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Abstract

Oscillator strengths and transition energies are calculated for several mono-substitutes
of benzene and naphthalene molecules. The substituents investigated are chlo-
rine, bromine and iodine. Calculations for these molecules are presented, at the
Hartree–Fock and DFT level of theory. The functional used in DFT is CAM-
B3LYP.
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Chapter 1

Introduction

1.1 Background

Phosphorescence is a form of photoluminescence. The other common form is fluo-
rescence. Fluorescent and phosphorescent objects glow after exposure to energized
particles such as electrons or ultraviolet photons. A fluorescent material absorbs
energy and releases it as light almost immediately (in the order of nanoseconds) af-
ter excitation, while a phosphorescent material releases the energy more slowly(in
the order of milliseconds). This results in that phosphorescent materials glow in
the dark.
Phosphorescence happens when an excited electron is de-excited from a triplet
state to a singlet state. A singlet state is a state with total spin S = 0, and a
triplet state is a state with total spin S = 1. A triplet state is three-fold degener-
ate. It’s degenerate, because with S = 1 you can have MS = 1, 0,−1. Figures 1.1
and 1.2 illustrates electron diagrams for the triplet and singlet states, respec-
tively. These states are orthogonal in spin space, and the transition between them
is forbidden in the non-relativistic quantum mechanical theory, since:

〈T |P̂ |S〉 = 0 (1.1)

Here, T and S represents a triplet and a singlet state respectively, and P is a
spin-independent operator. What this equation tells us is that phosphorescence
between those states can’t happen. Which isn’t true in reality. So, to explain
phosphorescence, you have to take into account relativistic effects, such as the
spin-orbit coupling.

1.2 Early history

The term phosphorescence is not a new concept. Actually it was known long before
quantum mechanics was developed. But in the past, it was considered a mystery,
still to be solved. Here is a quote from the preface of Ref. [14]:
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2 Introduction

Figure 1.1. A singlet state with S=0. This linear combination is normalized by multi-
plication with 1/

√
2.

Figure 1.2. The three possible triplet states with S=1. The linear combination is
normalized, by multiplication with 1/

√
2.

I myself do not pretend to have snatched from Nature the entire secret of Phos-

phorescence, but I have reasons to hope that the observations contained in this

work will prove, that, owing to the rapid progress that natural science has made

during the present century, I have been able to tread in a firmer path than many

who have preceded me, and that I have penetrated a little way into the track which

will conduct us finally to the desired goal.

This was written in the middle of the 19:th century, so little did the author, T.L
Phipson, know how fast natural science would evolve during the coming century.
Phipson then proceeded by writing about phosphoric phenomena in animals, plants
and other venues of nature, and the persons witnessing them. some examples would
be the northern and southern lights, raindrops emitting light a few inches from
the ground in heavy storms, dead mackerels and herrings exposed to air, different
insects, and much more.
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1.3 Project aim

The aim with this project is to calculate and analyze phosphorescence parame-
ters for mono-substituted benzenes and naphthalenes. With mono-substituted, we
mean that we replace one of the hydrogen atoms with another atom. The sub-
stituents of interest in this project are the three halogens chlorine (Cl), bromine
(Br) and iodine (I). In mono-substituted naphthalenes, we can place the sub-
stituent in two different places, that will give different phosphorescence charac-
teristics. Molecular structures for naphtalene and benzene mono-substitutes are
illustrated in Fig. 1.3.
The parameters of interest are the oscillator strengths and the transition energies
between the ground state and the first excited triplet state of the molecules.

Figure 1.3. Molecular structure of mono-substituted benzenes (C6H5X) and naphtal-
enes (2-C10H7X and 3-C10H7X)
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Chapter 2

Methodology

To be able to understand phosphorescence more clearly, we need to know some
basic theory. The aim of this chapter is to present this theory to the reader, so
that later chapters are more easily understood. The section about Hartree–Fock
theory is based on Refs. [10] and [17]. The section on response theory is based
on Ref. [12]. Of course it’s assumed that the reader is familiar with the basics of
quantum mechanics, which is explained in Ref. [5]

2.1 Hartree–Fock theory

2.1.1 Non-relativistic case

The Born-Oppenheimer approximation

In quantum chemistry we are interested in solving the many-particle Schrödinger
equation:

Ĥ|Φ〉 = E|Φ〉 (2.1)

This we can’t do analytically, so therefore a number of approximations are used.
Here Ĥ and |Φ〉 are the many-electron Hamiltonian and wavefunction, respectively.
The expression for the many-particle Hamiltonian is

Ĥtot = T̂n + T̂e + V̂ne + V̂ee + V̂nn (2.2)

where the T̂ :s and V̂ :s represents kinetic and potential energies of the nuclei and
electrons. Subscripts n and e stand for nuclei and electrons respectively. Because
the nuclei are much heavier than the electrons, they move more slowly. So a good
approximation would be to see the electrons as moving in a field of fixed nuclei.
Then we can neglect the term for the kinetic energy of the nuclei, and the term for
repulsion between the nuclei, in the equation above. This will give the electronic
Hamiltonian

Ĥelec = T̂e + V̂ne + V̂ee (2.3)

5



6 Methodology

The solution to a Schrödinger equation involving the electronic Hamiltonian

ĤelecΦelec = EelecΦelec (2.4)

is the electronic wave function Φelec. This wave function depends explicitly on
the electronic coordinates, but parametrically on the nuclear coordinates, as does
the electronic energy. So the total energy for fixed nuclei must also include the
repulsion term between nuclei

Etot = Eelec + Vnn (2.5)

Slater Determinants

To fully describe the electrons, one must consider their spatial coordinates and
their spin coordinates. The many-electron Hamiltonian described above makes
no reference to spin, so simply making the wave function dependant on spin will
not change anything. But if we require a wavefunction to be antisymmetric with
respect to the coordinate x (both space and spin coordinate) we get around this
problem.

Φ(x1, . . . , xi, . . . , xj , . . . , xN ) = −Φ(x1, . . . , xj , . . . , xi, . . . , xN ) (2.6)

This requirement is called the antisymmetry principle, and is a general statement
of the Pauli exclusion principle. A certain form of many-electron wavefunctions
that fulfills the Pauli principle is a Slater determinant

Ψ(x1, . . . , xN ) =
1√
N !

∣

∣

∣

∣

∣

∣

∣

χ1(x1) . . . χN (x1)
...

χ1(xN ) ... χN (xN )

∣

∣

∣

∣

∣

∣

∣

(2.7)

Here, the rows represent electron coordinates, and the columns, molecular orbitals.
Those Slater determinants have two good qualities about them:

1. Interchange of electrons correspond to interchange of rows (minus sign).
2. With orthonormal orbitals, the total wavefunction is normalized.

The Hartree–Fock Approximation

A Slater determinant is the simplest antisymmetric wave function, which can be
used to describe the ground state of an N -electron system.

|Ψ0〉 = |χ1χ2 . . . χN 〉 (2.8)

The variation principle then states that the best wavefunction of this form is the
one which gives the lowest possible energy

E0 = 〈Ψ0|Ĥelec|Ψ0〉 (2.9)

The variational flexibility is in the choice of spin orbitals. So if we minimize E0

with respect to the chosen spin orbitals, we can then derive an equation, called the
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Hartree–Fock equation, that determine the optimal spin orbitals. This equation
is of the form

f̂(i)χ(xi) = Eχ(xi) (2.10)

Here, f̂(i) is an effective one-electron operator, called the Fock operator. In this
operator, the electron-electron repulsion is treated in an average way. So now we
have reduced the complicated many-electron problem to a one-electron problem,
which is the essence of the Hartree–Fock approximation.

Eq. (2.10) is nonlinear and must be solved iteratively. The method for doing
this is called the self-consistent-field (SCF) method.

The N spin orbitals with the lowest energies are called the occupied spin or-
bitals, and the Slater determinant formed from these orbitals is the Hartree–Fock
ground state wave function. This is the best variational approximation to the
ground state of the system, of the single determinant form.

2.1.2 Relativistic case

Another way to look at the non-relativistic electronic Hamiltonian in the pre-
ceeding section, is to observe that it can be written as a sum of one-particle and
two-particle operators

Ĥ =
N

∑

i=1

ĥ(i) +
N

∑

i,j>i

ĝ(i, j) (2.11)

where the one-particle operator ĥ(i) is the kinetic energy operator of particle i,
and the two-particle operator ĝ(i, j) is the sum of the Coulomb interaction and
exchange term between particle i and j.

When we do relativistic calculations, we are most interested in using the Dirac
equation instead of the Schrödinger equation. And we will in the following discus-
sion see how this relates to the Schrödinger equation in the way that it can also
be written as a sum of one- and two-particle operators.

For a single electron, the Dirac equation looks as follows

[cαp̂ + βmc2]Ψ = i
∂Ψ

∂t
(2.12)

where α and β are 4× 4 matrices, α written in terms of the three Pauli 2*2 spin
matrices σ, and β in terms of a 2*2 unit matrix I.

αi =

(

0 σi

σi 0

)

, i = x, y, z; β =

(

I 0
0 −I

)

(2.13)

When we treat many particles, the many-particle Hamiltonian can be separated
into one-electron and many-electron operators according to Eq. (2.11). The one
electron operator is just a sum over Dirac operators

ĥ = cα · p̂ + βmc2 (2.14)
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and the two-electron operator is a sum over Coulomb operators

ĝ(i, j) =
1

rij
(2.15)

2.2 Response theory

The oscillator strengths f and the excitation energies ∆E is what we are interested
in calculating. Those are embedded in the expression for the linear polarizability
α. The purpose of this section is to derive an expression for α, with the help of
time-dependent perturbation theory. This expression is called a response function,
and describes the interaction between the molecule and an external field.

Suppose that some sort of molecule interacts with an external electric field.
The time-dependent Schrödinger equation gives the time-evolution of the state
vector:

i~
∂

∂t
|Ψ(t)〉 = Ĥ|Ψ(t)〉 (2.16)

And the time-dependent Hamiltonian can be expressed as a sum of a time-dependent
part and a time-independent, unperturbed part:

Ĥ = Ĥ0 + V̂ (t) (2.17)

For this derivation, it’s also assumed that the eigenvalues to the unperturbed part
of the Hamiltonian are known, in accordance with:

Ĥ0|n〉 = En|n〉 (2.18)

Before being exposed to the perturbation, it’s assumed that the molecule is in a
reference state, usually the molecular ground state |0〉. We then wish to express
the state vector, at a later point in time, in the set of eigenstates |n〉. Since this
set is complete, we can write |Ψ(t)〉 as

|Ψ(t)〉 =
∑

n

cn(t)|n〉 =
∑

n

dn(t)e−iEnt/~|n〉 (2.19)

where changes of dn(t) in time are due to the small perturbation. It’s possible to
write the coefficients dn(t) in a power series of V̂ (t):

dn(t) = d(0)
n + d(1)

n (t) + d(2)
n (t) + ... (2.20)

If we operate both sides of Eq. (2.19) with i~ ∂
∂t − Ĥ from the left, and multi-

plying from the left with 〈m|eiEmt/~ we get:

i~
∂

∂t
d(N)

m =
∑

n

〈m|V̂ (t)|n〉eiωmntd(N−1)
n (2.21)



2.2 Response theory 9

Here, ωmn is the transition frequency (Em−En)/~, and d
(0)
n is δ0 n. This equation

is recursive. If we have d
(0)
n we can determine d

(1)
n , and so on, by time-integration.

Just as we could expand the coefficients dn in orders of V̂ , we can write the wave
function as

|Ψ(t)〉 = |Ψ(0)(t)〉+ |Ψ(1)(t)〉+ |Ψ(2)(t)〉+ ... (2.22)

where

|Ψ(N)(t)〉 =
∑

n

d(N)
n e−iEnt/~|n〉 (2.23)

Now, we are going to look closer at the expectation value of the molecular electric
dipole operator µ̂. The reason for this is that it corresponds to the molecular
polarization and therefore also to the polarizabilities and hyperpolarizabilities.
From Eq. (2.22) we se that the expectation value of µ̂ can be written as:

〈Ψ(t)|µ̂|Ψ(t)〉 = 〈µ̂〉(0) + 〈µ̂〉(1) + 〈µ̂〉(2) + ... (2.24)

Where the first two orders of the time-dependent polarizations are:

〈µ̂〉(0) = 〈0|µ̂|0〉 (2.25)

〈µ̂〉(1) = 〈Ψ(0)|µ̂|Ψ(1)〉+ 〈Ψ(1)|µ̂|Ψ(0)〉 (2.26)

Now we look at the operator that describe the interaction between the molecule
and the electric field in the electric dipole approximation:

V̂ (t) = −µ̂αEα(t)eǫt (2.27)

Here, α is a molecular axis, so µ̂α is the electric dipole operator along the α-axis,
and E(t) is a classical electric field. The exponential with the small and positive ǫ
makes sure that the perturbation is switched on adiabatically and that it vanishes
when t→-∞.
Now, we put in V̂ (t) and d

(0)
n into Eq. (2.21) and performing the time integration,

we get out the first order response:

d(1)
m (t) = − 1

i~

t
∫

−∞

∑

n

〈m|µ̂α

∑

ω1

Eω1

α e−iω1t′eǫt′ |n〉eiωmnt′δ0 ndt′ = (2.28)

=
1

~

∑

ω1

〈m|µ̂α|0〉Eω1

α

ωm0 − ω1 − iǫ
ei(ωm0−ω1)teǫt

This expression together with Eq. (2.23) can be used to get the expression for the
first-order correction, |Ψ(1)〉, of the wave function. The zeroth-order correction is
|Ψ(0)〉 = e−iE0t/~|0〉. If we put these into Eq. (2.26), and simplify, we obtain the
following expression for the first-order polarization:
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〈µ̂α〉(1) =
∑

ω1

1

~

∑

n

[ 〈0|µ̂α|n〉〈n|µ̂β |0〉
ωn0 − ω1 − iǫ

+
〈0|µ̂β |n〉〈n|µ̂α|0〉

ωn0 + ω1 + iǫ

]

Eω1

β e−iωteǫt (2.29)

From here, we proceed by noting that the polarization can be written as:

µ(t) = µ0 + αE(t) +
1

2
βE2(t) + ... (2.30)

and we can write Eα(t) =
∑

ω Eω
αe−iωt. This will give:

µα(t) = µ0
α +

∑

ω

ααβ(−ω;ω)Eω
β e−iωt + ... (2.31)

The second term in this summation, containing the linear polarizability α, is noth-
ing less than the first-order polarization 〈µ̂α〉(1). And this fact together with
Eq. (2.29) gives us an expression for the linear polarizability:

ααβ(−ω;ω) =
1

~

∑

n

[ 〈0|µ̂α|n〉〈n|µ̂β |0〉
ωn0 − ω − iǫ

+
〈0|µ̂β |n〉〈n|µ̂α|0〉

ωn0 + ω + iǫ

]

(2.32)

This is the linear response function.
When n = 0, the transition frequency ωn0 is zero, which makes the two terms in
the sum equal, but with opposite sign, so they cancel each other. It’s therefore safe
to exclude the ground state from the summation and to use a primed summation

symbol
∑

′

n. Up until this point, the small ǫ have been carried along. This was
done to avoid singularities or divergencies in the time-integration a few steps back,
and also to avoid divergencies in the linear response function that we just derived.
But with a excitation frequency ωn0 well separated from the perturbing frequency
ω, we can set ǫ = 0. So the working formula will be:

ααβ(−ω;ω) =
1

~

∑

n

′
[ 〈0|µ̂α|n〉〈n|µ̂β |0〉

ωn0 − ω
+
〈0|µ̂β |n〉〈n|µ̂α|0〉

ωn0 + ω

]

(2.33)

And in this formula, the oscillator strengths are simply the residues of the first
term, and the corresponding energies are the poles.
We will not derive higher order response functions in this thesis, but if the reader
is interested in these and in non-exact MCSCF response functions, Ref. [13].

2.3 Illustrative example: Phosphorescence param-

eters of formaldehyde

In this section, we are going to present some results from Hartree–Fock computa-
tions done on the H2CO molecule, illustrated in Fig. 2.1.
Computations on the molecules are done with the Dalton [1] (non-relativistic) or
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the Dirac [18] program (relativistic).

What we are interested in calculating are the electronic transition energies ∆E
and oscillator strengths f . The oscillator strengths is a measure of the strength of
the phosphorescence, and can be calculated with the formula

f =
2

3
∆E

∑

α=x,y,z

|Mα|2, (2.34)

where the Mα:s are components of the electronic transition moment.

Figure 2.1. The H2CO molecule

For the S0 → T1 transition, at the S0 geometry, we obtain:

Non-relativistic: |M| =





0.143
0.085
2.165



× 10−3 ∆E1 = 3.444 eV

Relativistic: |M| =





0.161
0.101
2.437



× 10−3 ∆E1 = 3.441 eV

For the S0 ← T1 transition, at the T1 geometry, we obtain:

Non-relativistic: |M| =





0.176
0.018
3.431



 × 10−3 ∆E2 = 2.753 eV

Relativistic: |M| =





0.200
0.023
3.866



 × 10−3 ∆E2 = 2.751 eV

What is meant with, for example S0 optimized geometry is that the geometry of
the molecule have been optimized to coincide with the lowest energy on the energy
curve for the S0 state, as is illustrated in Fig. 2.2. And the energy (∆E1) we get,
is simply the vertical energy difference between this point on the S0 curve and the
T1 curve.
13A2 is simply the symmetry of the T1 state. The ’1’ means that it’s the first
excited triplet, the ’3’ means that it’s a triplet state, the A2 is the symmetry of
this triplet state. H2CO is a member of the C2v symmetry point group, so the
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possible symmetries for any state are A1, B1, B2 and A2.
The main focus of this report is phosphorescence, which happen in the transition
from the T1 state to the S0 state. In the figure, this correspond to the line for
∆E2.

Figure 2.2. Transitions between the ground state and first excited state in the formalde-
hyde molecule



Chapter 3

Computational details

The molecules of interest in this project are mono-substituted benzenes and naph-
thalenes, where one hydrogen atom have been replaced by a chlorine, iodine or
bromine atom. Structure optimizations were performed with the Gaussian[7] pro-
gram, non-relativistic property calculations were performed with the Dalton[1]
program, and relativistic property calculations were performed with the Dirac[18]
program. The molecules were placed in the yz-plane, with z as the principal axis.

For the iodine substitutes, we used a relativistic effective core potential (ECP)
to approximate the inner electrons. This was done, because non-relativistic cal-
culations are not very good for the inner regions of the iodine atom because of it
being a very relativistic atom. This in turn affects the valence electrons that are
of concern for phosphorescence, and important for chemistry in general.

Calculations were done with the HF method and the DFT method, using a
CAM-B3LYP exchange correlation functional. The basis sets used were Dun-
ing’s augmented correlation consistent double-ζ (aug-cc-pVDZ), for the mono-
substitutes involving Cl [20] and Br [19]. For the mono-substitutes involving I,
we used Sadlej-pVTZ [15] for the I atom. For the relativistic calculations of the
iodine-benzene, we used a decontracted basis set.

To speed up the calculations, we also made use of molecular symmetry, and
that the molecules can be represented as point groups. All the mono-substituted
benzenes are of C2V symmetry, and the mono-substituted naphtalenes are of CS

symmetry.
(If the reader is new to group theory, Ref. [16] is a good book, that introduces

the concept in a mathematical way. For a good book that takes up the subject of
point groups applied on molecules, se Ref. [3].)

13
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Chapter 4

Results and discussion

4.1 Computational results

Tables 6.1–6.4 contains the calculated energies and oscillator strengths for the dif-
ferent molecules. The results for the T1-geometry in the DFT-calculations is what
is most interesting for this thesis, because these describe phosphorescence.

Table 6.6 contains bond lengths between the different atoms in the mono-substituted
benzenes, for the ground state and the excited triplet state.

Table 6.5, with the belonging picture illustrates the different energy-transitions
more clearly than the raw data in Tables 6.1–6.4.

4.2 Energy difference between triplet states

What we first had to consider is how far apart the first triplet state is from the
second, third, and higher triplet state, in terms of energy. Because if they are very
close to each other, phosphorescence may happen not just from the first triplet
state, but also from the other states that are close to it in energy. Fig. 4.1 illustrates
the energy difference between different singlet and triplet states for C6H5Br.

As is seen in the DFT calculations, the energy-difference between the first and
second excited triplet state is quite large for all the molecules, larger than 0.5
eV, that is accepted. The smallest difference for the mono-substituted benzenes
is for C6H5Cl at 1.06 eV. The smallest for the mono-substituted naphthalenes is
for 3-C10H7Br at 1.97 eV. With such large differences in energy, we expect that
phosphorescence only occurs from the first excited triplet state.

15
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Figure 4.1. An excited-states diagram, illustrating the first excited states for C6H5Br
in the T1 geometry, calculated using DFT/CAM-B3LYP. ∆E is the energy-difference
between the first and second excited triplet states.

4.3 Comparing Hartree–Fock and Density Func-

tional theory results

In Ref. [9], the B3LYP functional is investigated for a series of donor-acceptor
systems. The B3LYP results were often very precise in those calculations, and
never deviated more than 0.36 eV from the experimental result, and often much less
than that. When comparing the Hartree–Fock and the DFT/CAM-B3LYP results
obtained in this thesis, we see that the first excited state for all the molecules
differ by about 1 eV between the Hartree–Fock and the DFT calculations. We
therefore draw the conclusion that the DFT calculations are more precise than the
uncorrelated Hartree–Fock calculations.

In Table 6.10 the effect of the electron correlation on the transition energies is
presented for the mono-substituted benzenes. The effect in the 13A1 state in either
of the two geometries is between 25% and 30% of the total Hartree–Fock energy
for all the molecules presented, while it’s only around 1% in the 13B2 state. This
makes the two states switch places in both geometries for the C6H5Cl molecule,
and in the T1 geometry for the C6H5Br molecule, when electron correlation is
switched on or off.
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4.4 Oscillator strengths

4.4.1 Fast vibrational relaxation

If we look at the oscillator strength, (gives an indication of the strength of the
phosphorescence coupling between the ground state and the state in question) we
see that the largest value often occurs in the second excited triplet state (with the
exception of 3-C10H7Cl, where it occurs in the first). In the T1 geometry in the
DFT calculation for C6H5Cl, the largest oscillator strengths for the relativistic cal-
culations at the first excited state is 0.1577×10−8. But for the second excited state,
the largest is 2.1690×10−8. For C6H5Br the corresponding values are 0.3527×10−7

and 7.4420×10−7. If we look at mono-substituted naphtalenes, the values for 2-
C10H7Cl is 0.3996×10−9 and 0.4729×10−9. For 3-C10H7Cl they are 3.5100×10−8

and 0.8981×10−8. For 2-C10H7Br they are 0.4366×10−8 and 6.0302×10−8. All
but 3-C10H7Cl have larger oscillator strengths for the second excited triplet. So
one could be inclined to believe that phosphorescence would happen from higher
states too, despite the energy difference between them. However, this is often not
the case, and it has a simple explanation. The vibrational coupling between the
first and second triplet state is much faster than the phosphorescence from the
second excited triplet state. So the electron will simply fall down from the second
to the first triplet, before phosphorescence has time to happen from the second
one. The vibrational coupling have a time-scale in the pico-second range, while
the phosphorescence is in the milli- to micro-second range, which is quite a large
difference. This is illustrated in Fig. 4.2.

Figure 4.2. Jablonski diagram, showing energy transitions and relaxation times for
different processes.

4.4.2 Heavy atom effects

As we know, Cl, Br and I have very different atom numbers, and thereby different
nuclear charge (17e, 35e and 53e). This affects the oscillator strengths greatly,
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which can be seen in the computational results. The first triplet in the T1 ge-
ometry for C6H5Cl when doing DFT calculations has f equal to 0.1577×10−8.
The corresponding state for the C6H5Br has f equal to 0.3527×10−7, roughly 20
times larger. This is because the spin-orbit coupling increases with increasingly
relativistic molecules.
The spin-orbit coupling is a correction to the energy levels due to relativistic ef-
fects. It originates from the Dirac equation. There are also other relativistic
corrections to the energy levels, and one of those is a correction to the kinetic
energy, and another is a correction to the potential energy. Although the latter
two (or any other) don’t play a major role in the large increase of the oscillator
strengths.

Those terms can be implemented with perturbation theory, as a perturbing
Hamiltonian:

H ′ = H ′

mv + H ′

SO + H ′

D (4.1)

Where H ′

SO is the spin-orbit term

H ′

SO =
α2

2





∑

iA

ZA
liAsi

r3
iA

−
∑

ij

lij(si + 2sj)

r3
ij



 (4.2)

As can be seen, when the molecule increases in size, Z is increasing, and the spin-
orbit term will get larger, thereby making the coupling stronger between the triplet
and singlet states, which will be mirrored in the oscillator strengths. As can be
seen, the second term in the expression above have a minus sign in front of it, and
wants to cancel the first. This second term is among other things a representation
of electron screening. This means that the inner electrons tend to screen off the
core from the outer electrons, so that the coupling between the nucleus and the
outer electrons gets weaker.
For a more detailed explanation on the spin-orbit coupling, se Ref. [4] or Ref. [5].
Ref. [6] is also a good work that goes into detail about all the first-order (propor-
tional to 1

c2 ) relativistic corrections.

4.4.3 Forbidden transitions in mono-substituted benzenes

All the oscillator strengths are zero for the A2-states (relativistic) of the mono-
substituted benzenes. We say that they are forbidden, and no phosphorescence
can occur from them. This can be seen if you take a look at the expression for the
transition moment:

M = 〈Φ′

e| − e
∑

i

r̄i|Φ′′

e 〉 (4.3)

where x̂ is of B2-symmetry, ŷ is of B1-symmetry, ẑ is of A1-symmetry, Φ′

e is of A1-
symmetry. Here, Φ′

e is the ground state, and Φ′′

e is the excited state in question.
Lets say that the excited state is of A2-symmetry. We can calculate the resulting
symmetry by doing direct products:
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A1 ⊗
B2

B1

A1

⊗A2 =
B1

B2

A2

(4.4)

All the irreducible representations in the C2V symmetry point group, except A1

are odd with respect to two symmetry operations. And, because A1 is not among
the resulting irreducible representations, we know that the function we are going
to integrate in Eq. (6.3) is an odd function in space, and integrals of odd functions
are zero. This means that the transition moment will be zero, and we can then
see from Eq. (2.34) that the oscillator strength will also be zero.
But keep in mind that this is just one of the components of the three relativistic
states (each with its own symmetry) that corresponds to a non-relativistic sym-
metry. So we still have contributions from the two other relativistic states.

4.4.4 Hartree–Fock triplet instability

Although not presented in the results, when calculating oscillator strengths with
the Hartree–Fock method, for the molecules 2-C10H7Cl and 2-C10H7Br, extremely
large values were obtained for the second triplet. This is likely to have to do with
the Hartee–Fock triplet instability. It’s basically a problem that arises when doing
calculations on triplet states with the Hartree–Fock method. This arises more
often when there is a high electron correlation and a high degree of π-conjugation
in the molecule, which is the case for mono-substituted naphthalenes. Ref. [8]
deals more in depth with this subject.

4.5 Zero field splitting in iodine substitutes

The three relativistic energies in the bromine and chlorine results don’t have any
noticeable splittings in energy, and appear to be degenerate. But in iodine substi-
tutes, the energy splittings start to get large, and we can see them in the calcu-
lations. This is because of the zero field splitting. It’s the splitting of the energy
levels that happen because of internal magnetic fields in the molecule. The heavier
the core, the greater the field. All the electrons will feel this field, and the result
is the splitting of the 2S+1 spin sub-levels. This splitting has two contributions
up to second order perturbation theory. The first-order term involves the direct
dipolar spin-spin interaction between pairs of electrons. The second-order term
arises from the spin-orbit coupling, and introduces some angular momentum into
the ground state and which is being picked up by the spin of a second electron.

Because iodine is a far heavier/relativistic atom than bromine or chlorine, this
effect is starting to get large here.

To read more about zero field splitting, Ref. [11] is a good place to start.
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4.6 Effects of π-conjugated system

Mono-substituted naphthalenes and benzenes are examples of π-conjugated sys-
tems. This means that the p-atomic-orbitals that are parallell to the normal of
the plane of the molecule, will make up π-molecular orbitals. This will make it
easier to excite electrons if you apply an electric field parallell to the plane of the
π-bonds, because the electrons move more easily in this plane. And in the case of
mono-substituted benzenes, the most easy it will be if you align the field parallell
with the C1–X-bond (where X=Br, Cl or I).

Because naphthalene is a more elongated molecule than benzene (it’s made
up of two benzene-rings), it should be easier, in terms of energy, to excite this
molecule, according to the above discussion. This would mean that the first
triplet should be lower in energy for the naphthalene-substitutes than the benzene-
substitutes, which is also the case when looking at the results. If we look at DFT
calculations for the T1 geometry for the chlorine substitutes, we se that the energy
for the first triplet state for C6H5Cl is 3.0964 eV. But the corresponding value
for 2-C10H7Cl is 1.5253 eV, and 1.6305 eV for 3-C10H7Cl. And the rest of the
molecules follow the same trend, as is presented in Table 6.8. So we can draw the
conclusion that the excitation energy needed to reach the first triplets for mono-
substituted naphtalenes is about half as much as for the corresponding ones for
mono-substituted benzenes. Also, the HOMO-LUMO gap is smaller.

4.7 Changes in bond lengths

Table 6.6 contains bond lengths of the mono-substituted benzenes after geometry
optimization have been done. Table 6.7 contains the difference between the S0

and T1 bond lengths. For Cl, the bond length for the C1-Cl bonding in the S0

state is 1.76114 Å. But in the T1 state the same bond have a bond-length of only
1.72775 Å. So the bond length between the substituent Cl and C atom decreases
when the molecule is excited to the first excited state. And this is also true for
Br, where the values are 1.91799 and 1.88310 Å respectively. However, the bond
lengths between all the C atoms increases.

Another thing to pay attention to is that the Br substituent, compared to the
Cl substituent, give rise to an increased C1-X (where X=Br, Cl) bond length.
For I, it’s even larger, with 2.14801 Å in the S0 geometry. In the T1 geometry
iodine-benzene dissociates (The T1 energy curve is monotomically decreasing and
have no minimum). This has to do with the well known van der Waals radius[2],
that is a measure of the size of the atom, in terms of how far the electron cloud
reaches. For larger atoms with more electrons, the radii will be larger.

4.8 First excited triplet in mono-substituted ben-

zenes

The first excited triplet in all of the mono-substituted benzenes is of A1-symmetry
(nonrelativistic calculations), an even symmetry. And we know from group theory
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that a symmetry times itself will be the A1-symmetry, if we are in the C2v group.
This is illustrated in Table 6.9. So with this knowledge, we can reach the conclusion
that the molecular orbital that an electron is excited from and the resulting excited
molecular orbital must be of the same symmetry to result in that the molecule is in
the A1-symmetry. All the molecular orbitals under the two orbitals in question are
occupied by two electrons each, so when you multiply them together the symmetry
for those two electrons, it will result in the even symmetry obviously, because they
occupy the same orbital. This means that after all the symmetries for the lower
orbitals have been multiplied together, the result will be the even symmetry. And
then you have the two orbitals that are involved in the excitation left to multiply,
and you see quite easily that they must be of the same symmetry for the molecule
to be in the A1 symmetry. And by analyzing the output file from Dalton, we reach
the conclusion that the orbitals in question is a combination of a HOMO-LUMO
excitation (HOMO-LUMO of that symmetry), both orbitals in the B1-symmetry,
and a HOMO-LUMO (of that symmetry) excitation, in the A2-symmetry. Those
orbitals are pictured in Fig. 4.3 and Fig. 4.4. Also, the excitations are illustrated
in Fig. 4.5.

Figure 4.3. Illustration of the HOMO (left) and the LUMO (right) molecular orbitals of
the B1 symmetry for a mono-substituted benzene. The substitution is at the rightmost
atom, marked with an X.
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Figure 4.4. Illustration of the HOMO (left) and the LUMO (right) molecular orbitals of
the A2 symmetry for a mono-substituted benzene. The substitution is at the rightmost
atom, marked with an X.

Figure 4.5. Diagram illustrating the excitations between the molecular orbitals illus-
trated in Fig. 4.3 and Fig. 4.4. The letters tells the symmetry of the orbital.



Chapter 5

Conclusion

Oscillator strengths and electronic transition energies have been calculated for
mono-substituted benzenes and naphthalenes, at the Hartree–Fock and DFT/CAM-
B3LYP levels. Most focus was put on the phosphorescence calculations done with
DFT, because this method give more accurate results when looking at earlier
works, due to inclusion of electron correlation effects. The excited triplet states in
all the molecules have a large difference in energy, and the conclusion is therefore
that phosphorescence only occurs from the first excited triplet. Even when the
oscillator strengths are larger for higher excited triplet states, no phosphorescence
will happen from these, because of the fast vibrational relaxation. Also the oscil-
lator strengths grow fast when the charge of the nucleus increases. This is because
of the spin-orbit coupling, that grows when the charge increases.

For the iodine-benzene, we get zero field splitting effects because the I atom
contains much more charge than the Br or Cl atom. Iodine-benzene also dissociates
in the T1 geometry, so we won’t have any phosphorescence for that molecule.

As can be seen, the first excited triplet state is much lower in energy for the
mono-substituted naphtalenes than the mono-substituted benzenes. This is be-
cause the naphtalenes are more elongated than the benzenes, which makes it easier
to excite electrons with a field parallell to the plane of the molecule.

When we replace a light substitute with a heavier one, the bond length between
the substitute and the C atom will increase. This is because the van der Waals
radii increases because of the larger numbers of electrons in the heavier substitute.

Because the first triplet in all of the mono-substituted benzenes is of A1 sym-
metry, we know from group theory that the two molecular orbitals involved in the
excitation of an electron must be of the same symmetry.
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Table 6.1. Theoretical phosphorescence parameters for C6H5Cl obtained from HF
and DFT/CAM-B3LYP calculations. Excitation energies are given in eV and oscilla-
tor strengths are multiplied by a factor of 108.

Nonrelativistic Relativistic
Method Geometry State ∆E State ∆E f

1A1 4.6155 0.0638
HF S0 13B2 4.6171 1B1 4.6155 0.7877

1A2 4.6155 0

2B1 4.6317 0.4359
13A1 4.6326 1B2 4.6317 0.0040

2A2 4.6317 0

2A1 5.0327 0.0001
23B2 5.0322 3B1 5.0327 0.2626

3A2 5.0327 0

1A1 4.1831 0.0203
T1 13B2 4.1852 1B1 4.1831 0.7888

1A2 4.1831 0

2B1 4.3845 0.4358
13A1 4.3854 1B2 4.3845 0.0085

2A2 4.3845 0

2A1 4.8852 0.0003
23B2 4.8843 3B1 4.8852 0.0939

3A2 4.8852 0

1B1 3.4336 0.2739
DFT S0 13A1 3.4347 1B2 3.4336 0.0010

1A2 3.4336 0

1A1 4.5628 0.0437
13B2 4.5648 2B1 4.5628 2.5000

2A2 4.5628 0

3B1 4.6378 0.9907
23A1 4.6387 2B2 4.6378 0.0018

3A2 4.6378 0

1B1 3.0964 0.1577
T1 13A1 3.0976 1B2 3.0964 0.0007

1A2 3.0964 0

1A1 4.1603 0.0158
13B2 4.1625 2B1 4.1603 2.1690

2A2 4.1603 0

3B1 4.3804 0.9403
23A1 4.3812 2B2 4.3804 0.0017

3A2 4.3804 0
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Table 6.2. Theoretical phosphorescence parameters for C6H5Br obtained from HF
and DFT/CAM-B3LYP calculations. Excitation energies are given in eV and oscilla-
tor strengths are multiplied by a factor of 107.

Nonrelativistic Relativistic
Method Geometry State ∆E State ∆E f

1B1 4.6269 0.3381
HF S0 13A1 4.6258 1B2 4.6270 0.0661

1A2 4.6269 0

1A1 4.6310 0.4623
13B2 4.6306 2B1 4.6311 2.5840

2A2 4.6311 0

2A1 5.0025 0.0474
23B2 4.9987 3B1 5.0025 0.9559

3A2 5.0025 0

1A1 4.2222 0.1460
T1 13B2 4.2230 1B1 4.2223 2.6510

1A2 4.2223 0

2B1 4.3788 0.4577
13A1 4.3772 1B2 4.3788 0.0437

2A2 4.3788 0

2A1 4.8271 0.0014
23B2 4.8216 3B1 4.8271 0.3291

3A2 4.8271 0

1B1 3.4340 0.5940
DFT S0 13A1 3.4329 1B2 3.4340 0.0034

1A2 3.4340 0

1A1 4.5720 0.2473
13B2 4.5722 2B1 4.5720 8.2680

2A2 4.5720 0

3B1 4.6321 1.9210
23A1 4.6307 2B2 4.6321 0.0032

3A2 4.6321 0

1B1 3.0926 0.3527
T1 13A1 3.0916 1B2 3.0926 0.0021

1A2 3.0926 0

1A1 4.1779 0.0636
13B2 4.1785 2B1 4.1779 7.4420

2A2 4.1779 0

3B1 4.3712 1.5180
23A1 4.3692 2B2 4.3712 0.0044

3A2 4.3712 0
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Table 6.3. Theoretical parameters for mono-substituted benzenes obtained from
DFT/CAM-B3LYP calculations, in the S0 geometry. Excitation energies are given in
eV. The C6H5I molecule dissociates when excited to the T1 state.

Nonrelativistic Relativistic
Molecule State ∆E State ∆E f

1B1 3.4336 0.2739×10−8

C6H5Cl 13A1 3.4347 1B2 3.4336 0.0010×10−8

1A2 3.4336 0

1B1 3.4340 0.5940×10−7

C6H5Br 13A1 3.4329 1B2 3.4340 0.0034×10−7

1A2 3.4340 0

1B1 3.4174 0.3138×10−6

C6H5I 13A1 3.4349 1B2 3.4180 0.0913×10−6

1A2 3.4178 0

Table 6.4. Theoretical phosphorescence parameters obtained from DFT/CAM-B3LYP
calculations. Excitation energies are given in eV.

Nonrelativistic Relativistic
Molecule Geometry State ∆E State ∆E f

1A′ 1.5223 0.0010×10−9

2-C10H7Cla T1 13A′ 1.5253 1A′′ 1.5223 0.0419×10−9

2A′′ 1.5223 0.3996×10−9

1A′ 1.5760 0.0014×10−9

3-C10H7Clb T1 13A′ 1.5771 1A′′ 1.5760 0.0000×10−9

2A′′ 1.5760 0.0750×10−9

1A′ 1.5312 0.0022×10−8

2-C10H7Brc T1 13A′ 1.5316 1A′′ 1.5312 0.0577×10−8

2A′′ 1.5312 0.4366×10−8

1A′ 1.5787 0.0019×10−8

3-C10H7Brd T1 13A′ 1.5792 2A′′ 1.5787 0.0986×10−8

1A′′ 1.5787 0.3504×10−8

aThe excitation energy of state T2 (23A′) is 3.51 eV.
bThe excitation energy of state T2 (23A′) is 3.55 eV.
cThe excitation energy of state T2 (23A′) is 3.50 eV.
dThe excitation energy of state T2 (23A′) is 3.55 eV.
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Table 6.5. Energy values in eV from the non-relativistic DFT-calculations. For an
explanation of the ∆E:s, see Figure 2.2.

Molecule ∆E1 ∆E2 ∆E3 ∆E4

C6H5Cl 3.4347 3.0976 0.2421 0.0950
C6H5Br 3.4329 3.0916 0.2380 0.1033

2-C10H7Cl 2.4453 1.5253 0.2988 0.6212
3-C10H7Cl 2.4971 1.6305 0.4871 0.3322
2-C10H7Br 2.4498 1.5316 0.4768 0.4414
3-C10H7Br 2.4953 1.5792 0.4834 0.4327

Table 6.6. Bond distances in Å, for mono-substituted benzenes, DFT B3LYP/cc-PVDZ
optimization. For an explanation of the numbering of the atoms, se Fig. 1.3

Molecule State C1–X C1–C2 C2–C3 C3–C4

Cl S0 1.76114 1.39667 1.39782 1.39799
T1 1.72775 1.42270 1.43570 1.41955

Br S0 1.91799 1.39683 1.39824 1.39790
T1 1.88310 1.42143 1.43720 1.41864

Ia S0 2.14801 1.39668 1.39914 1.39734

aThe Iodine benzene dissociates in the T1 state.

Table 6.7. Bond distance change in Å, from S0 to T1, for mono-substituted benzenes,
DFT B3LYP/cc-PVDZ optimization. For an explanation of the numbering of the atoms,
se Fig. 1.3

Molecule C1–X C1–C2 C2–C3 C3–C4

Cl -0.03339 0.02603 0.03788 0.02156
Br -0.03489 0.02460 0.03896 0.02074

Table 6.8. DFT calculations of the vertical excitation energy of the first excited triplet
for mono-substituted benzenes and naphthalenes. Energies are in eV.

Molecule

Substituent C6H5X 2-C10H7X 3-C10H7X

Cl 3.0976 1.5223 1.5760
Br 3.0916 1.5312 1.5787
I - - -

Table 6.9. Direct products of irreducible representations of the C2v group.

A1 B2 B1 A2

A1 A1 B2 B1 A2

B2 B2 A1 A2 B1

B1 B1 A2 A1 B2

A2 A2 B1 B2 A1
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Table 6.10. Nonrelativistic electron correlation effects on the excitation energies in eV,
for the two lowest triplet states of the mono-substituted benzenes.

Molecule Geometry State ∆a

C6H5Cl S0 13A1 1.20
13B2 0.05

T1 13A1 1.29
13B2 0.02

C6H5Br S0 13A1 1.19
13B2 0.06

T1 13A1 1.29
13B2 0.04

a ∆ = ∆EHF − ∆EDFT
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