 2.23




Chapter 6

Summary

In summary, dipole and rotational strengths of circular dichroism, circularly polarized
fluorescence and phosphorescence were calculated for 3, - enones and ketones with
conjugated double bonds using wave function based method RI-CC2. Calculation of
CD and CPF is trivial because singlet-singlet transitions are spin-allowed in nonrela-
tivistic quantum mechanics. However, for spin-forbidden CPP spin-orbit coupling with
perturbation theory was employed within a response theory framework. For closed-shell
molecules containing only light elements, a spin-free formalism was used to treat the

singlet-triplet transitions [19].

A test molecule, Hydrogen Peroxide, was used to establish gauge-origin invariance in
velocity gauge formulation and to check for basis set dependency. Aug-cc-pVDZ basis
set was found to provide sufficient accuracy for the calculations of transition strengths. A
two-component relativistic calculation was also performed for comparison. The oscillator
strengths and rotator strengths from the nonrelativistic calculations compared well with

X2C-CC2 results.

The B,v - enones and conjugated ketones gave CD, CPF and CPP strengths which
compared well with that of DF'T calculations. The (3,7 - enones exhibit two minima with
similar energies (=~ 0.05 eV) in the first excited singlet and triplet state. In some cases,
the RI-CC2 calculations predict opposite signs for rotator strengths for the two minima
which is related to the puckering of carbonyl group in the excited state with respect to
the C=C double bond. However, the conjugated diketones with single minimum in the

excited states also exhibited opposite signs for CPL with respect to CD in some low-lying

36
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excited states without the puckering of carbonyl group.The CPP rotational strengths are

four orders of magnitude smaller than that of corresponding CPF rotational strengths.

SOC-PT-CC2 which utilizes the RI approximation is applicable for larger molecules.
In this master project, the rotational strength for spin-forbidden circularly-polarized
phosphorescence was calculated for a mid-sized metal-free chiral aromatic system, S-

DMBDA, containing 44 atoms.



Appendix A

Conversion factors

Dipole strengths and rotational strengths were converted from atomic units to CGS

units for comparison of results with the references [11, 16] which is based on reference

[48].

1 au of dipole strength (e?a2) = 6.46048 x 10 3%esu? em?
272
e’h ao> = 4.71444 x 10~ 38esu cm erg G1

Me

1 au of rotational strength (
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Appendix B

Wigner-Eckart Theorem

Consider the WET|31],

ik

o Mrkqy mn ! —m"” q/ m” 1 1okq) .

(Fm7| T [jm”) = (=1)™ ™ / (M| T jm) (B.1)
ook
-m' q m

01 1
In our case, j' = 0,m"” =m’ =0,k = j = 1. We need the 3; symbols M =
0 g m
0 1 1
The values are 0 for ¢ # —m, so that 35 symbols M = are left which are
0 —m m

— form=-1,+1 and — for m = 0.

V3 V3

Alternative method The equalities can also be evaluated for the current case using

the definitions of the annihilation and the creation operators from second quantization.

Assume a triplet configuration state function with the three normalized components:

|ia; 1, —|—1> = ‘12‘0{0,'51&&0@5) (B.Q)
. 1
\za; 1, 0> = ﬁ(]omlwlmoam + ]1m0,-50m1a5>) (B.3)
]ia; 1, —1> = ‘Oialmoaalaf@ (B.4)
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These components are related by a single excitation to a reference determinant |ref) =

11i01i30aa0qp8). The transition matrix elements with the spin tensor operators are as

follows:

<ref|ﬁ1a’_1|z’a; 1,+1) =

(ref|Ty"lia;1,0) =

(ref|Tp*ia;1, 1) =

<1ioz 11‘5 Oaa Oaﬁ ‘ ajﬂaaa ‘ 1ioc 01’6 1(1040115)

<1ia1iﬂ0ao¢0aﬁ‘17La0iﬁlao¢0a,8> =+1 (BS)
t f 1

<1ia1iﬁoao¢0a6‘aiaaaa - aiﬁaaﬂ|ﬁ(|0ia1iﬁlaa0aﬁ> + |1ia0i,6’0ao<1aﬁ>)
1 1

(Linlig0uausl (=14 040 = )= LisL0uais) = =1 (B.G)

<1ia 11‘60110400,6‘ - a;‘raaaﬁmia 11‘601104 1a,6>

<1ia1i60ao¢0aﬁ‘1ia0i61aa0aﬁ> =+1 (B7)
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