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Abstract 

 

The photophysics of highly electronically excited states of a set of d
0
 and d

10
 metal-

lated tetrapyrroles, which have different peripheral substituents and central metal atoms, 

macrocycle substitution patterns and macrocycle conformations, have been investigated 

both theoretically and experimentally. Theoretically, the energies of ground state mole-

cular orbitals and the energies and rank in energy of the excited states have been calcu-

lated using density functional theory and time-dependent density functional theory me-

thods. Experimentally, the steady-state absorption and fluorescence spectra have been 

measured. Temporal fluorescence profiles have been measured using a time correlated 

single photon counting system for the S1 state and a fluorescence upconversion system 

for the S2 state.  

The DFT and TDDFT calculations show that the ground state geometries are not 

significantly altered by substitutions on the porphyrin macrocycle. However, they do 

affect the orbital energies, and the energy and the rank in energy of the excited states 

accessible in the near uv-region of the spectrum of the metalloporphyrins studied. The 

TDDFT calculations of the excited states predict that a number of singlet and triplet ex-

cited states lie in the vicinity of the 2
1
Eu state. One or more of them may contribute to 

the fast relaxation of the S2 state of the metalloporphyrins. 

The S2 – S1 energy gap, E(S2 – S1), is controlled by both solvent and porphyrin po-

larizabilities for a given metalloporphyrin. A good linear correlation between E(S2 – 

S1) and the Lorenz-Lorentz solvent polarizability function, f1, is obtained for ZnTPP, 

MgTPP and ZnTBP metalloporphyrins in the set of solvents employed. Extrapolation of 

such plots to f1 = 0 gives the E(S2 – S1) of the bare molecules observed in a supersonic 

expansion. In addition, the slope of such plot for ZnTBP is different from those of 

ZnTPP and MgTPP because of different porphyrin polarizabilities.  

The S2 depopulation rates have been calculated based on the S2 fluorescence life-

times obtained. For a given metalloporphyrin in several fluid solvents, the logarithms of 

the radiationless decay rates of the S2 states decrease linearly with the increase of E(S2 

– S1). However, the slopes of such energy gap law plots of ZnTPP and ZnTBP are dif-
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ferent from that of MgTPP. The internal conversion efficiency is close to 1.0, except for 

CdTPP, where it is only 0.69. The fact and the equality of the S2 decay and S1 rise times 

indicate that the only important relaxation pathway of the S2 state is S2 – S1 internal 

conversion. Further analysis indicates that there is no evidence of significant contribu-

tions from heavy-atom induced S2 – Tn (n > 2) intersystem crossing or of the existence 

of a dark or S2' state and its participation in the nonradiative decay processes of the S2 

state. 

The decay mechanisms of highly electronically excited states are governed by the 

nonradiative S2 – S1 internal conversion. The ultrafast S2 – S1 internal conversion rates 

are determined by two factors; The magnitude of the Franck-Condon factor and the S2 − 

S1 interstate electronic coupling energy, βel
2 , according to the Fermi Golden Rule. For 

MgTPP, the change in knr with E is determined exclusively by the magnitude of F, 

which varies inverse exponentially with E, and thus strictly follows the predictions of 

the energy gap law for the weak coupling, statistical limit case. However, the other me-

talloporphyrins investigated have S2 – S1 electronic coupling energies falling within the 

intermediate to strong coupling range. The difference of knr relative to the weak coupl-

ing limit can be rationalized by the different magnitudes of βel . Thus βel  is the major 

factor in determining the radiationless depopulation rate constants of the S2 states in 

metallated tetrapyrroles which have S2 – S1 interstate electronic coupling energies ex-

ceeding the weak coupling limit. In some cases, such as ZnOEP, the magnitude of F has 

only minor effect. 

The photophysics of Soret-excited metallated corroles have also been investigated in 

this study. Primary work has shown that two metallated corroles examined have similar 

S2 − S1 interstate electronic coupling energies to that of CdTPP and thus the radiation-

less decay rates of Soret-excited S2 state are also determined by the magnitude of βel . 
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solvent 
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2
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Chapter 1: Introduction and Literature Review 

 

1.1 Introduction 

Many electronically excited polyatomic molecules emit fluorescence. For many 

years, it was believed that molecules with closed shell singlet ground states emitted flu-

orescence only from the lowest excited singlet state (Kasha‟s Rule).
1
 In addition, the 

emission spectrum and quantum yield were thought to be independent of excitation wa-

velength within the uv-visible region of the absorption spectrum. This extension of the 

Kasha‟s Rule was named Vavilov‟s Law.
2
  

The observation of emission from the second excited singlet state of azulene and its 

derivatives is considered to be the first known violation of Kasha‟s Rule. Later, re-

searchers found that thiones and their derivatives can also emit fluorescence from high-

er excited states. These exceptional molecules have attracted considerable attention be-

cause the “abnormal” fluorescence provides an experimental measurable not found in 

most compounds. The photochemical and photophysical properties of highly excited 

states of azulenes and thiones have now been extensively investigated and their decay 

dynamics are well-understood. Comprehensive information can be found in references 2 

and 3.
2,3

 In addition to the azulenes and thiones, since the 1970s a large number of te-

trapyrrolic compounds have been found to emit fluorescence from highly excited elec-

tronic states with very small but measurable fluorescence quantum yields (f (S2) is ≤ 

10
-3

).
4
 The lifetimes of these fluorescent highly excited molecules were estimated to be 

several picoseconds (ps) or hundreds of femtoseconds, based on the integration of the 

absorption spectra in solution or the linewidths of resolved vibrational bands of the iso-

lated molecule in supersonic jet. Such short lifetimes were beyond the time resolution of 

fluorescence lifetime experimental setup in these early days.
5,6

  

The tetrapyrroles are promising candidates for use in photo-actuated optoelectronic 

devices, such as molecular logic gates,
7,8

 and in dye-sensitized solar cells.
9-12

 Further 

research regarding the photochemical and photophysical properties of the highly excited 

states of these compounds is needed to improve the efficiency of these solar cells. 

Thanks to the invention and application of femtosecond pulsed lasers, ultrafast time 
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resolution and excellent photon detection sensitivity are now available to make direct 

measurements of the ultra-short fluorescence lifetimes of tetrapyrroles. More accurate 

information with respect to the relaxation dynamics of the more highly excited states of 

the tetrapyrroles can now be obtained.  

In the following paragraphs, some theories are briefly introduced that are essential 

in understanding and interpreting the experimental phenomena and results presented in 

this thesis. Some recent developments concerning the decay dynamics of the highly ex-

cited states of tetrapyrroles and their derivatives are also reviewed as a follow-up to re-

cent previous reviews. Finally, the motivation of the present work is explained. 

 

1.2 Molecular and electronic structures of the metalloporphyrins studied 

Molecular structures of the porphyrins and related compounds studied in this thesis 

are shown in Chart 1.1: zinc(II) porphyrin (ZnP), zinc(II) -octaethylporphyrin 

(ZnOEP), zinc(II) meso-tetraphenylporphyrin (ZnTPP), magnesium(II) meso-

tetraphenylporphyrin (MgTPP), cadmium(II) meso-tetraphenylporphyrin (CdTPP), 

zinc(II) meso-pentafluorophenylporphyrin (ZnTPP(F20)), zinc(II) meso-(o-

dichlorophenyl) porphyrin (ZnTPP(Cl8)), zinc(II) meso-diphenylporphyrin (ZnDPP), 

zinc(II) tetrabenzoporphyrin (ZnTBP), and zinc(II) meso-tetraphenyl-

tetrabenzoporphyrin (ZnTPTBP). The parent compound ZnP acts as a reference. The 

other compounds were obtained by substitution either on the meso- or Cm position or on 

the pyrrolic C position of the porphyrin macrocycle, or by substitution of the central 

metal atom. The common feature of these compounds is that they have a porphyrin ma-

crocycle, with conjugated π-electron system. More details of the effects of the substitu-

tions on their molecular structures, which are characterized by structural parameters 

such as bond distances, bond angles and dihedral angles, will be discussed later in 

Chapter 3. 

Without external perturbation, all electrons of the molecule occupy orbitals of the 

lowest total energy and the corresponding electron configuration is called the ground 

state. Perturbation by means such as photon absorption will move one or more electrons 

from the ground state to the excited state. When the details of the electronic structure of 

states are unknown or not necessary, each electronic state is given a shorthand notation 
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M

N

NN

N

Cm

C

C

R2R1

R1
R2

R3 R3

R3 R3

R3

R3

R3

R3

ZnP:        M = Zn, R1 = R2 = R3 = H

ZnDPP:   M = Zn, R1= Ph, R2 = R3 = H

H2TPP:   M = 2H, R1 = R2 = Ph, R3 = H

TPP-d30: M = 2H, R1 = R2 = C6D5, R3 = D

MTPP:    M = Zn, Mg, Cd, R1 = R2 = Ph, R3 = H

ZnTPP-d28: M = Zn, R1 = R2 = C6D5, R3 = D

ZnOEP:   M = Zn, R1 = R2 = H, R3 = Et

ZnTPP(F20): M = Zn, R1 = R2 = C6F5, R3 = H

ZnTPP(Cl8): M =Zn, R3 = H, R1 = R2 =
Cl

Cl

Zn

N

NN

N

Cm

C
C

R

RR

R

C

C

ZnTBP:       M = Zn, R = H

ZnTPTBP:  M = Zn, R = Ph

by their electron spin multiplicities, S (singlet) or T (triplet). In most organic molecules, 

the ground singlet electronic state is denoted as S0, and higher excited states as S1, 

S2,…Sn and T1, T2,.…Tn increasing in energy relative to the ground state.
13

 Thus S1 is 

the first electronically excited singlet state above S0, and the S2 is the one next to it with 

higher energy, while T1 is the first excited triplet state above S0, but lower in energy 

than S1, as shown in Fig. 1.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chart 1.1 Molecular structures and corresponding abbreviations of compounds investi-

gated in this project. 

To characterize the energy states of a polyatomic molecule, on the basis of molecu-

lar symmetry, molecular term symbol was adopted as a shorthand expression of the 

group representation and angular momentum of the molecule. The general form of the 

molecular term symbol for nonlinear large polyatomic molecules is 
2S+1

. Here, S is the 

total electron spin quantum number, and 2S+1 is the electron spin multiplicity of the  
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A F
PVR

E

S0 S0

S1

S2

Sn

T1

Tn

ISC

IC

A = photon excitation
F = fluorescence
P = phosphorescence
S = singlet state
T = triplet state
IC = internal conversion 
ISC = intersystem crossing
VR = vibrational relaxation

 

Fig. 1.1 A modified Jabłoński diagram for a typical polyatomic molecule with a singlet 

ground state. Only photophysical processes are concerned, where a solid line indicates a 

radiative transition and a wavy line represents a radiationless transition. The vertical 

energy scale has no particular meaning. Dashed horizontal lines schematically represent 

vibrational energy levels of each electronic state, and the rotational states of each vibra-

tional state are not shown.  

state. Г is a general representation of the irreducible representation of a point group, to 

which a molecule belongs.
14

 In group theory, for a centrosymmetric molecule with D4h 

symmetry, according to the D4h point group character table, the electron-paired singlet 

ground state (S0) has A1g symmetry, and is a 
1
A1g state. The first singlet excited elec-

tronic state (S1) has Eu symmetry and is a 1
1
Eu state. Similarly, 2

1
Eu is for S2 and 1

3
Eu is 

for T1, respectively.  
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For a single polyatomic molecule, each electronic state is associated with a number 

of vibrational states (shown in Fig. 1.1), each of which is in turn associated with a sub-

stantial number of rotational states (not shown in Fig. 1.1). Because electronic spectra 

of many polyatomic molecules are obtained in solution, the rotational structure of the 

bands is blurred; the vibrational structure may be present in weakly interacting solvents 

such as hydrocarbons, but most of the details have disappeared. Thus rotational states 

will not be concerned in this thesis.  

Nonlinear, polyatomic molecules such as tetrapyrroles composed of N atoms pos-

sesses 3N-6 normal modes of vibration, each of which can be assigned to a particular 

symmetry species according to the character table of the molecular point group. For a 

molecule belonging to D4h point group, the vibrations can be assigned to one of six 

possible symmetry species A1g, A2g, B1g, B2g, A1u, A2u, B1u, B2u, Eg, Eu appropriate to 

the D4h character table. The total vibrational energy of the system is spread over all vi-

brations associated with the electronic state, resulting in different vibrational states as-

sociated with particular quantum numbers υi (υ= 0, 1, 2 … j; i = 1 to 3N-6). The number 

of vibrational states is thus large and increase rapidly with size and vibrational energy 

of the system. Population distributions of the molecules in vibrational states at thermal 

equilibrium follow the Boltzmann distribution. Under thermal equilibrium at room tem-

perature without external perturbation, almost all molecules occupy the lowest energy 

vibrational level of the ground electronic state. Perturbation by photon absorption will 

populate the higher vibrational states associated with the excited electronic states by the 

choice of the photon energy absorbed (Fig. 1.1). 

 

1.3 Unimolecular photophysical processes in polyatomic molecules 

The external perturbation such as photon absorption may promote a molecule in the 

ground state to higher excited electronic states upon energy absorption. Electronically 

excited polyatomic molecules may undergo a number of possible processes to dissipate 

the excess electronic or vibrational energies. These processes are classified into two 

categories, photochemical processes and photophysical processes. Photochemical 

processes, such as decomposition, isomerization, ionization and excited state reaction, 

lead molecules to the final products that are different from those of photon absorbers. 
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On the other hand, electronically excited molecules can return back to their initial 

ground state by dissipating the excess energy to the surroundings either as heat via non-

radiative means such as vibrational relaxation, internal conversion and intersystem 

crossing, or by the emission of photons via radiative pathways. These photophysical 

decay processes generally are associated with and strongly influence photochemical de-

cay processes, and often decide the photochemical behavior of a molecule and reduce 

the quantum yield of a photochemical reaction to much less than unity. Therefore, for a 

complete understanding of a photochemical reaction, considerable interest resides in the 

study of photophysical processes.
1,13

 This thesis only focuses on the photophysical 

processes of monomeric polyatomic molecules. 

Transitions between two energy states of a molecule are either optically allowed or 

forbidden and are governed by transition selection rules. The general requirement of an 

electronic transition to be observed in an electronic spectrum is that the dipole integral, 

R, should not be zero.
14

  

R =  ψ′∗μ ψ″ dυ ≠ 0                                                  (1.1) 

Here, μ is the electric dipole transition moment operator, ψ′and ψ" represent the total 

wavefunctions of the upper and the lower electronic states, respectively. If the effects of 

the interaction with rotational states and the dependence of ψeon the nuclear coordi-

nates (Born-Oppenheimer approximation) are neglected, eq 1.1 becomes  

Re ′e″υ ′υ″ =  ψe
′∗ q, Q0  μe  ψe

″  q, Q0 dVe  ψυ
′∗ ψυ

″ dVυ ≠ 0              (1.2) 

Here, q stands for all the electronic coordinates and Q0 corresponds to a fixed molecular 

nuclei configuration near the equilibrium position of one of the two electronic states, ψe  

and ψυ  represent the electronic wavefunctions and vibrational wavefunctions, respec-

tively, μe  is the electronic dipole moment operator. Subscripts e,  represent electronic 

and vibrational states, respectively.
14

  

When applying this general selection rule to a polyatomic molecule, the effects of 

the electron spin multiplicity, symmetry and parity of the molecule should be taken into 

account. Thus the following specific selection rules were developed in basis of the 
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above general selection rule: (i) The electron spin conservation rule (S = 0). Transi-

tions between states of the different electron spin multiplicities are forbidden, but al-

lowed for the same electron spin multiplicity. Forbidden transitions S ↮ T become 

possible in the presence of the perturbation of spin-orbit coupling, which introduces a 

weak interaction between two coupled states by removing their “pure” electron spin 

character. Thus S ↔ T radiative phosphorescence emission can be observed. However, 

this kind of transition is usually too weak to be seen in the spectra of light molecules in 

solution. (ii) Parity (or Laporte) restriction. In a centrosymmetric molecule, electronic 

dipole transitions are allowed between electronic states of the different parity, g ↔ u 

allowed, and g ↮ g and u ↮ u forbidden. However, transitions of g ↔ g and u ↔ u 

may be induced by vibronic coupling, in which non-totally symmetric vibrations mix 

electronic states of the same parity, or due to release of the inversion centre by instanta-

neous vibrations. As a consequence, parity-forbidden transitions can then be observed 

experimentally but with very weak intensity. (iii) Symmetry properties of the stationary 

states must be conserved. An electronic electric dipole transition is allowed only if the 

product of Γ(Ψe
′ ) x Γ(μe) x Γ(Ψe

") contains the totally symmetric irreducible representa-

tion of the molecular point group. Here Ψe
′  refers to the upper electronic wavefunctions 

and Ψe
" of the lower state. μe  is the electronic electric dipole moment operator. However, 

symmetry forbidden transitions would occur via vibronic coupling to the vibrations with 

appropriate symmetry, if the overall symmetry of the vibronic state is able to produce a 

totally symmetric representation in the integrand of eq. 1.2.
14

  

For those radiationless electronic transitions, which can occur but not be observed in 

the optical spectra, the electron spin, parity and symmetry selection rules are all appli-

cable. Here the electric dipole operator μ
e
in eq.1.2 is replaced by the nuclear kinetic 

energy operator or JN  for transitions between two electronic states of the same spin mul-

tiplicity. If radiationless electronic transition occurs between two electronic states with 

different spin multiplicity, both nuclear kinetic energy operator and spin-orbital coupl-

ing should be considered. In addition to these rules, there are some other require-

ments.
15-17

 These requirements will be further explained in the radiationless transition 

theory in the later sections. 
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According to these selection rules, some possible electronic transitions involving the 

population and decay of higher electronically excited states, which are the subject of 

this thesis, in a polyatomic molecule are shown in Fig. 1.1 by a modified Jabłoński dia-

gram. The initial act of absorption may promote a molecule in the lowest energy vibra-

tional level of the ground state to higher excited states S2, S3 etc, or to higher vibrational 

levels of the S1 state by the choice of the photon energy absorbed. The absorption is 

completed in a time period of 10
-15

 s. Electronically excited molecules can quickly lose 

the electronic energy of the S2, and S3 states on a time scale of picosecond (ps) or even 

less via internal conversion (IC) to the higher vibrational levels of the S1 state. The rate 

constants of internal conversion i.e. S2 – S1 IC are ca. 10
13

 – 10
12 

s
-1

 the same as vibra-

tional frequencies. Alternatively, in parallel with S2 – S1 IC, the electronic energy of the 

S2 and S3 states can be dissipated partly by emission of photons in violation of Kasha‟s 

rule in azulenes, thiones and some tetrapyrroles as mentioned at the beginning of this 

chapter. The following relaxation processes are associated with the depopulation of the 

S1 state. Vibrational thermalization will carry the molecules from an initial distribution 

of higher energy vibrational levels to the zero vibrational level of the S1 state via intra-

molecular vibrational redistribution (IVR) and intermolecular vibrational relaxation 

(VR). Once in the zero vibrational level of the S1 state, the molecule may return to the 

ground state via several possible photophysical means. In absence of photochemical 

processes these are S1 – S0 radiative fluorescence emission, radiationless S1 – S0 IC and 

S1 – T1 intersystem crossing (ISC). These three processes are all possible, but typically 

one or two of them are dominant depending on their rate constants. The rate constants 

of the S1 – S0 IC is much smaller than that of the S2 – S1 IC because of the different 

energy gaps between two coupled electronic states. The rate constant of S1 – T1 ISC va-

ries from 10
11

 to 10
7
 s

-1
 due to effects of spin restriction factor.

1
 Relaxation dynamics of 

the first triplet states of molecules have been thoroughly studied
18

 and will not be re-

ported in this thesis. 

In the following paragraphs, radiative and radiationless transition theories will be 

briefly introduced, emphasizing those materials that are essential in understanding and 

interpreting the vast difference among electronic transition rate constants. 
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1.3.1 Radiative transitions  

Electronic transitions accompanied by photon absorption or emission are called ra-

diative transitions. In Fig. 1.1 the blue solid arrows represent one-photon absorptions by 

molecules in the lowest energy vibrational level in the ground state that populate the 

higher energy vibrational levels of electronically excited states. The deep green solid 

arrows indicate the emission of a photon as fluorescence (if the states are of the same 

electron spin multiplicity), or as phosphorescence (if the two coupled states are of dif-

ferent spin multiplicity) as indicated by red solid arrow.  

 

Franck-Condon principle and mirror image rule 

Vibronic transitions result in the excitation of several vibrational states of an elec-

tronically excited state. The relative intensity of the vibrational bands in either absorp-

tion or emission spectra is determined by the Franck-Condon factor (F) of the individual 

vibronic transitions, which is the square of the overlap of the vibrational wavefunctions 

of the upper and lower states involved. The evaluation of the F is based on the Franck-

Condon principle, which follows from the Born-Oppenheimer approximation and states 

that radiative electronic transitions occur without a change in the position or velocity of 

the nuclei in the molecule.
19

 Thus, the Franck-Condon factors are evaluated for mole-

cules in which nuclei are in fixed positions and thus the radiative electronic transition is 

also called a “vertical transition”. 

In the case of little or almost no relative displacement between two potential energy 

surfaces of the ground state and the excited state, the most intense vibronic transition 

occurs from the lowest vibrational level (" = 0) of the ground state to the same vibra-

tional level of the final state (' = 0) for absorption and vice versa for emission. The 

most intense vibronic transition is always accompanied by several less intense vibronic 

transitions. However, in most polyatomic molecules, one-photon absorption results in a 

shift of the potential energy curve of the excited state to the longer equilibrium bonding 

distances relative to the ground state. Thus the most intense vibronic transition is from 

" = 0 to ' = n (n = 1, 2, ...n) for absorption and ' = 0 to " = n (n = 1, 2, ...n) for 

emission depending on the extent of the relative displacement of two potential energy 

surfaces and the photon energy absorbed. As a consequence, the absorption spectrum 
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reflects the vibrational characteristics of the electronically excited state and similarly, 

the fluorescence emission spectrum reflects those of the electronic ground state. For 

aromatic molecules with rigid structure, e.g. metalloporphyrins because the vibrational 

levels of the excited state are similar to those of the ground state, the fluorescence emis-

sion spectrum is the mirror image of the corresponding absorption spectrum. Exceptions 

to the mirror image rule occur in the cases that (i) if the lifetime of the excited state is 

sufficiently long enough to allow geometric rearrangement following absorption; (ii) 

presence of excited state reaction or complex formation, etc.
20

 

The energy difference between the maximum of the fluorescence emission spectrum 

and the maximum of the corresponding absorption spectrum is called Stokes shift. The 

magnitude of the Stokes shift is an experimental measure of the extent of potential 

energy surface displacement in the excited state. 

 

Radiative transition theory 

The purpose here is not to review details of the development of the radiative theory, 

which is well established,
14

 but to briefly introduce some materials which are necessary 

to interpret the data derived from the experimental measurements of the relaxation rates 

of highly excited electronic states of polyatomic molecules presented in this thesis. 

In practice, it is useful to evaluate transition probabilities in terms of experimental 

measurable such as absorption intensities. The efficiency of one-photon light absorption 

follows the Beer-Lambert Law, eq. 1.3.
21

  

A ν  = log10(
I0

Id
) = ε ν  dc                                                  (1.3) 

Here A ν   is called the absorbance of the sample, the quantity ε(ν ) (in dm
3
 mol

-1
cm

-1
) 

is the molar extinction coefficient, as a function of ν  in wavenumber, I0 is the incident 

light intensity at d = 0, d is the thickness of the absorbing media in cm, while Id  is the 

transmitted light intensity at d = d, c (in mol dm
-3

) is the concentration of a single ab-

sorbing species contained in the sample. A linear relationship between the absorbance 

and the molar concentration of the absorbing species is established. The presence of 

multiple absorbing species can be accommodated via  
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A ν  = d  εi(ν )ci                                                        (1.4) 

For electric dipole allowed electronic transitions, the magnitude of typical extinction 

coefficients, ε(ν ), measured at the absorption maxima falls in the range of 10
4
 – 10

5
 

dm
3
 mol

-1
 cm

-1
, while 10

2
 – 10

3
 dm

3
 mol

-1
 cm

-1
 for electric dipole forbidden electronic 

transitions.  

The integrated absorption coefficient ( ε ν  d(ν )) of a band in the uv-visible ab-

sorption spectrum is directly linked to the square of transition electric dipole 

ment,  μfi 
2, so it is useful to introduce a quantity of dimensionless oscillator strength, f, 

of a transition, expressed in eq. 1.5.
19

  

f = (
4πme

3e2ℏ
)νfi μfi 

2 = (
4mecε0

NA e2
)  ε ν  d(ν )                   (1.5) 

Here me  is the electron mass and e is the electron charge, υfi  is the frequency of the 

transition, the integral  ε ν  d(ν ) is over the entire absorption bandwidth, ℏ =  h 2π , 

where h is Planck‟s constant, c is speed of light, ε0 is vacuum permittivity, NA  is Avo-

gadro‟s constant. The quantity f has a maximum value of unity for an allowed transition 

of a free electron.  

The radiative rate constant can be determined either by deconvolution of the expe-

rimental fluorescence decay profile or theoretically using the integrated areas of steady-

state absorption and emission spectra according to the Strickler-Berg equation, eq 1.6.
22

 

If we assume that fluorescence emission is the only relaxation process of an electronic 

excited state, the reciprocal of the radiative rate constant is defined as the intrinsic ra-

diative lifetime, 0, of the electronic excited state.  

kr =
1

τ0
= 2.88 × 10−9n2 ν f

−3 av
−1  ε ν  dlnν                           (1.6) 

Here, 

    ν f
−3 av =

 ν −3 I(ν )dν 

 I(ν ) dν 
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and I ν   is the fluorescence intensity in units of relative numbers of quanta, n is the re-

fractive index of the solvent, and ε ν   is the same as defined previously.  ν f
−3 av  is the 

mean value of ν f
−3 in the fluorescence spectra. Eq. 1.6 strictly applies only to strongly 

electric dipole allowed electronic transitions and the relative displacement of the two 

potential energy surfaces involved in the electronic transitions is small.
2
 These two re-

quirements are easily met for the metalloporphyrins studied in this thesis.  

The fluorescence quantum yield, ϕf, which is the ratio of photons emitted to pho-

tons absorbed, describes the fractional probability that the excited state decays by emis-

sion of fluorescence. The value of ϕf can be related to important photophysical quanti-

ties using eq 1.7 in terms of lifetimes and eq 1.8 in terms of rate constants.  

ϕf =
τf

τ0
                                                                  (1.7) 

ϕf =
kr

kr +  knr
                                                       (1.8) 

Here, τf is fluorescence lifetime, kr  is the rate constant of radiative decay and  knr  is 

sum of the rate constants of all radiationless processes by which the excited state decays. 

In practice, the absolute fluorescence quantum yield of compounds is hard to measure 

especially under the circumstances encountered in the present work described later in 

this thesis. Thus fluorescence quantum yields are measured relative to a carefully de-

termined fluorescence standard. Details of measurements and calculations of the rela-

tive fluorescence quantum yields presented in this thesis will be described in Chapter 2.  

Fluorescence lifetime of an electronic excited state, τf, which is an average value of 

the time spent by molecules in the excited state can be obtained directly by analysis of 

the time-resolved fluorescence decay profiles and is affected by both radiative and radi-

ationless rate constants.  

τf =
1

kr +  knr
                                                        (1.9) 

Eq. 1.9 can be derived by combination of equations 1.6 to 1.8. Substitution of 1.9 into 

1.8 gives 1.10 and substitution of 1.10 into 1.8 gives 1.11. 
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kr =
ϕf

τf
                                                                 (1.10) 

 knr =
1 − ϕf

τf
                                                       (1.11) 

It is obvious that when ϕf << 1, eq. 1.11 can be simplified to  

τf =
1

 knr
                                                                 (1.12) 

Thus when the fluorescence quantum yield of an excited state is very small, the lifetime 

of the excited state is primarily determined by rates of its radiationless decay processes. 

If a fluorescence quencher is present in solution, bimolecular fluorescence quench-

ing processes can be competitive with the unimolecular emissive and radiationless de-

cay processes mentioned above, resulting in an accelerated relaxation rate of the excited 

state and decreased fluorescence quantum yield.
23

 If the rate constant of quenching is kq , 

and the molar concentration of the quencher is MQ, eqs. 1.8 and 1.9 should be modified 

to include the contribution of the quenching processes, as is shown in the following two 

equations. 

ϕf =
kr

kr +  knr + kq MQ
                                    (1.13) 

and 

τf =
1

kr +  knr + kq MQ
                                   (1.14) 

Eqs. 1.10 to 1.12 are used to calculate the radiative and radiationless decay rate con-

stants of the S2 excited states of the tetrapyrroles examined in the present study, because, 

except for solvent, no quencher is present with high enough concentration to affect their 

ps decay rates.  
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1.3.2 Radiationless transitions 

Transitions between electronic states that do not involve photon emission or absorp-

tion, but in which the electronic energy is converted into kinetic energy associated with 

nuclear motion are called radiationless transitions and are shown by wavy arrows in Fig. 

1.1. Taking the possible relaxation passages of the S2 state as an example, these include 

intramolecular vibrational redistribution (IVR) in the S2 state, (intermolecular) vibra-

tional relaxation (VR) to the surroundings, S2 – S1 internal conversion (IC) and S2 – Tn 

intersystem crossing (ISC). Each of them will be explained below.  

 

Intramolecular vibrational redistribution and intermolecular vibrational relaxa-

tion  

According to the symmetry selection rule and Franck-Condon principle described 

previously, only a few vibrational modes with large Franck-Condon factors are optically 

active in bridging electronic transitions. Upon light excitation, the deposited vibrational 

energy is initially concentrated in only these optically active vibrational modes and then 

rapidly redistribute among all vibrational modes available following the excitation at 

constant total energy of the excited molecule. This process is called intramolecular vi-

brational redistribution and is typically complete within a few ps or 100s of fs.  

The excess energy of the excited molecule can be transferred to the vibrational 

modes of the surrounding medium via collisions or other interaction means between the 

excited solute and solvent molecules or the container. This process is called intermole-

cular vibrational relaxation. The efficiency of this energy transfer, because it involves 

the perturbation and mixing of the states of the two systems, depends how closely the 

energy separations of the excited molecules match those of the surroundings. As a con-

sequence, the lifetime of an excited state may depend on the initial deposited vibrational 

energy and be affected considerably by varying of the solvents. In general the time scale 

of intermolecular vibrational relaxation taking to complete ranges from a few ps to tens 

of ps for polyatomic molecules in solution at room temperature conditions similar to 

those used in this thesis.
1,13

  

 

Internal conversion and intersystem crossing 
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Radiationless relaxation processes of IVR and VR lead to vibrational relaxation of 

an electronically excited state. However, the fact that the fluorescence quantum yield of 

polyatomic molecules in solution is very small, ϕf < 1, or even ϕf ≪ 1 for higher elec-

tronically excited states indicates that the electronically excited molecules also relax 

nonradiatively back to the ground state. Such radiationless processes include internal 

conversion and intersystem crossing.  

Internal conversion is “a radiationless passage between two different electronic 

states of the same spin multiplicity”.
18

 Transitions such as from Sn (n≥2) to S1, Tn (n≥2) 

to T1 and S1 to S0 etc. are called internal conversion. Of particular interest in this thesis 

is the transition from highly excited singlet electronic states (Sn (n≥2)) to the lowest 

singlet excited state (S1). Such radiationless transition between two “pure” electronic 

states consists of several possible steps. Taking the S2 – S1 internal conversion for an 

example, first is the rapid IVR to populate the thermalized S2 state; following is the 

energy transfer between two equienergetic locations of two potential energy surfaces of 

the S2 and S1 states, which is followed by rapid VR processes in the S1 state to dissipate 

the excess vibrational energy.
18

 During the internal conversion processes, specific vibra-

tions with the largest Franck-Condon factor in the lower state must act as acceptors of 

the energy difference between the two electronic states involved in the transition be-

cause of energy conservation restriction.
13

 However, the rate at which molecules can 

accept large amount of vibrational energy is limited, thus the efficiency of IC is limited 

by energy separation between two electronic states involved. As will be discussed in the 

following text, this efficiency decreases with increasing the energy spacing of the two 

potential energy surfaces of the upper and lower electronic states. 

Intersystem crossing is a radiationless passage occurring between two electronic 

states of the different spin multiplicity. These include radiationless transitions from S2 

to Tn, S1 to T1, T1 to S0 etc. Transitions between electronic states of the different spin 

multiplicity are highly forbidden because of spin prohibition, according to the transition 

selection rules introduced previously. However, this forbiddenness is relaxed by in-

volvement of spin-orbital coupling, but the necessity of spin reorientation still retards 

(by up to ca. 10
6
) the rate constants of the intersystem crossing processes, for transitions 

between two electronic states with identical conditions except spin multiplicity. Fur-
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thermore, the intersystem crossing rate constant highly depends on the energy gap of 

two coupled electronic states.
18

  

For polyatomic molecules in solution, the S1 and T1 states often are far separated 

from the ground state, thus radiationless transitions of S1 – S0 IC and T1 – S0 ISC is 

relatively slow.
15

 Thus the rate of S1 – S0 fluorescence can be competitive, resulting in a 

relatively high fluorescence quantum yield. However, higher excited electronic states 

are almost always much more closely spaced with energy spacing ca. 1 eV or less, con-

sequently, radiationless relaxation rates (10
11

~10
14

 s
-1

 for S2 – S1 IC) of higher excited 

electronic states are usually much higher than the radiative rate and results in a low flu-

orescence quantum yield.
18

  

 

Radiationless transition theory 

Radiationless transition theory, which has been validated in a large number of mole-

cular systems,
16,17

 is briefly introduced here to provide those materials which are neces-

sary to understand and interpret the radiationless relaxation processes of highly excited 

electronic states in polyatomic molecules. The model shown in Fig. 1.2 is used to dis-

cuss radiationless relaxation processes in polyatomic molecules.
16

  

In this model, ϕ0  is zeroth-order Born-Oppenheimer molecular ground state. ϕs 

and  ϕl  are zeroth-order Born-Oppenheimer molecular excited states, of which  ϕl  

are dense manifold states lower in energy than ϕs. It assumes that the transition from 

ϕ0 to ϕs is electric dipole allowed, i.e. 0s  0, while it is forbidden for the transition 

from ϕ0 to  ϕl , i.e. 0l = 0. Thus upon absorption of light with energy of E(ϕs)–E(ϕ0), 

only state ϕs is populated at time t = 0, while the dense manifold states  ϕl  are not. 

This is the case for intersystem crossing occurring from a singlet state ϕs to a manifold 

of triplet states  ϕl . However, 0l = 0 is not a necessity for unpopulation of states  ϕl  

at time t = 0. In the case of internal conversion, the radiationless transition occurs be-

tween two electronic states of the same multiplicity, and even though 0l  0, still only 

state ϕs is populated at time t = 0 upon absorption of light with energy of E(ϕs)–E(ϕ0) 

because of energy conservation and the degree of “forbiddenness” associated with po-

pulating a high vibrational state in  ϕl . 
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The molecules in ϕs state can either return back to the ground state associated with 

fluorescence, or nonradiatively “cross over” to isoenergetic levels of  ϕl . For an iso-

lated molecule in the gas phase, a molecule in  ϕl  states can “resonate” back and forth 

 

 

 

 

 

 

 

 

 

Fig. 1.2 The molecular energy level model used to discuss radiationless relaxation 

processes in polyatomic molecules (reproduced from reference 16).
16

 ϕ0 is the zeroth-

order Born-Oppenheimer (BO) molecular state of the thermally populated ground elec-

tronic state vibrational levels. ϕsis the zeroth-order BO molecular state of a vibronic 

component of an excited electronic state, with a nonzero dipole transition moment, 0s  

0 connecting ϕ0 and ϕs. {ϕl} is the zeroth-order BO molecular state corresponding to a 

dense manifold of excited vibronic levels whose electronic origin is below that of ϕsand 

with the dipole transition moment connecting ϕ0 and ϕl being zero, 0l = 0. {ψn} cor-

responds to the molecular eigenstates, ψ
n
.
16,17

 

between isoenergetic states of  ϕl  and ϕs state. Once back to the ϕs state, it will take 

the chance to fluorescent back to the ground state. These resonance processes continue 

until molecules decay back to the ground state resulting in ϕf = 1. Here the time that it 

takes as the molecule resonates from  ϕl  back to ϕs  is called the resonance time or 

Poincare recurrence time (r).
16

 The efficiency of resonance back to the ϕs  state is de-

termined by the relative density of vibrational states in the two coupled electronic states. 

For polyatomic molecules in condensed media, as the case studied in this thesis, the 

dense manifold states  ϕl  act as an energy sink, where excess vibrational energy is dis-

sipated rapidly via vibrational relaxation carrying the molecule to lower  ϕl  levels 

from which it can no longer resonate back to ϕs because of insufficient energy,
16,17

 and 

the low probability that the vibrational energy will be found again in the accepting 

modes. 
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The initially populated ϕs state is a nonstationary state, but it can be expressed as a 

superposition of the molecular eigenstates {ψn} at t = 0 using (time-independent) ex-

pansion coefficients, Cn
s .

16
  

ϕs =   Cn
s ψn

n

                                                              (1.15) 

Because each ψn  with energy En evolves separately in time, a nonstationary state at 

time t is thus described by eq. 1.16. 

Ψ t =  Cn
s  exp(

n

− iEnt/ℏ)ψn                                         (1.16) 

The probability, Ps(t), of find the excited molecule in its initial state ϕs at time t is  

Ps t =   ϕs Ψ t   2 =   Cn
s  exp(

n

− iEnt/ℏ) 

2

              (1.17) 

If ϵ is the average energy level spacing of {ϕl}, and the interstate interaction energy 

Vsl =  ϕs Η
′  ϕl , when the conditions of Vsl  >> ϵ and 𝜏𝑑  ≪  ℏ/ϵ (𝜏𝑑   is the relaxation 

time of  ϕl  states) are satisfied, Ps(t) shows an exponential decay as expressed in eq. 

1.18.
24

 Both conditions are easily fulfilled in typical, moderately large polyatomic mo-

lecules (statistical limit) such as those concerned in this thesis, thus ϕs state decays sin-

gle-exponentially and irreversibly. 

Ps t = exp −knr t                                                   (1.18) 

The radiationless relaxation rate constant knr  is given by the Fermi Golden Rule shown 

in eq. 1.19.
16

  

knr =
2π

ℏ
ρlVsl

2                                                                (1.19) 

Here ρl =  1
ϵ  is defined as the density of states of {ϕl}, Eq. 1.19 can be further simpli-

fied as follows by separating Vsl
2  into an electronic coupling term (βel

2 ) and a Franck-



19 

 

Condon factor (F)
 
on the basis of the Born-Oppenheimer approximation. Then the 

square of the energy of interaction between the two electronic states becomes 

Vsl
2 =  βel

2 F                                                         (1.20) 

Thus knr can be expressed in terms of βel
2  and F, as shown in eq. 1.21, which is the most 

popular form of the Fermi Golden Rule. 

knr =
2π

ℏ
ρlβel

2 F                                                        (1.21 ) 

Here the electronic coupling matrix element, βel , depends only parametrically on the 

nuclear coordinates (Q0), and  q stands for electron coordinates. 

βel =  ψe
′∗ q, Q0  H

′  ψe
″  q, Q0                                         (1.22) 

To first order, the time-independent Hamiltonian H′  contains only JN , the nuclear kinetic 

energy operator in the case of internal conversion, while it also contains a spin-orbital 

coupling term in the case of intersystem crossing.
2
  

In the weak coupling, statistical limit case, because the density of states and the 

electronic coupling matrix elements are insensitive to small variations in electronic 

energy spacings, the value of knr is mainly determined by the magnitude of F according 

to the Fermi Golden Rule (eq. 1.21).
25

 The following discussion of F is restricted to the 

weak coupling, statistical limit case of radiationless transition theory. 

The Franck-Condon factor, F asexpressed in eq. 1.23, is a squared vibrational over-

lap taken as averages over all interacting vibronic states.  

F =    χi Qij  χl Qlj  
2

 

3N−6

j=1a

                                  (1.23) 

Here χi Qij  is the vibrational wavefunction of the higher of the two coupled vibronic 

states, and χl Qlj  is that of the lower of the two coupled vibronic states. The magnitude 

of the F depends on several factors, including the relative displacement of the potential 

energy surfaces of the two electronic states, the number of quanta of vibrational energy 
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of a given mode needed to bridge the electronic energy gap and the frequencies of the 

vibrations. The vibrational overlap varies significantly with the number of quanta of 

vibrational energy in the accepting state, because the amplitude of a vibrational wave-

function with large quantum number is relatively large near the turning points of the 

potential energy curve, but small otherwise as shown in Fig. 1.3. When the energy spac-

ing is large and the relative displacement of the two coupled potential energy surfaces is 

small, e.g. between the S0 and S1 states, the vibrational overlap which occurs between  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3 Representation of change in Franck-Condon factor for S2 – S1 internal conver-

sion when E(S2 – S1) is small, and for S1 – S0 internal conversion where E(S1 – S0) is 

large. Modified from reference 13.
13

  

 χi χl 
2----small 

S1 – S0 IC ----slow 

 

 χi χl 
2----large 

S2 – S1 IC ----fast 
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the centre of the vibrational wavefunction of S1 state and that of the ground state is 

small, resulting in a relatively small Franck-Condon factor and thus slow S1 – S0 IC. 

However, for the S2 and S1 vibronic states, as shown in Fig. 1.3, the two potential ener-

gy surfaces are close to each other and the energy spacing E(S2 – S1) is relatively 

small. As a consequence, the vibrational wavefunctions of the S1 state which have 

smaller quantum numbers ( = 3 in the figure) have considerable overlap with the zero 

point vibrational wavefunction of the S2 state, leading to a relatively large Franck-

Condon factor and thus fast S2 – S1 IC.
13

 

The magnitude of the Franck-Condon factors also depends on the frequencies of the 

vibrations involved in bridging the vibronic transitions. For a given energy gap between 

two coupled electronic states, due to conservation of energy, the vibrational state built 

from high frequency vibrations has the smallest quantum number. Thus the largest 

Franck-Condon factors are obtained for energy accepting modes with the highest fre-

quencies, such as C–H stretching vibrations. For aromatic hydrocarbons, for example, a 

considerable deuterium isotope effect on the nonradiative transition probabilities would 

be expected due to the significant decrease in the Franck-Condon factors as a result of 

replacing C–H by C–D. This isotope effect on knr of S1 − T1 ISC has also been verified 

experimentally in many aromatic compounds.
18

  

The quantitative correlation between the Franck-Condon factors and the quantum 

numbers of vibrational energy has been investigated by Siebrand.
25

 For sufficiently 

large electronic energy spacing between two coupled electronic states, the Franck-

Condon factors decrease exponentially with increasing vibrational quantum number of 

the accepting mode(s). Thus an inverse exponential dependence of knr on E is expected, 

according to the Fermi Golden Rule (eq. 1.21). 

In the case of internal conversion, the electronic coupling energy which depends pa-

rametrically on the nuclear coordinates can be affected by the relative displacement of 

the potential energy surfaces of the two coupled electronic states of the same electron 

spin multiplicity. As displayed in figure 1.3, if the relative displacement is substantial 

and two potential energy surfaces are close or even “cross”, as is the case between the 

S2 and S1 states, it leads to an intermediate to strong interstate electronic coupling.
13

 On 

the other hand, as illustrated in Fig. 1.3 by the S1 and S0 states, if the two potential ener-
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gy surfaces are almost parallel to each other, the electronic coupling energy between 

these two states is expected to be small. Calculations of the electronic coupling energy 

of weak coupling cases of radiationless transition theory will be described in the follow-

ing section.  

 

Energy gap law of radiationless transition theory in the weak coupling limit 

Based on the approach of the Fermi Golden Rule, a correlation named the energy 

gap law (EGL) of radiationless transition theory was proposed by Englman et al.
15

 It 

describes the relationships between knr and the electronic energy gap between the two 

coupled electronic states. At low temperature in the weak coupling limit, the EGL is 

expressed using an analytical form for F as eq. 1.24.  

knr =   2πβel
2 ℏ ℏωM∆E 1 2   exp − γ ℏωM  ∆E                (1.24) 

where, 

γ = ln 2∆E dMℏωM∆M
2  − 1                                             (1.25) 

The parameter el is the same as defined previously, γ is a function of the dimensionless 

reduced displacement parameter, M, and ℏωM  is the energy of the accepting vibration-

al modes with degeneracy dM., and E is the energy gap between the two coupled elec-

tronic states. The transformed relationship expressed in eq. 1.26 is derived by differen-

tiation of the logarithm of the nonradiative rate constant from eq. 1.24. The values of 

 knr  can be calculated by measuring the fluorescence lifetimes, using eq. 1.11 or 1.12. 

Based on accurate measurements of steady-state absorption and emission spectra, the 

value of ∆E can be obtained. (The details of how to get this value will be explained in 

Chapter 2.). For a single radiationless decay process  knr  can be identified with knr  in 

eq. 1.26. 

d log10  knr 

d(∆E)
= −

1

4.6∆E
−

γ + 1

2.3ℏωM
                            (1.26) 
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Graphs of the logarithm of the sum of nonradiative rate constants (∑knr) versus the 

energy gap (E) are called energy gap law plots. A straight line with a negative slope is 

expected if the experimental data conform to the weak coupling statistical limit of radia-

tionless transition theory. Based on the value of the slope, the value of  can be calcu-

lated for a given energy gap ΔE and a vibrational mode with a specific frequency. Thus 

the strength of the interstate electronic coupling energy can be evaluated by substituting 

the appropriate values of ΔE, knr and ħM into eq. 1.27, which is derived by rear-

rangement of eq. 1.26. 

βel
2 =

knr ℏ ℏωM∆E 1 2 

 2π
exp  γ∆E ℏωM                               (1.27)   

As will be seen in later chapters, the values of the interstate electronic coupling energy 

are very important in the interpretation of the radiationless decay dynamics of the me-

tallated tetrapyrroles studied in this thesis. 

The deuterium isotope effect on knr can also be evaluated quantitatively using eq. 

1.28, which is derived based on eq. 1.26. The frequency of an aromatic C–H stretching 

vibration is ca. 3000 cm
-1

, while the C–D stretch is only ca. 2300 cm
-1

. The ratio of the 

nonradiative rate constants of S2 – S1 internal conversion between the perhydro and the 

perdeuterated azulenes is thus estimated to be ca. 30 with a E(S2 – S1) as 14000 cm
-1

.
15

 

However, the ratio is rapidly decreased to ca. 2 for an energy gap of ca. 6800 cm
-1

, typ-

ical of the metalloporphyrins.  

knr
H

knr
D

=  
 ℏωM

D  

 ℏωM
H   

1
2

exp   ∆E(
γD

ℏωM
D

−
γH

ℏωM
H

)                            (1.28) 

Any factors, such as substitution, solvation and distortion of geometry in the excited 

state relative to the ground state can influence the nonradiatively decay rate indirectly 

via changing the energy gap and thus the magnitude of F and βel  between the two 

coupled electronic states. The energy gap law has been used successfully to explain the 

variation in the radiationless rate constants of the S2 state of azulene and its derivatives, 
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and of the S2 state of the aromatic thiones, where the E(S2 – S1) energy gap has been 

modified by attachment of different substituents or by the use of solvents with different 

polarizability.
2,26,27

  

In the following section, research regarding the photophysical properties of highly 

excited electronic states of tetrapyrroles will be reviewed. The experimental decay dy-

namics of their highly excited states have been rationalized using the theories intro-

duced above. The work in this thesis mainly focuses on tetrapyrroles, in particular, me-

talloporphyrins and metallated corroles.  

 

1.5 Literature review of the photophysical properties of higher excited states of te-

trapyrrolic compounds  

Porphyrins and related compounds are tetrapyrrolic compounds that help make the 

natural world a colorfully beautiful place to live. Because of their importance in nature 

and their widespread practical and proposed potential applications they have been, for 

many years, the subject of intense experimental spectroscopic and theoretical stu-

dies.
28,29

 Applications, including use as catalysts, photosensitizers in photodynamic 

therapy, electrochemical sensors and receptors in donor-acceptor electron or energy 

transfer systems, have attracted considerable attention. Metalloporphyrins in particular, 

because of their high degree of photochemical stability, have been widely used as chem-

ical and biological sensors,
30

 and fluorescent probes.
31

 They are also promising candi-

dates for use in photo-actuated optoelectronic devices,
7,8

 and solar energy harvesting 

systema.
9-12

 More exciting and amazing examples of practical and potential applications 

of the porphyrins and related molecules can be found in references 20, 21, 28.
20,21,28

 

For many years, information regarding the photophysical properties of highly ex-

cited electronic states of the metalloporphyrins and their participation in energy or elec-

tron transfer processes was lacking.
7
 Motivated by the amazing applications of the me-

talloporphyrins, considerable efforts have been made recently to remedy this deficiency. 

To avoid the complexity due to the participation of intramolecular charge transfer states, 

the present study has been confined to the intramolecular relaxation dynamics of excited 

states of diamagnetic metalloporphyrins, where the d orbitals of the metal ion are either 

empty (d
0
) or full (d

10
). Metalloporphyrins containing open-shell metal ions have been 
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excluded. Excitation in the Soret absorption bands of such d
0
 and d

10
 metalloporphyrins 

therefore cause transitions from the ground singlet state (S0) to the second excited sing-

let state (S2). 

Before ps excited state lifetimes could be measured experimentally, the S2 fluores-

cence lifetimes of the metalloporphyrins were estimated indirectly using integration of 

the Soret absorption band and measured emission quantum yields or by measuring the 

widths of homogeneously-broadened single vibrational bands in the isolated molecule. 

Thanks to the invention and application of femtosecond pulsed lasers, the time resolu-

tion and photon detection sensitivity necessary to directly measure ultra-short fluores-

cence lifetimes are now available. Direct experimental measurements thus now provide 

accurate data concerning the relaxation dynamics of the S2 excited states of the metallo-

porphyrins. Two techniques, transient absorption and fluorescence upconversion, based 

on femtosecond laser sources are now routinely utilized. (Details of these techniques 

will be explained in chapter 2.) The following paragraphs review recent developments 

regarding the decay dynamics of highly excited electronic states of the tetrapyrroles and 

related molecules. 

 

1.5.1 Intramolecular photophysical relaxation of highly excited electronic states of 

ZnTPP 

ZnTPP has been adopted as a model metalloporphyrin by researchers. The lowest 

energy transition in the visible region is the 1
1
Eu ← 

1
A1g band spectrum often referred 

to as the Q bands in the metalloporphyrins. The most prominent feature of the near uv-

visible absorption spectrum in solution is the intense Soret (B) band (2
1
Eu ← 

1
A1g) with 

a main peak at 420 nm and a shoulder centered at 400 nm. The positions of both the 

main Soret band and its shoulder and the ratio of the relative intensities of these two 

bands vary with the polarizability of the solvent. There is some controversy among ex-

perimentalists and theorists regarding the assignment of the transitions occurring to the 

excitation in the Soret band and its shoulder.
23

  

The dynamics of its S2 state has now been extensively studied. Even et al.
5,32,33

 es-

timated an S2 lifetime of ZnTPP of 1.0 ps by measuring the width of the homogenous-

ly-broadened vibrational bands in the S2 ← S0 fluorescence excitation spectra in a su-
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personic expansion. These experiments also provided the most accurate value of the S2 

– S1 energy gap (E(S2 – S1)), 7763 cm
-1

 in the bare molecule. Later Chosrowjan et 

al.
34

 studied the decay dynamics of the S2 state of ZnTPP in CH3CN and CH2Cl2. By 

using both fluorescence upconversion and transient absorption technologies, they were 

able to directly measure the ultra-short S2 lifetime, which exhibited single exponential 

decay kinetics with  = 3.5 ps (ex = 380 nm, em = 428 nm) in CH3CN, and a much 

shorter lifetime of 0.75 ps ((ex = 380 nm, em = 425 nm) in CH2Cl2. The shorter S2 life-

time in CH2Cl2 was attributed to the participation of fast intermolecular electron transfer 

from the S2 excited state to the solvent molecules. In both solvents, intramolecular de-

cay of the S2 state is governed by S2 – S1 IC. Later, Gurzadyan et al.
35

 further investi-

gated the relaxation dynamics of the S2 state of ZnTPP in ethanol and other solvents by 

measuring both the S2 decay and S1 rise fluorescence lifetimes using fluorescence up-

conversion techniques. The S2 lifetime in ethanol was measured to be 2.35 ps (em = 

430 nm) which was the same as the S1 rise time (em = 600 nm) when both were excited 

at 394 nm. Equal S2 decay (1.7 ps) and S1 rise (1.7 ps) time were confirmed by their lat-

er experiments of ZnTPP in DMSO, by using the same techniques.
36

 A measured short 

S2 rise time component of ca. 60 to 90 fs was ascribed to IVR in the S2 state. They in-

ferred that a similar IVR processes should occur in the S1 excited state, but its time con-

stant was too fast to be distinguished from the S1 rise time. Mataga et al.,
37,38

 also ob-

served a single exponential decay of the S2 state of ZnTPP in ethanol, with a time con-

stant ca. 2.3 ps (ex = 405 nm, em = 430 nm,), identical to the S1 rise lifetime (ex = 405 

nm, em = 600 nm,). Their results are in excellent agreement with those previously ob-

tained by Gurzadyan et al.
35

 and Shibata et al.
38

 In addition, Enescu et al.
39

 also de-

tected the S2 lifetime of 2 + 0.2 ps (ex = 404 nm) for ZnTPP in ethanol, but measured 

an IVR time within the S2 state of 150 fs, slightly longer than 60 to 90 fs obtained by 

Gurzadyan et al.
35

 Besides, Yoon et al.
40

 using femtosecond coherence spectroscopy 

examined the decay dynamics and potential curvatures of excited states of ZnTPP. For 

ZnTPP in toluene, upon excitation at 406 nm, they detected an ultrafast initial rise time 

of 89 fs for the S2 state, followed by subsequent S2 – S1 IC with a decay time of 1.2 ps. 

The S2 decay of 1.2 ps is slightly shorter than 1.58 ps obtained by Gurzadyan et al.,
36
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but the 89 fs rise time is consistent with the 60 to 90 fs components obtained by them 

for ZnTPP in ethanol. 

One should note that, in the experiments described above, the authors used solutions 

with high ZnTPP concentrations without examining the possible effects of (i) solute ag-

gregation and fluorescence reabsorption, and (ii) the intensity of the excitation laser 

pulse, which, at high peak power, can easily induce two-photon absorption. Neverthe-

less, based on the identity of the S2 decay and S1 rise times observed for ZnTPP in etha-

nol, these experiments rule out the existence of any additional long-lived electronic 

states lying between the S2 and S1 states, that could contribute to the radiationless depo-

pulation of the S2 excited state, via processes bypassing S2 – S1 IC. The decay dynamics 

of the S2 state can be pictured as follows up to this stage. First, the initially populated S2 

vibrational states quickly dissipate the total vibrational energy via IVR within 100 fs. 

Secondly, the S2 state decays through a highly efficient nonradiative S2 – S1 IC (with 

efficiency close to unity) to produce vibrationally excited levels within the S1 state. This 

is immediately followed by the rapid IVR and VR in the S1 state, yielding a thermalized 

series of S1 vibrational states. The susequent decay passages are associated with the de-

population of the S1 electronic state. The parallel S2 → S0 emission process has a very 

small fluorescence quantum yield, ca. 10
-3

, and is slow compared to S2 – S1 IC. Wheth-

er other possible decay pathways such as S2 – Tn as found in azulene and its derivatives 

are presented in ZnTPP is not reported yet.  

More recently, Yu et al. have conducted detailed, systematic experiments to study 

the relaxation dynamics of the S2 excited state of ZnTPP in benzene and CH2Cl2, using 

both transient absorption and fluorescence upconversion techniques.
41

 In their experi-

ments, concentrations of solutions are low enough to minimize the effect of fluores-

cence self-quenching due to the presence of solute aggregates, and any effects due to 

fluorescence reabsorption. They also found that high laser powers can induce multiple 

photon absorption when ZnTPP is excited in the Soret band. They therefore used low 

laser power to avoid this problem. Yu et al. measured the S2 fluorescence lifetime of 

ZnTPP in CH2Cl2 and obtained a single exponential decay lifetime of 1.9 ps, which is in 

agreement with value of 2.0 ps previously reported by Gurzadyan et al.
36

 These two 

lifetimes, for ZnTPP in CH2Cl2, are much longer than 0.75 ps previously reported by 
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Chosrowjan et al.
34

 However, on the basis of transient absorption measurements Yu et 

al. agreed with the previous interpretation of the existence of fast electron transfer from 

the S2 state of ZnTPP to electron accepting solvent molecules, but they emphasized the 

importance of the orientation between the solute and solvent molecules in order to faci-

litate electron transfer. Gurzadyan et al.
36

 attribute the short lifetime 0.75 ps of ZnTPP 

in CH2Cl2 obtained by Chosrowjan et al.
34

 to a contribution from the Raman scattering 

of the solvent or of scattered excitation light, i.e. the previous observation was misinter-

preted. The real lifetime of ca. 2.0 ps, which is slight shorter than that of ZnTPP in 

ethanol, can be ascribed to the effect of the solvent-induced differences in the E(S2 – 

S1). 

However, the decay dynamics of the S2 state of ZnTPP in benzene reported by Yu et 

al. is even more complicated.
41

 They observed that the S2 population decay time of 1.45 

ps (em = 430 nm) is different from the corresponding S1 (em = 560 ~ 650 or 680 nm) 

population rise time (1.15 ps,) upon one-photon excitation at 397 nm for both cases, but 

the S2 population decays biexponentially with two time constants, 200 fs and 1.0 ps, 

upon two-photon, one-color absorption at 550 nm. However, they didn‟t observe the 

ultra-short IVR time of 150 fs reported by Enescu et al.
35

 and Gurzadyan et al.
39

 The 

difference between S2 decay and S1 rise times is contrary to their identity as reported 

previously by Gurzadyan
35

 and Mataga
37

 groups. To interpret this difference for the first 

time, Yu et al. proposed the existence of an excited state designated as S2', with an 

energy slightly above the S2 state. They thus concluded that the Soret band contains 

contributions from two different excited electronic states (S2 and S2').  

Evidence supporting the existence of the S2' state was later found by Karolcazk et 

al.
42

 and Lukaszewicz et al.
43

 who reported that the S1 fluorescence quantum yields of 

ZnTPP in ethanol depend somewhat on the excitation wavelength when varying it from 

the blue to the red edge of the Soret band. Although they agreed with the existence of 

the S2' state, they proposed that the S2' state was nearly degenerate with or lower in 

energy than the S2 state, and that it‟s decay channels include both S2' – S1 IC to populate 

S1 and ISC to the Tn state or nonradiative S2' – S0 IC to the ground state. They also 

found that this S2' state is nonfluorescent and they designated it as a “dark” state. How-

ever, the dependence of the S1 fluorescence quantum yields on the excitation wave-
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lengths is in disagreement with the conclusion drawn by Kubayashi et al.,
4
 who con-

cluded that the S1 fluorescence quantum yields are independent on the excitation wave-

lengths ranging within the entire absorption spectrum. 

More evidence supporting the existence of another electronic state in the vicinity of 

the S2 state was provided by Tobita et al.,
44

 who investigated the formation the S2 state 

of ZnTPP in EPA using two-photon absorption techniques. They found that the S2 state 

is produced subsequent to stepwise one-color, two-photon absorption via the S1 state, 

and obtained a large absorption cross section for the Sn ← S1 transition, comparable to 

that of the S2 ← S0 transition. To interpret the large Sn ← S1 cross section obtained ex-

perimentally, they conducted ab initio molecular orbital calculations. Despite the poor 

accuracy of their calculations, their results and those of previous screened potential cal-

culations
45

 did reveal the presence of singlet and triplet excited states of A1g, A2g, B1g, 

and B2g symmetry at energies higher than the 2
1
Eu state. Surprisingly, however, they 

found no states lying between the 1
1
Eu and 2

1
Eu states. Thus they proposed that a 

1
A2g 

state, populated via a strongly electric dipole allowed transition from the 1
1
Eu (S1) state, 

was responsible for the large absorption cross section of the Sn ← S1 transition.  

The latest calculations done by the Baerends
46

 and Ziegler
47

 groups using an im-

proved TDDFT/SAOP method, provide more accurate information about the properties 

of the excited states of metalloporphyrins and phthalocyanines. For example for ZnP, 

their calculations predict that the 2
1
Eu state at 3.24 eV, is almost degenerate with the 

3
1
Eu state at 3.32 eV, and that the one-photon transitions to these two states have com-

parable oscillator strength. Thus they suggest that two transitions (to the 2
1
Eu and 3

1
Eu 

states) contribute to the main Soret band in the spectra observed in solution. However, 

Nguyen et al.
48,49

 and Parcel et al.,
50

 using the TDDFT/B3LYP method predicted that 

the 3
1
Eu state has a higher energy and assigned it as the shoulder to the blue side of the 

main Soret band. The very recent calculations reported by Solheim et al.
51

 confirm that 

the 3
1
Eu state, with a significantly higher energy, is well separated from the 2

1
Eu state, 

and conclude that 2
1
Eu is the only excited state that contributes to the Soret bands in the 

absorption spectra observed in solution. Experimentally, based on the laser-induced flu-

orescence excitation spectra of ZnTBP obtained in seeded pulsed supersonic expansion 
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experiments, Even et al.
52

 considered the shoulder to the blue side of the main Soret 

band to a vibronic feature, instead of a distinct electronic excited state. 

Considerable uncertainty regarding the assignments of the Soret and higher energy 

electronic transitions exists at the time this thesis was written. 

 

1.5.2 Intramolecular photophysical relaxation of highly excited electronic states of 

tetrapyrrolic compounds other than ZnTPP 

The intramolecular photophysics of the Soret-excited states of some metalloporphy-

rins other than of zinc porphyrins with different substituents and of tetrapyrroles with 

different macrocycles have also been studied. The initial report of weak emission from 

the S2 excited states of metalloporphyrins was made by Bajema et al. in the 1970s,
53

 for 

zinc tetrabenzoporphyrin (ZnTBP) in octane containing 0.5% pyridine. Its S2 fluores-

cence quantum yield was measured to be 1.6 x 10
-3

 and its S2 lifetime was estimated to 

be ca. 2.4 ps using the Strickler-Berg equation. A decade later, using a similar method, 

Tsvirko et al.
54

 estimated the S2 decay times for a series of lanthanide tetra-para-

tolylporphyrin complexes, and found that the lifetimes fell in the range of 0.2 to 5.4 ps. 

Despite the error that may be introduced in this kind of estimation, they nevertheless, 

proved that the S2 lifetimes of these metalloporphyrins were no more than few ps, com-

parable to that of ZnTPP.  

Later, Even et al.,
5,6,32,33

 conducted a series of studies of the spectroscopic properties 

of metalloporphyrins, using the technique of laser-induced fluorescence spectroscopy in 

seeded pulsed supersonic expansions, where the molecules are ultra-cold and isolated. 

They obtained S2 lifetimes of 4 ps for ZnTBP and ~ 1 ps for MgTPP, by examining the 

widths of the homogenously-broadened vibrational bands in the S0 ← S2 fluorescence 

excitation spectra. Unfortunately, they didn‟t observe S2 emission from ZnOEP due to 

detection limitations at that stage. However, the available results are in good agreement 

with the order-of-magnitude estimates of the S2 lifetimes initially reported from steady-

state measurements. These spectroscopy experiments obtained under supersonic expan-

sion conditions also provided the most accurate values of the E(S2 − S1) energy gaps 

by obtaining the exact energies of the S2 − S0 and S1 − S0 band origins. The E(S2 − S1) 

energy gap for ZnTBP was determined to be ca. 8953 cm
-1

 for ZnTBP which is larger 
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than that of other metalloporphyrins. As mentioned in section 1.3, the probability of 

radiationless transition between the S2 and S1 electronic states in the metalloporphyrins 

is related to the E(S2 − S1) energy gap. As will be seen in later chapters, this informa-

tion is crucial in any discussion of the correlation between the electronic structure and 

the relaxation dynamics of the excited states of the metalloporphyrins considered in this 

thesis.  

Of particular interest is the result for H2TPP reported by Even et al.
32

 The presence 

of the proton-proton axis in H2TPP leads to a lower symmetry of D2h rather than the D4h 

of ZnTPP. This lower symmetry effect results in the appearance of two S1
x
  S0 and 

S1
y
  S0 transitions, and the degeneracy of the S1 state is lifted in H2TPP. They pro-

posed that the S2 state of H2TPP consists of two closely lying states, S2
x
 and S2

y
, but 

only evidence of the transition S2
x
  S0 (the Bx band) was observed in its gas-phase 

fluorescence excitation spectrum, which has features similar to those of S1
x
  S0. Evi-

dence of the transition S2
y
  S0 was, unfortunately, not observed. Based on the widths 

of the homogenously-broadened vibrational bands of the fluorescence excitation spec-

trum, the best estimate of the lifetime of the S2
x
 state was at least 5 ps. Very recently, 

Baskin et al.
55

 conducted a detailed study of the S2 decay dynamics of H2TPP in ben-

zene using both fluorescence upconversion and transient absorption techniques with 

femtosecond time resolution. They determined that the S2 state of H2TPP decays in less 

than 50 fs to the S1
y
 state via S2 – S1

y
 IC, followed by ultrafast intramolecular vibration-

al energy redistribution to populate S1
x
, and then via intra- and intermolecular vibra-

tional relaxation leading to a thermal equilibrium in the S1
x
 state. This result is consis-

tent with previous reports of an S2 excited state lifetime of tens of femtoseconds ob-

tained in CHCl3,
56

 and is also in agreement with its extremely low S2 fluorescence in-

tensity, which is usually hard to observe in solution using steady-state spectroscopy me-

thod.
57

  

Gurzadyan et al.
36

 conducted a systematic study of the S2 decay of MgTPP in sever-

al solvents and measured S2 lifetimes of 3.25 ps in ethanol, 2.85 ps in CH2Cl2, and 2.40 

ps in DMSO. They have explained the solvent-induced differences of the S2 lifetimes on 

the basis of the energy gap law. However, these lifetimes are much longer than ca. 1 ps 

obtained by Even et al.
52

 using homogeneous-broadening method.
6
 This lifetime is 
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much shorter than that obtained by Mataga et al.
37

 who investigated the relaxation dy-

namics of the S2 excited state of zinc 5,15-diphenylporphyrin (ZnDPP), and obtained 

similar results to ZnTPP. Kurabayashi et al.
4
 examined the effect of the central metal 

ion on the decay dynamics of the S2 state of various metalloporphyrins. They measured 

the S2 fluorescence quantum yields for AlClTPP and CdTPP (TPP = tetraphenylporphy-

rin) in acetonitrile at room temperature, and estimated the radiative and nonradiative 

rate constants of the S2 state using the Strickler-Berg equation. Comparing to ZnTPP, 

the S2 fluorescence quantum yields are in the order, AlClTPP > ZnTPP > CdTPP. They 

also found that the S1  S0 fluorescence quantum yield does not depend on whether the 

excitation wavelength is in the Q band or the Soret band, and they thus concluded that 

the dominant nonradiative relaxation channel of the S2 states in these metalloporphyrins 

is S2 – S1 IC. They proposed that the absence of S2 emission in the free base H2TPP, and 

in most octaethylporphyrin (OEP) complexes such as H2OEP, AlClOEP and ZnOEP, 

is due to much more rapid S2 – S1 IC compared with ZnTPP.  

More detailed and systematic studies of the effects of substituents and central metal 

ion on the S2 relaxation dynamics of diamagnetic metalloporphyrins have been made by 

Ohno et al.
58

 and Kobayashi et al.,
57

 using steady-state spectroscopy. Based on study of 

a wide set of diamagnetic metalloporphyrins, they found that the E(S2 – S1) energy 

gap and the S2 fluorescence quantum yields are dependent on the nature and pattern of 

substitution and on the nature of the central metal ion. However, for the same porphyrin 

macrocycle substitution pattern, variation of the central metal ions didn‟t greatly influ-

ence the S2 fluorescence quantum yields. They thus concluded that the S2 – Tn ISC is 

not important in the nonradiative relaxation of the S2 state of diamagnetic metallopor-

phyrins. Consistent with previous reports, the S2 fluorescence from ZnOEP in benzene 

was not observed, but it was observed for PbOEP. Thus they proposed that one reason 

for the absence of S2 fluorescence in most OEP complexes except PbOEP is due to the 

presence of a substantial number of high frequency C–H vibrations, which act as energy 

accepting modes in the S2 – S1 radiationless decay.  

Using femtosecond coherence spectroscopy techniques, Yoon et al.
40

 examined the 

decay dynamics and potential surface curvatures of the excited states of ZnOEP. Due to 

the limitation of the time resolution of the technique, they were unable to detect the S2 
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lifetime of ZnOEP in toluene, but inferred from its resonance Raman spectra that the 

lifetime should be less than 20 fs. They attribute the ultrafast relaxation of the S2 state in 

ZnOEP to the conical intersection of the potential energy surfaces of the S2 and S1 states. 

A similar mechanism previously reported by Zhong et al.
56

 was used to interpret the 

absence of S2 emission from H2TPP in CHCl3 solution. However, this mechanism can-

not be inferred to ZnOEP, because in ZnOEP, the two interacting states S2 and S1 have 

the same symmetry and thus conical interactions between two coupled potential energy 

surfaces are avoidable.  

LeGourriérec et al.
59

 have measured a lifetime of 1.6 ps for the S2 state of zinc 

5,10,15,20-tetrakis(4-methylphenyl)porphyrin (ZnTTP) in DMF by using pump-probe 

spectroscopy. In another experiment, Akimoto et al.
60

 using a femtosecond fluorescence 

upconversion method, made precise measurements of the decay dynamics of the S2 state 

of zinc 2,8,12,18-tetraethyl-3,7,13,17-tetramethyl-5,15-di (3,5-di-t-butylphenyl) por-

phyrin (ZnEMBPP) and its free base in benzene. In the zinc derivative, they measured 

an S2 population decay of 150 fs as the same as S1 population rise time. The S2 lifetime 

of the free base was too short to be detected under their experimental conditions, and 

was inferred to be less than the resolution limit of 40 fs. Comparing to ZnTPP, the re-

laxation rates of the S2 states of these two molecules are very fast. 

Maiti et al.
61

 found that a series of zinc basket-handle porphyrins exhibit red shifts 

of both the S1 and S2 emission spectra and decreased fluorescence quantum yields com-

pared to similar planar derivatives. They concluded that the deformation of the porphy-

rin ring enhances S2 − S1 IC, due to a reduced E(S2 – S1) energy gap. Gupta et al.
62

 

studied the spectroscopic properties of a series of meso-tetrathienylporphyrins with he-

teroatom substituted porphyrin cores and found that modification of the porphyrin core 

significantly alters the electronic structure and decreases the lifetime and fluorescence 

quantum yields of the S1 state.  

Porphyrin variants, with expanded, contracted or heteroatom-substituted porphyrin 

macrocycles, constitute special families of tetrapyrrolic compounds.
63

 Of particular in-

terest here are the porphyrinoids with contracted cavities, which constitute a family 

named corroles, since they have a macrocycle skeleton identical with the cobalt-

chelating corrin of vitamin B12. It was found recently that corroles, especially their me-
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tallated derivatives, show remarkable electronic and photophysical properties that have 

suggested their applications as catalysts and sensors, and offer promise for use in dye-

sensitized solar cells and some medical applications.
64

  

The concern in this thesis focuses on the potential applications of corroles in the de-

sign of dye-sensitized solar cells. Such applications involving energy and/or electron 

transfer between the excited corroles and other components in the solar cell. To date, no 

attention has been paid to the photophysical properties of their highly excited electronic 

states, even though these states may be involved in electron and/or energy transfer 

processes in their photo-actuated applications. The initial research into their participa-

tion in dye-sensitized solar cells shows that some corroles with particular substituents 

have high electron transfer efficiencies, while some others have very low such efficien-

cy. Thus it is worthwhile to study the photophysical properties of their highly excited 

electronic states in order to make more efficient applications.
64

 The relevant literature 

will be reviewed in chapter 6. 

 

1.5.3 Correlation between radiationless relaxation of high excited states and the 

energy gap law 

The correlation between electronic structure and nonradiative rate constant pre-

dicted by the energy gap law has been successfully used to interpret the photophysical 

properties and relaxation dynamic behavior of the S2 states of azulene and its deriva-

tives,
26,27

 and of the aromatic thiones.
65

 

To examine whether or not this correlation can be applied to tetrapyrroles and their 

derivatives, a systematic study of the photophysics of the S2 excited state of metallopor-

phyrins was conducted by Kurabayashi et al.
4
 In their experiments, several metallopor-

phyrins (AlClTPP, ZnTPP and CdTPP) have been investigated in acetonitrile at room 

temperature. The S2 fluorescence quantum yields were measured and the radiative and 

nonradiative rate constants of S2 state were estimated based on these measured quantum 

yields. Plots of the natural logarithm of the nonradiative rate constants versus the S2 – 

S1 energy gap (E (S2 – S1)) showed a good linear relationship. It seems that the nonra-

diative S2 – S1 relaxation of the S2 state follows the predictions of the energy gap law of 

radiationless transition theory in the weak coupling limit. However, based on the slope 
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of this energy gap law plot, they estimated the value of the S2 – S1 interstate electronic 

coupling energy, which was much too large to be assigned as the electronic coupling 

energy between the S2 and S1 states in the weak coupling limit. This value though not 

further explained by Kurabayashi et al.
4
 indicates that the interaction between S2 and S1 

states might be different from the weak coupling case in the metalloporphyrins.  

More detailed and systematic studies of a set of metalloporphyrins with different 

substituents or central metal ions have been carried out by Ohno et al.
58

 using steady-

state spectroscopy. Later their work, together with other work regarding the S2 emission 

of metalloporphyrins not of concern here, was comprehensively reviewed by Kobayashi 

et al,
57

 who calculated the S2 – S1 energy gap and S2 quantum yields of all the molecules 

under study. Based on their results, they agreed that the nonradiative S2 – S1 IC process 

entirely dominates the relaxation of the S2 states of the porphyrins and metalloporphy-

rins. They proposed that the absence of S2 fluorescence in most OEP complexes and 

free-base porphyrins is due to strong interstate coupling between the S1 and S2 states. In 

order to evaluate the extent of coupling in different porphyrins, they correlated the in-

tensity ratios (0,0)/(1,0) of the Q(0,0) and Q(1,0) bands, which they suggested reflects 

the extent of vibronic coupling between the S2 and S1 states, to the E(S2 – S1) energy 

gap. They found that the E(S2 – S1) energy gap of ZnOEP (7210 cm
-1

, in benzene) is 

greater than ZnTPP (6690 cm
-1

, in benzene), and noted that this is consistent with the 

intensity ratios of the (0,0)/(1,0), ZnOEP (1.81) > ZnTPP (0.16). Thus they concluded 

that “an increase of E(S2 – S1) in ZnOEP enhances admixing of the Q and B states and 

thus the S2 − S1 internal conversion is promoted in ZnOEP much more than in 

ZnTPP”.
58

 In fact, according to the energy gap law of radiationless transition theory 

(weak coupling, statistical limit case), a large E results in a slow S2 – S1 IC and a long-

lived S2 fluorescence. Kobayashi et al. proposed that potential energy surfaces of the S2 

and S1 states were not perfect parallel leading to a big Franck-Condon overlap and pro-

moting nonradiative S2 – S1 IC. As will be discussed in later chapters, strong S2 – S1 

interstate coupling does occur in ZnOEP, but this is definitely not due to the large E(S2 

– S1) energy gap. It will be shown that the changes in the Franck-Condon factor are also 

insufficient to account for the ultrafast relaxation of the S2 state in ZnOEP. 
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Using a femtosecond fluorescence upconversion method, Akimoto et al.
60

 have pre-

cisely examined the decay dynamics of the S2 state of ZnEMBPP and its free base in 

benzene. The population decay of the S2 state of the zinc derivative is 150 fs, which cor-

relates with its S1 rise time. However in the free base the S2 lifetime is too short to be 

detected under their experimental conditions and is inferred to be less than the resolu-

tion limit of 40 fs. Based on their spectroscopic data, they found that the two molecules 

have almost the same E(S2 – S1) energy gap as ZnTPP, but the S2 lifetimes are much 

shorter than that of ZnTPP. They simply ascribed these differences to the effect of dif-

ferent substituents on the porphyrin macrocycle, but didn‟t give further explanation of 

this effect.  

Based on the results discussed above, it seems that the energy gap law is invalid or 

at least insufficient to interpret the radiationless decay of the S2 states of various metal-

loporphyrins. Gurzadyan et al.
36

 extensively investigated the correlation between the 

depopulation dynamics of the S2 state and the E(S2 – S1) energy gap. They found that 

plots of natural logarithms of nonradiative rate constants ln(knr (S2)) vs. E(S2 – S1) are 

linear for both MTPP (M= Zn, Mg) and MTBP (M= Lu, Zn, Cd) in various solvents. 

However, the data used in their plots are highly scatted. Nevertheless, the slopes of their 

plots are similar to the slope of the EGL plots obtained for azulene and its derivatives 

previously reported by Wagner et al.
26

 Based on the value of the slope, the general S2 − 

S1 interstate electronic coupling energies for MTPP and MTBP were estimated to be ca. 

10
3
 cm

-1
, which is actually much larger than the values of the azulenes, where it is only 

100 cm
-1

 for the S2 − S1 transitions. According to radiationless transition theory of large 

molecules in the weak coupling case, the value of electronic coupling energy is ex-

pected to be less than 10
3
 cm

-1
. Therefore, the value they calculated lies at the upper 

limit of the weak coupling cases.  

 

1.6 Motivation of the present work 

The above review has focused on the unimolecular photophysical relaxation dynam-

ics of highly electronically excited metallated tetrapyrroles. Previously reported results 

show some discrepancies among the several individual experiments done to date and 

their interpretations. Some open questions have been identified. In particular, the li-



37 

 

mited numbers of both experimental and theoretical results concerning metallated tetra-

pyrroles other than ZnTPP are insufficient to obtain a complete understanding of the 

relaxation mechanisms of the higher excited states of the entire set of compounds in so-

lution. More extensive reliable experiments and more accurate theoretical calcuations 

are necessary. 

The S2 relaxation mechanisms of the model metalloporphyrin, ZnTPP, have been 

extensively studied by both experimentalists and theorists. However, some discrepan-

cies exist among the reported results. Chosrowjan et al.
34

 measured an S2 lifetime of 

0.75 ps for ZnTPP in CH2Cl2, which is much faster than that in CH3CN (3.5 ps), and 

thus they proposed the existence of fast electron transfer from the S2 state of ZnTPP to 

the CH2Cl2 solvent molecules. However, both Gurzadyan et al.
35

 and Yu et al.
41

 have 

examined effect of CH2Cl2 on the S2 relaxation of ZnTPP and obtained the lifetimes are 

2.0 ps and 1.9 ps, respectively. Even though Yu et al. agree with the interpretation re-

ported by Chosrowjan et al., Gurzadyan et al. disagree and propose that the difference 

of lifetimes obtained in CH2Cl2 and ethanol is due to the difference in the E(S2 – S1) 

induced by solvation. In addition, Yu et al. recently reported a difference in the S2 de-

cay and S1 rise times of ZnTPP in benzene, which they attributed to parallel decay 

processes bypassing S2 – S1 IC due to the participations of excited states (S2') other than 

S2. However, neither they nor other experimentalists have confirmed these results by 

doing similar work on ZnTPP in other solvents. In addition, Yu et al.
41

 proposed that 

the S2' state is fluorescent, but a “dark” S2' state by others.
42

 The nature of either the S2' 

state or some other “dark” state and its participation in the relaxation of the S2 state are 

not yet established. 

Previous reports also indicate that the S2 lifetimes of ZnTPP are dependent on the 

solvent and vary in a range from hundreds of femtoseconds to several picoseconds. 

Even for the same solvent, some researchers have obtained different S2 lifetimes using 

different experimental techniques. Three groups
35,42,66

 have examined the solvation ef-

fect on S2 fluorescence quantum yields or lifetimes of ZnTPP in a small set of solvents. 

However, no one has carried out systematic studies of the effect of solvent on the S2 

relaxation of ZnTPP by making both quantum yield and lifetime measurements. All 

these questions motivate us to conduct systematic and detailed studies of solvation ef-
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fects in order to obtain a better understanding of the relaxation mechanisms of the S2 

state of ZnTPP.  

Measurements of steady-state absorption, excitation and emission spectra of ZnTPP 

in a set of solvents with a wide range of polarizabilities would provide information 

about the solvation effect on spectroscopic properties. By using femtosecond fluores-

cence upconversion techniques, direct measurements of the S2 decay and S1 rise times 

in a wide set of solvents could provide direct information convincing the effect of sol-

vent on relaxation rate constants of the S2 state of ZnTPP. Also whether or not the S2 

decay and S1 rise times are identical would provide direct experimental evidence about 

the involvement of any excited states (such as S2' or “dark” states) in the S2 – S1 relaxa-

tion mechanism. Based on a set of spectroscopic properties and accurate S2 lifetimes, 

possible correlations between the nonradiative rate constants and the S2 – S1 energy 

gaps could be analyzed to determine if the weak coupling model is applicable to metal-

loporphyrins such as ZnTPP. The S1 decay mechanism of ZnTPP is well known, and is 

dominated by S1 – T1 ISC, which is significantly enhanced by heavy atoms. A similar 

study of the effect of heavy atoms on the nonradiative rate constants of the S2 state has 

not been reported. In addition, the effect of deuteration of H2TPP and ZnTPP relative to 

the corresponding perhydro compounds would identify the role played by C–H(D) vi-

brations in the nonradiative decay of the S2 states of the tetrapyrroles. 

Limited available experimental results indicate that the S2 lifetime is strongly de-

pendent on the nature of the substituents and central metal ions, and is also greatly af-

fected by the macrocycle substitution pattern in tetrapyrroles. Gurzadyan et al.
35

 and 

Kobayashi et al.
57

 found that, for the same macrocycle substitution pattern, the S2 fluo-

rescence quantum yields do vary with different central metal ions, but the change is not 

large. However, S2 lifetimes ranging from tens of femtoseconds to several picoseconds 

have been measured for tetrapyrroles with different substituents or different macrocycle 

substitution patterns. This implies that the effects of substituents and of deformation of 

the tetrapyrrole ring could be considerable, but the mechanism is still unknown. Com-

pared to the metalloporphyrins, not much attention has been paid to the photophysical 

properties of the S2 states of other tetrapyrroles even though these porphyrin analogues 

are very important in nature.
28

 Thus it would be worthwhile to conduct a systematic 
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study of the effect of changing the tetrapyrrole macrocycle, using both steady-state and 

pulsed excitation methods. 

Researchers also have tried to find some clues regarding the remarkable aspects of 

the S2 nonradiative decay rate constants of the tetrapyrroles using theoretical calcula-

tions, and by correlating the calculated electronic transitions to the observed spectros-

copic transitions. The discrepancy in the assignment of the shoulder to the blue side of 

the main Soret band observed in tetrapyrrole spectra is an important issue of ongoing 

interest. Our objective regarding this issue is to make systematic calculations of differ-

ent tetrapyrroles to study the effect of different substituents on the electronic structure 

and excitation energy and the rank in energy of the excited states. Analysis of the dif-

ferences among the calculated results may provide some clues about the unusual nonra-

diative rate constants and possible different relaxation mechanisms of the excited states 

involved. 

The contribution of this thesis is to study the potential relationships between the mo-

lecular electronic structures of sets of d
0
 and d

10
 metallated tetrapyrroles and their spec-

troscopic properties, and to use the results to interpret the differences in the decay dy-

namics of their higher excited states. A set of metallated tetrapyrroles has been investi-

gated using both steady-state and advanced time-resolved technologies, together with 

theoretical calculations. The aim of this thesis is to study systematically the photophysi-

cal properties of highly electronically excited metallated tetrapyrroles and to determine 

the effects of the nature and pattern of substitution and of macrocycle deformation on 

the relaxation dynamics and mechanisms of highly excited electronic states. The appli-

cability of the energy gap law in correlating the S2 decay rates of the metallated tetra-

pyrroles with S2 – S1 energy gap and other factors could be assessed by such a study.  
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Chapter 2: Experimental and Computational Methods 

 

2.1 Materials investigated and sample preparation  

A set of metallated tetrapyrroles with a wide range of structures has been the subject 

of the study in this thesis. Their molecular structures with corresponding abbreviations 

are shown in Chart 1.1 in Chapter 1. Of these compounds, H2TPP, ZnP, ZnDPP MgTPP, 

ZnTPP, CdTPP, ZnTPP(F20), ZnTPP(Cl8) and ZnTPTBP were purchased commercially 

from Frontier Scientific Inc. All samples were checked for purity before taking any data 

used for further analysis, and found no impurities that fluoresced significantly in the 

Soret region, and thus were used as received. TPP-d30 and ZnTPP-d28 were synthesized 

and purified to remove persistent fluorescent impurities by collaborating colleagues 

from the group of Professor Langford at Monash University in Australia, who provided 

them for photophysical measurements.  

The S2  S0 fluorescence of ZnTBP was first observed in the 1970s.
53

 However, 

since then experimentalists have found it hard to synthesize this compound without con-

tamination by fluorescent impurities that have an absorption near 460 nm.
67

 Efforts by 

us and others to remove these impurities in commercially purchased ZnTBP (from both 

Sigma Aldrich and Frontier Scientific Inc.), using methods such as TLC, HPLC, etc., all 

have failed. Nevertheless, the larger ΔE (S2 – S1) energy gap and the potentially long S2 

lifetime of this compound make it highly valuable to obtain a purified sample. Fortu-

nately, Professor Steven Langford provided us with a sample of good purity. It also 

shows a small absorption in the 450 ~ 470 nm region due to impurity, but fortunately 

this impurity is nonfluorescent.  

All solvents were obtained from Sigma-Aldrich and Commercial Alcohol, Inc. 

(ethanol), and were of the highest purity available. They were used as received if they 

exhibited no fluorescent impurities. Further care was taken by using molecular sieves to 

keep some water sensitive solvents moisture free, e.g. benzene.  

All experiments were done using air saturated solutions at room temperature, except 

when otherwise specified. 
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2.2 Uv-visible absorption spectroscopy 

Steady-state uv-visible absorption spectra of all compounds were recorded with a 

Varian-Cary 500 spectrophotometer using the double-beam mode. A matched pair of 10 

mm x 10 mm standard quartz cuvettes was used for all measurements of absorption 

spectra. Pure solvent was used as a reference. Spectra were recorded with a spectral 

band width of 2.0 nm, the same as that used to record fluorescence excitation spectra. A 

scan rate of 0.25 nm/s was used, typically. The scanning range of the absorption spectra 

varies with samples and solvents. 

To accurately measure the molar extinction coefficient of a sample at the wave-

number of its maximum absorbance, (εmax (ν )), a series of solutions with different, 

carefully measured concentrations were prepared, and the corresponding absorbances 

were recorded at the stated spectral bandwidths. According to eq. 1.2, εmax (ν ) was ob-

tained from the slope of the linear plot of absorbance vs. concentration.  

 

2.3 Steady-state fluorescence spectroscopy  

The steady-state fluorescence emission and fluorescence excitation spectra were 

measured with either a Jobin-Yvon Spex Fluorolog instrument or a Photon Technology 

International QuantaMaster spectrofluorometer fitted with double monochromators on 

both the excitation and emission arms. Both instruments used a calibrated photodiode 

which scattered the excitation light for correcting the wavelength dependence of the ex-

citing light intensities. Care was taken to calibrate these instruments and to use them 

only in their regions of linear response.  

 

2.3.1 Fluorescence spectrometer 

The optical layout of the PTI instrument is shown in Fig. 2.1. A high-pressure xenon 

arc lamp was used to provide a continuous excitation light source. This lamp produces 

broadband output ranging from the infrared to the ultraviolet. Selection of the excitation 

and emission wavelengths is computer-controlled through scanning excitation and 

emission monochromators, which are filtered with automatically operated continuously 

variable slits. The bandwidth of both the excitation and emission monochromators was  
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Fig. 2.1 Optical layout of the PTI spectrophotometers, adapted from the operation ma-

nual of the QuantaMaster™ UV VIS spectrofluorometer 
68

 1 Arc lamp housing, 2 Ad-

justable slits, 3 Excitation monochromator, 4 Sample compartment, 5 Baffle, 6 Filter 

holder, 7 Excitation/emission optics, 8 Sample holder, 9 Emission port shutter, 10 Exci-

tation correction Photodiode, 11 Emission monochromator, 12 PMT detector, 13 Elec-

tronics control, 14 Computer. 

set to be 2.0 nm (1 mm slit width). Before entering the sample, a small fraction of the 

excitation light is directed toward a preinstalled calibrated photodiode to correct for the 

variation of the wavelength-dependent excitation light intensity. Emission was collected 

at 90
º
 to the excitation axis and was detected using a single photon counting photomul-

tiplier tube (PMT) detector, which provides high detection sensitivity. Spectra were 

recorded as photon counts per second versus wavelength to give fluorescence spectra. 

For the measurements of ZnOEP, most of which were done using a Jobin-Yvon Spex 

Fluorolog instrument, due to the extremely low S2 fluorescence intensity, a high con-

centration solution is necessary. In this case, a triangular cuvette and front face collect-

ing configuration was using to minimize the inner filter effect, which will be introduced 

in the following section. 

Fluorescence spectra were corrected synchronously using detector/monochromator 

sensitivity files supplied by the manufacturers. Particular care was needed to obtain ful-

13 

14 
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ly corrected S2 – S0 emission spectra when the emission quantum yields were very small. 

First, the solvent background, predominately Raman scatter, was corrected before sub-

traction from the measured fluorescence (plus background) spectrum by multiplying it 

by the constant correction factor F = (1 – 10
-Aex()

)/2.303Aex(), where Aex() is the ab-

sorbance of the sample solution in the same solvent at the sample excitation wave-

length.
42

 This serves to correct the measured background for the reduced intensity of 

incident light traversing the cell when it contains the sample solution as compared with 

pure solvent. Correction for reabsorption of the S2 fluorescence by the strong Soret ab-

sorption band was minimized by employing dilute sample solutions and sample cells 

with short emission path lengths (e.g., 10 mm  2 mm with emission viewed along the 

short path). When comparing fluorescence excitation and absorption spectra, care was 

taken to ensure that both were measured with the same excitation and emission band-

widths (typically 2.0 nm). The excitation spectra were corrected by viewing the sampled 

excitation light with a calibrated photodiode and dividing the raw excitation intensity by 

the photodiode signal. Artifacts resulting from changes in the excitation intensity at the 

viewed emissive volume due to the finite absorbance of the solution (especially impor-

tant when scanning through the strong Soret absorption band) were minimized by using 

cells with short excitation paths (i.e. 2 mm  10 mm with emission viewed along the 

long path).  

 

2.3.2 Correction of inner filter effect on fluorescence intensity  

Fluorescence spectroscopy has proven to be a sensitive technique. However fluores-

cence spectroscopy is limited by some experimental difficulties due to the inner filter 

effect, particularly when applied to porphyrins and metalloporphyrins. This effect con-

sists of two components. One is caused by the attenuation of the incident light in the 

sample before it reaches the point at which the fluorescence of molecules that are ex-

cited is collected for measurement of the emission intensity (the primary inner filter ef-

fect). The other is called the secondary inner filter effect or fluorescence reabsorption 

effect which results from the overlap of the absorption and emission spectra so that, in 

the region of overlap, some of the fluorescence is reabsorbed by the molecules in the 

ground state before being collected for detection.  
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For metalloporphyrins, it is challenging to get accurate fluorescence spectra and 

quantum yields because of the strong influence of the inner filter effects particularly in 

the Soret region. One reason is that the overlap between the strongly allowed absorption 

spectrum and the corresponding fluorescence spectrum in the Soret region is large be-

cause of the small Stokes shift. Another reason is that the solubility of most metallopor-

phyrins is very low in most organic solvents. Care must therefore be taken to avoid ag-

gregation since aggregates can quench the fluorescence from highly excited electronic 

states and will also result in displaced or distorted emission spectra. A linear relation-

ship between fluorescence intensity and absorbance at the excitation wavelength can 

only be found when the inner filter effect is corrected. More details can be found in Ap-

pendix II. 

Many efforts have been made to correct the inner filter effect on fluorescence spec-

tra and quantum yield measurements. Kubista et al.
69

 developed an equation, which can 

be used to correct the primary inner filter effect. Benefiting from Kubista‟s and other 

previous approaches,
8,20,70

 eq. 2.1 was used to correct both attenuation and reabsorption 

inner filter effects.  

Icorr = Iobs  × 10(Aex lex +Aem lem )                                   (2.1) 

Here Icorr is the corrected fluorescence intensity; Iobs is the observed fluorescence inten-

sity. Aex and Aem are absorbance at the excitation and emission wavelengths, respective-

ly. lex and lem represent the distances between the entry and exit walls, respectively, of 

the cell and the fluorescence emitted point inside the cell. The details of how to get the 

effective light paths, lex and lem, can be found in Appendix II.  

The difference between the observed and corrected Soret band of fluorescence spec-

tra of ZnTPP observed in ethanol is shown in Fig 2.2. At the Soret band maximum, the 

difference between the corrected and uncorrected intensities lies between 5 and 10% 

when the absorbance is no more than 0.07 at the excitation wavelength of 400 nm for 

ZnTPP in ethanol. It is important to note that a linear correlation between Iobs and Aex is 

maintained well when the absorbance at the excitation wavelength is ≤ 0.05, and the 

difference of the emission intensity caused by the inner filter effect is less than 5%, 

which is of the same order as the absolute error (ca. 5%) obtained with the instrumenta-
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tion used for the present measurements. Thus in the present work, for most measure-

ments, the absorbance at the excitation wavelength were kept at 0.05 or less to eliminate 

the inner filter effect.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2 Comparison of the observed and corrected Soret band fluorescence spectra of 

ZnTPP in ethanol with absorbance of 0.07 at the excitation wavelength of 400 nm. 

 

2.3.3 Fluorescence quantum yields  

The fluorescence quantum yield is important because it is involved in calculations 

of some important dynamic parameters, such as electron transfer, energy transfer, radia-

tive and radiationless rate constants, which characterize the photophysical properties of 

the higher excited states of the metalloporphyrins.
71

  

The absolute fluorescence quantum yield of a compound is hard to measure, and this 

is especially true for the metalloporphyrins studied in this thesis because of unavoidable 

inner filter effects. Thus, it is calculated by referring to the absolute quantum yield of a 

fluorescent standard using eq. 2.2. 

ϕfs
=

Is  

Ir
×

ns
2

 nr
2 ×

(1−10−A ex )s

(1−10−A ex )r
× ϕfr

                               (2.2) 
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Here I is the integrated area under the corrected fluorescence spectrum, s denotes the 

sample, r the reference (or standard) compound with a known quantum yield, n is the 

refractive index of the solvent, Aex is the absorbance at the excitation wavelength, and 

the third term in the equation is to correct for any difference in absorbance at the excita-

tion wavelength between the sample and reference solutions.  

The quantum yields of the metalloporphyrins were calculated in this thesis by using 

ZnTPP in ethanol as a secondary standard (c = 1~2 x 10
-6

 M, ϕf = 1.42 x 10 
-3

 at ex = 

400 nm).
42

 If the solvents used for the sample and reference are different, the differenc-

es in solvent refractive indexes are also corrected. When possible, the same excitation 

wavelength and identical absorbance at the excitation wavelength were used for both 

sample solutions and reference solutions to minimize the inner filter effect and ensure 

equal excitation intensities. In a few cases (e.g. ZnP and ZnOEP) the same excitation 

wavelength could not be used for the sample and reference, and in these cases the 

measured quantum yields were corrected to equal excitation photon flux by using a ca-

librated photodiode that sampled the incident intensities at the two excitation wave-

lengths.  

 

2.4 Fluorescence lifetime measurements  

Fluorescence lifetime measurements receive considerable attention because the 

temporal fluorescence intensity decay profiles contain more and complementary infor-

mation than is available through analysis of the steady-state fluorescence spectra. Fluo-

rescence lifetime measurements can directly monitor the decay dynamics of the elec-

tronically excited molecules. In particular, it is very useful in distinguishing the pres-

ence of multiple fluorescent species which have similar steady-state fluorescence spec-

tra by analyzing the fluorescence decay profile in terms of multiple exponential decay 

times.
20

 The two most popular techniques used for fluorescence lifetime measurements 

are time-correlated single photon counting (TCSPC) technology for relatively longer-

lived electronically excited molecules (longer than 100s of picoseconds), and fluores-

cence upconversion technique is used to measure ultrashort-lived electronically excited 

molecules (less than tens of picoseconds). In the present work, the S1 lifetimes of metal-

lated tetrapyrroles were studied, which is on the order of a few nanoseconds (ns) have 



47 

 

been measured using the TCSPC technique, and the S2 lifetimes which fall in the range 

of tens of femtoseconds to a few picoseconds have been measured using fluorescence 

upconversion technology. Details will be explained in following sections. 

 

2.4.1 TCSPC technology and S1 lifetime measurements  

Preparation of picosecond laser pulses  

A Coherent diode pumped solid state laser (Verdi V-10) was used to produce conti-

nuous wave (cw) laser light with a frequency-doubled output at 532 nm. The output 

power is greater than 10W with low optical noise (<0.03% rms). Then this cw laser was 

used to pump a Coherent Mira Model 900-D titanium-sapphire (Ti:Al2O3) laser to pro-

duce tunable (700 nm to 1000 nm) mode-locked ultrafast laser pulses. The output beam 

of the Mira 900 with a 76 MHz repetition rate was directed to a high efficiency acousto-

optic modulator (Bragg cell) in a Coherent Model 9200 pulse picker. The acousto-optic 

modulator provides a controllable pulse repetition rate over the widest range available 

by integer division of the fundamental 76 MHz repetition rate. When the laser beam 

travels through the acousto-optic modulator, a single pulse with relatively high intensity 

and particular bandwidth is extracted from the input Mira pulse train. The output beam 

of the pulse picker is then divided into two fractions, one directed to a photodiode to 

generate stop pulses by a time to amplitude converter (TAC) device via a photodiode, 

and the remaining major fraction of the beam is directed to an angle-tuned second har-

monic generator 9300 (SHG) system to produce frequency-doubled sample excitation 

pulses in the 360 nm to 500 nm range. Thus the tunable excitation wavelength range 

was extended to short wavelengths, generated when the beam at the fundamental wave-

lengths travels through a 1.5 mm thick, nonlinear LBO (Lithium triborate (LiB3O5)) 

optical crystal. The frequency-doubled ultrashort laser pulses were used to excite fluo-

rescence in the samples studied. In the present work, the excitation wavelength was set 

at 400 nm for most measurements (Soret-band excitation) and 495 nm otherwise (Q 

band excitation).  

 

Time-correlated single photon counting (TCSPC) technology  

The S1 fluorescence lifetimes of molecules under consideration were measured  
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using TCSPC technology. A schematic diagram of the TCSPC experimental setup is 

given in Fig. 2.3. With reference to this diagram, the initial ultrafast light beam was 

split into two beams. The beam containing major fraction, after frequency-doubling, 

was directed to excite fluorescence in the sample. The fluorescence signal, after travel-

ling through a Carl Zeiss prism monochromator (M4 QIIId), was detected by a cooled (-

30 
0
C) amplified Hamamatsu microchannel plate photomultiplier tube (MCP-PMT) 

(R3809-50U), which is placed just after the monochromator. A slit with an adjustable 

entrance was placed before MCP-PMT to adjust the fluorescence count rate and insure 

that only single photon events were detected. The PMT output was further amplified by 

a preamplifier (HP Model 6216A) and then fed into a Tennelec TC 454 Quad constant 

fraction discriminator (CFD). The output pulses of the MCP-PMT have been greatly 

amplified and contain considerable contributions from electronic noise and minor mul-

tiple photon events. The CFD establishes a threshold to eliminate pulses due to back-

ground noise, thus improving the signal-to-noise ratio. Then the output signal of the 

CFD is fed into a time-to-amplitude converter (TAC).
72

  

As indicated in Fig. 2.4, when a high repetition rate of exciting pulses was em-

ployed, the TAC was operated in a reverse way. The detected fluorescence single pho-

ton voltage pulse from the CFD acts as a “start” pulse to activate the voltage sweep in 

the TAC, and the “stop” pulse is provided by the laser excitation pulse detected by a 

Spectra-Physics photodiode (model 403), delayed by a certain fixed time by a TC 412A 

delay line. The TAC generates an analog pulse, the amplitude of which is proportional 

to the charge accumulated in the TAC‟s capacitor and hence correlated to the time in-

terval between the start and stop pulses. The TAC signal was further amplified via a bi-

ased amplifier (BA, TC864 TAC/Biased Amplifier) and then fed into an analog to digi-

tal converter (ADC). Each “count” is assigned to the digital channel number of the 

ADC corresponding to the pulse amplitude received from the TAC. Upon receiving this 

specific channel number, the data acquisition board (TRUMP-8k/2k, Perkin-Elmer) of a 

multichannel analyzer (MCA) incorporated into the computer adds this event to an ad-

dress of its memory corresponding to that channel number. Thus, the digital channel 

number, in fact a memory address of the photon, is correlated to the time 
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Fig. 2.3 Simplified the block diagram of TCSPC instrument. A, amplifier; ADC, analog 

to digital converter; BA, biased amplifier; CFTD, constant fraction timing discriminator; 

D, delay; Mono, monochromator; MCP-PMT, microchannel plate photomultiplier tube; 

MCA, multiple channel analyzer; PD, photodiode; P, polarizer; TAC, time to amplitude 

converter. 







 

 

 

 

 

Fig. 2.4 Schematic diagram of TAC operation (modified from reference 72).
72
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interval at which the photon is detected. One cycle of this single photon detection and 

counting takes only a few nanoseconds. This process is then repeated over and over 

again until a histogram of the numbers of counts against channel number represents the 

time profile of the detected emission. Counting is continued until the desired statistical 

precision is obtained.  

The time resolution of the TCSPC system is governed not only by the pulse width of 

the excitation light, but also the time resolution and precision of the detection electron-

ics. The time resolution of the TCSPC system is mostly determined by the width and 

stability of the instrument response function (IRF) (refer to the next section) – which is 

in turn is determined primarily by the PMT‟s electron optics and photoelectron path dif-

ferences. The most critical component of the electronics is the TAC. In the present work, 

the TAC was operated in a reverse mode using emitted photon signal as the start pulse, 

as shown in Fig. 2.3. Operation in this way greatly decreases the repetition rate of the 

TAC and avoids overload due to the high repetition rate of the excitation light. It is im-

portant to note that only one photon should be detected for one TAC operation cycle. If 

more than one photon arrives at the MCP-PMT within one TAC cycle, the resultant 

counting statistics of the MCA will be distorted, and the final decay curve will be biased 

toward shorter times. The effect of multiple photon detection by MCA within one TAC 

cycle is called pulse pile-up. In order to avoid this effect, the fluorescence count rate is 

set to be below 2% of the excitation pulse repetition rate by limiting the entrance of 

light to the PMT using a small slit width and setting a higher threshold in the CFD. Un-

der these conditions, the probability of detecting only one photon during each TAC op-

eration cycle is very high. A time resolution of ca. 50 ps is achieved for the TCSPC in-

strument used for the measurements presented in this thesis.  

 

S1 lifetime measurements and data analysis 

Data collection was based on a computer controlled Maestro-32 Program. Before 

recording the instrument response and fluorescence decay profiles, the proper time win-

dow for the measurement was chosen and the time scale per channel of the MCA was 

calibrated. The S1 lifetimes of the tetrapyrroles studied can be estimated based on their 

steady-state absorption and emission spectra using eq. 1.6. Thus the time window of the 
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MCA (and the time scale per channel) required for the measurements can be estimated 

before making any measurements. The accurate time calibration was done as follows. 

Either a LUDOX (colloidal silica) or a dilute milk solution was used to obtain the in-

strument response function (IRF) by scattering a small fraction of the excitation light 

used as the “start pulse”. The observation wavelength was chosen to be the same as the 

excitation wavelength for these IRF measurements. The channel number corresponding 

to the maximum of the IRF profile was adjusted to be in the range of 900 to 920 out of a 

total of 1024 channels. The delay of the stop pulse was set to be zero for the first IRF 

profile. Then, delays of 2, 4, 6, 8 ns were applied to the stop pulses respectively, and a 

series of IRF profiles were lined up on the analyzer screen. The channel numbers cor-

responding to the maxima of the IRF profiles were recorded. A plot of the difference in 

channel numbers between two neighboring IRF profiles vs. the corresponding time de-

lay gives a straight line, the slope of which is the time increment per channel.  

The effect of scattered excitation light on fluorescence decay profiles can be mini-

mized by setting the observation wavelength as far as possible away from the excitation 

wavelength. However, due to the short lifetimes (a few nanoseconds) of the S1 states of 

the molecules investigated in this thesis, the collected experimental data contain contri-

butions from the excitation laser pulses and detection systems. Deconvolution is re-

quired even if scattered light is not present when the IRF has a width that is a significant 

fraction of the sample fluorescence lifetime. The scattered light portion was eliminated 

by deconvolution of the measured decay profile from the IRF, to obtain the true fluores-

cent decay. 

First, the IRF was measured by replacing the sample with a light scatterer, and ob-

serving the scattered light at the excitation wavelength (usually 400 nm). The S1 fluo-

rescence decay of the sample was then recorded by setting the observation wavelength 

to the maximum of the Q band fluorescence spectrum obtained by steady-state mea-

surement for each sample. Decay profiles of each sample were recorded for at least 

three trials; the final S1 lifetime reported is the average value of three trials. As a repre-

sentative, Fig. 2.5 shows a typical single exponential fluorescence decay profile plotted 

in logarithm of counts vs. time.  
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Fig. 2.5 A typical single exponential fluorescence decay profile (scattered dots) loga-

rithm of counts vs. time (or channel number) and the fitting line (blue) and instrument 

response function (green) (Top), and a representative residual plot of a good fit to a sin-

gle exponential decay function (bottom). This profile was obtained for ZnP in methanol 

using dilute solution of 1 x 10
-6

 M. The excitation wavelength is at 495 nm and the fluo-

rescence intensity was recorded at 625 nm. The deconvolution gives a time constant of 

2.57 ns, when χr
2 = 1.00.  

 

The experimental data are affected by electronic dark noise and stray room light, 

which result in a constant background. This can be corrected by subtraction of the 

background counts from both the experimental fluorescence profiles and the instrument 

response function prior to deconvolution. Within a time period te, the sum over the 

range of any time ti preceding te, gives the observed decay curve, I0 te  at time te, eq. 

2.3, where the subscript „0” represents the intensity after background correction.
72

 

I0 te =  P0 ti G(te − ti)
te

0
dti                                       (2.3) 
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Here the G(te − ti) is the true decay profile of the sample, P0 ti  is the instrument re-

sponse function which contains effects of the distortion from the ideal δ-pulse response 

of both excitation pulse and the detection system. Thus all observed decay curves have 

to be deconvoluted to get the correct lifetime of the sample. 

There are a number of methods based on the above theories which can be used for 

the deconvolution of the observed decay data in TCSPC. Non-linear least squares curve 

fitting is the most widely used technique and its validity has been proved.
72

 Data analy-

sis of the S1 lifetime measurements presented in this thesis was performed using in-

house software, Psdecay 2000. This program performs a deconvolution of the instru-

ment response function from the observed fluorescence decay profile via an iterative 

reconvolution procedure that minimizes the deviations between the fitting data and the 

observed fluorescence decay data. Some adjustable parameters in this program can be 

initially set up and “fixed”, while other parameters such as the fraction of each compo-

nent in a multiple exponential decay are optimized during the reconvolution procedure. 

The goodness of this non-linear least squares fit of the observed data to a trial function, 

consisting of one of a single, double or triple exponential decay, was assessed by ex-

amining the value of the reduced “chi-square”, χr
2, eq. 2.4, and the distribution of the 

weighted residuals, eq. 2.5.  

χr
2 =  

 I0(ti) − Y(ti) 
2

I(ti)

n2

i=n1

(n2 − n1 + 1 − p)                    (2.4) 

Here values of I0(ti) and I(ti) are the corrected and uncorrected number of counts in 

channel i, respectively, Y(ti) is the calculated fitting function, n1 and n2 are the first and 

the last channels of the region chosen for lifetime analysis, p is the number of variable 

parameters in the fitting function. The ideal value of χr
2 should be close to unity, since 

the distribution of the data in each channel follows a Poisson distribution. In practice, 

the values of χr
2 in the range of 0.9 to 1.1 are considered to be “good” enough to provide 

a precise fit. Sometimes, this value could be larger depending on the extent of scatter of 

the experimental data.
72

 According to eq. 2.5, the weighted residuals, R(ti), of a suc-
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cessful fit when plotted against channel number should be randomly distributed about 

zero, as shown at the bottom of Fig. 2.5. 

R(ti) =
I0(ti) − Y(ti)

 I(ti)
                                                      (2.5) 

All experimental results related to S1 lifetimes discussed in later chapters were analyzed 

as described above.  

 

2.4.2 Femtosecond fluorescence upconversion technology and S2 lifetime measure-

ments  

The TCSPC technique is very sensitive because of single photon counting, and 

works very well with low emission yield materials. However, its time resolution is li-

mited by pulse to pulse jitter and the width of the IRF of the detection system. The best 

time resolution (ca. 50 ps) for standard TCSPC technique has been achieved by using 

MCP-PMT detectors.
72

 However, this is insufficient to detect the ultrashort fluorescence 

lifetimes which lie in the range of tens of femtoseconds to a few picoseconds.  

Recently developed fluorescence upconversion technology, in which an ultrafast 

femtosecond laser is used as the light source, provides the time resolution and photon 

detection sensitivity necessary for direct ultrashort fluorescence lifetime measurements. 

The basic idea of this technique is based on the use of two synchronized femtosecond 

laser pulses. One pulse is used to excite fluorescence of the sample. The initial fluores-

cence signal is collected and focused onto a BBO upconversion crystal. The fs gating 

pulse is optically mixed with the fluorescence signal at a variable delay to generate the 

“sum frequency”. Thus the time resolution relies primarily on the width of the excita-

tion and gate pulses available with modern femtosecond lasers, and is not severely li-

mited by the time resolution of the detection system.
20

 As shown in Fig. 2.6, the simul-

taneous presence of the fluorescence and gate pulses in the non-linear BBO crystal 

yields an upconversion signal at the gate plus fluorescence sum frequency when the two 

pulses are matched in phase. The frequencies of the upconversion signal and of the two 

incoming pulses are related via eq. 2.6.  
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 ν sum =    ν em +  ν gate                                                (2.6) 

Here, ν sum  is the sum-frequency of the upconversion signal, ν em   is the fluorescence at 

user-selected frequency, and ν gate  is the frequency of the gate pulse. The intensity of 

the upconversion signal is proportional to the intensity of the fluorescence from the 

sample at the moment of the arrival of the gating pulse.  

 

 

 

 

 

 

 

 

 

 

 

                               (a)                                                             (b) 

Fig. 2.6 Schematic illustration shows the (a) principle of upconversion and (b) the fluo-

rescence signal gated by the delayed gating pulse. 

 

Femtosecond fluorescence upconversion technology 

The home-build fluorescence upconversion setup which was constructed by Dr. Su-

resh Velate and coworkers using commercially available components is schematically 

shown in Fig. 2.7. The femtosecond laser source is a diode-pumped solid state Ti:Al2O3 

laser (Coherent, Vitesse Duo), which is amplified by a regenerative amplifier (Coherent, 

RegA 9000). The output of the RegA has an average power of ca. 400 mW at 800 nm 

when it is operated at 100 kHz repetition rate and the pulse width is ca. 160 fs (meas-

ured using a cross correlation method).
73

  

The output light beam of the RegA is split into two fractions (80/20 in power) 

through a beam-splitter. The larger fraction with wavelength of 800 nm (gate) consist-
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ing of a fs pulse train at a repetition rate of 100 KHz is directed through a motor-

controlled variable delay line (Newport, ILS150PP controlled by an ESP 300 motion 

controller), and then focused onto the fluorescence upconversion crystal (0.5 mm thick 

Type I BBO crystal, Photop, UTO8201), and serves as the gate pulse. The time resolu-

tion of each step of the motor controlled delay line can be as short as ca. 3.3 fs, by set-

ting the step size d ≥ 0.001 mm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7 Schematic diagram of the fluorescence upconversion setup. Reproduced from 

reference 74.
74

 M, mirror; A, aperture; BS, beam splitter; L, plano convex lens; VD, va-

riable delay; OPM, off axis parabolic mirror; Mono., monochromator; SR445, amplifier 

and SR400 single photon counter; PMT, photomultiplier tube; SHG, second harmonic 

generator, half wave plate. 
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The smaller fraction of the 800 nm beam is directed to pass through a second har-

monic generator (0.5 mm thick Type I BBO crystal, UTO8201, 29.5
º
) to generate the 

excitation beam with a wavelength of 400 nm. The 400 nm excitation pulse train is 

passed through a halfwave (/2) plate to rotate its plane of polarization by 90º, and is 

then focused by a first surface Al-coated 90º off-axis parabolic mirror (Edmund Optics, 

effective focal length = 101 mm) into the sample. (To keep the sample fresh, the sample 

solution was continuously flowed through a 200 m thick quartz flowcell (Starna), the 

flow rate of which was controlled by an HPLC pump (Millipore, Model 510).) The re-

sultant fluorescence was collected with a combination of two plano-convex lenses (each 

of 50 mm focal length) and was focused into the fluorescence upconversion crystal 

(BBO) together with the gate pulse to generate the sum-frequency. The gate and fluo-

rescence beams have to be matched temporally and spatially in the BBO crystal to ob-

tain the best efficiency of the sum-frequency generation. Thus the crystal is cut at a 

phase-matching angle of 37º to mix the beam with a wavelength of 800 nm and another 

beam with a wavelength in the range of 400 to 700 nm. The angle between the gate and 

pump beams was held at ca. 10 to achieve maximum spatial overlap of two beams in 

the BBO upconversion crystal. The intensity of the upconverted signal at the user-

selected observation wavelength was maximized by tuning the angle of the upconver-

sion crystal.  

The upconverted light was passed through a filter to eliminate the scattered pump 

and gate light, and was focused (with a 50 mm focal length plano-convex lens) onto the 

entrance slit of a double monochromator (CM112, Spectral Products). Finally, the up-

conversion signal at the sum frequency was detected by a photomultiplier (PMT, Ha-

mamatsu, H7732P-01 module with C7169 power supply). The output of the PMT was 

amplified using a preamplifier (Stanford Research, model SR445) and then detected by 

a photon counter (Stanford Research, model SR400). A computer controlled program 

written (by Dr. Suresh Velate) in Labview (version 7.0) was used to control the data 

acquisition and monochromator systems, and a stepping motor-driven optical delay 

stage was used to control the variable delay time of the gating pulse. The fluorescence 

upconversion setup was tested by measuring the pump-gate cross-correlation profile, 
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and was well described by Gaussian function with a full width at half-maximum 

(FWHM) of ca. 170 ~ 230 fs.
74

 

 

S2 lifetime measurements and data analysis 

All the results of the measurements of the S2 fluorescence lifetimes presented in this 

thesis were obtained in collaboration with Dr. Suresh Velate and Dr. Umakanta Tripa-

thy.  

The lifetimes of the S2 excited states of the tetrapyrroles measured in this thesis lie 

in the range of tens of fs to a few ps, which is comparable to or shorter than the FWHM 

of the IRF, which has a wider FWHM than the cross-correlation function due to broa-

dening by the fluorescence collection optics. The measured up-converted fluorescence 

decay is a convolution of the real decay of the fluorescence with the instrument re-

sponse function. Under these circumstances, deconvolution of the observed fluores-

cence profiles is crucial and measurements of the instrument response function are re-

quired.  

The IRF can be measured by obtaining the sum frequency of the scattered Raman 

light arising from the C–H stretching vibrations of the solvent (i.e. benzene) with the 

gate pulse. However, in the present work the observed S2 emission decay profile of 

ZnOEP in benzene at the wavelength of the maximum Soret fluorescence intensity was 

used as the IRF. The fluorescence decay profile of the S2 state of ZnOEP in benzene can 

be well-modeled by a Gaussian function with a FWHM of ca. 470 fs resulting from the 

symmetric broadening of the emission profile by the fluorescence collection optics em-

ployed and convoluted with a fast exponential decay of ca. 30 fs. The latter decay time 

is consistent with the lifetime of the S2 state of ZnOEP calculated using the Strickler-

Berg equation based on its measured S2 − S0 fluorescence quantum yield of ca. 1 x 10
-6

 

(refer to results presented in chapter 4 and 5). This method is also justified by the result 

obtained for H2TPP, whose S2 lifetime of ca. 50 fs was obtained by convolution of its 

observed fluorescence decay profile and the IRF described above. It reproduces the val-

ue of ca. 50 fs reported by Baskin et al.
55

 for H2TPP in benzene measured under similar 

conditions using a fluorescence upconversion system.  
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It has been reported that, for ZnTPP and other metalloporphyrins excited to the So-

ret band, ultrafast intramolecular vibrational redistribution occurs within the first 200 fs, 

a process that is superimposed on the population decay of the S2 state.
35,39,40

 For those 

samples with S2 decay times longer than 1.0 ps, fits of the temporal emission decay pro-

files were made for t > 200 fs in order to assess complications due to this intramolecular 

vibrational relaxation process within the S2 state. The decay parameters obtained this 

way showed no significant difference, when compared with those obtained by full de-

convolution over the entire decay profile.  

The temporal profiles of the S1 fluorescence rise were measured using the same ex-

perimental setup, but changing the observation wavelength to the maximum of the Q 

band of the steady-state fluorescence spectra in solution. For efficient upconversion, the 

angle of the upconversion crystal was also changed to produce optimum phase matching. 

The S1 rise temporal profiles were deconvoluted by fitting with a triple exponential 

function, consisting of one fast exponential rise and two longer exponential decays. In 

all cases the ultrafast rise time constant of the S1 state was found to be identical to the 

corresponding decay time constant of the S2 state within an experimental error of ca. 50 

fs. One of the two longer exponential decays, of the order of 10 ~ 20 ps, corresponds to 

intermolecular vibrational relaxation of the S1 state, and the other is associated with the 

S1 population decay, which is the order of several ns.
74

  

To make accurate measurements of S2 lifetimes shorter than 500 fs, the smallest de-

lay line step size of 0.001 mm, which corresponds to the shortest available time delay of 

t = 3.3 fs was used to increase the number of data points. Thus, both the instrument 

response function and the temporal fluorescence profiles of the short-lived states were 

accumulated by using a larger and more statistically significant number of data points. 

For the S2 emission decay of molecules with S2 lifetimes shorter than 1.0 ps, the decay 

parameters were obtained solely by deconvolution of the observed upconversion signal 

decay profile and the instrument response function by obtaining the parameters of the 

convoluted function that minimized the sum of the squares of the deviations between 

fitting data and the measured decay as described previously. We estimate that the uncer-

tainty in the measurement of the Soret-excited (S2) fluorescence lifetimes is ca.  30 fs 

with this improvement.
75
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2.5 DFT calculations 

All DFT calculations were carried out using the Becke-Lee-Yang three-parameter 

hybrid functional (B3LYP) model.
76,77

 Since the effect of using different basis sets is 

known to be rather small
76

, the 6-31G(d) basis set was used for all computations, unless 

otherwise specified. All molecular structures were optimized using a D4h symmetry 

constraint for the porphyrin framework, except for ZnDPP and ZnTPTBP, and were fol-

lowed by analytical vibrational frequency computations to confirm the minimum energy 

structures. Although the imposition of D4h symmetry ignores the non-planar distortions 

caused by substitution on the macrocycle, DiMagno et al.
78

 have shown that such “ruf-

fled” and “saddled” distortions are not the source of the shifts in the electronic spectra 

of several model porphyrins, induced by substitution. Based on optimized structures, the 

excitation energies and oscillator strengths were calculated using time-dependent densi-

ty functional theory (TDDFT) at the B3LYP/6-31G(d) level,
79,80

 unless otherwise speci-

fied. All calculations were carried out using the Gaussian 03W program.
81
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Chapter 3: DFT and TDDFT Calculations 

 

3.1 Introduction to density functional theory (DFT) and time-dependent density 

functional theory (TDDFT)  

Since the 1960s, DFT and TDDFT have gained considerable attention because they 

are very important tools in exploring the electronic structures of atoms, molecules and 

crystals and predicting their electronic properties. To date, research areas related to the 

development and improvement of DFT and TDDFT are still interesting subjects.
82

 The 

following paragraphs will give a brief introduction of the development of DFT and 

TDDFT. For a comprehensive and detailed review of the theoretical background, the 

mathematical formalisms that have been derived and the development of these theories, 

interested readers can refer to recent reviews
82,83

 and some books.
84,85

 

The predecessor to the DFT is the electron density concept introduced by Thomas 

and Fermi in the 1920s.
84

 The energy of an atom can be expressed in terms of electron 

density, rather than the many-body wave functions previously employed. Distinct from 

a function, a functional is a function that takes another function as its input and produc-

es a scalar quantity. Hence in this thesis the functional of interest is the one that mini-

mizes the energy of the molecules when expressed in terms of electron densities. Elec-

tron density describes and determines the probability of finding the N electrons in a par-

ticular position in a unit volume with arbitrary spin while the positions and spin of the 

remaining N-1 electrons in the system are arbitrary. By ignoring electron spin, this 

model completely neglects the effects of exchange and correlation energies between 

electrons.
84

 After these early developments, further efforts were dedicated to modeling 

exchange and correlation energies by taking the electron spin into account to improve 

the Thomas-Fermi model.  

By adopting the local density approximation (LDA), Kohn and Sham developed the 

famous Kohn-Sham equation,
86

 which gives quite satisfactory results of energy calcula-

tions. Further efforts to seek better approximations of exchange-correlation energy by 

scientists,
76,77,83,85

 such as Parr, Yang, Lee, and Becke resulted in the local density ap-

proximation, the local spin-density approximation and the hybrid functional approxima-

tion etc. Currently, the most popular hybrid functional approximation is Becke‟s three-
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parameter Lee-Yang-Parr formulation (B3LYP),
83,85

 as demonstrated by Stephens et al. 

in 1994.
87

 It gives good performance in many applications, and more new functionals 

with quite good performance have been developed since. However, none of the new 

functionals have gained the same popularity as the B3LYP hybrid functional for chemi-

cal applications.
84

 

The DFT shows good performance in the treatment of the electronic ground states 

and properties of molecules, but encounters difficulties when dealing with excitation 

energies and properties of excited states. However, excited states are important and re-

levant to many areas of chemistry, including photochemistry, electronic spectroscopy 

and many other photo-initiated processes. Thus considerable effort has been made to 

develop and improve the time-dependent local density approximation within the frame-

work of DFT. Some new theories
88-91

 have been proposed to calculate the electronic ex-

citation energies. Notable is the TDDFT, which was introduced by Runge et al.
89

 in 

1984 to treat such time-dependent problems. Since then, most but not all time-

dependent problems, such as excitation energies and properties of excited states can be 

solved. Detailed information of the development of the TDDFT can be found in a recent 

review.
82

  

Very recently, Imamura et al.
90

 revealed that the TDDFT is able to accurately pre-

dict interstate excitation energies generated by the promotion of valence electrons, but it 

fails for core-excited states. Van Faassen et al.
91

 found a new challenge to the TDDFT 

to deal with those transitions involved in d Rydberg states. The other limitations of 

TDDFT method were found due to poor asymptotic potential,
79,92

 which can be cor-

rected by combining the asymptotic tail of the potential with the LDA potential. Double 

excitations are missed by the TDDFT due to adoption of the adiabatic approximation, 

and this has been corrected by applying a frequency-dependent exchange-correlation 

kernel. Limitations regarding charge-transfer excitation or long range spatially sepa-

rated excitation still remain problematic.
91,93,94

 In very recent studies, the Baerends and 

Ziegler groups made great progress in the treatment of the excitation energies by using 

TDDFT and an improved Kohn-Sham exchange-correlation potential, named statistical 

averaging of orbital dependent mode potentials (SAOP).
46,47

 Nevertheless, further im-

provement in the application theory appears desirable.  
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Despite the limitations that still remain, the DFT and TDDFT have proved to be ef-

fective and successful in exploring electronic structures and predicting many molecular 

properties, with less computing time cost but accuracy comparable to Moller-Plesset 

perturbation theory (MP) methods.
95

 Due to their advantages in being able to handle 

large numbers of electrons, they have gained wide application in the calculation of elec-

tronic structures, the prediction of the electronic spectra and other electronic properties 

of relatively large molecules, including tetrapyrroles and metallated tetrapyrroles 

etc.
46,49,96

 In the present study, the DFT and TDDFT methods at the B3LYP level were 

used for all calculations. The following paragraphs will show the calculated electronic 

structures of the ground state together with excitation energies and properties of the ex-

cited states and their aid in understanding and interpreting the features of the electronic 

spectra. 

 

3.2 Interpretation of the electronic spectra of metalloporphyrins  

The typical electronic absorption spectra of porphyrin-type complexes are characterized 

by one weak Q band in the visible region and one intense Soret band in the uv-visible 

region accompanied by several weak bands lying still further to higher energies, as 

shown in Fig. 3.1. The Soret and Q band features have for many years been interpreted 

in terms of Gouterman‟s four-orbital model (Fig. 3.1).
97

 Under D4h molecular symmetry, 

the two nearly degenerate highest occupied molecular orbitals (HOMO and HOMO-1, 

a2u and a1u, not necessary respectively), and the two strictly degenerate lowest unoccu-

pied molecular orbitals (LUMO, eg) are well-separated in energy from the remaining 

orbitals. The major contributions to the Q and B bands arise from linear combinations 

of the wavefunctions resulting from one-electron promotions involving these four fron-

tier molecular orbitals. Due to the near degeneracy of the HOMO and HOMO-1 orbitals, 

a strong interaction occurs between the two lowest energy excited electron configura-

tions, 
1
a1u

1
eg and 

1
a2u

1
eg. For the S1  S0 transition, the transition dipole moments of the 

two excited electron configurations 
1
a1u

1
eg and 

1
a2u

1
eg are anti-parallel, with intensities 

that nearly cancel, giving rise to a weak absorption, the Q band in the visible region. 

The two transition dipole moments are parallel for the S2  S0 transition, with intensities 
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reinforced, leading to a strong absorption, known as the B (or Soret) band in near uv-

visible region of the absorption spectrum.  
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Fig. 3.1 Gouterman‟s four-orbital model and a typical electronic spectrum of metallo-

porphyrins. 

The common features of the near uv-visible spectra of the diamagnetic metallated 

tetrapyrroles can be rationalized qualitatively or semi-quantitatively on the basis of the 

four-orbital model. The relative intensities of the Q and B bands are traceable to the ex-

tent of the degeneracy of the HOMO and HOMO–1 orbitals. However, those bands on 

the blue side of the Soret band with higher energies are beyond the scope of Gouter-

man‟s model. In addition, a large body of previous computational work has been pub-

lished, notably by Weiss et al.,
98

 Nguyen et al.,
48,99-101

 Baerends et al.
46

 and Peralta et 

al.
47

 All these calculations have shown that the four-orbital model provides neither a 

full nor an adequate description of the nature of the higher energy Soret band in the ab-

sorption spectra of porphyrins and phthalocyanines. Calculations on closed-shell ground 

state metalloporphyrins using several DFT methods (including DFT/SCI,
102

 

DFT/MRCI
50

 and several variants of TDDFT
46,103

), time-dependent Hartree-Fock 

theory with the INDO/S approximation (TDHF/INDO/S
48

), and multi-reference me-

thods (MRMP/CASSCF
104

) have revealed that the energies of electronic states higher 

than the 1
1
Eu state are particularly sensitive to the methods used to account for the ef-

fect of electron exchange-correlation and excited electron configuration interaction. In a 

recent review, Baerends et al.
46

 have shown that the Q band can be fully explained in 
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terms of the lowest energy spin and electric dipole allowed transition in Gouterman‟s 

four-orbital model. However, Gouterman‟s model is inadequate in describing the B or 

Soret band and provides no insight into the composition of higher energy bands on the 

blue side of the Soret band, labeled as N, L, M, etc. By using the TDDFT/SAOP me-

thod, their calculations predict that the Soret band in ZnP and MgP is composed of tran-

sitions to both the 2
1
Eu and 3

1
Eu states, with the 2

1
Eu state of slightly lower in energy 

reached by an electric dipole allowed transition (f = 0.45) of eg  b2u character and the 

3
1
Eu state corresponding to the strong (f = 1.01) transition. Similar suggestions were 

proposed by Peralta et al.
47

 By using the same TDDFT/SAOP method, they found that 

the 2
1
Eu state is coupled strongly to the near degenerate 3

1
Eu and both contribute to the 

Soret band. Weiss et al.
98

 also found that the four-orbital model was adequate for the Q 

band, but was less successful in predicting the composition of the B band, especially, 

for porphyrin-type compounds where one needs to consider the higher lying excited 

states to interpret the B band characteristics. Several other TDDFT, TDHF and 

DFT/MRCI calculations
48,50,99,102

 find no state in the vicinity of the Soret band that con-

sists of transitions with a high oscillator strength comparable to the transition to the 2
1
Eu 

state. However, none of their calculations reproduce the energies of the more highly ex-

cited valence states particularly well, when comparing with the values obtained from 

gas-phase absorption spectra. 

In order to clarify the controversy in the interpretation of the electronic spectra of 

metalloporphyrins and seek further understanding of the potential connections between 

electronic structure and electronic spectra of metalloporphyrins, a set of metalloporphy-

rins with different substituents has been studied in this thesis. The electronic structures 

of the ground states and the excitation energies and oscillator strengths of transitions to 

the excited states have been calculated using DFT and TDDFT methods. The potential 

relationships between the electronic structures and the observable spectroscopic proper-

ties of the metalloporphyrins under consideration will be discussed. 

 

3.3 Computational methods 

All the DFT and TDDFT calculations were carried out using the Becke-Lee-Yang 

three-parameter hybrid functional (B3LYP)
76,77

 with the 6-31G(d) basis set, unless oth-
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erwise specified. The basis set is defined as “the mathematical description of the orbit-

als within a system used to perform the theoretical calculation”.
95

 There is a big library 

of basis sets and one can select any of them according to the requirements of the calcu-

lation. Details may be found in the documentation of commercial software.
95

 For mole-

cules, such as metallated tetrapyrroles with a large number of atoms, it has been proven 

that the 6-31G(d) and 6-31G+(d,P) basis sets provide satisfactory accuracy but with ac-

ceptable computing time for atoms from H to Cl. The effect of using different basis sets, 

6-31G(d) and 6-31G + (d,P), has been shown to be rather small.
105

 Therefore, a typical 

6-31G(d) basis set was used for all computations when otherwise specified.  

Atoms heavier than Cl are treated by adoption of a core efficient potential (CEP), 

which considers relativistic effects. Of the many special basis sets designed for heavy 

metal atoms, the lanl2dz and Steven‟s basis sets (CEP-31G) have been used by most 

chemists and have been proven to be accurate and reliable, but the computation takes a 

relatively long time compared to the 6-31G(d) basis set. Several authors
106,107

 have 

tested the accuracy of applying the 6-31G(d) basis set to atoms from K to Zn, and have 

obtained results as reliable as those using lanl2dz and Steven‟s basis sets. Here, 

geometry optimizations of MgTPP, CdTPP and ZnTPP were performed using three 

different basis sets, 6-31G(d), lanl2dz and CEP-31G to check the basis set-dependent 

differences. The data are collected in Table 3.1. Analysis of these data indicates that all 

geometrical parameters obtained using different basis set are consistent with the well-

established experimental values for ZnTPP. The differences among basis sets are neg-

ligible, except for the M-N bond lengths. The results indicate that it is acceptable to use 

the 6-31G(d) basis set for all metalloporphyrins under consideration except CdTPP. The 

6-31G(d) basis set is known to be the smallest basis set that can give satisfactory results 

in vibrational frequency calculations.
95

 All ground state molecular structures except 

ZnDPP and ZnTPTBP were optimized using a D4h symmetry constraint for the porphy-

rin framework, and were followed by analytical vibrational frequency computations to 

confirm that the optimized structure has the minimum energy. Unconstrained geometry 

optimizations show that the porphyrin macrocycle adopts a slightly non-planar saddle 

conformation in some meso-substituted ZnP derivatives and a ruffled conformation in 

others, but such “ruffled” and “saddled” distortions have a minimal impact on the elec-
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tronic spectra of several model porphyrins.
78,108

 Besides, the objective of the calcula-

tions of this thesis was to determine the influences of the energies and symmetries of all 

excited electronic states that might be involved in the relaxation of the S2 state, thus 

such slightly stabilizing deformations were ignored here.  

Table 3.1 Geometric parameters of MTPP metalloporphyrins calculated with different 

basis sets. 

 MgTPP ZnTPP CdTPP 

 CEP-31G 6-31G(d) 
CEP-
31G 

6-
31G(d) 

Lanl2dz Ref
101

. Expt. 
CEP-
31G 

Lanl2dz 

M-N 2.073 2.062 2.052 2.043 2.066 2.055 2.037 2.152 2.144 

N-Ca 1.375 1.375 1.376 1.377 1.375 - 1.376 1.367 1.376 

Ca-Cb 1.448 1.447 1.446 1.446 1.447 - 1.438 1.455 1.464 

Ca-Cm 1.412 1.409 1.407 1.406 1.410 1.408 1.400 1.424 1.418 

Cb-Cb 1.363 1.363 1.362 1.363 1.363 1.361 1.349 1.367 1.369 

 

M-N-Ca 126.3 - 126.5 - 126.4 126.4 126.3 124.9 - 

Ca-N-Ca 107.4 107.1 106.9 106.5 107.3 - 106.6 110.1 110.2 

N-Ca-Cm 125.7 125.7 125.8 125.8 125.8 125.9 126.3 125.9 126.1 

N-Ca-Cb 109.2 109.4 109.5 109.8 109.3 - 109.4 107.4 107.1 

Ca-Cb-Cb 107.1 107.1 107.1 107.0 107.1 - 107.3 107.5 107.8 

Ca-Cm-Ca 125.9 125.6 125.2 124.9 125.7 - 124.8 128.4 128.0 

Cm-Ca-Cb 125.0 124.9 124.7 124.4 124.9 124.7 125.0 126.7 126.8 

- Not available. 

The excitation energies and transition oscillator strengths of the excited states were 

calculated, based on the optimized ground state structures, using time-dependent density 

functional theory (TDDFT) at the B3LYP level with the same basis set.
79,80

 All calcula-

tions were carried out using Gaussian 03W.
81

  

 

3.4 Results and discussions 

3.4.1 Ground state geometry optimization and electronic structure  

Electronic structures are fundamental to the interpretation and understanding of the 

features of the electronic spectra. Because the accuracy of the computed electronic 

structure is dependent upon the structural parameters used in the calculations, it is im-

portant to establish the quality of the computed structures by comparing to the available 

experimental data. The structural parameters and electronic structures of the ground 

state of all the metalloporphyrins under study were optimized using the DFT method at  
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Table 3.2 Ground state geometric parameters of metalloporphyrins calculated by DFT 

(B3LYP/6-31G(d) (lanl2dz for Cd) (distances in Å and angles in degrees). Symmetry is 

in D4h unless otherwise specified. 

  parameters ZnP         ZnOEP        ZnTBP ZnDPP(D2h) ZnTPTBP(D2d) 

 cal. cal. cal. cal.   cal. 

Zn-N 2.042 2.064 2.068 2.042 2.033 

N-C 1.374 1.375 1.374 1.376 1.375 

C-C 1.445 1.455 1.455 1.448 1.462 

C-Cm 1.395 1.398 1.391 1.405 1.409 

CC 1.363 1.379 1.411 1.362 1.416 

 

C-N-C 106.6 106.9 108.0 106.5 109.0 

N-C-Cm 125.0 124.3 125.4 125.5 123.7 

N-C-C 109.8 110.0 109.7 109.6 108.8 

C-CC 106.9 106.5 106.2 107.0 106.4 

C-Cm-C 126.5 128.3 127.3 124.5 124.9 

Cm-C-C 125.1 125.7 124.9 124.9 127.3 

 

Table 3.2 (cont‟d)  

  parameters MgTPP ZnTPP CdTPP ZnTPP (Cl8) ZnTPP (F20) 

 cal. expt
a
. cal. Expt.

b
 cal. cal. Expt.

c
 cal. 

M-N 2.062 2.037 2.043 2.187 2.144 2.043 2.036 2.043 

N-C 1.375 1.376 1.377 1.37 1.379 1.374 1.371 1.374 

C-C 1.447 1.438 1.446 1.446 1.464 1.446 1.438 1.446 

C-Cm 1.409 1.400 1.406 1.416 1.418 1.404 1.398 1.404 

CC 1.363 1.349 1.363 1.349 1.369 1.361 1.339 1.361 

  

C-N-C 107.1 106.6 106.5 108.4 110.2 106.5 106.2 106.5 

N-C-Cm 125.7 125.9 125.8 125.8 126.1 125.5 125.1 125.5 

N-C-C 109.4 109.4 109.8 108.3 107.1 109.9 109.6 109.9 

C-CC 107.1 107.3 107.0 107.5 107.8 106.9 107.3 106.9 

C-Cm-C 125.6 124.8 124.9 126.8 128.0 125.4 126.1 125.5 

Cm-C-C 124.9 125.0 124.4 125.7 126.8 124.6 125.4 124.6 

a 
from reference 109,

109
 
b 
from reference 110,

110
 
c 
from reference 111,

111
 the experimental values 

are averaged to give D4h symmetry. 

the B3LYP level. The computed key structural parameters characterizing the geometry 

of the porphyrin frameworks are summarized in Table 3.2. When comparing with avail-

able experimental data for ZnTPP, CdTPP and ZnTPP(F20) the calculated values are in 

good agreement with the experimental results,
109-111

 but crystal structures for the other 

compounds of interest here are not available. 
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The slight changes of bond distances and angles among different molecules reflect 

the effect of substitutions either on the porphyrin macrocycle or of changes of the cen-

tral metal atom. Comparing the metal to nitrogen bond lengths (M–N) in three MTPP 

(M = Mg, Zn, and Cd) metalloporphyrins, it is obvious that the Cd–N bond is 2.144 Å, 

which is longer than Zn–N (2.042 Å) and Mg–N (2.062 Å). The bond length of Cd–N in 

CdTPP reproduces the result of 2.14 Å reported by Rodesiler et al.
112

 They found the 

crystal structure of CdTPP(dioxane)2 to be nearly planar with Cd only 0.03 Å out of the 

plane of the nitrogens and a mean Cd–N distance of 2.14 Å. However, Hazell found a 

the non-planar porphyrin skeleton with a “floppy-hat” shaped structure, of which the 

pyrrole groups are not coplanar with the nitrogens but tilted out of the N4 plane and Cd 

is being 0.578 Å out of N4 plane with the mean Cd–N distance of 2.187 Å.
110

 The dif-

ferences among M–N bond lengths in three MTPP metalloporphyrins are in accord with 

the central metal ionic radii, where Mg
2+

 is 0.66 Å comparable to Zn
2+

 at 0.74 Å, while 

Cd
2+

 is significantly larger at 0.97 Å.
113

 The size of the Zn
2+

 ion fits well into the cavity 

of the porphyrin macrocycle, and the Mg
2+

 is similar. However, when the Cd
2+

 ion with 

a larger diameter is incorporated, the cavity expands, making the interaction between 

the Cd
2+

 ion and the porphyrin macrocycle weaker. The effect of the central metal ion 

on the features of the porphyrin macrocycle can be also reflected by the comparison of 

the changes of bond lengths, such as Cα–N and Cα–Cβ.  

The characteristics of the porphyrin macrocycle also vary with the pattern and na-

ture of substituents on the porphyrin framework. Ethyl-substitution or benzo-annulation 

of the four pyrrole rings slightly enlarges the cavity of the porphyrin macrocycle (the 

Zn–N bond length is ca. 0.02 Å longer in ZnOEP and ZnTBP than in other molecules 

calculated), and lengthens the C–C ca. 0.04 Å longer in ZnTBP than the oth-

ers). However, substitution of phenyl groups and their halogenated derivatives at the 

four meso-positions does not significantly affect the geometry of the porphyrin frame-

work when the D4h symmetry constraint is applied.  

Other than the slight changes in geometry, the effects of substitution are also re-

flected by energies and electron density distributions of the molecular orbitals of the 

ground state. A graphical representation of the orders of molecular orbitals and their 

symmetries is shown in Fig. 3.2. The corresponding energies of the molecular orbitals  
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Fig. 3.2 Molecular orbital energy level diagrams for the molecules as shown. 
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are collected in table 3.3. These results are in good agreement with those values ob-

tained by Nguyen et al.
49

 using similar calculation methods. The energy levels of the 

two highest occupied orbitals HOMO and HOMO-1 and the two lowest unoccupied or-

bitals LUMO are of special interest because of their involvement in both Q and Soret  

Table 3.3 TDDFT (B3LYP/6-31G(d)) orbital energies (in eV) at the DFT-calculated 

geometry of the ground state with a D4h-symmetry constraint. 

  ZnP  ZnOEP ZnTPP(F20) ZnTPP(Cl8) ZnDPP 

 Sym. E Sym. E Sym. E Sym. E Sym.    E 

LUMO+2 6a2u 0.86 8a2u 1.12 16b1g -1.07 40eu -0.70 14b1u -0.51 

LUMO+1 2b1u -0.54 4b1u -0.10 16b1u -1.32 15b1g -0.73 6b3g -2.11 

LUMO 5eg -2.14 9eg -1.68 22eg -2.91 21eg -2.26 12b2g -2.12 

           

HOMO 1a1u -5.21 7a2u -4.72 4a1u -5.87 4a1u -5.21 13b1u -5.13 

HOMO-1 5a2u -5.22 3a1u -4.73 19a2u -5.95 18a2u -5.25 4au -5.16 

HOMO-2 10b1g -6.35 4b2u -5.74 15b1g -7.05 14b1g -6.41 18b1g -6.29 

HOMO-3 2b2u -6.59 8eg -5.80 5b2u -7.14 5b2u -6.55 3au -6.50 

HOMO-4 4eg -6.60 16b1g -6.02 21eg -7.18 20eg -6.56 11b2g -6.51 

HOMO-5 4a2u -7.00 6a2u -6.10 3a1u -7.21 19eg -6.78 5b3g -6.53 

 

Table 3.3 (Cont‟d) 

 MgTPP ZnTPP CdTPP ZnTBP ZnTPTBP 

 Sym. E Sym. E Sym. E Sym. E Sym. E 

LUMO+2 12b1g -0.10 13b1g -0.11 13b1g -0.10 3b1u -0.53 36a1 -0.53 

LUMO+1 9b1u -0.52 9b1u -0.51 9b1u -0.64 4b2u -0.64 23a2 -0.67 

LUMO 23eg -2.11 25eg -2.11 25eg -2.18 7eg -2.09 113e -2.04 

           

HOMO 10a2u -4.97 11a2u -5.04 11a2u -5.02 2a1u -4.60 27b1 -4.47 

HOMO-1 2a1u -5.11 2a1u -5.13 2a1u  -5.20 6a2u -5.33 31b2 -5.00 

HOMO-2 3b2u -6.38 12b1g -6.38 12b1g  -5.75 6eg -6.39 112e -6.04 

HOMO-3 22eg -6.46 3b2u -6.42 24eg  -6.41 3b2u -6.48 35a1 -6.25 

HOMO-4 8a2g -6.65 24eg -6.45 3b2u  -6.43 5eg -6.59 22a2 -6.27 

HOMO-5 58eu -6.70 8a2g -6.67 8a2g  -6.67 16b1g -6.63 110e -6.32 
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transitions. Analyzing the data in Table 3.3 and the orders of the molecular orbitals 

shown in Fig. 3.2 indicates that in the metalloporphyrins examined, except ZnTBP, 

ZnTPTBP and CdTPP, the nearly degenerate two highest occupied orbitals HOMO and 

HOMO-1 and the strictly degenerate two lowest unoccupied orbitals LUMO are well-

separated in energy from the remaining molecular orbitals as predicted in Gouterman‟s 

four-orbital model. However, the near-degeneracy of the HOMO and HOMO-1 molecu-

lar orbitals is lifted in ZnTBP and ZnTPTBP, and slightly lifted in CdTPP as shown in 

Fig. 3.2, while it remains in the other metalloporphyrins. 

In addition, analyzing the differences of the electron density distributions among the 

orbitals (shown in Fig. 3.3) indicates that the a1u orbital has nodes at the Cm atoms, but 

places considerable electron densities at the C atoms. Thus first order perturbation by 

substituents at the Cm position will be small; on the other hand, substituents on C atoms 

will contribute a lot to the changes of the porphine ring system. For the a2u orbital, in 

contrast, a relatively smaller contribution has been placed on the C atoms but more on 

the Cm atoms and would be strongly influenced by substituents on Cm positions. As a 

result, the energy of the a1u orbital is sensitive to substitution on C atoms, while that of 

the a2u orbital is altered by substitution on Cm atoms. Therefore the orders of these two 

highest occupied orbitals can be altered by the substitutions on the porphyrin macro-

cycle, or the change of the central metal atom. 
114

  

In ZnTBP, benzo-annulation on the pyrroles expands the conjugation of the macro-

cycle from 26 to 42 -electron system and thus delocalizes the electron density from the 

central porphyrin ring. As a result, the molecular orbital HOMO (a1u) is relatively des-

tabilized resulting in a higher (ca. 0.7 eV) energy than that of HOMO-1 (a2u). This 

energy separation between the HOMO and HOMO-1 molecular orbitals is significant 

comparing to the differences in the other molecules which is less than 0.1 eV. As a con-

sequence, a relatively weak interference between two excited electron configurations 

associated with the near-degeneracy of the two highest occupied molecular orbitals 

would be expected, and this is observed in ZnTBP. 

However, in ZnOEP, all molecular orbital energies are globally increased due to the 

substitution of the ethyl groups on eight pyrrolic positions. This is consistent with the  
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Fig. 3.3 Selected representative frontier molecular orbitals for ZnP, ZnTPP(Cl8), 

ZnOEP and ZnTBP.  
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notion that the electron-donating substituents on the porphyrin ring would raise the or-

bital energies because of the electron repulsion.
115

 Spellane et al.
116

 also predicted that 

the change of the porphyrin ligand from P to OEP would raise the energy of the molecu-

lar orbitals. However, the electron-withdrawing substituents on the meso-substituted 

phenyl groups significantly stabilize molecular orbitals by lowing their energies in 

ZnTPP(F20) and slightly in ZnTPP(Cl8).  

Another concern here is the differences of energy gaps between the HOMO and 

LUMO of each of the metalloporphyrins investigated, that can be calculated using the 

data in Table 3.2. There is no clear trend in these energy gaps for the whole set of com-

pounds. In fact, these energy gaps are similar with the average about 3.0 eV and the dif-

ferences less than 0.2 eV, but it is significantly smaller only ca. 2.5 eV in CdTPP and 

ZnTPTBP. In addition to the four frontier molecular orbitals involved in the Gouter-

man‟s model, the presence of more orbitals lying slightly in energy below the HOMO-1, 

especially the b2u orbital, provides the possibility of one-electron transition such as eg ← 

b2u leading to an excited electron configuration b2u
1
eg

1
 that mainly contributes to the 

3
1
Eu excited state, as can be seen in the following discussion.  

In conclusion, substituents on the porphyrin macrocycle induce only slight changes 

in the molecular geometry of the ground state, but they do significantly affect the elec-

tron density distribution and orbital energies. In the following sections the ground state 

vibrations will be analyzed and the properties of the excited states will be discussed.  

 

3.4.2 Ground state vibrations  

DFT calculations can predict the frequencies of vibrational normal modes of the 

molecule and the intensities of their vibrational spectral bands. The changes in vibra-

tional frequencies, particularly those in-plane skeletal vibrational modes would reflect 

the effects of substitutions on the porphyrin macrocycle.
95

 Any substantial photoin-

duced change in the macrocycle conformation will result in a coordinate displacement 

of the ground and excited state potential energy surfaces. Such change is evidenced by 

two observable spectroscopic properties: one is the Stokes shift between the absorption 

and fluoresce maxima and the other is the FWHM of the absorption and emission spec-

tra. The emission spectrum is even featureless when the displacement is large. However, 
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for the metalloporphyrins investigated in this thesis, the small Stokes shift and the simi-

lar FWHM of the emission spectra to that of the absorption spectra (refer to results pre-

sented in chapter 4 and 5) indicate that the displacement is minimal. Thus similar vibra-

tional structures are expected between the ground and excited state potential energy sur-

faces. Thus it is reasonable to assume that the frequencies of the vibrational modes of 

the excited state are similar to those of the ground state. 

Of particular interest here are the in-plane skeletal vibrations of the porphyrin ma-

crocycle because of the possibility of their involvement in the S2 radiationless transi-

tions, and they have been selected for detailed analysis. For a model MTPP metallopor-

phyrin with D4h symmetry, four phenyl rings of TPP are perpendicular to the planar 

porphyrin core with the metal being located in the center of the plane and with absence 

of the axial ligands. Such a planar porphyrin core has 71 in-plane skeletal vibrational 

modes that are combinations of C–C and C–N stretches of the porphyrin macrocycle. 

The aim of the vibration calculations concerns the differences in the vibrational fre-

quencies among the metalloporphyrins under study, rather than assigning the calculated 

vibrational frequencies to specific vibrational normal modes. Detailed information re-

garding the assignments of vibrational normal modes may be found in references 117-

119.
117-119

  

In the present work, the vibrational frequencies of the set of metalloporphyrins un-

der consideration have been calculated following geometry optimization using the same 

theoretical model and basis set. The vibrational spectrum can be produced according to 

the calculated vibrational frequencies and magnitudes. In table 3.4, those in-plane ske-

letal molecular vibrations with specific symmetries of ZnTPP, MgTPP, CdTPP and 

ZnOEP with frequencies falling within the range 1100 ~ 1600 cm
-1

 are summarized. 

The computed frequencies are usually scaled by an empirical factor that compensates 

for unavoidable systematic errors and that vary with the basis set used in the calcula-

tions. In the present study, all computed frequencies have been multiplied by a scaling 

factor of 0.9613 which is the optimal scaling factor for the 6-31G(d) basis set.
95

 The 

vibrational spectra shown in Fig. 3.4 illustrate the differences of the vibrational intensi-

ties and frequencies of the four molecules compared.  
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Disregarding the differences in intensity and small shifts in wavenumbers of fre-

quencies, all these four molecules have a similar number of vibrations with similar fre-

quencies falling in the range from 1000 to 1600 cm
-1

. The similar results have been 

found for all metalloporphyrins studied. The degeneracy of the vibrations with specific  

Table 3.4 In-plane skeletal vibrations of the porphyrin macrocycle calculated using the 

DFT/B3LYP method (in cm
-1

). 

Symmetry MgTPP ZnTPP CdTPP ZnOEP 

a1g 1531 1543 1513 1525 

 1426 1486 1407 1460 

 1332 1437 1306 1354 

 1213 1337 1213 1134 

 1068 1215 1068  

  1070   

a2g 1466 1322 1428 1552 

 1314 1233 1254 1127 

 1233  1297 1310 

b1g 1514 1536 1477 1498 

 1485 1493 1460 1602 

 1276 1269 1279 1225 

 1072 1074 1068 1119 

b2g 1437 1453   

 1345 1351 1337 1133 

 1246 1249 1150 1362 

 1160 1165 1250  

  1164   

eu 1511 1522 1495 1497 

 1455 1473 1425 1547 

 1410 1423 1218 1123 

 1314 1318 1313 1342 

 1279 1288 1057 1423 

 1212 1215  1342 

 1191 1195  1138 

 1061 1064   
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Fig. 3.4 Calculated IR spectra in the range of ca.1000 to 1600 cm
-1

 for MgTPP, ZnTPP, 

CdTPP and ZnOEP.  

 

symmetries in this frequency range is between 20 and 30 for most metalloporphyrins 

studied here except for ZnTBP and ZnTPTBP which have more than 50 vibrations with-

in this range, due to their expanded benzo-annulated macrocycles. Of importance, the 

average frequency of these vibrations is ca. 1350 cm
-1

 for all the metalloporphyrins 

considered. Together with the studies of the effects of deuteration, this information is 

needed to evaluate the role molecular vibrations play in the radiationless decay of the 

excited states of the metalloporphyrins, as will be discussed in the following chapters. 

 

3.4.2 Excited states  

In general, the optical spectra of metalloporphyrins are characterized by a weak Q 

band in the visible region with two vibronic bands referred to as Q (0,0) and Q(1,0); one 

intense B(0,0) band or Soret band in the uv-visible region with a small shoulder on its 

blue side and several bands with still higher energies. These spectroscopic features can 

be understood on the basis of the nature of the electronic transitions between the ground 

state and excited states. According to the electronic transition selection rules, for a 
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model metalloporphyrin ZnTPP, under D4h molecular symmetry, only the spin and elec-

tric dipole allowed transitions from the ground state of the 
1
A1g symmetry to excited 

states of Eu and Au symmetry are allowed.
47

 Of these only those A1g to Eu transitions, 

whose transition oscillator strengths are large enough, can be observed experimentally 

in absorption spectra, while the corresponding Eu to A1g transitions are observed in the 

emission spectra. The lowest energy Q band is attributed to the transition 1
1
Eu ← 

1
A1g. 

However, assignment of the Soret band to electronic transitions either 2
1
Eu ← 

1
A1g, or 

3
1
Eu ← 1A1g, or both of them remains problematic. Higher energy bands on the blue 

side of the Soret band originate from the transitions to still higher energy n
1
Eu states.  

In the present work, sets of metalloporphyrins with different substituents at either 

meso or Cβ positions or both have been selected to examine the potential relationship 

between their electronic structures and the photophysical properties of their Soret-

excited states. The objective here is not to improve and develop the calculation methods 

to obtain the “best” calculation of either the ground state geometries or the excitation 

energies but rather to use a standard TDDFT (B3LYP/6-31G(d)) method to identify all 

of the electronic excited states in the vicinity of the 2
1
Eu state that is initially populated 

by one photon excitation in Soret band region for all the molecules under consideration. 

All such states, including those that are “dark” because they are reached by electronical-

ly forbidden transitions, can potentially contribute to the radiationless decay of the in-

itially populated Soret-excited states. Therefore, these calculations will provide clues to 

understand the nature of the radiationless decay processes involved in the relaxation of 

the short-lived upper excited states. 

The calculated excitation energies, the one-electron promotion compositions of the 

transitions and the oscillator strengths of several singlet Eu excited states reached by 

one-photon, electric dipole allowed transitions are summarized in Table 3.5. According 

to the calculations (data in table 3.5), all the metalloporphyrins under study except 

ZnTBP and ZnTPTBP, exhibit common features of the transition to the first lowest 

energy singlet 1
1
Eu excited state, which is assigned as the Q band by experimentalists. 

This transition has a very small oscillator strength (f << 1), and the one-electron promo 

tion compositions are near 50% eg ← a1u and 50% eg ← a2u in agreement with the inter-

pretation of Gouterman‟s model.
97

 Calculations regarding the transition to the 1
1
Eu state 
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Table 3.5 One-electron promotion compositions, excitation energies (in eV) and oscil-

lator strengths, f, of electric dipole allowed transitions to singlet Eu excited states in me-

talloporphyrins. 

States Compositions TDDFT Exp. 

     E(eV) f Assign. E(eV) 

ZnP  

1 1Eu 1a1u-5eg 49.46% 5a2u-5eg 48.66% 2.45 0.0024 Q 2.06a 

2 1Eu 1a1u-5eg 39.64% 2b2u-5eg 5.16% 3.55 0.9028 B 2.91a 

 5a2u-5eg 41.53% 4a2u-5eg 5.51%     

3 1Eu 2b2u-5eg 94.81% 5a2u-5eg 2.22% 3.85 0.0507   

4 1Eu 4a2u-5eg 95.55% 2b2u-5eg 1.30% 4.31 0.1664   

ZnOEP  

1 1Eu 3a1u-9eg 50.30% 7a2u-9eg 47.91% 2.41 0.0031 Q 2.17b 2.19c 

2 1Eu 3a1u-9eg 23.09% 4b2u-9eg 50.19% 3.42 0.64 B 3.19b 3.10c 

 7a2u-9eg 18.69%       

3 1Eu 4b2u-9eg 62.20% 7a2u-9eg 19.53% 3.53 0.55   

 3a1u-9eg 13.98%       

4 1Eu 7a2u-9eg 95.54% 4b2u-9eg 2.10% 3.87 0.14  3.81b 3.75c 

ZnTBP  

1 1Eu 2a1u-7eg 71.21% 6a2u-7eg 28.20% 2.18 0.1754 Q 2.06d 1.98e 

2 1Eu 6a2u-7eg 71.29% 2a1u-8eg 3.59% 3.29 1.1166 B 3.18d 3.06e 

 2a1u-7eg 13.55% 1a1u-7eg 1.81%     

 3b2u-7eg 1.65%       

3 1Eu 2a1u-8eg 82.79% 6a2u-7eg 1.80% 3.76 0.1478  3.87e 

 3b2u-7eg 12.83%       

4 1Eu 2b2u-7eg 77.11% 5a2u-7eg 4.34% 3.87 0.0032   

 2a1u-8eg 13.15% 2b1u-7eg 3.77%     

ZnTPP  

1 1Eu 2a1u-13eg 47.04% 12a2u-13eg 51.93% 2.35 0.0011 Q 2.09f 2.11g 

2 1Eu 2a1u-13eg 47.43% 3b2u-13eg 2.53% 3.35 1.3 B 3.05f 2.92g 

 12a2u-13eg 38. 05%       

3 1Eu 3b2u-13eg 95.90% 12a2u-13eg 1.21% 3.73 0.06   

4 1Eu 12a2u-13eg 66.86% 2a1u-13eg 13.78% 4.18 0.069   

 3b2u-13eg 16.46%       

ZnTPP(Cl8)  

1 1Eu 4a1u-21eg 49.02% 18a2u-21eg 49.91% 2.35 0.0000 Q 1.92h 

2 1Eu 4a1u-21eg 43.65% 5b2u-21eg 3.01% 3.32 1.2498 B 2.72h 

 18a2u-21eg 41.98% 17a2u-21eg 3.96%     

3 1Eu 5b2u-21eg 95.90% 18a2u-21eg 1. 43% 3.69 0.0989   

4 1Eu 4b2u-21eg 50.20% 3a1u-21eg 48.82% 4.01 0.0036   

 

Table 3.5 (cont‟d) 
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States Compositions TDDFT Exp. 

     E(eV) f Assign E(eV) 

ZnTPP(F20)  

1 
1
Eu 4a1u-22eg 50.48% 19a2u-22eg 48.48% 2.37 0.0004 Q 2.11

i
 

2 
1
Eu 4a1u-22eg 17.39% 5b2u-22eg 1.46% 3.37 1.2558 B 2.97

i
 

 19a2u-22eg 18.16% 18a2u-22eg 2.04%     

3 
1
Eu 5b2u-22eg 78.07% 4b2u-22eg 17.51% 3.66 0.0989   

 19a2u-22eg 2.21%       

4 
1
Eu 4a1u-22eg 57.30% 5b2u-22eg 6.36% 3.78 0.0036   

 4b2u-22eg 34.76%       

MgTPP CEP-31G basis set 

1 
1
Eu 2a1u-12eg 44.5% 10a2u-12eg 53.8% 2.30 0.0045 Q 2.07

j
 2.06

k
 

2 
1
Eu 2a1u-12eg 31.4% 10a2u-12eg 39.7% 3.33 1.3106 B 3.05j 2.91

k
 

 9a2u-23eg 3.7% 10a2u-24eg 8.7%     

3 
1
Eu 3b2u-12eg 90.8%   3.68 0.0844   

4 
1
Eu 9a2u-12eg 85.3%   4.11 0.1673   

CdTPP CEP-31G basis set 

1 
1
Eu 2a1u-13eg 43.1% 11a2u-13eg 55.0% 2.31 0.0067 Q 2.03

l
 

2 
1
Eu 2a1u-13eg 50.3% 11a2u-13eg 30.0% 3.28 1.2061 B 3.02

l
 

 10a2u-13eg 4.6%       

3 
1
Eu 3b2u-13eg 94.4% 11a2u-13eg 1.5% 3.67 0.0937   

4 
1
Eu 10a2u-13eg 86.1% 2b2u-13eg 4.3% 4.05 0.1516   

ZnTPTBP  

1 
1
E 31b2–57e 31.3% 27b1-57e 67.2% 2.05 0.096 Q 1.90

m
 

2 
1
E 27b1–57e 17.8% 31b2-57e 68.0% 2.95 1.2254 B 2.69

m
 

1 
1
B2 27b1-23a2 88.1% 31b2–36a1 2.5% 3.37 0.0299   

 56e–57e 4.6%       

3 
1
E 30b2-57e 92.5%   3.52 0.0407   

4 
1
E 56e–57e 75.0%   3.56 0.0292   

ZnDPP  

1
1
B2u 4au–12b2g 49.7% 13b1u–6b3g 50.3% 2.40 0.0012 Q 2.13

n
 

1
1
B3u 4au–6b3g 48.1% 13b1u–12b2g 51.8% 2.40 0.0005 Q  

2
1
B3u 4au–6b3g 51.7% 13b1u–12b2g 43.6% 3.44 1.4975 B 3.02

n
 

 12b1u–12b2g 4.6%       

2
1
B2u 4au–12b2g 46.6% 13b1u–6b3g 41.9% 3.46 0.7716 B  

 3au–12b2g 6.5% 12b1u–6b3g 5.0%     

3
1
B2u 3au–12b2g 97.6% 13b1u–12b2g 2.3% 3.79 0.0541   

3
1
B3u 3au–6b3g 100.0%   3.80 0.0458   

a 
Data taken in benzene at room temperature;

23
 
 b 

Data taken in gas-phase;
23

 
c
 Data taken in benzene at 

room temperature;
23

 
d
 Data taken in a gas phase supersonic jet;

52  e
 Data taken in gas-phase;

49.
 
f 
Data tak-

en in gas-phase;
23

  
g
 Data taken in benzene at room temperature;

23
 
 h 

 Data taken in chloroform;
48

 
  i

 Data 

taken in ethanol at room temperature; 
j
 Data taken in gas-phase;

23
 
k
 Data taken in benzene at room tem-

perature;
23

 
l
 Data taken in gas-phase;

23
 
m
 Data taken in ethanol at room temperature; 

n
 Data taken in etha-

nol at room temperature. 
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reproduce the results reported by Nguyen et al. for ZnP,
48,49,46

 ZnTBP,
49

 ZnTPP,
48,18

 

ZnTPP(Cl8)
48

 and MgTPP,
47

 where given systematic calculation errors, the calculated 

values are in good agreement with available experimental values obtained either from 

the gas-phase or from solution. Some available representative experimental data are also 

included in Table 3.5 for comparison. All calculations mentioned above regarding the 

nature of the transition to the 1
1
Eu state including the excitation energies, transition os-

cillator strength and one-electron promotion compositions are consistent and in good 

agreement with experimental results. However, the Soret band cannot be as simply pic-

tured as the Q band. In the following paragraphs, our concerns focus on the nature of 

the Soret band. 

Taking MgTPP as an example, according to the calculations, the second lowest 

energy electric dipole allowed electronic transition is to the 2
1
Eu state. This transition 

includes major contributions from Gouterman‟s one-electron promotions and minor 

contributions from other one-electron promotions involving lower energy molecular 

orbitals. The transition to the 2
1
Eu state has an exceedingly intense oscillator strength (f 

= 1.31) comparing to that to the 1
1
Eu state (f = 0.0045). The ratio of the intensities of  

these two oscillator strengths is consistent with what is observed in the spectra obtained 

in solution. The predicted excitation energy (3.33 eV) is in reasonable agreement with 

available experimental values for the Soret band obtained in the gas-phase (3.05 eV) 

and in benzene at room temperature (2.91 eV).
23

 The solvation effect is significant 

when comparing the values obtained in gas-phase and those obtained from solutions. In 

addition, it is of interest to see that the transition to the 3
1
Eu state has a very weak oscil-

lator strength (0.084) for MgTPP, and that the major contribution to the transition to the 

3
1
Eu state is from eg ← b2u, which is beyond the scope of Gouterman‟s four-orbital 

model. Moreover, the one-electron promotion compositions of transitions to other n
1
Eu 

(n>3) excited states with higher energies involve contributions from lower energy mo-

lecular orbitals other than Gouterman‟s four orbitals. 

As indicated by data in Table 3.5, the compositions of the one-electron promotions 

for electronic transitions to n
1
Eu states vary with different compounds. Notable is that in 

ZnTBP, the composition of the transition to the 2
1
Eu state is 71% eg ← a2u, 14% eg ← 

a1u and some minor contributions from the lower energy molecular orbitals. The situa-
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tion in ZnTPTBP is even more complicated, where transitions to n
1
Eu states consist of 

contributions from even more one-electron promotions involving more molecular orbit-

als. These changes are traceable to the extent of the separation between two highest oc-

cupied orbitals in ZnTBP and ZnTPTBP, as discussed previously. The calculation re-

sults related to other metalloporphyrins studied in this project are also in good accord 

with available experimental values, and representative experimental values are also col-

lected in Table 3.5. Thus the transition to the 2
1
Eu state is assigned as the main Soret 

band near uv-visible region in spectra obtained in solution or the gas-phase.
23,48,49,120

 

The shoulder on the blue side of the main Soret band, denoted as B(1,0), is attributed to 

an envelope of vibronic transitions involving one quanta of skeletal vibrations in the S2 

excited state. The transition to the 3
1
Eu state is assigned as the N band and the even 

higher energy bands are labeled as L and M bands etc.
23

 

However, recent DFT calculations suggest that the main Soret band cannot be as-

signed as a single electronic transition to the 2
1
Eu state, but also includes a transition to 

the 3
1
Eu state. By using an improved TDDFT/SAOP method Baerends et al.

46
 and Peral-

ta et al.
47

 have made great progress in improving the accuracy of excitation energy cal-

culations. Their calculation results are in excellent agreement with gas-phase experi-

mental values, with errors ≤ 0.2 eV. The TDDFT/SAOP method thus apparently per-

forms better than the TDDFT/B3LYP method used here in the calculation of excitation 

energies. However, the most recent calculations conducted by Solheim et al.
51

 challenge 

the results obtained by Baerends et al.
46

 and Peralta et al.
47

 who both use the same 

“Amsterdam TDDFT code”. In particular, it is of interest to note that the Amsterdam 

group calculations predict that the oscillator strengths of the transitions to the 2
1
Eu and 

3
1
Eu states are comparable to each other, which does not agree well with the results cal-

culated using different calculation methods as mentioned above. Besides, in ZnP and 

MgP they found that the eg ← b2u promotion is the main contributor to the electronic 

transition to the 2
1
Eu state, while the Gouterman‟s transitions mainly contribute to the 

electronic transition to the 3
1
Eu state. Moreover, the oscillator strength of the transition 

to the 2
1
Eu state (0.4452) is less than that of the transition to the 3

1
Eu state (1.0062), 

while the excitation energies corresponding to these two transitions are nearly degene-

rate in energy. However, in ZnTPP and MgTPP, the intensity ratio of the oscillator 
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strength of transitions to the 2
1
Eu and 3

1
Eu states is ca. 1:3 instead of >10:1 that is ob-

tained in this work and other previous calculations.
48,49

 Based on this information, the 

groups using Amsterdam code suggest that both electronic transitions to the 2
1
Eu and 

3
1
Eu excited states contribute to the main Soret band observed in spectra, and attribute 

the transition to the 4
1
Eu excited state to the shoulder on the blue side of the main Soret 

band.  

TDDFT calculations presented in this thesis predict that the two transitions to the 

2
1
Eu and 3

1
Eu excited states of ZnOEP are nearly degenerate in energy, and both have 

large transition oscillator strengths. This is similar to those of ZnP and MgP, reported 

by Baerends et al.
46

 and Peralta et al.
47

 However, the calculated energy gap between the 

2
1
Eu and 3

1
Eu states in ZnOEP is only ca. 0.11 eV, but in other metalloporphyrins it is ≥ 

0.9 eV. For molecules other than ZnOEP studied in this project, calculations provide no 

evidence of the existence of a transition to the 
1
Eu state with such high oscillator 

strength in the vicinity of the 2
1
Eu state. The very recent calculations reported by Sol-

heim et al.
51

 have confirmed our results that the two excited states 2
1
Eu and 3

1
Eu are 

well separated in energy, ca. 0.7 eV by their report, a value that is in good agreement 

with experimental findings, even though the excitation energy is overestimated about 

0.5 eV by using the CAM-B3LYP method. In addition, several other TDDFT
47,98

, 

TDHF
104

, SAC-CI
121

 and DFT/MRCI
50

 calculations also found no state coupled to the 

ground state other than the 2
1
Eu state. Solheim et al.

51
 even argued that the SAOP func-

tional used by Ziegler et al.
47

 gave an incorrect description of the 3
1
Eu state.  

These most recent calculations are in agreement with both the experimental data and 

the calculations reported in this thesis that the Soret band is corresponding to a single, 

degenerate excited state, 2
1
Eu. As will be shown in later chapters, the main Soret band 

of the spectrum obtained in solution is a single narrow band with FWHM ca. 300 cm
-1

 

for ZnTPP. Therefore, if the main Soret band contains contributions from two separate 

electronic transitions, it must be only one of them that has a major contribution to the 

main Soret band intensity. The other one, if present, must make a minor contribution to 

the observed intensity and must be embedded under the main Soret band. If the transi-

tion to the 3
1
Eu state is considered as the shoulder to the blue side of the main Soret 

band, the ratio of the 3
1
Eu to 2

1
Eu oscillator strengths obtained by Peralta et al.

47
 might 
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be wrong, since their calculated oscillator strength do not agree with experimental spec-

troscopic observables, as will be shown in later chapters. 

The computations mentioned above have focused on those n
1
Eu excited states ac-

cessed by electric dipole allowed transitions. However, the calculations done here find a 

rather large number of additional states with symmetries other than Eu. Of particular 

interest are those states lying near or between the 1
1
Eu and 2

1
Eu excited states, i.e. those 

that might be accepting states in radiationless transitions. Typical TDDFT calculation 

results are illustrated in Fig. 3.5 to 3.7. The excitation energies and symmetries of all 

excited states that lie lower in energy than the 3
1
Eu state include both singlet and triplet 

states, with both gerade and ungerade symmetry.  

Note particularly (i) for ZnTPP(Cl8) and ZnTPP(F20) the 1
1
Eg state lies just below 

the 2
1
Eu state with almost the same energy. (ii) In CdTPP, this state is far below 2

1
Eu 

state, and lies very close to the 1
1
Eu state. (iii) In other metalloporphyrins, such as 

MgTPP, the 1
1
Eg state has a higher energy and lies well above the 2

1
Eu state. (iv) In 

ZnOEP the 2
1
Eu state is accompanied by two nearly degenerate states, A1g and B2g with 

gerade symmetry, whereas these states lie above the 2
1
Eu state (by 0.3 eV) in ZnTPP 

and its halogenated derivatives. (v) In ZnDPP, because the molecular symmetry de-

creases from D4h to D2h, the static Jahn-Teller effect lifts the degeneracy of the Eg and 

Eu states, yielding two nearly degenerate B2g and B3g and B2u and B3u states, respective-

ly. Can this symmetry breaking significantly affect the interstate coupling energies be-

tween the S2 and S1 states and thus alter the relaxation dynamics of the S2 excited states?  

In ZnTBP, the energy of the 1
1
Eu state is significantly stabilized by extension of the 

π-electron system, while the effect on the 2
1
Eu state is insignificant, thus producing a 

large energy gap (ca. 1.11 eV) between the 1
1
Eu and 2

1
Eu states. As introduced in the 

chapter 1, this S2 – S1 energy gap is essential in the interpretation of the radiationless 

decay dynamics of the S2 excited state when the energy gap law is applied. However, 

both the 1
1
E and 2

1
E states of ZnTPTBP have been stabilized substantially, resulting in 

the smallest 2
1
E − 1

1
E (S2 − S1) energy gap (ca. 0.9 eV) among the molecules examined 

here. In addition, the 1
1
E and 2

1
E states are well-separated from the remaining singlet 

excited states in ZnTPTBP, and are not accompanied by any of the singlet states as  
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Fig. 3.5 Energy level diagram of ZnTPP and ZnOEP calculated by TDDFT (B3LYP/6-31G(d)) using a D4h symmetry con-

straint. Energies are in eV. 
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Fig. 3.6 Energy level diagram of ZnDPP (D2h) and MgTPP (D4h) calculated by the TDDFT (B3LYP/6-31G(d)) Energies are 

in eV. 
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Fig. 3.7 Energy level diagram of ZnTBP calculated by TDDFT (B3LYP/6-31G(d)) using a D4h symmetry constraint, and 

ZnTPTBP using a D2d symmetry constraint. Energies are in eV. 
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found in the other metalloporphyrins. Nevertheless, the energy gaps between the first 

two excited singlet electronic states are very similar, ca. 0.9 to 1.1 eV, with an average 

of 1.0 eV, for the metalloporphyrins under consideration in this project. The difference 

does not exceed 0.2 eV.  

In a model that ignores vibronic and spin-orbit coupling, all of these gerade states 

carry zero oscillator strength in transitions to and from ground state. However, any of 

them could be involved as accepting states in the radiationless decay of the 2
1
Eu (or 

3
1
Eu) state populated by one-photon absorption in the near uv-visible region. In addition 

to gerade singlet states, the calculations also predict the existence of a number of triplet 

states lying between the S2 and S1 excited states in the metalloporphyrins studied. The 

role these triplet states might play in the relaxation of the singlet excited states is of in-

terest. Are they able to accelerate the intersystem crossing between the Soret excited 

singlet states and the higher energy triplet excited states manifolds?  

The existence of gerade electronic states at energies slightly higher than the 2
1
Eu 

state has been confirmed experimentally in sequential two-photon, one-color absorption 

experiments.
42,44

 Moreover, based on a careful analysis of the ultrafast dynamics of the 

S2 state of ZnTPP in benzene, Yu, et al.
41

 reported that one-photon absorption near 400 

nm populates two independent and at most weakly coupled states (called S2 and S2 by 

them), both of which carry significant oscillator strength. This S2 state was assigned as 

the 3
1
Eu state by Baerends, et al.

46
 However, no transition involving an n

1
Eu (n>2) state 

near the 2
1
Eu state with a large oscillator strength has been experimentally observed in 

the electronic spectra of ZnP, ZnTPP or ZnTBP at high temperature in the gas 

phase,
23,97,120

 at low temperature in an inert matrix
53,122

 or in a supersonic expan-

sion.
32,33,52

 Can either the 3
1
Eu state or the gerade 1

1
Eg state predicted by TDDFT calcu-

lations in ZnTPP that lies near the 2
1
Eu state be responsible for the shoulder on the blue 

side of the Soret band observed in the absorption spectra in solution?  

Up to date, how to assign the shoulder of the Soret band has remained an open ques-

tion. Whether or not it participates in the radiationless decay of the S2 and higher ex-

cited states is still unknown. Possible answers to these questions will be discussed in the 

following chapters with the aid of experimental results concerning the excited state re-

laxation dynamics.  
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3.5 Conclusions 

The ground state geometries, vibrational frequencies, electronic structures and ex-

cited states energies of a set of metalloporphyrins have been calculated using DFT and 

TDDFT methods. The DFT and TDDFT methods used have proved to be sufficiently 

reliable to aid in interpretations of the experimental data to be presented in the follow-

ing chapters. The following tentative conclusions can be drawn based on the analysis 

and discussions of the calculation results presented in this chapter. Substitutions on the 

porphyrin macrocycle do not significantly change the ground state geometry, however, 

they do affect the electronic structures by altering the energies and orders of the frontier 

molecular orbitals and the energy and the rank in energy of excited states in the metal-

loporphyrins under study. The biggest energy gap between the 2
1
Eu and 1

1
Eu states is 

found in ZnTBP, while the smallest one is found in ZnTPTBP. This energy gap is very 

similar among all other metalloporphyrins studied including ZnOEP. In addition, these 

calculations uncover some differences in the symmetries and relative energies of the 

frontier molecular orbitals and excited states among the metalloporphyrins, caused ei-

ther by reduced molecular symmetry, or by the substitution of heavy atoms and other 

substituents.  

The average frequency and the number of vibrations of the in-plane skeletal vibra-

tions are almost the same in all the metalloporphyrins studied. ZnTBP and ZnTPTBP 

are exceptional due to their extended conjugated macrocycles. The role played by these 

vibrations in the relaxation of the 2
1
Eu excited state will be discussed in later chapters. 

The existence of a number of “dark” electronic excited states has been predicted by 

the TDDFT calculations, including both singlet and triplets with either gerade or unge-

rade symmetry, in the vicinity of the 2
1
Eu state. The gerade state 1

1
Eg, which is pre-

dicted to lie slightly lower than the 2
1
Eu state in ZnTPP, lies far below the 2

1
Eu state in 

CdTPP and lies higher than the 2
1
Eu in MgTPP. In ZnOEP, different from other metal-

loporphyrins, there are several gerade and ungerade excited states near the 2
1
Eu excited 

state. The roles these excited states, which are electric dipole forbidden in one photon 

transitions from the ground state, play in the radiationless decay dynamics of the excited 

molecules are as yet unknown. Based on these calculations and experimental results 



90 

 

presented in later chapters, the assignment of the observed transitions to excited state of 

known symmetry will be discussed in the following chapters.  
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Chapter 4: Solvatochromic Effects on the Photophysics of Higher Ex-

cited States of Zinc Metalloporphyrins 

 

4.1 Introduction  

The electronic spectroscopic properties of fluorophores observed in solution, such 

as band positions, intensities and shapes are dependent on the solvent and local micro-

environment and may differ substantially from the corresponding gas phase spectra. The 

solvent-induced shift of band position is called the solvatochromic effect,
20,71,123,124

 and 

this phenomenon can be used to determine important properties of the solute and sol-

vent. For example, Zhou et al. have studied the binding and catalysis properties of sol-

vent-responsive metalloporphyrins which were functionalized by eight cholate units at 

meta positions of the phenyl rings, and found that the solvent-dependent intramolecular 

aggregation of the cholate derivatives can be used to tune the catalytic activity of iron 

porphyrins.
125

  

Nappa et al.
126

 conducted a detailed study of solvatochromic effects on the positions 

of the absorption maxima of individual Soret and Q bands and also measured the effects 

of solvent on the relative intensities of two vibronic bands in the Q absorption region of 

ZnTPP. However the effects of solvent on the decay dynamics of the excited states of 

ZnTPP were not included in their study.  

The limited existing information
35,42,57

 regarding the effects of solvent on the S2 flu-

orescence quantum yields and lifetimes of ZnTPP and other diamagnetic metallopor-

phyrins is insufficient to obtain a complete understanding of solvation effects on the S2 

relaxation mechanisms. In particular, no one has carried out systematic studies of the 

effect of solvent on the S2 relaxation of the model compound, ZnTPP, by measuring 

both steady-state and time-resolved spectroscopy in a wide set of solvents. The objec-

tive of the present work is to conduct systematic and detailed studies of solvation effects 

in order to obtain a better understanding of the relaxation mechanisms of the S2 state of 

ZnTPP, and hence other similar metalloporphyrins. 
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4.2 Results and discussion  

4.2.1 Solvent dependence of steady state absorption and emission spectra of 

ZnTPP  

The steady state absorption and emission spectra of ZnTPP in various solvents were 

carefully measured as described in sections 2.2 and 2.3 of chapter 2. Dilute solutions 

with concentration ca. 1 to 3 x 10
-6

 M or less were used to avoid the effects of aggrega-

tion and to eliminate inner filter effects. All emission spectra were corrected following 

the procedures presented in section 2.3, if necessary, before being used for analysis. 

Representative absorption spectra of ZnTPP in a set of solvents, plotted as molar extinc-

tion coefficient versus wavenumbers (linear in energy) are shown in Fig. 4.1.  

In general, the solvation effects on the Soret bands cause a red shift with increasing 

polarizability (or refractive index) of the solvents from methanol to carbon disulfide. 

However, the shift of the Q band is relatively small compared to the bandwidth of the 

origin band and no clear trend observed. It is important to note that the Soret band is 

more sensitive than the Q band to the change of the solvent polarizability. As a conse-

quence, the S2 – S1 energy spacing of ZnTPP becomes smaller with increasing polariza-

bility of the solvent. In addition to the shift of the band maximum positions, Fig. 4.1 

also shows the changes of the relative magnitudes of molar extinction coefficient due to 

solvation effects. The common trend is that the molar extinction coefficient of ZnTPP 

decreases with increasing the solvent polarizability. A similar trend of the spectral shift 

was observed in the emission spectra of ZnTPP in different solvents. 

Fig. 4.2 illustrates a typical normalized corrected fluorescence spectrum of ZnTPP 

in benzene together with its corresponding absorption spectrum. A few features are im-

portant to note. (i) The fluorescence spectrum is a good mirror image of the correspond-

ing absorption spectrum in both the Soret and Q bands, which implies that the vibra-

tional levels in the excited state are very similar to those in the ground state. (ii) The 

Stokes shift is only 167 + 20 cm
-1

 for the Soret band and 245 + 20 cm
-1

 for the Q band 

(between two (0,0) vibronic bands). The Stokes shift of the Q band is larger than that of 

the Soret band, but both are very small compared to other chromophores, where it could 

be as large as 1000 cm
-1

 or more.  
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Fig. 4.1 Representative absorption spectra of the Soret bands (top) and Q bands (bottom) 

of ZnTPP in different solvents as shown. Solution concentrations are in the 1 to 2 x 10
-6

 

M range.  
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Fig. 4.2 Normalized absorption and emission spectra of ZnTPP in benzene. The emis-

sion was obtained with excitation at 400 nm. The crossing points Q(0,0) and S(0,0) are 

also shown.  
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When comparing the Stokes shift of the Soret band in different solvents, the maximum 

variation in the range from 180 + 20 cm
-1

 in methanol to 235 + 20 cm
-1

 in toluene is not 

significant given the great difference of the refractive indices of the wide range of sol-

vents employed. The small Stokes shift is consistent with the rigid structure of the por-

phyrin macrocycle. As well, the rigidity of the macrocycle isn‟t significantly altered by 

phenyl substitution at least as shown by small changes in both the absorption and emis-

sion spectra when comparing ZnP with ZnTPP in solution at room temperature. (iii) The 

overlap between the absorption and the corresponding emission spectra in the Soret re-

gion is significant. This introduces a big challenge for experimentalists to obtain accu-

rate measurements of the S2 emission intensity and fluorescence quantum yields. Due to 

the large molar extinction coefficient of ZnTPP in this region, fluorescent photons emit-

ted from the S2 state will be reabsorbed by molecules in the ground state before exiting 

the sample solution. In order to obtain an accurate S2 fluorescence spectrum, corrections 

for the inner filter effect including both attenuation and reabsorption effects should be 

made as described in section 2.3, when solutions with high concentrations are used.   

The spectroscopic properties of ZnTPP obtained by analysis of the absorption and 

corrected emission spectra in various solvents are collected in Table 4.1. The fluores-

cence quantum yields of the ZnTPP in different solvents for both S2 and S1 states were 

calculated using the method described in section 2.3.3 of chapter 2. The data are also 

included in Table 4.1. Accurate measurements of the absorption and emission spectra 

provide data by which, the S2 – S1 energy gap, E(S2 – S1), can be determined most ac-

curately. The best procedure to calculate E(S2 – S1) has not always been followed. 

Values previously calculated by taking the energy difference between the band maxi-

mum of the Soret band and the furthest red Q band of the absorption spectra observed in 

solution, ignore differential solvation effects on the electronic transition origins. To do a 

more accurate calculation in the present work, the wavenumber of the S2 – S0 electronic 

transition origin (S(0,0) was determined by taking the crossing point between the red 

edge of absorption spectrum and blue edge of the corrected, normalized corresponding 

emission spectrum, as shown in Fig. 4.2. The same method is used to get the value of 

the wavenumber of the S1 − S0 electronic transition origin Q(0,0), and the wavenumber 

of the E(S2 − S1) spacing is then calculated by subtracting the Q band Q(0,0) value 
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from value of the S(0,0) of the Soret band. The data are collected in Table 4.1. In par-

ticular, the E(S2  S1) of ZnTPP ranges from 6998 + 30 cm
-1

 to 6460 + 30 cm
-1

 when 

increasing the solvent polarizability from methanol to CS2. The changes in E(S2 – S1) 

are not large, even though in the present work a set of solvents with a wide range of Lo-

renz-Lorentz polarizabilities (f1 = (n2 − 1) (n2 + 2 ) from 0.205 in methanol to 0.354 

in CS2) have been selected in order to induce the largest possible range in E(S2 − S1).  

Interpretation of solvent-dependent spectroscopic properties is a very complicated 

topic, because of the complexity of the interactions between solvent and solute mole-

cules and the influence of these interactions on both the ground state and excited states 

of the solute.
20

 Nicol has extensively studied solvent effects on electronic spectra, and 

classified the effects into two major groups according to the nature of the solvent-solute 

interactions. One is due to specific effects, such as presence of hydrogen-bonding, for-

mation of non-covalently bound intermediate states or metal-ligand complexes, charge 

transfer states, etc. The others result from physical interactions between solvent and so-

lute molecules, and have been further divided into four types according to the properties 

of the solvents and solutes: (a) interaction between polar solute and polar solvent, (b) 

interaction between polar solute and induced dipole of solvent, (c) interaction between 

induced dipole of solute and polar solvent, and (d) interaction between mutually in-

duced dipoles of solute and solvent.
71,127

 In the present work, the set of metalloporphy-

rins are large symmetric non-polar molecules, so physical interaction of either type (c) 

or (d) or both would be most important here. The nature of the interactions between the 

excited metalloporphyrin solutes and different solvents would be explored by studies of 

the solvatochromic effects on the steady-state spectroscopy and dynamic relaxation of 

the highly excited electronic states. 

The physical interactions between solute and solvent molecules, for each of two 

coupled electronic states with different polarizabilities, results in different alterations of 

the energy of each state. As a consequence, the energy spacing between the two elec-

tronic states will depend on the polarizability of the solvent. Eq. 4.1, which was derived 

by Nicol,
71

 shows a correlation between the spacing of two electronic states and the di-

electric constants and refractive indexes of the solvents.  
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∆E S1 − S0 =  A + C  
n2 − 1

2n2 + 1
 + B  

 ε − n2  2ε + n2 

ε n + 2 2
 

+ D  
ε − 1

ε + 2
−

n2 − 1

n2 + 1
                                                                                  (4.1)  

∆E(S1 − S0) is the energy gap between the first excited singlet state and the ground 

state, A, B, C, D are parameters related to the electric dipole moments of the solute and 

solvent corresponding to the solute-solvent physical interaction types throughout (a) to 

(d), respectively, n stands for the refractive index and ε is dielectric constant of the sol-

vent.  

For convenience the parameters fA , fB , fC  and fD  are defined in eq. 4.2 to eq. 4.4, to 

represent functions of the dielectric constant and refractive index of the solvents based 

on eq. 4.1. 

fA = fC =
n2 − 1

2n2 + 1
                                                     (4.2) 

fB =
 ε − n2 (2ε + n2)

ε(n + 2)2
                                             (4.3) 

fD =
ε − 1

ε + 2
−

n2 − 1

n2 + 1
                                                  (4.4) 

In addition to parameters extracted from Nicol‟s equation, another two parameters ∆f 

(eq. 4.5) and f1 (eq. 4.6) are defined as follows. 

∆f =
ε − 1

2ε + 1
−

n2 − 1

2n2 + 1
                                             (4.5) 

and  

f1 =
n2 − 1

n2 + 2
                                                                 (4.6) 
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These two parameters are extracted from the Lippert equation,
20

 and also proposed to 

interpret the dependence of ∆E(S1 − S0) on the property of the refractive index (n) 

and/or dielectric constants () of the solvent. Note particular that f1 is the Lorenz-

Lorentz polarizability function, which is a function of solvent refractive index only and 

measures the polarizability of the solvent. When trying to correlate particular spectros-

copic properties with the nature of the solvent or the structural properties of the  

Table 4.1 Near uv-vis spectroscopic properties of ZnTPP in various solvents at room 

temperature. 

Solvents Methanol Acetonitrile Ethanol 1-Propanol 1-Butanol THF 

f1=(n
2
-1)/(n

2
+2) 0.205 0.212 0.222 0.234 0.242 0.245 

E
abs,0-0

(Soret)/cm
-1 23780 23753 23694 23645 23607 23640 

max(Soret) 

/10
5
M

-1
cm

-1 
8.46 - 6.58 6.75 6.70 7.56 

FWHM 

𝛥𝜈 abs 
(Soret)/cm

-1 
314 340 274 312 314 306 

E
em

 B(0,0)/cm
-1 23600 23585 23550 23470 23446 23529 

FWHM 

𝛥𝜈 em 
(Soret)/cm

-1 
388 393 319 385 388 391 

Shift(SS2)/cm
-1 180 168 144 175 161 111 

Soret (0,0)/cm
-1 23692 23675 23619 23556 23525 23601 

Q (0,0)/cm
-1 16694 16714 16689 16664 16659 16735 

E (S2 - S1)/cm
-1 6998 6961 6930 6892 6866 6866 

E
abs,0-0

(Q)/cm
-1 16788 16807 16786 16773 16764 16835 

max
(Q) 

/10
4
M

-1
cm

-1 
2.57 - 2.17 2.16 2.18 2.51 

FWHM 

𝛥𝜈 abs 
(Q)/cm

-1 
326 359 398 389 381 346 

E
em

 Q(0,0)/cm
-1 16593 16610 16590 16561 16552 16625 

FWHM 

𝛥𝜈 em 
(Q)/cm

-1 
374 433 360 378 370 306 

Shift(SS1)/cm
-1

 195 197 196 212 212 210 
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Table 4.1 (cont‟d). 

Solvents DMF c-hexane Toluene Benzene CS2 

f1=(n
2
-1)/(n

2
+2) 0.257 0.258 0.296 0.295 0.354 

E
abs,0-0

(Soret)/cm
-1 23529 24038 23641 23641 23263 

max
(Soret) 

/10
5
M

-1
cm

-1 
7.29 - 4.42 5.87 5.00 

FWHM 

𝛥𝜈 abs
(Soret)/cm

-1 
423 352 385 590 440 

E
em

 B(0,0)/cm
-1 23406 23753 23406 23474 22988 

FWHM 

𝛥𝜈 em
(Soret)/cm

-1 
472 545 477 660 542 

Shift(SS2)/cm
-1 123 285 235 167 283 

Soret (0,0)/cm
-1 23469 23958 23536 23561 23124 

Q(0,0)/cm
-1 16637 17062 16875 16866 16764 

E (S2 - S1)/cm
-1 6832 6896 6661 6695 6460 

E
abs,0-0

(Q)/cm
-1 16736 17097 16983 16975 16936 

max
(Q) 

/10
4
M

-1
cm

-1 
2.36 - 2.45 2.54 2.17 

FWHM 

𝛥𝜈 abs
(Q)/cm

-1 
411 577 366 458 395 

E
em

 Q(0,0)/cm
-1 16556 16731 16764 16729 16598 

FWHM 

𝛥𝜈 em
(Q) /cm

-1 
416 607 564 656 554 

Shift(SS1)/cm
-1

 180 366 219 246 338 

- not available 

 

metalloporphyrins, it was found that some but not all spectroscopic parameters can be 

correlated with the nature of the solvent. Of particular interest here is the correlation 

between the S2  S1 energy spacing, E(S2  S1), and these parameters defined in eq. 

4.2 to 4.6. Fig. 4.3 shows a series of graphs of E(S2 – S1) of ZnTPP in different sol-

vents against the four parameters fB, f1, f, and fA (fC). A good linear relationship is  
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Fig. 4.3 Plots of the S2 – S1 energy gaps, E(S2 – S1), of ZnTPP versus several func-

tions of the dielectric constants and refractive indices of the solvents 

obtained for plots of the E(S2 – S1) of ZnTPP against the Lorenz-Lorentz solvent pola-

rizability function, f1, and function, fA (fC), respectively. However, similar plots for the 

other three parameters, fB, fD and f, don‟t exhibit such a linear relationship. A similar 

correlation was obtained in an investigation of solvatochromic effects on the individual 

Soret and Q band absorptions of ZnTPP, as reported previously by Nappa et al.
126
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It is important to note that both f1 and fA (fC) only depend on the refractive index of 

the solvent, and therefore, each of these two parameters is a measure of the influence of 

only solvent polarizability. Note particularly when the straight line of the plot of E(S2 

– S1) vs. f1 is extrapolated to f1 = 0 (n=1), the intercept gives the electronic energy gap 

between the Q and Soret absorption bands of the bare molecule observed in a superson-

ic expansion. But this value can not be obtained from the extrapolation of the straight 

lines of the plots of E(S2 – S1) vs. fA (fc) to fA = 0. Thus the parameter f1 is more pre-

cise in measuring the solvent polarizability and was chosen for the following discussion 

of the correlations between E(S2 – S1) and solvent polarizability.  

As shown in Fig. 4.4, extrapolation of the straight line of ZnTPP to f1 = 0 results in 

an intercept of 7746 + 10 cm
-1

 which agrees with 7752 cm
-1

 observed in a supersonic 

expansion.
32

 Here, the points at f1 = 0 are introduced for the purposes of obtaining an  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Plots of E(S2  S1) versus the solvent polarizability function f1 for ZnTBP, 

MgTPP and ZnTPP. The values of E(S2  S1) for the isolated molecules (f1 = 0) from 

supersonic jet spectroscopy are also plotted.
5,6,32

 

accurate value of the slopes. This provides evidences of the mutual accuracy and relia-

bility of the experiments both conducted in solutions and supersonic expansion gas 

phase. Similar results were obtained by Tripathy et al.
74

 for MgTPP, where the intercept 
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of the plot at f1 = 0 is 7984 + 20 cm
-1

 compared with 7996 cm
-1

 obtained from superson-

ic jet spectroscopy.
6
 In addition, the energy gap separating the electronic transition ori-

gins of the S2 and S1 states in ZnTBP is 8953 cm
-1

 obtained by Even et al.
52

 in super-

sonic expansion, which is beautifully agreement with the intercept of 8949 + 30 cm
-1

 

obtained in this study from a similar plot of E(S2  S1) vs. f1. All three plots together 

with intercepts of the plots are shown in Fig. 4.4. Thus, the value of the electronic ener-

gy gap E(S2  S1) of other isolated metalloporphyrins that have not been examined in 

supersonic expansions can be reasonably predicted from good linear correlations be-

tween E(S2  S1) and f1 obtained in solution.  

Does such a linear relationship between E(S2  S1) and f1 apply to metalloporphy-

rins other than ZnTPP, MgTPP and ZnTBP? For comparison, the absorption spectra of 

other four metalloporphyrins, ZnP, ZnTPP(F20), ZnTPP(Cl8) and ZnOEP were also 

measured carefully in different solvents with wide range of solvent polarizabilities, and 

the corresponding values of E(S2 – S1) were estimated by taking the difference be-

tween the maximum of the Soret bands and Q bands, though this way is not accurate as 

stated previously in this thesis. However, a clear trend of linear correlation between 

E(S2 – S1) and f1, with similar slope to that of ZnTPP, is obtained for ZnP, ZnTPP(F20), 

ZnTPP(Cl8) but not for ZnOEP, as shown in Fig.4.5. For ZnOEP, in the set of solvents 

employed, two well-separated lines were obtained. One is for polar solvents, and the 

other for nonpolar solvents. The different solvatochromic behavior of the ZnOEP from 

other metalloporphyrins implies that more factors other than dispersion may affect the 

interaction between solvent and excited solute in ZnOEP. As introduced in Chapter 1, 

the E(S2 – S1) is very important in the interpretation of the different decay rates of the 

S2 state of the metalloporphyrins. In addition to solvent polarizability, the E(S2 – S1) is 

also affected by nature or pattern of the substituents of the porphyrin macrocycle, as 

will be discussed in Chapter 5.  

The fact that the electronic energy gap E(S2 – S1) of metalloporphyrins studied 

here is a good linear function of the solvent polarizability in solvents including both po-

lar and nonpolar, indicates that the observed solvatochromic effects on the spectroscop-

ic properties are due to the different polarizabilities of the S2 and S1 states. Effects due 
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to dipolar and multipolar solvent-excited solute interactions might be expected in polar 

solvents, however, the magnitude of these effects must either be about the same for both 

excited states or must be too weak to be distinguished from the total effects which are 

dominated by dispersive interactions between solvent and excited solute molecules. The 

dynamic interaction between excited solute and solvent occurs on a time scale of sever-

al 10‟s of picoseconds. The solvent-excited solute relaxation processes associated with 

reorientation of the solvent molecules are too slow to complete during the ultrafast de-

population, on a time scale of several ps to 100s of fs, of the S2 state. However, the ns 

S1 lifetime is long enough for these processes to complete. Thus such dynamic solvent-

excited solute interaction can influence the spectroscopic signatures of the Q band, but 

not for the Soret band.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5 Plot of the E(S2  S1) energy gap versus Lorenz-Lorentz solvent polarizability 

function, f1 = (n
2
 – 1)/(n

2
 + 2), for metalloporphyrins as shown. Data of ZnTPP are in-

cluded for comparison. 

Nevertheless, the similar slopes of the E(S2 – S1) vs. f1 plots for the compounds as 

shown in the graph, indicate that the solvation effects on each compound in solvents 
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employed here are, if not the same, at least similar. The common conclusion can be 

drawn is that the changes in E(S2 – S1) of all the metalloporphyrins due to solvent-

solute interactions are governed by dispersive interactions, which are proportional to the 

solvent polarizability, irrespective of whether the solvent is polar or nonpolar. 

The slope of the E(S2 – S1) vs. f1 plot of ZnTPP shown in Fig. 4.4 is similar with 

that of MgTPP, as well as the slopes of other tetrapyrrolic metalloporphyrins shown in 

Fig 4.5. However, the slope of the similar plot of ZnTBP is different. It shows that the 

change of E(S2 – S1) of ZnTBP is more sensitive to the change of the solvent polariza-

bility. ZnTBP has the biggest E(S2 – S1) among all values obtained for isolated metal-

loporphyrins in a supersonic expansion and in solution (refer to data in Table 5.1 and 

5.2). The difference of the molecular structure between ZnTBP and other metallopor-

phyrins, as shown in Chart 1.1, is that ZnTBP has an extended 42 -electron macro-

cycle, compared to a 26 -electron macrocycle of ZnTPP and other metalloporphyrins. 

The calculations in Chapter 3 show that the extended macrocycle greatly stabilizes the 

1
1
Eu (S1) state, while the effect on the 2

1
Eu (S2) state is very small, resulting in a rela-

tively large E(S2 – S1) energy gap. Moreover, as will be discussed in Chapter 5, the 

extended -electron macrocycle increases the polarizability of the excited states, which 

are then more sensitive to the change of solvent polarizability. 

In the following sections, the solvation effects on the lifetimes of the excited states 

will be discussed.  

 

4.2.2 S1 Lifetimes of metalloporphyrins studied in various solvents 

In the present work, the S1 fluorescence lifetimes of five metalloporphyrins in a set 

of undegassed solvents have been measured as described in section 2.4.1 using the 

TCSPC technique with a time resolution ca. 50 ps. Dilute solutions were used in these 

experiments to avoid the effects of aggregates. The absorption spectra obtained before 

and after the lifetime measurements were almost identical, indicating that there is no 

significant photodegradation during the period that the solution was exposed to laser 

radiation in these experiments. For all sample solutions, the excitation wavelength was 

set at either 495 nm or 400 nm, and the S1 fluorescence lifetimes are independent of the 
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excitation wavelength, as it was reported by others.
23,57

 The wavelength at which fluo-

rescence was collected varied within the Q band of each compound to avoid Raman 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Representative temporal S1 fluorescence decay profile of ZnOEP in undegassed 

ethanol modeled with the best single exponential fit. Excited at 495 nm and observed at 

585 nm.  = 2.10 ns and χ
r
2 = 1.07. The distributions of residues shown at the bottom 

indicate the goodness of the fitting. 

scattering. Fig. 4.6 shows the representative temporal S1 fluorescence decay profiles of 

ZnOEP in undegassed ethanol with excitation at 495 nm. The observed data were de-

convoluted from the IRF, using the custom-developed program Psdecay 2000, follow-

ing the procedures described in section 2.4. The temporal S1 fluorescence decay profile 

was well-modeled by single exponential functions with a time constant of 2.10 + 0.01 

ns. The time constants obtained for the relaxation of the S1 states of five metalloporphy-

rins in the set of eight solvents examined are collected in Table 4.2. It should be noted 

that the lifetimes of a given compound in the alcohol series solvents are almost the same 



106 

 

within the experimental error. However, the lifetimes obtained in CH2Cl2 and CS2 are 

notably shorter than those obtained in other solvents except ZnTPP(Cl8). The absence of 

the lifetimes for ZnP and ZnTPP(Cl8) in c-hexane is due to their poor solubility in these 

solvents. 

Table 4.2 S1 lifetime of five metalloporphyrins in six solvents (ex=495 nm). 

 

Solvent 

f (ns) 

ZnTPP ZnP ZnOEP ZnTPP(F20) ZnTPP(Cl8) 

Methanol 1.93 2.56 2.00 1.57 0.30 

Ethanol 1.96 2.57 2.10 1.55 0.26 

1-Propanol 1.94 2.57 2.05 1.56 0.29 

1-Butanol 1.92 2.59 2.04 1.55 0.25 

Dichloromethane  1.77 2.02 1.52 1.33 0.31 

Toluene 2.02 2.09 1.76 1.37 0.33 

CS2 1.36 1.52 1.09 1.18 0.29 

c-Hexane 2.06 -  1.75 1.40  - 

 “-“ not available 

It has been suggested previously that the relaxation of the S1 state of the metallopor-

phyrins is dominated by S1 – T1 intersystem crossing (ISC).
57

 Similar to other radiation-

less transitions in the weak-coupling limit,
15

 intersystem crossing rates (kISC) follow the 

predictions of the energy gap law and follow an inverse exponential relationship with 

the differences in S1 – T1 energy spacing, E(S1 – T1). Additionally, kISC is a function of 

the relative number of vibrational modes involved in the intersystem crossing transition, 

, and the spin-orbital coupling energy, 
2
 ( ≈ Z

4
, in the case of molecules containing 

heavy atoms with a high atomic number Z.).
128

 However, TDDFT calculations pre-

sented in chapter 3 predict the presence of the T2 state, which has an energy lower than 

the S1 state but higher than the T1 state. Both T1 and T2 states have the same symmetry, 

3
Eu. According to the energy gap law for the weak coupling, statistical limit case, inter-

system crossing S1 – T2 should be more favorable than S1 – T1 because of the smaller 

energy gap, E(S1 – T2). Unfortunately, so far, no experimental evidence is available to 
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locate the T2 state and to support its participation in the radiationless decay processes of 

the S1 state. Nevertheless, if the T2 state exists at energies lower than that of S1, the flu-

orescence lifetime of the S1 state would be determined by the S1 – T2 energy gap, in-

stead of E(S1 – T1). Thus the radiationless decay of theS1 state will be governed by S1 

– T2 ISC, followed by fast T2 – T1 IC and then very slow decay processes related to the 

T1 state, which has a lifetime on the time scale of microseconds. Because of the small 

(E(T2 – T1)  0.5 eV), it is expected that T2 – T1 IC should occur within several ps or 

even less, which makes it indistinguishable from the long lifetime of the T1 state. 

For a given zinc metalloporphyrin in a set of different solvents,  would be, if not 

same, at least similar. Thus any variation of the kISC would be attributed to the changes 

of E(S1 – T2) due to solvent polarizability. In order to examine the effects of solvent 

polarizabilities on the relaxation dynamics of the S1 state of the zinc metalloporphyrins 

studied, the radiative and nonradiative rate constants of ZnTPP were calculated, as 

summarized in Table 4.3. The data regarding the relaxation of the S2 state are also in-

cluded for comparison. The radiative rate constants of the S1 state change with the vari-

ation of the solvents employed, but there is no a clear trend of these changes. The radia-

tionless decay rate constants of the S1 state are almost the same within experimental er-

ror even in a set of solvents with a wide range of polarizability. Because of the same 

electron configuration except different electron spin multiplicity, the S1, T1 and T2 states 

all will have similar excited state polarizabilities. The effects of changing the solvent 

polarizability on these three states are expected to be, if not same, at least similar. Thus 

the changes of both E(S1 – T2) and E(S1 – T1) due to the variation of the solvent po-

larizability will be expected to be very small. As a consequence, the radiationless rate 

constants of the S1 state also remain similar.  

However, for different metalloporphyrins with different E(S1 – T2) in the same 

solvent, it might be possible to establish the relationship of the knr of S1 – T2 ISC with 

the variation of the E(S1 – T2). If an inverse exponential dependence of the knr of S1 – 

T2 ISC on the variation of the E(S1 – T2) can be established, it would prove the impor-

tance of S1 – T2 ISC in the radiationless decay of the S1 state. Unfortunately, the values 

of E(S1 – T2) are not available experimentally, and the values predicted by TDDFT  
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Table 4.3 Photophysical properties of the S2 and S1 excited states of ZnTPP in several 

undegassed solvents at room temperature. 

 S2 S1 

Solvent 

f/10
-3

  (ps)
a
/ 

ex=400nm)
/
 

kr(s
-1

)
a 

/10
8
 

∑knr(s
-1

) 

/10
11

 

f/10
-2

  (ns)/ 

ex=495nm) 

kr(s
-1

) 

/10
7
 

∑knr(s
-1

) 

/10
8
 

Methanol 1.53  2.49 6.14  4.02 2.10 1.93 1.09 5.07 

Acetonitrile 1.28 2.23 5.74  4.48 2.24 1.94* 1.15 5.15 

Ethanol 1.42 2.34 6.07  4.27  2.26 1.96 1.15 4.99 

1-propanol 1.58 2.19 7.21  4.57 2.50 1.94 1.29 5.03 

1-butanol 1.64  2.01 8.16  4.98 2.60 1.92 1.35 5.07 

THF 1.04 2.13 4.88 4.69  2.71 1.95* 1.52 5.47 

DMF 1.5 2.15 6.98 4.65 3.42 1.92* 1.78 5.21 

c-hexane 1.01 1.99 5.08 5.02 2.17 2.06 1.05 4.75 

Toluene 1.14 1.34 8.51 7.46 2.93 2.02 1.45 4.81 

Benzene 1.2 1.45 8.0 6.71 3.30 1.91* 1.73 5.06 

* Data were provided by Dr. Kowalska and obtained at excitation wavelength = 400 nm. 

calculations are not accurate enough to establish a reliable correlation between the knr of 

S1 – T2 ISC and the E(S1 – T2). Thus the existence and contribution of S1 – T2 ISC to 

the radiationless decay of the S1 state cannot be assessed by the methods employed in 

this study, and still remain open questions to date. 

However, the radiationless rate constants (∑knr) of the S2 state of ZnTPP in the set of 

solvents employed change significantly with the variation of solvent polarizabilities. 

The data presented in Table 4.3 show a clear trend that the larger the solvent polariza-

bility, the faster is the nonradiative relaxation rate. This is because, as will be discussed 

in later chapters, the relaxation dynamics of the S2 state are dominated by the S2 – S1 

internal conversion. As introduced in chapter 1, according to the energy gap law in the 

weak coupling limit of radiationless transition theory, the radiationless rate constants of 
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the S2 state depend exponentially on E(S2 – S1).
15

 Different from the similarity of the 

polarizabilities between the S1 and T1 states, the polarizability of the S2 state is different 

from that of the S1 state, thus variations of solvent polarizabilities will lead to different 

effects on these two excited states, resulting in the changes of the E(S2 – S1), which is 

account for the variation of the radiationless rate constants (∑knr) of the S2 state.  

For the six zinc metalloporphyrins with different nature or pattern of the substituents 

of the porphyrin macrocycle, though the variation of the radiative rate constants is ran-

dom, the nonradiative decay rates of the S1 state vary in the same trend as the corres-

ponding fluorescence lifetimes, and are of the same order of 10
8
 s

-1
, except ZnTPP(Cl8), 

as shown in Table 4.4. The S1 fluorescence lifetimes obtained in the present work show  

Table 4.4 Photophysical properties of the S1 states of six zinc porphyrins in undegassed 

ethanol at room temperature. 

CoCComp. ZnP ZnTPP ZnTPP(F20) ZnTPP(Cl8) ZnTBP ZnOEP 

f 0.80 x 10
-2

 2.67 x 10
-2

 0.80 x 10
-2

 3.3 x 10
-3#

 1.34 x 10
-2

 6.77 x 10
-2

 

 (ns) 2.57 1.96 1.55 0.26 1.91 2.10 

kr(s
-1

) 3.11 x 10
6
 1.36 x 10

7
 5.16 x 10

6
 1.27 x 10

7
 7.02 x 10

6
 3.22 x 10

7
 

∑knr(s
-1

) 3.86 x 10
8
 4.97 x 10

8
 6.40 x 10

8
 3.83 x 10

9
 5.17 x 10

8
 4.44 x 10

8
 

# 
Datum taken from reference 128.

128
 

no difference with those reported in literatures, for example, Yang et al. measured the 

S1 lifetimes of ZnTPP(F20) is 1.4 ns and is 0.34 ns for ZnTPP(Cl8) in toluene at room 

temperature,
114

 compared to 1.37 ns and 0.33 ns, respectively, obtained in this thesis. 

The similar radiationless rate constants are due to the similar E(S1 – T1), which is ca. 

0.5 eV in the metalloporphyrins such as, ZnP, ZnTPP, ZnTBP and ZnOEP according to 

the calculations presented in chapter 3. The radiationless decay rates of the S1 state of 

ZnTPP(Cl8) is large and its S1 fluorescence lifetime is only 0.26 ns (Fig. 4.7), which is 

much shorter compared to those of other metalloporphyrins studied. The electron with-

draw effects of the four meso-substituted perfluorinated phenyl rings in ZnTPP(F20) and 

partially chlorination in the ortho positions of the four meso-substituted phenyl rings in 

ZnTPP(Cl8) may alter the electronic properties, i.e. E(S1 – T1). In addition to this elec-
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tronic alteration, ZnTPP(F20) and ZnTPP(Cl8) were reported to bear a nonplanar por-

phyrin macrocycle.
114

 Previous studies have shown that the photo-physical properties of 

the S1 state of porphyrins are strongly modulated by distortions of the macrocycle.
129

 

The S1 fluorescence lifetimes of porphyrins with nonplanar macrocycle are significantly 

shortened and the quantum yields are substantially lower comparing to those of their 

planar analogs, because the nonradiative decay rates of both S1 – S0 internal conversion 

and S1 – T1 intersystem crossing can be enhanced by the perturbation of nonplanarity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 The temporal S1 fluorescence decay profiles of ZnTPP(Cl8) in undegassed tolu-

ene modeled with the best single exponential fit. Excited at 495 nm and observed at 665 

nm.  = 0.33 ns and χr
2 = 1.07. The distributions of residues shown at the bottom indi-

cate the goodness of the fitting. 

The data in Table 4.4 indicate that the effects of partially chlorination in the ortho posi-

tions of the four meso-substituted phenyl rings in ZnTPP(Cl8) is more efficient than that 

of the four meso-substituted perfluorinated phenyl rings in ZnTPP(F20). The efficiency 

of the halogen substituents at ortho positions of phenyl rings as proposed to be related 
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to a favorable overlap between the orbitals of the halogen atoms and those of the por-

phyrin core.
128

  

The S1 state can only be weakly coupled with the T1 state because of the spin prohi-

bition, thus the rate constants of the S1 – T1 intersystem crossing of the six zinc metal-

loporphyrins from ZnP to ZnOEP, follow strictly the expectations of the energy gap law 

of the radiationless transition theory in the weak coupling limit, though the radiationless 

rate constant of the S2 state of ZnOEP is 2 orders in magnitude larger than that of ZnP 

as will be discussed in chapter 5.  

 

4.2.3 S2 lifetimes of metalloporphyrins in different solvents 

The S2 lifetimes of ZnTPP in a set of solvents have been carefully measured, with 

assistance of Dr. U. Tripathy, using the fluorescence upconversion method described in 

section 2.4. A flow sample system was used to keep the sample fresh and thus avoid 

photo-bleaching at the light focusing spot throughout the data acquisition period. Since 

the intensity of the S2 fluorescence signal of metalloporphyrins is very weak, a high 

peak power laser and solutions with higher concentrations (10
-4

 ~ 10
-5

M) are required to 

obtain a good signal to noise ratio.
35,37

   

When using high porphyrin concentrations it is impossible to avoid solute aggrega-

tion effects. In order to assess the effects of the presence of aggregates, the fluorescence 

decay times of the S2 state as a function of the concentration of ZnTPP in ethanol were 

measured. As expected, the measured decay profiles became noisy when decreasing the 

concentration lower than 50 M. However, for all solutions with concentrations ranging 

from 50 to 300 M, all measured decay profiles can be well-modeled by single expo-

nential functions. No significant variations of the S2 decay time constants due to aggre-

gation at higher concentrations were observed. In fact, it is easy for metalloporphyrins 

to form aggregates even at low concentrations of the order of 10
-6

 M. Thus in those so-

lutions used for S2 lifetime measurements, considerable numbers of aggregates are 

present. However, the fact that no measurable difference of the S2 lifetime was obtained, 

indicates either that the aggregates have the same lifetimes as the monomers, or, more 

likely, that the fluorescence quantum yields of the aggregates are too small to influence 

the decay rates obtained. 
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The high peak laser power employed is another concern which can affect the S2 life-

time measurements.
41

 In our case, no measurable variation with average laser power 

(300 – 480 mW) was observed for the S2 decay profiles of ZnTPP in ethanol, indicating 

that sequential two-photon or multi-photon absorption is not a significant problem here. 

In addition, to eliminate the effects of the pump pulse, the observation wavelength was 

sometime varied within the Soret emission band, but no effects on the measured decay 

time were observed.  

Typical experimental fluorescence upconversion profiles are shown in Fig. 4.8. The 

solid lines show the best fits of single exponential functions to the experimental data. 

The S2 decay time constant of ZnTPP in methanol is 2.49 + 0.01 ps and it is 1.31 + 0.01 

ps in toluene, with excitation at 400 nm. All experimental S2 lifetimes and related para-

meters characterizing the relaxation dynamics of the S2 state of ZnTPP are collected in 

Table 4.4. The S2 lifetime of ZnTPP in ethanol, obtained in this thesis, is 2.34 ps in ex-

cellent agreement with 2.35 ps reported previously by Gurzadyan et al.
35

 and 2.3 ps  

 

 

Fig. 4.8 Normalized fluorescence upconversion profiles of ZnTPP in methanol (triangu-

lar) and toluene (circle). Excitation wavelength is 400 nm and observed at 433 nm. The 

solid lines show the best fits of single exponential functions to the experimental data. 

Adapted from reference 73.
73
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obtained by Mataga et al.,
37

 using the similar experimental techniques. For ZnTPP in 

benzene, an S2 lifetime of 1.45 ps was measured, which is identical to the value pub-

lished by Yu et al.,
41

 using a similar upconversion method. In general, the results pre-

sented in Table 4.4 are in good agreement with those data, where available, reported 

earlier by other independent researchers. Some of them have been reviewed in Chapter 

1, and that discussion will not be repeated here. 

Comparison of the S2 lifetimes of ZnTPP within the set of solvents employed shows 

a clear trend that the S2 time constants decrease with increasing solvent polarizability 

from methanol to benzene. This is different from what is observed for the lifetimes of 

the S1 state of ZnTPP in the same set of solvents, where the S1 lifetime is not as sensi-

tive as the S2 lifetime with changing solvent polarizability. This difference indicates that 

the decay dynamics of the S2 state is possibly different from that of the S1 state. In order 

to explore the decay mechanism of the S2 state further, the S1 rise time of ZnTPP in dif-

ferent solvents were also carefully measured.  

In Fig. 4.9 a pair of S2 decay and S1 rise fluorescence upconversion profiles of 

ZnTPP in ethanol at room temperature is shown, with excitation at 400 nm. Here the S2 

decay profile is fit well with a single exponential function and gives a time constant of 

2.36 ps, which is identical to the single exponential S1 fluorescence rise time of 2.35 ps. 

For ZnTPP in all the solvents, the deconvoluted S1 rise fluorescence upconversion pro-

files were all well-modeled by multiple exponential functions as described in section 

2.4.2. The S1 rise time constants are identical to the S2 decay time within an experimen-

tal error of ca. 50 fs. The results obtained in the present work are in good agreement 

with those reported by Mataga, et al.
37

 that both the S2 decay and S1 rise times of 

ZnTPP in ethanol are identical with time constant of  = 2.3 ps. A similar result was 

also reported by Gurzadyan et al.,
27

 (S2 = 2.3 ps and S1(rise) = 2.4 ps). However, Yu et 

al.,
41

 reported that the S2 decay time is 1.45 ps for ZnTPP in benzene but that S1 rise 

time is shorter, 1.15 ps, when ZnTPP was excited at 397 nm by one-photon absorption. 

In order to interpret the difference between the S2 decay and S1 rise times, they pro-

posed that the Soret band is a composite of two different electronic states. They
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Fig. 4.9 A pair of temporal S2 decay and S1 rise fluorescence upconversion profiles (cir-

cles) of ZnTPP in benzene at room temperature are shown with excitation at 400 nm. 

The observation wavelengths are 433 nm and 604 nm, respectively. The data are mod-

eled by S2 decay of S2 = 1.46 ps and S1(rise) = 1.41 ps, with the best fits shown by the 

solid line. 

suggested that the S2 (2
1
Eu) state was accompanied by a second state labeled S2' state by 

them or as a “dark” state by others.
42

 No evidence of the presence of such a dark or S2' 

state was found in the present work as a result of measuring both the S2 decay and S1 
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rise times of ZnTPP in a wide set of solvents. Also no such evidence was observed for 

the S2 decay and S1 rise of other metalloporphyrins studied in any of the solvents inves-

tigated in this thesis, as will be discussed in chapter 5. 

However, the home-developed fluorescence upconversion system used to obtain the 

results presented in this thesis has a slightly poorer time resolution than that used by Yu 

et al.
41

 and the S1 rise time profiles were obtained with a lower signal to noise ratio. 

Therefore it is impossible to definitively refute (or support) the report that the S1 rise 

time for ZnTPP in benzene is measurably faster than its S2 decay time. It is also imposs-

ible at this time to offer some useful comments on the previous interpretation 

that the difference may be due to the presence of a dark S2 state in the vicinity of the S2 

state for ZnTPP in benzene.  

The radiative and the sum total nonradiative rate constants characterizing the decay 

dynamics of the S2 state of ZnTPP in various solvents were calculated using eqs. 1.10 to 

eq. 1.12. Here, the values of ∑knr can be calculated approximately by taking the inverse 

of the S2 lifetimes because the values of f are all very small. The data are collected in 

Table 4.3. Analysis of the values of ∑knr of the S2 state of ZnTPP obtained in different 

solvents shows that the values exhibit a clear trend of increasing with increasing solvent 

polarizability. 

The relaxation dynamics of the highly excited states of azulene and its deriva-

tives
26,27

 and of the aromatic thiones
2,65

 have been successfully interpreted within the 

framework of the energy gap law in the weak coupling limit. The energy gap law plots 

for the azulenes and aromatic thiones as shown in Fig. 4.10 exhibit a good linear func-

tion between the logarithm of the nonradiative rate constants of the S2 state and the S2  

S1 energy spacing as predicted. The radiationless decay dynamics of the S2 states of the 

azulenes and aromatic thiones are well understood, and are dominated by fast S2 – S1 

internal conversion.  

The logarithm of the sum of nonradiative rate constant ∑knr of ZnTPP in all solvents 

examined in the present work are plotted against the energy gap E(S2 S1), as shown 

in Fig. 4.11. The plot shows a good linear correlation between log10(∑knr) and E(S2  

S1). It is interesting to note that data reported by Mataga et al.
37

 and Yu et al.
41

 fall per-

fectly on the same straight line apparently, just as predicted by the energy gap law of 
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weak coupling radiationless transition theory.
15

 A similar correlation was also obtained 

previously by Gurzadyan et al.
36

 for ZnTPP and MgTPP in a small set of solvents but 

with much more scattered data than that obtained in the present work. As will be shown 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10 Energy gap law plots for (upper) azulene and its derivatives in various nonpo-

lar solvents and (lower) several rigid aromatic thiones in inert perfluoroalkane solutions. 

Data are taken from references 3 and 27.
3,27

 



117 

 

6600 6700 6800 6900 7000
11.55

11.60

11.65

11.70

11.75

11.80

11.85

11.90
L

o
g

1
0
(
k

n
r)

E (S
2
 S

1
)/cm

-1

 Present data

 From Zewail

 From Mataga

in Chapter 5, a similar energy gap law plot was also made by Tripathy et al.
74

 for 

MgTPP in a wide set of solvents and shows a similar linear relationship. It is important 

to note that these apparent linear correlations between the nonradiative rate constants of 

the S2 state and E(S2 – S1) were obtained under the assumption that the nonradiative  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11 Energy gap law plot for ZnTPP in various solvents. Data taken from refer-

ences 37
37

 and 41
41

 are also included for comparison. 

decay processes of the S2 state is dominated by S2 – S1 internal conversion even though 

some other decay channels such as intersystem crossing might be competitive with it. 

Such an assumption is in complete accord with the interpretation of the radiationless 

decay of the S2 state in both azulene and thione systems. However, the slope and inter-

cept of the energy gap law plot for ZnTPP is distinctly different from those for 

MgTPP
74

, the azulenes
26,27

 and the aromatic thiones
3
. Two features about the radiation-

less decay of the azulenes and the aromatic thiones are important to note. One is that the 

E(S2 – S1) is much larger than the value obtained for the metalloporphyrins so that the 

S2 decays lie in the ns regions. The other is that the S2 state and the coupled S1 state 

have different symmetry in both systems. These two features result in the weak S2 – S1 

coupling in the azulenes and the aromatic thiones. However, as shown in Chapter 3, the 

coupled S2 and S1 states have the same 
1
Eu symmetry for the metalloporphyrins, and the 
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S2 – S1 energy gap is much smaller. What is the situation in the metalloporphyrins? The 

interaction between the coupled S2 and S1 states depends on the relative location and 

shape of the two potential energy surfaces of the S2 and S1 states. The above analysis of 

the steady-state spectroscopy shows that the Stokes shift of both the Soret and Q bands 

are small and that the difference of Stokes shift between the Soret and Q bands is less 

than 100 cm
-1

. Are the S2 and S1 states of ZnTPP and other metalloporphyrins weakly 

coupled, as in the azulene systems?  

Actually, as will be discussed in Chapter 5, much more information regarding the 

highly excited electronic states can be extracted from the energy gap law plot. Together 

with the energy gap law plots of other metalloporphyrins studied, the difference among 

the slopes and intercepts provide important information about S2 – S1 coupling. There 

the question “Does this energy gap law apply to all the metalloporphyrins studied in this 

thesis?” will be discussed. 

 

4.3 Conclusions 

The solvatochromic effects on the spectroscopic and photophysical relaxation prop-

erties of highly excited electronic states of the set of metalloporphyrins studied in this 

thesis have been investigated by carefully measuring both steady-state and time-

resolved spectra in a set of solvents having a wide range of polarizabilities. For a given 

metalloporphyrin, the Soret band maxima of both the absorption and emission spectra 

are shifted toward lower energies and are more sensitive than the Q band to the change 

of the solvent polarizability. 

A good linear function between energy gap E(S2 – S1) and the Lorenz-Lorentz sol-

vent polarizability function, f1 is obtained for some of the metalloporphyrins in the set 

of solvents examined in the present work. The extrapolation of the straight line to f1 = 0 

gives the E(S2 – S1) of the bare molecules observed in supersonic expansion condi-

tions, which is a proof that parameter f1 is more precise than fA(fC) in measuring solvent 

polarizability. The linear correlation indicates that the interactions between the metallo-

porphyrins and solvents, irrespective of whether they are polar or nonpolar, are go-

verned by dispersive solvent-excited solute interactions, the magnitude of which is pro-

portional to the solvent polarizability. It also indicates that the solvatochromic effects 



119 

 

on the E(S2 – S1) are due to the difference between the polarizabilities of the S2 and S1 

states of the metalloporphyrins.  

The results of fluorescence lifetime measurements of both S2 and S1 states of zinc 

metalloporphyrins in a set of solvents employed indicate that the S2 lifetimes are more 

sensitive to the change of the solvent polarizability than the S1 lifetimes and that the S2 

lifetimes decrease in a clear trend with increasing the solvent polarizability. Plots of the 

logarithm of the sum of nonradiative rate constants versus the E(S2 – S1) shows a good 

linear correlation for ZnTPP in the set of solvents examined. Moreover, the identity of 

the S2 decay and S1 rise time constants of ZnTPP in the wide set of solvents examined 

provides no evidence for the presence of the dark or S2' states previously proposed. One 

can conclude that the nonradiative decay processes of the S2 state of the metalloporphy-

rins is dominated by S2 – S1 internal conversion. However, the fact that the slope and 

intercept of the plot for ZnTPP is different from those for MgTPP, the azulenes and the 

aromatic thiones indicates that the weak coupling status between the S2 and S1 states in 

metalloporphyrins other than MgTPP is questionable. This matter will be further ex-

plored in Chapter 5. 
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Chapter 5: Effects of the Nature and Pattern of Substituents and of 

Macrocycle Conformation on the Photophysics of Soret-

excited Tetrapyrroles 

 

5.1 Introduction 

Tetrapyrroles and their derivatives are very important in nature, and have gained ex-

tensive applications because of their unique spectroscopic, photophysical and photo-

chemical properties.
8,28,130-142

 In order to impart some desirable properties to the tetra-

pyrroles, their structures can be modified by substitution some of which lead to macro-

cycle deformations. Previous investigations of the relationships between molecular 

structure and molecular photophysical and photochemical properties have been limited 

to the lowest singlet or triplet states of the tetrapyrroles and related compounds.
29,130,143

 

However, structure-property information regarding the highly excited electronic states 

of the tetrapyrroles and their derivatives, which are frequently involved in their photo-

actuated applications, is rare in the literature.
2,144

 

As reviewed in Chapter 1, the photophysical properties of the higher excited states 

of some individual or of small sets of modified tetrapyrroles have been investigated. 

The results indicate that spectroscopic and photophysical properties of highly electroni-

cally excited tetrapyrroles vary with the nature of the substituents and the central metal 

ions, and are also greatly affected by the macrocycle substitution pattern and macro-

cycle conformation. The limited information available
2,35,57,144

 shows that, for the same 

macrocycle substitution pattern, the S2 fluorescence quantum yields do vary slightly, 

but not greatly, upon changing the central metal ions. However, for tetrapyrroles with 

different substituents and different macrocycle substitution patterns, e.g. meso- or -

substitutions, the S2 fluorescence lifetimes range from tens of femtoseconds to several 

picoseconds.
145

 The vast differences among the S2 lifetimes imply that the effects of 

substituents and, perhaps, of deformation of the tetrapyrrole macrocycle framework are 

considerable. However, no comprehensive analysis of the variation in S2 spectroscopic 

and dynamic properties of tetrapyrroles associated with different substituents, macro-

cycle substitution pattern, or macrocycle conformation is yet available.  
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Based on an analysis of the experimental results available, the following puzzling 

questions still remain open. (1) The S2 – S0 fluorescence quantum yields vary greatly 

for metalloporphyrins with different macrocycle substitution patterns, for example me-

so- vs. -substitutions. The calculations presented in Chapter 3 do show some differenc-

es in the distribution of electron density and of net charge on the meso- or -carbon 

atoms when their atoms are substituted by phenyl or ethyl groups. Are these changes of 

electron density responsible for the differences observed in spectroscopic and photo-

physical properties? Other than the macrocycle substitution pattern, the nature of the 

substituents and macrocycle conformation can also affect the spectroscopic properties 

of tetrapyrroles. How do these factors affect the decay dynamics of highly excited elec-

tronic states of tetrapyrroles and can the differences in dynamics be associated with 

these structure-related spectroscopic changes? (2) As discussed in Chapters 3 and 4, 

several theoretical calculations and some experimental results suggest the existence of a 

“dark” or S2' state which is nearly degenerate in energy with the 2
1
Eu state. It would be 

highly desirable if further direct experimental evidence was available to confirm the 

presence of this unknown state. If such a state does exist, how is it assigned? Is it a dis-

tinct third electronic state, i.e. 3
1
Eu, or just a vibronic feature of the S2 state (i.e. B(1,0))? 

Furthermore, if it is a distinct electronic state, how does it affect the relaxation rate of 

the metalloporphyrins when excited in the Soret band? (3) As mentioned in Chapter 4, 

the S2 and S1 states involved in S2 – S1 internal conversion decay were found to be 

weakly coupled in the azulenes and aromatic thiones. The radiationless decay behaviors 

of the S2 states of these two families of compounds follow strictly the predictions of the 

energy gap law of radiationless transition theory in the weak coupling case. However, 

when the similar energy gap law plots were applied to those data obtained for MgTPP 

and ZnTPP in various solvents, the slope and intercept of the plot for ZnTPP are differ-

ent from those of MgTPP, and are also distinctly different from those of the azulenes 

and aromatic thiones. What is the range of the S2 – S1 interstate coupling energies in the 

diamagnetic d
0
 or d

10
 metalloporphyrins? Do they all belong to the weak coupling case 

as found in the azulenes and aromatic thiones? Or are S2 and S1 more strongly coupled 

(from intermediate to strong coupling)? Does the structure-excited state properties rela-
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tionship predicted by the energy gap law apply to all tetrapyrroles and their deriva-

tives?
75

  

To answer above questions, a detailed, systematic study was undertaken of the ef-

fects of (i) substituents and central metal ions, and (ii) macrocycle substitution pattern 

and conformation on the S2 relaxation rates of the tetrapyrroles and their derivatives. A 

set of 12 diamagnetic d
0
 and d

10
 metallated tetrapyrroles substituted by different substi-

tuents in different patterns and/or different resulting macrocycle conformations were 

chosen as the subject of the present work. The corresponding molecular structures and 

their full names with abbreviations were shown in chart 1.1. Complications due to axial 

ligation and presence of d–d or charge transfer excited states (i.e. open d shell species) 

were avoided.
57,126,146

 The structure-excited state properties relationship, if one exists, 

will be obtained by examining the spectroscopic and photophysical properties of their 

Soret-excited states. 

 

5.2 Results and discussion 

Since a great number of experimental data were obtained for the entire set of 12 

compounds, the results and discussion section in this chapter will be organized in sever-

al subsections. First, the results of steady state spectroscopy experiments are analyzed in 

general, based on the spectroscopic measurables common to all of the compounds stu-

died in this thesis. The differences in spectroscopic properties, together with the results 

of dynamics experiments related to each subset are analyzed and discussed separately. 

The analysis and discussion presented in each subsection focuses on several of the en-

tire set of compounds which have common structures or properties. A global analysis of 

the complete set of results is presented at the end. 

 

5.2.1 Steady-state spectroscopic properties  

The steady-state absorption and emission spectra were measured following the me-

thods and procedures described in Chapter 2. Irrespective of the presence of a “dark” or 

S2' state, the conventional assumption adopted here is that the Soret band of absorption 

spectrum results from the S2  S0 radiative transition and that the corresponding emis-

sion is associated with S2  S0 radiative transition.
115

 Both absorption and correspond-
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ing emission spectra of most of twelve compounds obtained in the present work do not 

differ materially from those previously reported in the literature.
2,130,143,144,147-149

 

As a representative, Fig. 5.1 shows the absorption spectra of ZnP, ZnTPP, ZnOEP 

and ZnTBP, which are plotted in molar extinction coefficient against wavenumber. As 

discussed in Chapter 4, spectroscopic properties of a given compound vary with solvent 

polarizability due to solvatochromic effects. To facilitate comparisons, all absorption 

spectra compared were taken using dilute solutions with concentrations in the range 1 to 

3 x 10
-6 

M in ethanol at room temperature. Taking the absorption spectrum of the parent 

molecule ZnP as a reference, the band maxima of both the Soret and Q bands of ZnTPP,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Absorption spectra of ZnP, ZnTPP, ZnOEP and ZnTBP in ethanol. Solute con-

centrations are in the 1 to 3 x 10
-6 

M range. 

ZnOEP and ZnTBP are all shifted to lower energies (to the red), irrespective of the na-

ture of the substituents at either the four meso- (Cm) or the eight - (C) positions. In 

addition to the shift of band maxima, the intensity of the molar extinction coefficient at 
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the band maximum of ZnP is comparable with that of ZnOEP and it is slightly increased 

in ZnTPP with a ratio of less than 2, but it is slightly decreased in ZnTBP by the ratio of 

ca. 2. The data of the molar extinction coefficients at the band maxima of all com-

pounds studied are collected in Table 5.1. 

The fluorescence spectra in the Soret region obtained by exciting in the Soret band 

are reasonable mirror images of the corresponding absorption spectra and shows a rela-

tively small Stokes shift when both spectra were measured in the same solvent, i.e. 

ethanol except ZnOEP. The pairs of absorption and emission spectra of ZnOEP and 

CdTPP are shown in Fig. 5.2 as representative. However, the emission spectrum of 

ZnOEP was obtained by exciting at 330 nm, which initially deposits ca. 5733 cm
-1

 vi-

brational energy into the S2 state, thus a large Stokes shift is expected, since vibrational 

relaxation is incomplete during the decay time of < 50 fs of the S2 state of ZnOEP. The 

Stokes shift of the Soret band of ZnOEP in toluene is ca. 677 + 30 cm
-1

, which is much 

larger than the average (no more than 300 cm
-1

) observed for the other metalloporphy-

rins studied. The bandwidths of the Soret bands of the emission spectra of ZnOEP, 

ZnTPP(F20), ZnTPTBP and CdTPP are broader than those of the other metalloporphy-

rins observed in the same solvent.  

The data that characterize the spectroscopic properties such as the Stokes shift and 

the relative intensities and widths of resolved vibrational features of both absorption and 

emission spectra of the set of compounds investigated are summarized in Table 5.1 and 

Table 5.2. To facilitate comparisons of spectroscopic properties of the entire set of 

compounds or subset of the compounds, all spectra were recorded under the same in-

strumental conditions with identical spectral bandwidths (2.0 nm). The spectra were 

recorded on a wavelength scale and were converted to the wavenumber scale following 

procedures as described in Chapter 2. Wavenumbers of the band maximum were taken 

directly from the spectra. To eliminate the effect of noise, the spectra were smoothed 

using 5 points averaging and the bandwidths were obtained from the best fits of Gaus-

sian functions to the observed band shapes. All these analyze were done using the Ori-

gin program (version 7.5), with estimated errors of no more than 20 cm
-1

 per measure-

ment.  
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Fig. 5.2 Absorption and fluorescence spectra of ZnOEP in toluene (top) and CdTPP in 

ethanol (bottom), with excitation at 410 nm. The fluorescence spectrum (uncorrected 

for self-absorption) of ZnOEP was obtained by front-face illumination at 330 nm in a 

triangular cell and contains residual Raman scatter at ca. 23000 cm
-1

. 

Table 5.1 also contains the values of the relative intensities of the (0,0) and (1,0) 

vibronic features in both Q and Soret bands. The ratios of the intensities (1,0)/(0,0) or 

fQ  fQ + fS  , may be related to the extent of the interstate coupling energies between  
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Table 5.1 Steady state spectroscopic data of the whole set of metalloporphyrins studied in this thesis.
a
 

 

 

 

compound 

/solvent  

E0-0(S2) 

(cm-1)   

S
max/105 

(M-1cm-1) 

FWHMS 

(cm-1) 

S (1,0)  

/S (0,0)  

SS (S2) 

(cm-1) 

E0-0(S1) 

(cm-1)   

Q
max/104   

(cm-1) 

FWHMQ 

(cm-1) 

SS (S1) 

(cm-1) 

Q(1,0) 

/Q(0,0)     

fQ 

/(fB+fQ)  

E(S2–S1) 

(cm-1) 

MgTPP
b
  

Ethanol 23700  - 370 0.064 120 16630  - 370  80 1.59 0.083 7070 

C6H5F 23500  -  450   0.077 190 16600  -  380   100 2.12 0.063 6900 

Benzene 23420 5.36 450 0.064 160 16540 1.8 430  160 1.91 0.060 6880 

Toluene 23350 5.74 540 0.074  200 16540 1.9 420  160 2.40 0.058 6910 

CS2 22830 3.90 660 0.065 - 16420 2.1 450 130 2.10 0.078 6410 

ZnTPP
 

 

Ethanol 23620 6.58 320   0.07 140 16690 2.17 400 200 2.88  0.056 6930 

DMF 23470 7.29 490   0.07  120 16640 2.36 410 180 2.29  0.060 6830 

Benzene 23560 5.87 690  0.07 170 16870 2.54 460 250 5.92  0.058 6695 

ZnTPP-d28  

Ethanol 23650 6.58  35 0.07 150 16730 2.17  360  150 2.89 0.054 6920 

Benzene 23600 5.87  630 0.07 250 16890 2.54  450   290 5.86   0.061 6710 

ZnTPP(F20)  

Ethanol 23800 5.52 500 0.106  270  16970 2.51  450  230 8.8 0.052 6830 

 ZnTPP(Cl8)  

Ethanol 23450 5.70 270 0.076   190 16860 2.24  510  -   13.2 0.059  6590 

1
2
6
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Table 5.1 (cont‟d) 

a
 wavenumbers quoted to nearest 10. 

b
 Data for MgTPP adapted from reference 74.

74
  

c
 Wavenumbers from the maxima of the origins of the Q and B bands in the absorption spectra, because of their noisy emission spectra. 

CdTPP  

ethanol 23160 5.41 560 0.11 187 16280 2.02 420 249 1.45 0.054 6880 

Benzene 22910 - 750 0.15 288 16210 - 570 684 1.75 0.059 6800 

ZnP  

Ethanol 25070 3.8 440 0.094 100 17630 1.34 360 138 4.41 0.051 7440 

ZnDPP  

Ethanol 24260 6.11 470 0.08 188 17130 1.99 320 170 5.95 0.057 7130 

DMF 24130 - 510 0.08 217 17090 - 380 190 5.55 0.053 7040 

Benzene 24150 - - 0.08 190 - - - - - 0.057 6711 

ZnTBP  

Ethanol 23640 - 390 0.12 112 16040 4.14 250 51 0.08 0.149 7600 

DMF 23430 - 590 0.12 110 15980 - 260 58 0.06 0.157 7450 

Pyridine 23050 - 650 0.12 - 15880 - 300 - 0.11 0.162 7170 

ZnTPTBP
c
  

Ethanol 21700 3.4 840 0.12 - 15360 5.64 460 192 0.30 0.108 6190 

DMF 21210 - 940 0.13 - 15160 - 480 263 0.39 0.119 6050 

Benzene 21200 - 1120 0.12 - 15230 - 440 110 0.27 0.127 5970 

Pyridine 20880 - 880 0.11 - 15070 - 460 304 0.43 0.124 5810 

ZnOEP
c 

            

Ethanol 24570 3.73 510 0.15 - 17440 2.01 350 - 0.90 0.076 7130 

Toluene 24720 4.17 750 0.15 - 17560 3.94 340 - 0.55 0.078 7160 

1
2
7
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the S2 and S1 states.
58

 The values were calculated from the absorbance at the peak max-

ima in the absorption spectra. The intensity fraction fQ  fQ + fS   was calculated by in-

tegration of the full Q band spectrum for fQ , and the full Soret band spectrum for fS . 

Analysis of the data regarding the resolvable vibronic features in Table 5.1 reveals that 

the relative intensities and widths are only a weak function of the solvent. However, 

they are strongly dependent on the nature of the substituents (phenyl or alkyl groups) 

and central metal ions (Mg, Zn or Cd), the macrocycle substitution pattern (meso- or -) 

and macrocycle conformation and size (26 or 42 conjugated π electron systems).  

As introduced in Chapters 1 and 3, the S2  S0 transition in the metalloporphyrins 

is fully electric dipole allowed with oscillator strength close to unity. The differences in 

the max (or  ε ν  dν ) are relatively small, however, the differences of the S2 fluores-

cence quantum yields among the compounds examined are remarkable, as indicated by 

the data in Table 5.2. This fact indicates that the radiative rate constants of the S2 states 

of the metalloporphyrins are similar (eq. 1.10), which is the case as indicated by the da-

ta in Table 5.2. Thus the vastly different fluorescence quantum yields among the metal-

loporphyrins studied result from different kr ( knr +  kr)  ratios, based on eq. 1.8, 

more accurately, are due primarily to vast differences in  knr  for the S2 state. 

Karolcazk et al.
42

 and Lukaszewicz et al.
43

 reported that the S1 fluorescence quan-

tum yields of ZnTPP in ethanol depend somewhat on the excitation wavelength when 

varying it from the blue to the red edge of the Soret band. To assess the excitation wa-

velength dependence of the fluorescence spectra, the fluorescence excitation spectra of 

all compounds were recorded as described in Chapter 2. The fluorescence excitation 

spectra were acquired, corrected and normalized before comparing with the correspond-

ing absorption spectra. Fig. 5.3 shows a representative pair of the absorption and the 

corresponding emission excitation spectra of MgTPP in toluene. Similarly, for the other 

compounds studied, the normalized emission excitation spectra are almost identical to 

the corresponding absorption spectra, within experimental error. Three kinds of emis-

sion excitation spectra were acquired by fixing the observation wavelength further to 

the red in the Q region, while varying the excitation wavelength (i) within the Q band (ii) 

within the Soret region or (iii) over the whole range of the absorption spectrum. Then  
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Fig. 5.3 Normalized S2 – S0 absorption spectrum and corrected emission excitation 

spectrum of MgTPP in toluene with concentration of 0.4 x 10
-6

M, obtained by observ-

ing S1 – S0 emission at 663 nm. Adapted from reference 74.
74

 

the corrected and normalized emission excitation spectra in each region were compared 

to the corresponding Soret and Q band absorption spectra, respectively, for each com-

pound.  

It is interesting to see that both the Soret band emission excitation spectrum and the 

Q band emission excitation spectrum reproduce the corresponding Soret and Q band 

absorption spectra. For the same metalloporphyrin, as the excitation wavelengths 

change within the Soret band from the blue side to the red side, the amount of the 

excess vibrational energy deposited in the S2 state of the molecule also varies somewhat. 

However, the above observations also indicate that these variations have minor effects 

on the efficiency of the S2 – S1 internal conversion decay path. It is possible that the ef-

fects resulting from the changes of the excess vibrational energies were not significant 

and not revealed in the steady-state spectra.
2,144

 In addition, for the whole range of the 

emission excitation spectrum, when normalizing only the Q band excitation spectrum 

with the Q band absorption spectrum, both the Soret band and the Q band match per-
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fectly in the Q region, and match well in their shapes in the Soret region. They do, how-

ever, exhibit slight differences in intensities. When these differences exist, they always 

show that the Soret band excitation spectrum is slightly less intense by no more than 10% 

than the corresponding Q band excitation spectrum. These small differences of the in-

tensities indicate that the efficiency of the S2 – S1 internal conversion (S2 – S1) must 

lie in the range 0.9 ≤ (S2 – S1) ≤ 1.0 in all the systems investigated here, irrespective of 

the vast differences in the nonradiative decay rates of this process.
74

 This will be dis-

cussed in later sections of this Chapter. 

  

5.2.2 Effects of deuteration 

The absence of S2 fluorescence in most OEP complexes and free base porphyrins 

such as H2TPP has been attributed to the presence of high frequency C–H vibrations in 

these molecules, which act as energy accepting modes in the S1 state during S2 – S1 in-

ternal conversion process.
57,58

 However, direct experimental evidence confirming this 

hypothesis has not been presented. In the weak coupling limit, perdeuteration of polya-

tomic aromatic hydrocarbons leads to a reduction of the Franck-Condon factors of the 

C–H stretching vibrational modes in the S1 state, which act as excess vibrational energy 

accepting modes during the S2 – S1 internal conversion. As a consequence, the S2 – S1 

radiationless decay rates are slower in the perdeuterated molecule than in the perhydro 

counterparts. For an E(S2 – S1) energy gap of 7000 cm
-1

, assuming that the C–H(D) 

stretching vibrations are the dominant energy accepting modes, according to eq. 1.28, 

the effect of the perdeuteration would slow down the S2 – S1 internal conversion decay 

rate by a factor ca. 2 to 4 in a metalloporphyrin. As a consequence, the S2 lifetime 

would be increased of the same factor. Such large differences of the S2 lifetimes would 

be easily measurable.  

In order to evaluate the contributions of the high frequency C–H vibrations to the 

nonradiative decay process of the S2 state in metalloporphyrins, both the spectroscopic 

and dynamic properties of the Soret-excited S2 states of the perdeuterated H2TPP and 

ZnTPP (yielding TPP-d30 and ZnTPP-d28, respectively, with isotopic purity higher than 

98%) were studied. The data are summarized in either Table 5.1 or Table 5.2 and com-

pared with those of the perhydro compounds. 
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Table 5.2 Dynamics data for the S2 state of all compounds investigated and f1 of sol-

vents examined. 

compound 

/solvent 

f1 

 

E(S2-S1) 

(cm
-1

) 

f/10
-3

 

 

S1 rise 

ps 

S2 

ps 

kr/10
8
 

(s
-1

) 

knr/10
11

 

(s
-1

)

el
a 

(cm
-1

) 

MgTPP  76 

Ethanol 0.222 7103 2.4 3.25 3.28 7.3 3.05  

C6H5F 0.276 6910 2.4 - 2.82 8.5 3.55  

Benzene 0.295 6893 2.5 2.69 2.71 9.2 3.69  

Toluene 0.296 6880 2.3 - 2.55 9.0 3.92  

ZnTPP  81 

Ethanol 0.222 6930 1.42 2.34 2.35 6.04 4.26  

DMF 0.257 6832 1.50 2.07 2.15 6.98 4.65  

Benzene 0.295 6695 1.14 1.41 1.49 7.65 6.71  

ZnTPP-d28  80 

Ethanol 0.222 6922 1.5 2.34 2.36 6.4 4.24  

Benzene 0.295 6713 - 1.49 1.50 - 6.67  

ZnTPP(F20)        183 

Ethanol 0.222 6828 0.19 0.45 0.46 4.0 22  

ZnTPP(Cl8)        98 

Ethanol 0.222 6671 0.88 1.34 1.36 6.5 7.35  

CdTPP        197 

Ethanol 0.222 6875 0.138 0.30 0.31 4.5 32  

Benzene 0.295 6696 0.129 0.24 0.24 5.4 42  

ZnP        173 

Ethanol 0.222 7445 0.42 0.90 0.91 4.6 11.0  

ZnDPP        85 

Ethanol 0.222 7129 1.61 2.31 2.30 7.00 4.35  

DMF 0.257 7033 1.50 2.00 2.01 7.46 4.98  

Benzene 0.295 6711 1.67 1.78 1.79 9.33 5.59  
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Table 5.2 (cont‟d) 

ZnTBP        136 

Ethanol 0.222 7601 - - 1.30 - 7.69  

DMF 0.257 7447 2.37 - 2.55 9.29 3.92  

Benzene 0.295 7487 - - 1.01 - 9.90  

Pyridine 0.300 7169 - 1.51 1.53 - 6.54  

ZnTPTBP  87  . 

Ethanol 0.222 6189 0.79 0.93 0.93 8.5 10.8  

DMF 0.257 6047 1.22 0.74 0.75 16 13.3  

Benzene 0.295 5962 1.43 0.68 0.68 21 14.7  

Pyridine 0.300 5810 - 0.43 0.43 - 23  

ZnOEP  2000
b
 . 

Ethanol 0.222 7133 ~0.001 < 0.05 <0.05 - >200  

a
 Calculated for data in ethanol.  

b
 Best estimate based on (S2) = 24 fs (see text). 

“-” not available 

The pairs of S2 decay and S1 rise fluorescence upconversion profiles for ZnTPP and 

ZnTPP-d28 obtained in ethanol are shown in Fig. 5.4. The solid lines show the best fit to  

the experimental data. The deconvolution of the temporal profiles, using the method 

described in Chapter 2, gives an S2 decay time constant of 2.36 ps and S1 rise time of 

2.34 ps for ZnTPP-d28 in ethanol. Note that both results are identical, within an experi-

mental error of ca. 50 fs, to those values obtained for undeuterated ZnTPP in the same 

solvent. In addition, the S2 fluorescence quantum yields of ZnTPP and ZnTPP-d28 are 

also similar, with a difference of only ca. 5% obtained under the same experimental 

conditions. These results indicate that deuteration of ZnTPP has no measurable effects 

on either lifetimes or fluorescence quantum yields of the Soret-excited S2 state. The 

negligible differences between ZnTPP and ZnTPP-d28, imply that C–H(D) vibrations 

are not directly involved in the S2 – S1 interstate coupling in ZnTPP. It is more likely 

that in-plane macrocycle skeletal C–C and C–N stretching modes, rather than C–H(D) 

vibrations, act as the most efficient energy accepting modes. If this is true, the deutera-

tion effect would be expected to be finite due to vibrational coupling, but small and 

beyond the resolution accessible with this instrumentation.  
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Fig. 5.4 Temporal S2 decay and S1 rise fluorescence upconversion profiles obtained in 

ethanol of (A) ZnTPP ((S2) = 2.35 ps; (S1 rise) = 2.34 ps) and (B) ZnTPP-d28 ((S2) = 

2.36 ps; (S1 rise) = 2.34 ps). Excitation wavelength ex = 400 nm and central observa-

tion wavelengths are shown for each event. The decay profiles were well modeled by 

single exponential decay and rise temporal profiles were deconvoluted by multiple ex-

ponential functions as described in Chapter 2. This figure was adapted from reference 

75.
75

  

The effect of the perdeuteration of ZnTPP on the nonradiative decay rate can also be 

evaluated as introduced in chapter 1. Such kind of perdeuteration would decrease the 

average frequency of the in-plane macrocycle skeletal C–C(N) stretching vibrations by 
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≤ 4%, thus the expected ratio of the knr
H knr

D will fall in the range 1.00 ≤ knr
H knr

D  ≤ 

1.03.
75

 In fact careful measurements of the S2 – S0 fluorescence spectra of dilute solu-

tions of ZnTPP and ZnTPP-d28 in ethanol, excited under exactly the same set of instru-

mental conditions and using the exactly same absorbance (0.05) at the same excitation 

wavelength (400 nm), reveals that a very slight increase (estimated to be ca. 3% ) of the 

S2 fluorescence quantum yield is obtained for ZnTPP-d28. Based on the S2 lifetime mea-

surements, the nonradiative rate constants have been calculated, and values of 4.26 x 

10
11

 s
-1

 for ZnTPP and 4.24 x 10
11

 s
-1

 for ZnTPP-d28 are obtained. The data are included 

in Table 5.2. The ratio knr
H knr

D  = 1.05 + 0.05 is completely consistent with the above 

predictions, which confirms that C–H(D) vibrations are not important in the S2 – S1 in-

terstate interactions of the metalloporphyrins examined. Together with calculations pre-

sented in Chapter 3, one can conclude that, in the metalloporphyrins, in-plane macro-

cycle skeletal C–C(N) stretching vibrations, not high frequency C–H vibrations, are the 

active energy accepting vibrational modes in the S2 – S1 radiationless transitions. As 

discussed earlier in this chapter, the fact that the emission spectra and the corresponding 

absorption spectra are good mirror images and small Stokes shift makes it reasonable to 

assume that the vibrational structures of the excited states are almost the same as those 

in the ground state. Thus the use of ground state frequencies instead of excited states 

ones for this analysis is reasonable.  

However, the deuteration effects in the free-base tetraphenylporphyrin (i.e. H2TPP) 

are more complicated due to the dual role of N–H(D) vibrations. On the one hand, they 

might act as energy accepting modes because of the high frequency associated with the 

larger Franck-Condon factor; in this case, deuteration will lead to the reduction of the 

Franck-Condon factor, and slow down the rate of S2 – S1 internal conversion. On the 

other hand, N–H(D) vibrations are also involved in the possible radiationless decay due 

to interconversion, via tunneling, between two tautomeric structures. The exchange be-

tween two tautomeric structures is associated with the motion of the H(D) atoms and 

involves large amplitude atom displacement. Thus the isotope effect might be consider-

ably larger than the effects associated with the reduction of the Franck-Condon factor. 

Studies of the S2 relaxation dynamics of the H2TPP and its deuterated species (TPP-d30) 

will explore the effects of the dual role of N–H(D) vibrations. 
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The S2 lifetime of H2TPP has previously been found to be very short, ranging from 

20 fs
56

 to 82 fs
150

 depending on the condensed media employed. More recently, Baskin 

et al.
55

 measured an S2 lifetime of  ≤ 50 fs for H2TPP in benzene using the fluores-

cence upconversion technique. This lifetime is almost two orders of magnitude shorter 

than that of ZnTPP, which was found to be 1.45 ps in benzene.
55

 What is the fundamen-

tal source(s) of this difference? Baskin et al.
55

 determined that the S2 – S1 energy gap 

(E(B – Qy)) of H2TPP in benzene is only 5650 cm
-1

. Because of such small E(B – Qy) 

in H2TPP, the S2 – (Qy) internal conversion would be expected to be much faster than 

those metalloporphyrins with substantially larger S2 – S1 energy gaps. They also 

attribute the fast nonradiative S2 – S1 internal conversion in H2TPP to the excess vibra-

tional energy deposited in the molecule by exciting to the blue side of the Soret band. 

However, as discussed in section 5.2.1, the effects of the variation in the amount of 

excess vibrational energy are not very important in the determination of the nonradia-

tive decay of the S2 state of the compounds studied at least the effects are not large 

enough to be revealed in the steady-state spectra.  

In the present work, the S2 lifetimes of the S2 states of both H2TPP and TPP-d30 in 

benzene were carefully measured using fluorescence upconversion under experimental 

conditions similar to those used by Baskin et al.
55

. When excited at 400 nm, ca. 1200 

cm
-1

 to 1300 cm
-1

 of vibrational energy was initially deposited in the molecule. The 

temporal S2 population decay profile of H2TPP in benzene was nearly indistinguishable 

from the IRF but could be fit by a single exponential decay with a time constant of ≤ 50 

fs. Meanwhile, the S2 population decay time of the TPP-d30 in benzene was estimated to 

be ca. 100 fs. These results are in good agreement with the results reported by Baskin et 

al.
55

 Based on the present results, the best estimate shows that the nonradiative decay 

rate of the S2 – S1 internal conversion of TPP-d30 in benzene was slowed down by a fac-

tor of ca. 2, when compared to that of H2TPP. However, it is impossible to obtain a pre-

cise value of knr
H knr

D  ratio owing to the limited time resolution of the current experi-

mental setup.  

As discussed previously, the finite but immeasurable differences of the S2 lifetimes 

between ZnTPP-d28 and ZnTPP indicate that perdeuteration of the four meso-substituted 

phenyl groups has a minor effect on the S2 – S1 radiationless decay rates of ZnTPP. If 
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this is also the case in H2TPP and TPP-d30, any decrease of the relaxation rate of S2 – S1 

internal conversion in TPP-d30 must be due to the deuteration of the pyrrole N atoms. 

Due to the deduction of the Franck-Condon factor introduced by lowering the N-H(D) 

vibrational frequency, such deuteration is able to significantly slow the relaxation rate 

of the S1 – S0 internal conversion by a factor of almost 6 in TPP-d30, given a large S1(Qx) 

– S0 electronic energy gap of 15400 cm
-1

.
15 

 However, the E(B – Qy) energy gap is on-

ly 5650 cm
-1

 for H2TPP in benzene.
55

 In this case, the changes of the Franck-Condon 

Factor associated with deuteration of N–H(D) have a minor effect (in a factor of less 

than 2) on the radiationless decay of the S2 – S1 internal conversion.  

Thus the great reduction in the B – Qy radiationless relaxation rate of the S2 state in 

TPP-d30 compared to that of H2TPP, can only be due to the reduced rate of interconver-

sion between two tautomeric structures, via tunneling. This interpretation is consistent 

with the tunneling model of radiationless transitions developed by Azenha et al.
128

 The 

B – Qy interstate coupling, which can be enhanced when atom displacement is along 

molecular coordinates describing the tautomerization from N1,3–H(D) to N2,4–H(D), 

leads to ultrafast radiationless relaxation of the S2 state in H2TPP and a modest decrease 

in this rate on deuteration at the pyrrole N atoms.  

 

5.2.3 Effect of a change in molecular symmetry of meso-substitution by phenyl 

groups  

As discussed in Chapter 3, TDDFT calculations predict that the degeneracy of each 

excited electronic state obtained in ZnTPP(D4h) is split into two closely spaced states 

(with ∆E ≤ 0.02 eV) when the symmetry is decreased in ZnDPP(D2h), as displayed in 

Fig. 3.6 (b). The excited states with 
1
Eu symmetry in ZnTPP are split into two closely 

lying states of 
1
B2u and 

1
B3u symmetry in ZnDPP due to the static Jahn-Teller effect. Fig. 

5.5 shows the emission and corresponding absorption spectra of ZnDPP in ethanol. 

Compared to the spectra of ZnTPP, both the Soret and Q bands of ZnDPP are shifted 

slightly to the blue. However, the splitting of the excited states predicted by TDDFT 

calculations, results in no significant effect on the shapes or intensities of the solution 

phase absorption and emission spectra. The data presented in Table 5.1 show that the S2 

– S1 electronic energy gap of ZnDPP is about 200 cm
-1

 larger than that of ZnTPP when 
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Fig. 5.5 Normalized Soret band and Q band absorption and emission spectra pair of 

ZnDPP in ethanol. The excitation wavelength is 400 nm. 

both are measured in the same solvent, i.e. ethanol. However, the solvatochromic effect 

on the S2 – S1 energy gap of ZnDPP is similar to that of ZnTPP. 
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To examine the effect of the meso-substitution pattern on the S2 population decay 

rates, both the S2 decay and S1 rise times of ZnTPP and ZnDPP were measured. The 

radiative and nonradiative rate constants characterizing the decay dynamics of the S2 

state of ZnDPP were calculated and summarized in Table 5.2. Similar to ZnTPP, the S2 

decay time of ZnDPP in ethanol is identical to its S1 rise time. Moreover, the S2 lifetime 

of ZnDPP is only 50 fs shorter and the calculated knr is just slightly larger than that of 

ZnTPP. The similar lifetimes and radiationless decay rates of the S2 state in ZnDPP to 

those of ZnTPP indicate that static Jahn-Teller effects associated with lifting the dege-

neracy of the excited states, as predicted by TDDFT calculations discussed in chapter 3, 

is not an important determinant of the S2 depopulation rate constants in ZnDPP. 

In addition, Mataga, et al.
37

 investigated the differences of the temporal S2 decay 

and S1 rise profiles of ZnTPP in ethanol and of zinc meso-diarylporphyrin in tetrahydro-

furan (THF), which also has a lower symmetry than that of ZnTPP. Though in different 

solvents, the differences of the nonradiative rate constants of the S2 state of two com-

pounds are negligible. Their results strongly support the above conclusion that static 

Jahn-Teller effects are not important in determining the S2 relaxation rate constants of 

the diamagnetic metalloporphyrins. 

 

5.2.4 Effect of halogenations of meso-substituted phenyl groups  

Halogenation of either -substituents or meso-substituted phenyl groups is known to 

strongly influence the spectroscopic and photophysical properties of the lower excited 

states of both free-base porphyrins and their metallated derivatives.
78,108,151

 As discussed 

in Chapter 4, the S1 lifetime of ZnTPP(F20) (1.55 ns) is shorter than that of ZnTPP (1.96 

ns), but it is significantly shortened in ZnTPP(Cl8) (0.26 ns) due to an enhanced S1 – T1 

intersystem crossing. To investigate the effects of halogenations of the meso-substituted 

phenyl rings on the S2 depopulation rates of the metallated tetraphenylporphyrins, both 

steady-state spectroscopic properties and dynamic population decay behaviour of Soret-

excited ZnTPP(F20) and ZnTPP(Cl8) in ethanol were studied. The results are presented 

in Tables 5.1 and 5.2. Comparisons of the data regarding ZnTPP, ZnTPP(F20) and 

ZnTPP(Cl8) in Table 5.1 shows that the band maximum of the absorption of ZnTPP(F20) 

is shifted slightly to the higher energy to that of ZnTPP, but, in ZnTPP(Cl8), it shifted 
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slightly to the lower energy. Note that the S2 – S1 energy gaps of these three compounds 

in the same solvent are similar with a difference of no more than 200 cm
-1

. However, 

the radiationless decay rates of the Soret-excited S2 states of ZnTPP(F20) are 6-fold 

larger in magnitude compared to that of ZnTPP, whereas, in ZnTPP(Cl8), it is just 

slightly increased by a factor of less than 2. Thus the effects of perfluorination of the 

phenyl groups are significant, while partial chlorination of the phenyl rings has only a 

small effect on the S2 radiationless decay rate. In particular, as shown in Fig. 5.10 (pre-

sented later in section 5.2.8), the energy gap law plots for the whole set of compounds 

investigated show that the datum for ZnTPP(Cl8) falls squarely on the same straight line 

as for ZnTPP itself, while that of ZnTPP(F20) lies well above because of its much larger 

knr.  

Why do they behave differently? It has been reported
78,108,114,151

 that perfluorination 

and partial chlorination of the four meso-substituted phenyl groups and result in a with-

drawal of electron density from the conjugated macrocycle π electron systems, and 

leads to a ruffled macrocycle framework. The porphyrin macrocycles in ZnP and 

ZnTPP remain planar. However, for perfluoroalkyl porphyrinsthe nonplanarity (or ruf-

fling) itself cannot account for the spectral shifts observed for the free base porphyrins 

and their metallated analogues.
108

 The results of high level TDDFT calculations indicate 

that for these compounds,
151

 saddling distortions only introduce a negligible difference 

on the geometry of the ground state and excitation energies of the excited states. Be-

cause both ZnTPP and ZnTPP(F20) have similar energy gaps in the same solvent, the 

larger S2 – S1 radiationless transition rate in the perfluorinated compound compared to 

its planar counterpart could be ascribed to the distortion of the planarity. However, such 

changes in macrocycle planarity also exist in ZnTPP(Cl8) and thus are insufficient to 

account for the great increase of the nonradiative decay rates of the S2 states of 

ZnTPP(F20). Further discussions will be presented in later sections of this Chapter. 

 

5.2.5 Effect of the d
0
 and d

10
 metal atoms in meso-substituted MTPP metallopor-

phyrins  

As mentioned in section 5.2.4, halogenation of the four meso-substituted phenyl 

groups distorts the porphyrin macrocycle from planarity. The ground states of some 
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other sterically crowded meso-substituted tetraarylmetalloporphyrins have also been 

found to have either a ruffled or a saddle-shaped non-planar porphyrin frame-

work.
78,108,109,151-155

 In metallated porphyrins, when the size of the central metal ion (e.g. 

Cd
2+

) exceeds that of the cavity provided by the tetrapyrrole ligand or when a solvent 

ligand such as pyridine pulls the metal ion out of the macrocyclic plane,
110,128,156,157

 the 

metallated macrocycle is no longer planar. Such structural changes may be important in 

facilitating the biophysical functions of the metalloporphyrins and their derivatives. 

However, as discussed in section 5.2.4, structural distortion alone is insufficient to ac-

count for the spectral shifts observed for these tetrapyrroles with non-planar macro-

cycle.
78,108,151

 Whether or not they are important in the determination of the photophysi-

cal properties of the S2 states of the d
0
 and d

10
 metalloporphyrins studied in this thesis 

remains an open question.  

As introduced in Chapter 1, in addition to the potential distortion of the planarity of 

the porphyrin macrocycle, heavy metal atoms are able to enhance intramolecular S2 – Tn 

intersystem crossing, a process which could be involved in the radiationless decay of 

the S2 state in tetrapyrroles due to the availability of several triplet states with energies 

close to or lower than that of S2. To evaluate the influence of size and mass of the metal 

atom on the radiationless relaxation of the Soret-excited S2 states of meso-substituted 

tetraphenylmetalloporphyrins, the photophysical behaviors of the S2 states of MTPP (M 

= Mg, Zn and Cd) were investigated systematically. Here, the Mg
2+

 with d
0
 and Zn

2+
, 

Cd
2+

 with d
10

 valence electron configurations were chosen to eliminate the complexity 

associated with open shell structures. The data are collected in Tables 5.1 and 5.2. The 

efficiency of S2 – S1 internal conversion in these three compounds was also studied in 

order to evaluate the contributions of the S2 – Tn intersystem crossing to the radiation-

less relaxation of their S2 states and the data are tabulated in Table 5.3 presented later in 

section 5.2.8. Though the S2 – S0 fluorescence quantum yield of CdTPP is extremely 

small, the S1  S0 fluorescence quantum yield is comparable to that of MgTPP and 

ZnTPP. Thus, it is possible to measure accurately the relative intensities of S1  S0 flu-

orescence of pairs of these three compounds.  

For example, for MgTPP and ZnTPP in ethanol, the relative intensities of the S1 – 

S0 fluorescence were measured by exciting both solutions at the same wavelength (415 
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nm) in the Soret region, with an identical absorbance of 0.20 to obtain IS, while exciting 

in the Q band region, the excitation wavelength was set at 559 nm with identical absor-

bance of 0.023 to obtain IQ, as shown in Fig. 5.6. As a consequence, a ratio of RMTPP = 

IS/IQ of the S1 – S0 fluorescence intensity is obtained. The measurements were done un-

der the identical conditions and the effects of excitation wavelength and absorbance at  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6 Absorption spectra of MgTPP and ZnTPP in ethanol showing the wavelengths 

of overlap in the Soret and Q band regions chosen for excitation to measure the relative 

efficiencies of S2 – S1 internal conversion. 

the excitation wavelength are eliminated. The ratio of ratio, RMgTPP/RZnTPP obtained in 

this way for each pair compounds is equal to the ratio of their net S2 – S1 internal con-

version efficiencies (η(S2-S1)), namely, RMgTPP/RZnTPP = η(S2-S1)(MgTPP)/η(S2-

S1)(ZnTPP). Similar measurements and calculations were also done for the ZnTPP and 

CdTPP pair.  

The value of η(S2-S1) (ZnTPP) is slightly less than 1 for an excitation wavelength of 

415 nm, which was obtained by measuring the absolute quantum yields of S1 – S0 emis-

sion as a function of excitation wavelength varying within the Soret band.
43

 By taking 
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value of η(S2-S1) (ZnTPP) as a reference, the results for three compounds were obtained 

as follows, η(S2-S1) (MgTPP) = 1.00, η(S2-S1) (ZnTPP) = 0.93 (reference) and η(S2-S1) 

(CdTPP) = 0.69. The efficiency of S2 – S1 internal conversion in MgTPP is entirely 

consistent with the fact that the corrected, normalized fluorescence excitation spectrum 

of MgTPP is perfectly overlapped with the corresponding absorbance spectrum (cf. sec-

tion of 5.2).  

The S2 – S1 internal conversion efficiency of CdTPP is 0.69, so that other radiation-

less decay processes account for ca. 30% of S2 decay in this compound. However, the 

data in Table 5.2 indicate that the S2 – S1 nonradiative decay rate has been increased in 

a factor of 7.5 comparing to that of ZnTPP. The 30% decrease of the S2 – S1 internal 

conversion efficiency could be attributed to enhanced competing S2 – Tn intersystem 

crossing, but its magnitude is insufficient to account for the 7.5-fold increase in the S2 − 

S1 nonradiative decay rate in CdTPP relative to ZnTPP at the same energy gap. In addi-

tion, the solvatochromic effect on the S2 – S1 internal conversion the decay rates of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7 Energy gap law plots for MgTPP and ZnTPP and the azulenes. Data for the 

azulenes were taken from reference 26,
26

 and data for MgTPP taken from reference 

74.
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CdTPP are qualitatively similar to those seen in ZnTPP and MgTPP. The data in Table 

5.2 reveal that the S2 decay time is very similar to the S1 rise time for CdTPP in ethanol. 

Based on all these results, it is no doubt that the S2 − S1 internal conversion process is 

the dominant decay processes in these three MTPP metalloporphyrins, and that S2 − Tn 

intersystem crossing is not primarily responsible for the greatly increased S2 radiation-

less decay rates in ZnTPP and especially in CdTPP.  

It is very important to note that, as shown in Fig. 5.7, the energy gap law plot for 

MgTPP falls on the same straight line as that established for the azulenes. This result 

indicates that, similar to the azulenes, the S2 − S1 interstate coupling in MgTPP also be-

longs to the weak interstate coupling limit. However, the slope of the linear plot for 

ZnTPP is obviously different and the datum for CdTPP lies well above the weak coupl-

ing limit line, as shown later in Fig. 5.10 (to be discussed later in this Chapter). 

 

5.2.6 Effect of extensions of the conjugated macrocycle structure and meso-

tetraphenyl substitutions.  

It has been reported previously that the S2 − S1 energy gap (E(S2 − S1) in ZnTBP is 

8953 cm
-1

 when measured in a supersonic expansion.
52

 This is considerably larger than  

those of ZnTPP and other metalloporphyrins, and is close to those of some thiones. If 

the S2 population decay rates of ZnTBP were to follow the predictions of the energy gap 

law of radiationless transition theory in the weak coupling case, its S2 lifetime should-

fall in the range from 50 to 500 ps. However, lifetimes of ca. 4 ps and 2.4 ps have been 

previously reported for ZnTBP in gas phase or in solution.
52,158

 

To test the possible effects of extensions of the conjugated -electron macrocycle 

and of any distortions of planarity introduced by meso-tetraphenyl substitution in the 

benzo-annulated macrocycles, both the steady state spectroscopic properties and dy-

namic photophysical decay rates of a subgroup of ZnP, ZnTBP and ZnTPTBP mole-

cules were investigated in several solvents. The data are summarized in Tables 5.1 and 

5.2. The results can be compared with those obtained previously for ZnTPP. The spectra 

obtained in the present work for ZnP and ZnTPTBP do not differ materially from those 

reported previously.
158-164

 The spectra of ZnTBP require further comment. As men-
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Fig. 5.8 Temporal S2 and S1 fluorescence upconversion profiles of (A) ZnTBP in pyri-

dine ((S2) = 1.53 ps; (S1 rise) = 1.51 ps) and (B) ZnTPTBP in ethanol ((S2) = 930 fs; 

(S1 rise) = 933 fs). Measurements are at room temperature with ex = 400 nm and cen-

tral observation wavelength shown. The solid lines give the best fits of single exponen-

tial decay and rise functions to the measured data. Adapted from reference 75.
75
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This impurity is also present in commercially available samples. Discrepancies in pre-

viously reported S2 − S0 fluorescence quantum yields of this compound have been attri-

buted tothis contamination.
25,26

 Therefore, particular care was taken by professor S. 

Langford and his group in purifying and characterizing the ZnTBP used in this study. 

Despite careful purification, an absorption at 460 nm indicates the presence of residual 

impurity. However, this impurity is found to be non-fluorescent and the sample was 

therefore deemed suitable for investigation. Details regarding the purification of ZnTBP 

were given as supplementary information in reference 75.
75

  

Both the absorption and emission spectra of ZnTBP and ZnTPTBP are greatly 

shifted to lower energies and both have relatively broader FWHM than the unannulated 

porphyrins. Both exhibit a larger ratio of relative intensities of the Q bands to the Soret 

bands, compared to those of ZnP and ZnTPP. Note particularly that ZnTBP has the 

largest E(S2 – S1) value of 7601 + 50 cm
-1

 in ethanol, consistent with previous re-

ports.
52,162

 However, the value of E(S2 – S1) = 5810 cm
-1

 for ZnTPTBP in pyridine 

was the smallest of all the metalloporphyrins investigated in this thesis. An extended 

investigation of their solvatochromic effects was limited by the poor solubility of these 

larger molecules in non-coordinating solvents. Nevertheless, as shown in Fig. 4.5, de-

spite the limited experimental data obtained, the intercept of the plot of E(S2 − S1) ver-

sus the solvent polarizability function, f1, for ZnTBP has almost the same value as that 

found for bare ZnTBP molecules (8953 cm
-1

) in a supersonic expansion.  

The pairs of temporal S2 decay and S1 rise profiles for ZnTBP in pyridine and 

ZnTPTBP in ethanol are shown in Fig. 5.8. The S2 lifetimes of ZnTBP measured in a 

small set of solvents exhibit a modest dependence on the nature of solvent, and are 

comparable to those of ZnTPP obtained in the same solvent. This is consistent with the 

fact that the macrocycle with an extended conjugated -electron network has a larger 

polarizability and hence is more sensitive to changes of the polarizability of the solvent. 

The radiationless decay constants calculated from the measured S2 lifetimes are also 

comparable to those found in ZnTPP. Similar results were obtained for ZnTPTBP, but 

with smaller S2 – S1 energy spacings yielding slightly shorter lifetimes than those of 

ZnTBP. However, for ZnP, irrespective of its significantly larger energy gap (E(S2 – 
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S1) = 7445 cm
-1

 in ethanol, the S2 lifetime of 0.91 ps obtained in ethanol was slightly 

shorter than that of ZnTPTBP. All the related data are summarized in Table 5.2. 

Based on the data obtained and the analysis described above, one can conclude that 

the S2 relaxation behaviors of both ZnTBP and ZnTPTBP do not follow the predictions 

of the energy gap law of radiationless transition theory in the weak coupling limit. 

Changes in neither the S2 – S1 energy gap nor the rigidity of the macrocycle framework 

can be used to interpret the effects on the S2 – S1 radiationless decay rate of the exten-

sion of the conjugated macrocycle from 26 to 42 -electrons. In addition, the effect of 

meso-tetraphenyl substitution of either ZnP to give ZnTPP or of ZnTBP to give 

ZnTPTBP on the S2 – S1 radiationless decay rate cannot be correlated with changes in 

the macrocycle geometry.
75

 Note also that the initial excess vibrational energy deposited 

in different metalloporphyrins by using the same excitation wavelength, 400 nm, varies 

with the different metalloporphyrins studied in solution (Evib increasing from ca. 0 cm
-1

 

in ZnP to ca. 3500 cm
-1

 in ZnTPTBP). However, no significant effect on the S2 depopu-

lation dynamics was found due to this difference in the amount of excess vibrational 

energy. This confirms the previous conclusions in section 5.2 which were made by 

comparing the emission excitation and absorption spectra of the same molecules. 

 

5.2.7 ZnOEP and other d
0
 or d

10 
metalloporphyrins without S2 emission 

For many years, it was believed that the Soret-excited (S2) state of ZnOEP was 

“non-fluorescent”.
33,57

 However, very weak emission from the S2 state of ZnOEP in 

ethanol was observed in the 400 ~ 430 nm range, when exciting at wavelengths to the 

blue side of the main Soret band in the present work. Details of these measurements 

have been described in Chapter 2. It is impossible to obtain an accurate spectrum be-

cause of the inner filter effect and the effects of scattering. Nevertheless, the S2 – S0 flu-

orescence quantum yield is estimated to be ca. 1 x 10
-6

. The radiative rate constant and 

natural fluorescence lifetime of the S2 state of ZnOEP in toluene were estimated based 

on integration of the absorption and emission spectra according to eq. 1.6. The lifetime 

of the S2 state was calculated to be ca. 20 fs. By taking the inverse of this S2 lifetime, a 

radiationless decay rate of ca. 5 x 10
13

 s
-1

 was obtained. Note particularly that this value 

is almost exactly the average frequency of the in-plane skeletal C–C and C–N stretching 
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vibrations of the porphyrin macrocycle. As discussed previously, these particular vibra-

tions are the major energy accepting modes in the S2 − S1 radiationless decay of ZnTPP 

and MgTPP. 

Though the S2 fluorescence quantum yield of ZnOEP is very low, it is sufficient to 

obtain reliable temporal fluorescence upconversion decay profiles, although data acqui-

sition takes a relatively long time. The reason is that the oscillator strength of the Soret 

transition in ZnOEP is large and comparable to those of other metalloporphyrins studied. 

The S1 fluorescence rise time of ZnOEP in ethanol was also measured and compared to 

the S2 decay time. Plots of the pair of temporal S2 decay and S1 rise fluorescence up-

conversion profiles of ZnOEP in ethanol are given in Fig. 5.9. The temporal S2 decay 

profile is almost indistinguishable from the pure Gaussian instrument response function 

when both are obtained with a 3.3 fs step size during data acquisition. The deconvolu-

tion of the temporal decay profiles gives an S2 population decay time of ca. 24 fs, which 

is entirely consistent with the S2 lifetime of ca. 20 fs calculated previously based on the 

steady-state absorption and emission spectra of ZnOEP in toluene.  

It is important to point out that the E(S2 − S1 ) value of -substituted ZnOEP in 

solvents such as ethanol (7445 + 50 cm
-1

) is slightly larger than that of meso-substituted 

ZnTPP in the same solvents (6930 + 50 cm
-1

) (Table 5.1). The energy gap law devel-

oped on the basis of the weak coupling case therefore cannot be used to explain the ul-

trafast radiationless relaxation rate of the S2 state of ZnOEP, compared to that of ZnTPP. 

However, the fluorescence quantum yield of the S1 state of ZnOEP is independent of 

the variation of the excitation wavelength ranging from the Q bands to the Soret bands, 

thus one can conclude that the efficiency of the S2 – S1 internal conversion is also close 

to unity, just as it is in ZnP and ZnTPP. In addition, the varying amounts of vibrational 

energy deposited in these metalloporphyrins cannot account for the differences in radia-

tionless decay rates of the Soret-excited S2 states, since, by fixing the excitation wave-

length at 400 nm, ca. 1350 cm
-1

 of vibrational energy is deposited in ZnTPP, almost 0 

cm
-1

 in ZnP and ca. 500 cm
-1

 in ZnOEP. 

To interpret the large radiationless decay rate of the S2 state of ZnOEP, strong S2 – 

S1 interstate coupling is hypothesized based on the results obtained in the present work. 

If strong coupling is involved, the larger S2 radiationless decay rate can be attributed to 
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a much larger S2 – S1 interstate electronic coupling constant. Whether or not strong 

coupling exists in this system is the source of the ultrafast radiationless depopulation of 

the S2 state in ZnOEP, and whether or not this strong coupling, if present, is characteris-

tic of all -substituted metalloporphyrins, are questions that will be discussed in the fol-

lowing section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9 Temporal S2 fluorescence decay and S1 fluorescence rise profiles of ZnOEP in 

ethanol at room temperature. Measurements are for ex = 400 nm and the central obser-

vation wavelength shown. For the S2 fluorescence upconversion signal, the solid line 

gives the best fit of the data to a Gaussian instrument response function with FWHM = 

400 fs and S2 population decay time, (S2) = 24 fs. For the S1 fluorescence signal, the 

solid line gives the best fit to an S1 population rise time, (S1 rise) = 30 fs.
75

 Obtained 

with 3.3 fs increment per data point. 

5.2.8 Global Analysis of the entire set of compounds studied and Conclusions 

The data presented in Table 5.2 show that the lifetimes and radiationless relaxation 

rates of the S2 states of the entire set of twelve compounds studied here are strongly de-
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pendent on molecular structure. The effects of the nature of the substituent and of the 

central metal ion, and the different macrocycle substitution patterns and macrocycle 

conformations have been evaluated by analysis of each of the several subsets of the en-

tire set of compounds. Based on this analysis, several general conclusions can be drawn.  

First, the superimposability of the corrected, normalized emission excitation spectra 

and the corresponding absorption spectra and the independence of the radiationless de-

cay rates of the S2 states of these molecules on the initial vibrational energy content at 

vibrational energies up to ca. 3500 cm
-1

 (in some compounds), indicate that no impor-

tant excitation wavelength-dependent process is occurring in any of these metallopor-

phyrins investigated in solution. Second, efficiencies of S2 − S1 internal conversion are 

close to unity in all the systems studied in this thesis except for CdTPP (0.69). This in-

dicates that the S2 − S1 internal conversion process is the major S2 depopulation path-

way in all the tetrapyrroles investigated, and that S2 − Tn intersystem crossing or other 

“dark” decay processes are not primarily responsible for the variation in the S2 decay 

rates (although they could play a minor role in CdTPP).  

Third, the temporal S2 depopulation profiles obtained for all compounds studied, 

can be well represented by single exponential decay functions convoluted with the in-

strument response function. Moreover, the S2 decay time is identical to the S1 rise time 

of each compound/solvent system examined, within a measurement error of ca. 50 fs. 

These observations are in good agreement with those obtained by Mataga, et al.
37

 and 

Gurzadyan, et al.,
35,36

 but different from the measurements reported by Yu, et al.
41

 The 

latter authors reported that the S2 population decay time of ZnTPP in benzene was mea-

surably longer than the rise time of S1 fluorescence. Identical S2 decay and S1 rise times 

were observed for all compounds studied in this thesis, including ZnOEP, which has the 

shortest S2 lifetime of ca. 24 fs, and CdTPP which has an S2 – S1 internal conversion 

efficiency of only 0.69. Based on all these observations, no obvious evidence emerges 

to verify the existence of any “dark‟ or S2' state. However, if such a state exists and is 

responsible for the minor decay rate leading to the S2 – S1 internal conversion efficiency 

of < 1.0 in a few of the tetrapyrroles examined, it must be a parallel not a sequential re-

laxation process. 
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Fourth, as previously shown in Fig. 4.4 in Chapter 4, the S2 – S1 energy gap is a li-

near function of the solvent‟s Lorenz-Lorentz polarizability function (f1) for the metal-

loporphyrins as shown in the graphs. This result is similar to that found for H2TPP ear-

lier by Renge.
165

 The gradients of the plots of E(S2 − S1) vs. f1 were analyzed. The 

gradients are almost identical for the metalloporphyrins possessing the same macrocyc-

lic framework, irrespective of the meso-aryl or -alkyl substitution pattern, and give es-

sentially one well-defined point on the graph (Fig. 5.9). These are 26  electrons is in 

the 24-member macrocycle framework in ZnP and its derivatives, and 42  electrons for 

ZnTBP and its derivatives, which have an extended 40-member macrocycle framework. 

The plot of the gradients of E(S2 – S1) vs. f1 plots versus the total number of  elec-

trons in the macrocycle framework shows a good linear correlation, and passes through 

the origin, as shown in Fig. 5.10. Consistent with the previous interpretation in Chapter 

4, the linear relationship indicates that dispersive interactions between the excited solute 

and solvent molecules, which is proportional to the polarizabilities of the molecules in 

both the S2 and S1 states, controls the magnitude of the solvent-induced changes of 

E(S2 - S1) for the metalloporphyrins in solution studied in this thesis. This interpreta-

tion confirms the previous observation that the E(S2 − S1) of ZnTBP is more sensitive 

to the changes of solvent polarizability due to its larger  system and the resultant larger 

polarizabilities of both its S2 and S1 states, compared to that of ZnP and its derivatives.  

Based on the data in Tables 5.1 and 5.2, energy gap law plots of the nonradiative rate 

constants of the Soret-excited S2 states versus the E(S2 − S1) of MgTPP, ZnTPP and 

ZnTBP are linear in a wide set of solvents, but with different slopes. This observation 

confirms previous reports of linear energy gap correlations obtained for a small group 

of porphyrins in a small set of solvents.
4,35,36,41,55,73,74

 As shown in Fig. 5.7, the energy 

gap plot of MgTPP in various solvents falls on the same straight line as that of azulene 

and its derivatives. However, the different slopes of the linear plots of ZnTPP and 

ZnTBP from that of MgTPP indicate that only the S2 relaxation rate of MgTPP can be 

properly interpreted on the basis of the energy gap law derived from radiationless tran-

sition theory in the weak vibronic coupling case. It does not apply fully to ZnTPP, or to 

the other metalloporphyrins examined in this thesis as will be discussed in the following 

text. This indirectly confirms the previous conclusion that the magnitude ofE(S2 – S1) 
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in some cases is only a minor controlling factor in determining the S2 − S1 internal con-

version rate constant.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.10 Gradients of E(S2 – S1) vs. f1 plots (Fig. 4.4 and Fig. 4.5) vs. the number of  

electrons in the fully conjugated macrocycle framework.
75

 

As introduced in Chapter 1, the radiationless rate constants of the S2 state is propor-

tional to the square of the S2 – S1 interstate electronic coupling energy, βel
2 . According 

to the above results and analysis, one can conclude that when considering different d
0
 

and d
10

 metallated tetrapyrroles, in addition to the Franck-Condon factor, the magnitude 

of the βel
2  is also an important determinant of the radiationless decay rate of the S2 state. 

Whether weak or strong coupling
15

 is involved, knr is proportional to βel
2 , according to 

eq. 1.21. To account for the >100-fold difference in radiationless decay rates of the S2 

states found for metalloporphyrins with about the same E(S2 − S1), the values of βel  

are thus expected to vary by a factor of about an order of magnitude.  
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The values of the βel
2  can be calculated using eq. 1.27 if values of ħM and E are 

known. In practice, the value of  can be obtained from the slopes of the energy gap law 

plots shown in Fig. 5.7, for a given energy gap E, and an assumed vibrational mode 

with a specific frequency ħM and degeneracy or near-degeneracy. Together with the S2 

nonradiative decay rate knr, the strength of the S2 – S1 interstate electronic coupling 

energy can be calculated by substituting appropriate values of E and ħ into eq. 

1.27. To facilitate comparisons among the three MTPP compounds, the variation in the 

energy gap is eliminated by using the measured decay rates at the same value of E = 

6875 cm
-1

. Three different assumed but realistic values of ħM were used to evaluate 

the values of  and βel , 3000 cm
-1

, 1580 cm
-1

 and 1350 cm
-1

 corresponding to a typical 

C–H stretch, aromatic in-plane C–C stretch and mixture of in-plane skeletal C–C and 

C–N stretches. The results of these calculations together with other parameters characte-

rizing the properties of the energy gap law plots are summarized in Table 5.3. Because 

insufficient data were obtained to produce an accurate slope, the values for CdTPP were 

calculated using the same parameters obtained from the energy gap law plot as those 

used for ZnTPP.  

Azulene is known to exhibit weak S2 − S1 coupling as is expected when the S2 and 

S1 states do not cross and are of different symmetry.
26

 However, in the cases of metal-

loporphyrins, the S2 and S1 states which are of the same symmetry (
1
Eu), could exhibit 

strong coupling. For comparison, the values of  and βel  for S2 − S1 internal conver-

sions in the azulenes were calculated using the data reported previously by Wagner et 

al.
26

 These results are summarized in Table 5.3 as well. The data indicate that the slopes 

and intercepts of the energy gap law plots for the azulene system and for MgTPP are 

identical within experimental error. Both have intercept and interstate coupling energy 

that fall within the range predicted by the weak coupling radiationless transition theory, 

i.e. the magnitude of the intercept should be 10
(13+2)

 s
-1

, with βel  ≤

 cm

-1
However, 

the values of βel  and the interceptcalculated for ZnTPP and CdTPP by using the same 

method are close to or even exceed the upper limits of the weak coupling case. The 

magnitude of valuesof βel obtained for ZnTPP and particularly for CdTPP compared to 

that of MgTPP (for which S2 − S1 internal conversion is the only major radiationless 
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decay pathway of the Soret-excited S2 state
74

) implies that either S2 − S1 internal con-

version in ZnTPP and CdTPP involves two strongly coupled electronic states, or that 

there are one or more additional parallel radiationless decay processes that are competi-

tive with the S2 − S1 internal conversion pathway. In either case, the values of βel  for 

ZnTPP and CdTPP listed in Table 5.3, which were calculated within the weak coupling 

framework of the energy gap law, would be incorrect.  

Table 5.3 Energy gap law parameters and calculated values of  and βel  for S2 − S1.
74

 

#Values in parentheses are calculated assuming (incorrectly) that S2 − S1 internal conversion in 

ZnTPP and CdTPP can be described by the weak coupling case (see text). 

*Calculated for knr = 5.6 x 10
12

 s
-1

 and the energy gap law parameters for ZnTPP (see text). 

In order to accurately evaluate the S2 – S1 interstate coupling energy in ZnTPP and 

the metalloporphyrins other than MgTPP studied in the present work, the weak coupling 

energy gap law dependence of log10(knr) on E(S2 − S1) for MgTPP was used as a 

standard.
75

 For a given energy gap, any increase in the rate (kIC) of the S2 − S1 internal 

conversion for other compounds can be attributed to the variation of the magnitude of 

βel
2 . Here kIC = η(S2 − S1) τS2

 , where  was taken as 1.0 for all compounds except 

CdTPP, for which  = 0.69 as discussed previously. The small deviations of  from 1.0 

measured in some other compound were ignored to facilitate comparisons among all 
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compounds studied. Therefore, kIC is assumed to equal knr for all compounds except 

CdTPP.  

For MgTPP, based on the energy gap law plots shown in Fig. 5.11, an empirical li-

near relationship between the kIC' (the ' denotes the S2 – S1 radiationless decay rate of 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.11 Global analysis of factors controlling the S2 − S1 internal conversion rate in d
0
 

and d
10

 metalloporphyrins.
75

 

MgTPP) and E(S2 – S1) predicted by the energy gap law in the weak coupling case can 

be obtained graphically, as expressed in eq. 5.1 (data in Table 5.3). 

log10 kIC
′  = 14.38 − 4.1 × 10−4 ∆E                                   (5.1) 

where E is in cm
-1

. The values of kIC calculated this way are those that would be 

found if the metalloporphyrin were to exhibit the same weak vibronic coupling as 
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MgTPP. The value of βel(X) for each compound, X, in ethanol, is then calculated by 

substituting the appropriate values of kIC(X), kIC
′  and βel (MgTPP) into eq. 5.2. 

 kIC X kIC
′  MgTPP   = (βel (X) βel (MgTPP)) 2

                                    (5.2)   

where the value of βel (MgTPP) = 76 cm
-1

, as determined previously.
74

 The values of 

βel obtained using this method are summarized in Table 5.2. Analysis of these data 

shows that, for ZnTPP, ZnTPP-d28, ZnTPP(Cl8), ZnDPP and ZnTPTBP, the S2 − S1 in-

terstate electronic coupling energies are only slightly larger than that of MgTPP, and are 

close to those characteristics of weak interstate electronic coupling. For ZnTPP(F20), 

CdTPP and ZnTBP, the values of βel  are twice that of MgTPP, indicating intermediate 

interstate coupling. The value of βel for ZnOEP (2000 cm
-1

) is much higher than the 

others, implying that the S2 and S1 states are strongly electronically coupled in this 

compound. Thus the values of βel are correlated with the nonradiative decay rates of the 

Soret-excited S2 states for the whole set of compounds investigated in this thesis. The 

importance of the S2 – S1 interstate coupling energy in determining the nonradiative de-

cay rates of the Soret-excited S2 states of the tetrapyrroles studied is confirmed. 

What is the source of the intermediate to strong interstate electronic coupling found 

in most metalloporphyrins studied? Is there a measurable spectroscopic quantity that 

can be correlated to the interstate electronic coupling energy? In the following para-

graphs, relationships between the interstate electronic coupling energy and specific 

measurable spectroscopic parameters that might reflect the effects of different interstate 

electronic coupling energies are examined and discussed. 

The first spectroscopic parameter to be considered is the relative intensities of the 

Q(0,0) and Q(1,0) vibronic bands in the Q region of the absorption spectra of metallo-

porphyrins obtained in the gas-phase. Ohno, et al.
58

 found that, for some metalloporphy-

rins, the ratio of the Q(0,0)/Q(1,0), which are the relative intensities of the Q(0,0) and 

Q(1,0) vibronic bands in the Q region of the absorption spectra, is correlated with the 

vibronic S2 – S1 coupling energy, as expressed in eq. 5.3.  

εQ (0,0) εQ (1,0) = a(δE)2                                         (5.3) 
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where E is the energy difference between two (
1
a2u

1
eg) and (

1
a1u

1
eg) excited state elec-

tron configurations which are almost degenerate in energy for most metalloporphyrins 

with D4h symmetry, and a is a constant. However, they simply considered the E as the 

same as E(S2 – S1), though it is incorrect.  

Both the ratio of the Q(0,0)/Q(1,0) and Q(1,0)/Q(0,0) can be obtained by analysis 

of the steady-state absorption spectra, but here only the data of the Q(1,0)/Q(0,0) are 

presented in Table 5.1 in order to compare to those of S(1,0)/S(0,0). However, the cor-

relation of the E(S2 – S1) vs. either Q(0,0)/Q(1,0) or Q(1,0)/Q(0,0) were both ex-

amined. The results indicate that each ratio is only a modest function of the nature of 

the solvent for a given metalloporphyrin, but is strongly dependent on the nature and 

pattern of the substituents on the porphyrin macrocycle. However, based on the limited 

available data in the present work, no clear correlation between the ratio either 

Q(0,0)/Q(1,0) or Q(1,0)/Q(0,0) and the E(S2 – S1), as well as βel was obtained for 

the entire set of the metalloporphyrins investigated.  

The second spectroscopic quantity of interest is the relative intensity of the Q − X 

transitions and the B − X transitions expressed as fQ/(fQ + fB), the oscillator strength of 

the Q band divided by the sum of the oscillator strengths of the Q and B bands. This 

quantity can also reflect the magnitude of the S2 – S1 coupling energy in different metal-

loporphyrins.
166,167

 The data are presented in Table 5.1, and show that fQ/(fQ + fB) is a 

relatively weak function of the solvent (for at least non-coordinating solvents), but has a 

stronger dependence on the metalloporphyrin substitution pattern. This result is consis-

tent with the previous discussion of the qualitative correlation between Q(0,0)/Q(1,0) 

and E(S2 – S1) of some of the set of the metalloporphyrins studied in the present work.  

In order to determine the quantitative dependence of any spectroscopic quantity 

such as Q(0,0)/Q(1,0) and fQ/(fQ + fB) on the S2 – S1 interstate electronic coupling 

energy, plots such as log10(βel X ) vs. log10(Q(0,0)/Q(1,0)) and vs. log10(fQ/(fQ + fB)) 

were tried to determine the power dependence of βel X  on each quantity. However, 

although a clear trend of βel X  increasing with both Q(0,0)/Q(1,0) and fQ/(fQ + fB) 

was found when applying this test to the limited set of compounds studied, both correla-

tions were poor. And no clear trend was obtained for the entire set of compounds ex-
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amined. For example, the value of βel
2  of ZnTPP differs by a factor of about 100 from 

that of ZnOEP, whereas the values of Q(0,0)/Q(1,0) for both compounds are almost 

identical and those of fQ/(fQ + fB) differ by no more than a factor of 5. Thus, the correla-

tion between Q(0,0)/Q(1,0) and (E)
2
 proposed by Ohno et al.

58
 cannot be extended to 

the entire set of tetrapyrroles investigated in this thesis. 

Another measurable spectroscopic quantity is the bandwidth of the Soret band, 

which is possibly correlated with the S2 − S1 electronic coupling energy. Hochstrasser
168

 

proposed that the bandwidth of the higher of two coupled electronic states is correlated 

with the square of the vibronic coupling energy which in turn scales the vibronic inte-

raction between the two excited states, as expressed approximately in eq. 5.4.  

∆E1 2 = Ev
2 F ρ                                                              (5.4) 

Here ∆E1 2  (in cm
-1

) is the FWHM of the electronic absorption band, Ev  is the vibronic 

coupling energy defined for each vibrational normal mode that has the proper symmetry  

to allow the upper excited state to couple with the lower excited state, F is the Franck- 

Condon factor and  is the density of vibronic accepting states in the lower excited state. 

As introduced in Chapter 3, in the metalloporphyrins the basic molecular symmetry is 

D4h and the symmetries of the S2 and S1 excited states are both of 
1
Eu. Thus only those 

vibrations with gerade symmetry, such as a1g, a2g, b1g, b2g can efficiently accept the elec-

tronic energy of the S2 state. Extrapolating Hochstrasser‟s approach
168

 to the metallo-

porphyrins, the FWHM of the main Soret absorption band (B(0,0)) would be correlated 

to the vibronic coupling energy between the S2 and S1 excited states. To facilitate com-

parisons, this consideration focuses on only those metalloporphyrins that have the same 

electronic macrocycle (and have about the same energy gap). F and  will be approx-

imately constant under these circumstances, and the FWHM of the main Soret band 

would then be linearly dependent on the magnitude of Ev
2
, to the extent that vibronic 

coupling is responsible for the spectral broadening. 

However, the real situation is much more complicated due to the fact that the 

FWHM of the main Soret band is influenced by many factors, such as solvation and the 

significant thermal population of several low-lying vibrational states when the absorp-
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tion spectra are taken in fluid solution at room temperature. Under such circumstances, 

the vibronic bands are inhomogeneously broadened and their intensity is distributed in a 

quasi-Gaussian, rather than a Lorentzian function, even though the later is appropriate 

for application of Hochstrasser‟s theory.
168

 Extrapolating from the ideas used to obtain 

the relative S2 – S1 interstate electronic coupling energies in non-weak coupling cases, if 

vibronic coupling is the dominant mode of S2 – S1 interstate interaction, then the vi-

bronic coupling energy should be at least proportional to the S2 – S1 interstate electronic 

coupling energy (βel
2 ) calculated previously. And ratios between values of the FWHM 

of the Soret band of the metalloporphyrins and that of MgTPP (weak coupling) might 

reasonably scale the ratios of the βel
2 . The data in Table 5.1 show that the FWHM of the 

Soret band (B(0,0)) do increase with increasing βel
2 , but the expected quantitative corre-

lation between the ratios of the FWHM of the B bands to the ratios of βel
2  is not found. 

The absence of a good correlation suggests that the assumption that vibronic coupling is 

the dominant mode of S2 – S1 interstate interaction is not valid. By default, direct elec-

tronic interaction between the two coupled states, both of which are of 
1
Eu symmetry (in 

D4h), is indicated. 

Finally, the magnitude of direct S2 – S1 interaction might be reflected by the relative 

magnitude of the Stokes shifts of the B and Q bands. In principle, similar Stokes shifts 

of the B and Q bands would imply that the two potential energy surfaces are displaced 

by similar amounts relative to that of the ground state, and are thus well nested within 

each other. Otherwise, if one potential energy surface is displaced by relatively larger 

amount than the other, different Stokes shifts of two absorption bands would result. As 

a consequence, the two upper potential energy surfaces could lie close enough to each 

other to result in stronger direct interaction, at vibrational energies in the S1 state near 

the zero point energy of S2 state.  

The Stokes shift (SS) data of both the B and Q bands are included in Table 5.1. Be-

cause the Stokes shift is also influenced by many factors, especially when taking the 

data from spectra which were measured in fluid solution at room temperature, it is not a 

surprise to see that only a qualitative trend such as described above is observed in some 

of the compounds studied. Nevertheless, the data shows that the Stokes shifts of both 

the B and Q bands (150 cm
-1

 ~ 300 cm
-1

) are either smaller than or comparable to the 
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widths of the individual bands. Moreover, the difference between the Stokes shifts of 

the Q band and that of the Soret band is even smaller. As can be seen that, the Stokes 

shifts of the B bands obtained from the steady state spectra of the weakly fluorescent 

(from S2 state) molecules, such as ZnOEP, are considerably larger (e.g. 750 cm
-1

 in to-

luene). However, these big Stokes shifts are subject to much greater error, due to con-

strains imposed by measuring the emission spectrum as described in Chapter 2. In par-

ticular, in ZnOEP the timescale of the S2 lifetime (ca. 24 fs) is comparable to the intra-

molecular vibrational relaxation time. Thus the B band Stokes shifts of ZnOEP will be 

somewhat time-dependent and only a time-averaged Stokes shift will be measured in 

the steady-state spectra. Nevertheless, a qualitative correlation between βel
2  and the 

Stokes shifts estimated from the steady state solution spectra can be established for 

some of the metallated tetrapyrroles investigated in this thesis.  

In summary, based on the above analysis and discussion there is no single solution  

phase spectroscopic observable that can be correlated with the magnitude of the S2 – S1 

interstate coupling energies of the tetrapyrroles examined in this thesis. None of the ef-

fects discussed above can be used by themselves to explain the significant differences in 

the S2 lifetimes and the radiationless decay rates obtained among the entire set of the 

twelve compounds studied.  

Nevertheless, the following conclusions can be drawn. (1) -Substitutions introduce 

enhanced S2 – S1 interstate coupling compared to meso-substitutions. In particular, -

octaalkyl metalloporphyrins exhibit strong S2 – S1 interstate coupling (βel  = 2000 cm
-1

), 

resulting in ultrashort S2 lifetimes that are comparable to macrocycle stretching fre-

quencies. (2) Comparing ZnP with ZnTPP, the effects of meso-aryl substitutions are 

modest. They reduce both the S2 – S1 electronic energy gap and the S2 – S1 interstate 

coupling energy (βel  = 81 cm
-1

 for ZnTPP), resulting in a small net effect on the nonra-

diative decay rate of the S2 state. (3) Akimoto et al.
60

 reported that the S2 population 

decay time of 150 fs was measured for -tetraethyl-meso-diaryl-substituted zinc por-

phyrin. Its value of βel  = 315 cm
-1

 was calculated as described above using eq. 5.2. 

Comparing their result with the results obtained in the present work, one can conclude 

that when both -alkyl and meso-aryl substitution occur together, the resultant S2 – S1 

interstate electronic coupling energies fall in the range of intermediate case. (4) Though 
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non-planar tetrapyrroles exhibit relatively larger interstate electronic coupling energies, 

compared to their planar counterparts, comparison of the results of non-planar tetrapyr-

roles such as ZnTPP(F20), CdTPP and their planar counterparts, such as ZnTPP, shows 

that effect of non-planarity itself may not account for the increased interstate coupling 

energies and the resulting relatively fast S2 – S1 radiationless decay rates. (5) Benzo-

annulation leading to an extended macrocycle, results in a slightly decreased S2 – S1 

interstate coupling energy compared to that of ZnP. In addition, since the polarizability 

is proportional to the number of  electrons in the extended macrocycle, benzo-

annulation at four pyrrole rings increases the polarizability of the excited states leading 

to a greater sensitivity of the S2 – S1 spacing to solvent polarizability. (6) Only the S2 

relaxation behavior of MgTPP can be properly represented by the energy gap law with-

in the framework of the weak coupling case. Other metalloporphyrins investigated ex-

hibit intermediate to strong S2 – S1 interstate coupling energies and do not follow the 

predictions of the energy gap law in the weak coupling limit.  
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Chapter 6: Photophysics of Soret-excited Porphyrinoids–Aluminum 

and Gallium Corroles 

 

6.1 Introduction 

The corroles, porphyrinoids that are one meso-carbon deficient and have a con-

tracted macrocycle cavity, constitute one of several families of tetrapyrrolic com-

pounds.
64,169

 Early studies of corroles mainly focused on the aspects of their synthesis 

and their coordination chemistry rather than their potential applications. However, the 

recent discovery of their use in catalysis, as sensors and possibly in dye-sensitized solar 

cells and the treatment of cancer, have prompted studies of their applications in differ-

ent fields.
64

 Of particular interest here is their use in the design of photon-actuated de-

vices such as dye-sensitized solar cells, which involve energy and/or electron transfer 

processes from highly excited corroles to the other components.
64

  

Relatively few reports have been devoted to investigating the spectroscopic and 

photophysical properties of the free base and metallated corroles. The limited investiga-

tions available have focused on the lowest excited singlet (S1) and triplet (T1) states.
170-

172
 Previous studies

173
 show that the electronic absorption spectra of the metallated cor-

roles, like the metalloporphyrins, are characterized by weak Q (visible) bands and in-

tense B (Soret) bands, but that their spectroscopy is quantitatively different. For exam-

ple, the spectra of the meso-substituted triarylcorroles are more solvent-sensitive and are 

somewhat red-shifted compared to the corresponding meso-substituted tetraarylporphy-

rins, and the ratios of the intensity of the Q bands to that of the Soret bands are some-

what larger than in the corresponding porphyrins. Of particular interest is the observa-

tion that the metallated corroles have larger quantum yields of S1 − S0 fluorescence 

compared to their metalloporphyrin counterparts, as reported by Mahammed et al.
174

 

and Bendix et al.
173

 In addition, certain selectively substituted corroles were found to 

perform well and to display higher dye-sensitized solar cell efficiencies compared to 

those of cells composed of other tetrapyrrolic compounds.
175

 These observations indi-

cate that the corroles have some advantages superior to those of the metalloporphyrins 

in applications such as fluorescent probes and solar energy harvesting devices.
64

 More-

over, the use of hydrophilic substituents makes the corroles easily water-soluble and 
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thus can extend their potential applications to the fields of photodynamic therapy and 

biostructural probes,
176

 where water solubility is required. 

For photo-actuated applications, it is important to know the photophysical properties 

of the photoactive species. Though a few measurements of the corroles‟ S1 and T1 pho-

tophysics have been reported,
170-172

 no reports at all have been found regarding dynam-

ics of more highly excited electronic states, such as those populated by exciting in the 

Soret region.
173

 Thus it is worthwhile to obtain information concerning the photophysi-

cal properties of the metallated corroles. In the present work, the S2 – S0 fluorescence of 

the Soret-excited corroles metallated with Al and Ga (Al(tpfc)(py) and Ga(tpfc)(py), as 

shown in Chart 6.1), was observed for the first time using both static and dynamic me-

thods. The photophysical properties of these corroles will be compared with those of 

MgTPP and ZnTPP. The S2 – S1 interstate electronic coupling status of these two cor-

roles was also examined by comparing them to the model metalloporphyrin, MgTPP, 

which exhibits weak S2 – S1 interstate electronic coupling, as discussed in Chapter 5. 

 

 

 

 

 

 

 

 

 

 

Chart 6.1 Structures of the corroles. L = py = pyridine. 

 

6.2 Results and discussion 

The corroles (Al(tpfc)(py) and Ga(tpfc)(py) (Chart 6.1) were synthesized and pro-

vided by the group of Professor Z. Gross from Technion-Israel Institute of Technology. 

In the solid, these two corroles are coordinated by a pyridine ligand on the central metal 

ions as shown by their x-ray structure.
173

 Due to this coordination, the central metal ion 

N N

N N

C6F5

C6F5 C6F5Ga

 Ga(tpfc)(py)

LN N

N N

C6F5

C6F5 C6F5Al

Al(tpfc)(py)

L
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is pulled out of the macrocycle plane leading to a domed pyramidal geometry in which 

the four individual pyrrole rings remain planar and point toward to the central metal ion. 

As discussed in Chapter 5, a domed porphyrin macrocycle has no significant effect of 

itself on the electronic spectra and the relaxation of the S2 state of substituted metallo-

porphyrins. Do these structure differences influence the spectroscopic properties and 

relaxation dynamics of the Soret-excited electronic states of the corroles? 

 

6.2.1 Steady state experiments 

Experiments to examine solvation effects and the influence of solvent coordination 

on the electronic spectra were carried out in ethanol, benzene, benzene + 5% pyridine, 

toluene and toluene + 5% pyridine solutions at room temperature. To test the effects of 

oxygen quenching, the solution of Al(tpfc)(py) in benzene + 5% pyridine was degassed 

before measuring the emission spectra. The results indicate that degassing has negligi-

ble effects on the S2 fluorescence spectra and yields. Thus both absorption and emission 

spectra were taken using air saturated solutions. In addition, no significant photodegra-

dation of the corroles was observed during the data acquisition period while their solu-

tions were exposed to room light, steady-state fluorometer light or laser radiation for 

time-resolved dynamics measurements.  

The steady state absorption and emission spectra were taken using the methods de-

scribed in Chapter 2. In Fig. 6.1 the electronic absorption spectra of Al(tpfc)(py) in ben-

zene is compared with that of MgTPP, while that of Ga(tpfc)(py) is compared with ZnTPP. 

Relevant parameters are collected in Table 6.1. In each pair of absorption spectra, the 

intensities were normalized to the maximum of the Soret band to facilitate comparison. 

As can be seen from Fig. 6.1 (A), the Soret band of Al(tpfc)(py) is a shifted to the blue 

compared with that of MgTPP. Both have a similar shape and vibronic structure, except 

that the FWHM of the Soret band of Al(tpfc)(py) is slightly broader and has a higher 

B(1,0) vibronic band intensity. It is interesting to note that in the Ga(tpfc)(py)-ZnTPP 

pair, as shown in Fig. 6.1 (B), the normalized Soret bands of both of them are almost 

overlapped, except that the B(1,0) vibronic band of Ga(tpfc)(py) has relatively higher 

intensity compared to that of ZnTPP. Note in particular that, in both cases, the ratios of  

 



164 

 

27000 24000 21000 18000 15000

0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
. 

a
b

so
rb

a
n

c
e
/a

.u
.

Wavelength/nm

 Ga(tpfc)(py)

 ZnTPP

x 5

B

27000 24000 21000 18000 15000

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o

rm
. 

a
b

so
rb

a
n

c
e
/a

.u
.

Wavelength/nm

 Al(tpfc)(py)

 MgTPP

X 5

A
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.1 Absorption spectra of (A) Al(tpfc)(py) compared with MgTPP and (B) 

Ga(tpfc)(py) compared with ZnTPP, all in benzene. In each pair of spectra the intensi-

ties have been normalized to the maxima of the Soret bands. 

the relative Soret band intensities, B(1,0)/B(0,0), are higher in the corroles compared to 

those of MgTPP or ZnTPP.  

Both Al(tpfc)(py) and Ga(tpfc)(py) show more vibronic structure in the Q region 

compared to MgTPP and ZnTPP. The progression of four vibrational bands observed in 

the S1 – S0 absorption of H2TPP was ascribed to the lower molecular symmetry com-

pared to D4h of its metallated derivatives.
23

 The Al(tpfc)(py) and Gal(tpfc)(py) do have 
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lower molecular symmetry because of the contracted macrocycle and pyridine ligation 

with the central metal ion. However, the relative intensities of the five vibrational bands 

progression observed in the corroles suggest that the interpretation used for H2TPP 

should not be applied to the metallated corroles. Nevertheless, the vibronic features of 

the Q bands of the two metallated corroles do indicate the extent of the displacement 

between two potential energy surfaces of the S1 state and the ground state. In addition, 

the Q band of Ga(tpfc)(py) is shifted to the red compared to that of ZnTPP. Comparison 

of the relative intensities of the Q bands for each pair shows that the ratio of the intensi-

ties of the Soret band to that of the Q band is much lower in both corroles than in 

MgTPP and ZnTPP.  

Table 6.1 Spectroscopic parameters obtained from the absorption and emission spectra 

the corroles Al(tpfc)(py) and Gal(tpfc)(py) together with that of MgTPP and ZnTPP in 

benzene solution at room temperature*. 

Compound 



vmax(S2) /cm
-1

 

(max/ M
-1

cm
-1

) 



v max(S1)/cm
-1

 

(max/ M
-1

cm
-1

) 
f(S2)/f(S1)

#
 SS

@
(S2)/cm

-1 
SS

@
(S1) /cm

-1
 f(S1) f(S2) 

MgTPP 
23350 

(5.5 x 10
5
) 

16470 

(1.9 x 10
4
) 

29 164 163 0.12 2.3x10
-3 

Al(tpfc)(py) 
23515 

(2.9x10
5
) 

16779 (2.4x10
4
) 8.0 170 110 0.40

+ 
1.7x10

-4 

ZnTPP 
23560 

(5.87x10
5
) 

18198 

(2.54x10
4
) 

16.2 167 246 0.033 1.14x10
-3

 

Gal(tpfc)(py) 
23487 

(4.4x10
5
) 

16695  

(3.7x10
4
) 

7.3 110(?) 125 0.76
+ 

1.1x10
-4 

* All energies in cm
-1

; subject to errors of ± 10 cm
-1

. Values of max in L mol
-1

 cm
-1

 in parentheses.  

 Values for MgTPP from reference 74. 
74

  
#
 Ratio of oscillator strengths. 

@
 Stokes shifts in cm

-1
, subject to errors of ± 20 cm

-1
. The value for the S2 − S0 Stokes shift of 

Gal(tpfc)(py) is less certain due to a smaller S/N in its emission spectrum. 
+
 In degassed toluene + 5% pyridine, reference 174.

174
. 

The emission spectra of the two corroles were also carefully measured using dilute 

solutions to minimize inner filter effects. A representative pair of absorption and emis-

sion spectra of Al(tpfc)(py) in benzene is shown in Fig. 6.2. The absorption and S1 − S0 

emission spectra of Al(tpfc)(py) and Ga(tpfc)(py) observed in the present work are  
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Fig. 6.2 Normalized absorption and the corresponding emission spectra of Al(tpfc)(py) 

in benzene. 

similar to those described previously.
173,174

 Only two vibronic bands accompany the 

“origin Q (0,0)” emission band of the corroles‟ S1 − S0 emission spectrum, whereas the 

“origin Q (0,0)” absorption band is accompanied by five vibronic bands to the blue in 

the Q bands of the absorption spectrum. Why a larger number of vibronic transitions are 
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observed in the emission spectrum remains an open question. However, the S2 − S0 

emission obtained by exciting in their Soret bands has not been previously reported. The 

S2 − S0 emission spectrum is a reasonable mirror image of the corresponding absorption 

spectrum. A similar result was obtained for Ga(tpfc)(py) in benzene. The Soret bands of 

these emission spectra show that the strong B(0,0) band envelopes are accompanied by 

weaker B(0,1) vibronic band envelopes to the red similar to those previously observed 

in metalloporphyrins such as MgTPP and ZnTPP. However, the B(0,1) vibronic features 

are stronger in the Soret spectra of the corroles than in those of the metalloporphyrins, 

consistent with what is observed in the corresponding absorption spectra.  

The effect of pyridine ligation on the absorption and Soret emission spectra of 

Al(tpfc)(py) was also examined. The spectra observed in pure benzene and benzene 

containing 5% pyridine are shown in Fig. 6.3. A comparison of these two absorption 

spectra shows that the entire absorption spectrum obtained in benzene containing 5% 

pyridine is shifted to the red. For example, the normalized Soret band emission spectra 

shown in Fig. 6.3 exhibit that it is shifted from max = 426 nm in benzene to 436 nm in  

benzene containing 5% pyridine. In addition, the relative intensities of the Soret bands 

compared with the Q bands and of the vibronic bands within the Q band spectrum are 

also different between two spectra obtained in pure benzene and in benzene with 5% 

pyridine.  

The differences in the molecular structures of the metallated corroles when dis-

solved in a non-coordinating solvent such as toluene or benzene vs. coordinating sol-

vents such as pyridine are revealed by comparing their x-ray structures.
173,174

 The pure 

compounds that are obtained by crystallization from pyridine contain coordinated pyri-

dine. The central metal atom is at least 5-coordinate with pyramidal symmetry and pyri-

dine in an axial position. However in coordinating solvents the metal is 6-coordinate 

and the energies of both the Soret and Q transitions are lower compared to that of their 

5-coordinate counterparts. These structures are consistent with the observations of the 

present work described previously. In addition, in both solvents the Soret band fluores-

cence is weak (f < 2 x 10
-4

), but due to the large oscillator strength of the S2 − S0 radia-

tive transition, the emission spectrum is readily observable (with lower signal to noise  
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Fig. 6.3 Absorption and Soret emission spectra of Al(tpfc)(py) in benzene (5-coordinate) 

and benzene + 5% pyridine (6-coordinate). The emission spectra have been separately 

normalized to 1.00 at the band maxima. 

ratio). Moreover, the Stokes shifts of both Al(tpfc)(py) and Gal(tpfc)(py) in the same 

solvent are similar to, or slightly smaller than those of the metalloporphyrins. The data 
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are summarized in Table 6.1. A similar Stokes shift was also obtained for Al(tpfc)(py) 

in either non-coordinating or coordinating solvents. 

The quantum yields of S2 − S0 fluorescence of two corroles studied were measured 

relative to that of ZnTPP in ethanol (ϕf = 1.42 × 10−3),
42

 as described in Chapter 2. 

These results are also summarized in Table 6.1.  

 

6.2.2 Dynamics experiments 

The S2 decay and S1 rise fluorescence lifetimes were measured using the fluores-

cence upconversion system described in Chapter 2. Fig. 6.4 shows typical temporal S2 

decay and S1 rise fluorescence profiles together with the best fits of the instrument re-

sponse function convoluted with single exponential S2 fluorescence decays to obtain the 

corresponding time constants. The temporal fluorescence profiles shown in Fig. 6.4 

were recorded with an excitation wavelength of 400 nm, and the S2 fluorescence was 

monitored at 433 nm, on the red side of the S2 − S0 emission spectrum. The observation 

wavelength was set at the maximum of the S1 − S0 emission, 626 nm, to monitor the S1 

fluorescence. The deconvolution of the temporal fluorescence upconversion profiles 

yielded S2 population decay times of 0.52 ± 0.03 ps for Al(tpfc)(py) and 0.28 ± 0.03 ps 

for Ga(tpfc)(py), both measured in benzene, where the 5-coordinate species are predomi-

nant. 

Since the S2 fluorescence lifetimes are so short, if a considerable amount of vibra-

tional energy is deposited in the molecule excitation, the S2 − S0 fluorescence spectra 

are expected to be time-dependent during the first hundreds of fs of excitation due to 

intramolecular vibrational redistribution (and intermolecular vibrational relaxation on a 

tens of ps time scale). However, in the present work, the molecule was excited at 400 

nm, where only ca. 1350 cm
-1

 vibrational energy is deposited to the molecule, resulting 

in relatively small effects of intramolecular vibrational redistribution within the S2 state. 

The differences in the S2 decay times due to the variation of observation wavelengths 

spanning the S2 – S0 emission band are small and within the experimental error of the 

instrument. Attempting convolution using multiexponential decay functions also pro-

duced no significant improvement in fits and the resulting time constants at the time 

resolution employed in these experiments. The S2 decay time constants and the S2 fluo-
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rescence quantum yields presented in Table 6.2 are used to calculate the radiative and 

non-radiative decay constants for the Soret excited S2 states using eqs. 1.10 and 1.12 

introduced in Chapter 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4 S2 fluorescence decay and S1 fluorescence rise of Al(tpfc)(py) and Gal(tpfc)(py) 

in benzene. Excitation in the Soret band at 400 nm, with S2 fluorescence monitored at 

433 nm and S1 fluorescence monitored at 626 nm. Convolution of the instrument re-

sponse function with the exponential functions is described in the text. Data were taken 

in collaboration with Dr. U. Tripathy. 
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Table 6.2 S2 fluorescence lifetimes, radiative and non-radiative decay constants for 

Al(tpfc)(py) and Ga(tpfc)(py) corroles comparing with MgTPP and ZnTPP metallopor-

phyrins in solutions at room temperature. 

Compound 
(S2)* 

(ps) 
f(S2) 

kr(S2) 

(s
-1

) 

knr(S2) 

(s
-1

) 

E(S2-S1) 

(cm
-1

) 

MgTPP 
2.71± 0.07 

(2.69) 
2.5 x 10

-3 
9.2 x 10

8 
3.7 x 10

11 
6880 

Al(tpfc)(py) 
0.52 ± 0.03 

(0.51) 
1.7 x 10

-4
 3.3 x 10

8
 1.9 x 10

12 
6790 

ZnTPP 
1.49 ± 0.07 

(1.41) 
1.2 x 10

-3
 8.0 x 10

8
 6.71 x 10

11
 6695 

Ga(tpfc)(py) 
0.28 ± 0.03 

(0.28) 
1.1 x 10

-4
 3.9 x 10

8
 3.6 x 10

12 
6780 

* Numbers in parentheses are S1 rise times (see text). Data for MgTPP are taken from reference 

74 .
74

  

The deconvolution of the S1 fluorescence upconversion rise profiles yielded time 

constants identical, within experimental error, to the decay times for S2 fluorescence of 

both Al(tpfc)(py) and Ga(tpfc)(py). The identity of the S2 decay and S1 rise time constants 

indicates that S2 – S1 internal conversion occurs directly with no intervening additional 

decay processes.  

To examine the potential presence of any S2' or dark state lying close in energy to 

the S2 state, and which might contribute to the fast S2 relaxation in the metallated cor-

roles, the efficiency of the S2 – S1 internal conversion was also measured. It has been 

found previously that, for six triaryl-substituted free-base corroles, the quantum yields 

of S1 – S0 fluorescence obtained by exciting in the Q bands is almost the same as that 

obtained when exciting in the Soret band.
172

 This observation indicates that the quantum 

efficiency of S2 – S1 internal conversion of the free-base corroles is near unity. In the 

present work, the S2 – S1 internal conversion efficiencies of both Al(tpfc)(py) and 

Ga(tpfc)(py) were estimated by comparing their absorption and corrected fluorescence 

excitation spectra, as described in Chapter 5 for the metalloporphyrins. The Soret band 

emission excitation spectrum obtained by monitoring S1 → S0fluorescence is identical 

to the corresponding Soret band absorption spectrum, and the Q band emission excita-
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tion spectrum is identical to the Q band absorption spectrum. The identity of the emis-

sion excitation spectrum to the corresponding absorption spectrum indicates that no vi-

brational energy-dependent relaxation process is occurring.  

However, when the corrected emission excitation spectrum over the entire range 

from the visible to the near uv regions is obtained by monitoring S1 → S0 fluorescence 

and the Q band excitation spectrum is normalized to the Q band of the absorption spec-

trum, the Soret band excitation spectrum shows a slightly lower intensity (by ca. 10 to 

20%) than that of the S2 – S0 absorption band. Similar results were obtained for 

Al(tpfc)(py) and Ga(tpfc)(py) and both of them are similar to those observed for the me-

talloporphyrins as discussed in Chapter 5. Thus, one can conclude that the quantum ef-

ficiency of S2 – S1 internal conversion lies in the 0.8 ~ 0.9 range in both Al(tpfc)(py) 

and Ga(tpfc)(py). Based on the above analysis and the fact that the S2 decay and S1 rise 

time constants of the metallated corroles are identical, one can conclude that no obvious 

evidence of the presence of either S2' or other dark states was obtained. 

The ground state structures of the corroles are better described as distorted pyra-

midal than square planar. Their S1 ← S0 absorption spectra show more extensive vi-

bronic structure and have stronger “origin” band envelopes than the corresponding por-

phyrins, and their Q band emission spectra have fewer vibronic features and are not 

mirror images of the corresponding Q band absorption spectra. These observations imp-

ly that the vibrational levels of the S1 state are likely different from those of the ground 

state, contrary to what is observed in most metalloporphyrins. In addition, the corroles 

have Soret vibronic (1,0) band envelopes that are rather more intense than those of the 

metalloporphyrins, which implies that the equilibrium coordinates of the atoms in the 

excited state are more displaced and the shape of the S2 state potential energy surface is 

more distorted relative to that of the ground state.  

The data presented in Table 6.2 and those previously reported in Table 5.2 demon-

strate that the radiative S2 − S0 transition rate constants are smaller for these metallated 

corroles compared to those of the metalloporphyrins.
144

 In addition, as previously dis-

cussed, the ratios of the relative intensities of the Q and B bands of absorption spectra 

of the metallated corroles are also larger than those found in the metalloporphyrins. The 

changes in the relative intensities of the Q and B bands in the absorption spectra of me-
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talloporphyrins are attributed to changes in molecular symmetry.
177

 In the two metal-

lated corroles studied, the central metal ion is slightly out-of-plane because of the ef-

fects of axial ligation by the pyridine molecule. The contracted cavity is slightly domed 

and has a distorted pyramidal conformation. The symmetry of the macrocycle is re-

duced to C2v, nominally, from D4h in metallated porphyrin. As a consequence of this 

reduction of symmetry, the degeneracy of the eg (in D4h) unoccupied molecular orbitals 

is lifted in the metallated corroles. The net electric dipole transition moment for the S1 – 

S0 (Q band) transition in the corroles is therefore larger and that for the S2 – S0 (B, Soret 

band) transition is smaller, leading to a higher ratio of the intensities of the Q/B bands 

in the absorption spectra, relative to the metalloporphyrins.
177

 As demonstrated by the 

data in Table 6.1, relatively larger S1 – S0 fluorescence and relatively smaller S2 – S0 

fluorescence quantum yields are observed in the corroles compared with metalloporphy-

rins containing “nearby” metals and having similar electronic energy spacings (e.g. 

MgTPP cf. Al(tpfc)(py) or ZnTPP cf. Ga(tpfc)(py)). The data in Table 6.2 also show 

that the radiationless relaxation rates of the Soret-excited S2 states of the corroles are 

higher than those of the Soret-excited metalloporphyrins. The shorter S2 fluorescence 

lifetimes of the metallated corroles are due to larger nonradiative decay rates, which are 

about a factor of 5 (Al(tpfc)(py)) to 10 (Ga(tpfc)(py)) faster than that of MgTPP, as 

shown in Table 6.2.
74

  

The spectroscopic data obtained in the present work suggest that the following cha-

racteristics are important in understanding the photophysics of the corroles. (1) The 

similar E(S2 − S1) electronic energy gap in the two families of similarly-substituted 

tetrapyrroles would indicate that the number of vibrational modes acting as energy ac-

ceptor in the lower state of two couple electronic states (the macrocycle C–C and C–N 

stretches in the 1200 ~ 1600 cm
-1

 range), are similar to those of the metalloporphyrins 

when using the same excitation wavelength.
74

 However, the more extensive vibronic 

features associated with the S1 ← S0 absorption suggest that a larger number of vibra-

tions are Franck-Condon active in the S1 state than the metalloporphyrins. (2) The tetra-

pyrrole framework in the metallated corroles is domed due to the pyridine ligand pull-

ing the central metal slightly out of plane. This leads to distorted pyramidal (C2v ) mole-
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cular symmetry, other than square planar found in metalloporphyrins with D4h symme-

try.  

As discussed in Chapter 5, among the group of d
10

 or d
0
 diamagnetic metalloporphy-

rins investigated in this thesis only in MgTPP the S2 – S1 internal conversion rate con-

stants properly conform to the weak coupling case of radiationless transition theory. 

The S2 fluorescence lifetime of ((S2) = 2 to 4 ps in common solvents) is consistent with 

the predictions of the energy gap law in the weak coupling statistical limit
74

 for the par-

ticular E(S2 – S1) energy gaps obtained for MgTPP. However, the metalloporphyrins 

other than MgTPP exhibit S2 – S1 interstate couplings that are stronger than predicted 

by the weak coupling case of radiationless transition theory; CdTPP is in the interme-

diate range; ZnOEP exhibits the strongest S2 – S1 couplings among all the tetrapyrroles 

studied.
75

 The data in Table 6.2 show that the S2 – S1 energy spacings of these two cor-

roles are similar, and are also almost the same as that of MgTPP. Nevertheless, the cor-

role S2 radiationless relaxation rates are distinctly larger than expected in the weak 

coupling case. Thus, the relaxation behavior of the Soret-excited S2 states of metallated 

corroles cannot be interpreted in the basis of the energy gap law of radiationless transi-

tion theory in the weak coupling limit.  

In fact, comparing the data in Table 6.2 to those of the metalloporphyrins in table 

5.2, it is important to note that the S2 radiationless rates of the metallated corroles are 

comparable with that of CdTPP. Thus the magnitude of the S2 – S1 coupling energies of 

the Al(tpfc)(py) and Ga(tpfc)(py) corroles would be expected to be similar to that of 

CdTPP and therefore to fall within the intermediate coupling range. In fact, energy gap 

law plots for both Al(tpfc)(py) and Ga(tpfc)(py) provide two data which lie close to the 

datum for CdTPP in the Fig. 5.11. Both strong and weak coupling models
15

 predict that 

the rates of nonradiative excited state relaxation are proportional to βel
2 . By applying the 

same method used to estimate the values of βel
2  of the metalloporphyrins the values of 

βel  of 167 cm
-1

 for Al(tpfc)(py) and 232 cm
-1

 for Ga(tpfc)(py) were obtained. Thus the 

interaction between the S2 states and the S1 state exceeds the weak coupling limit and is 

comparable to βel  = 205 cm
-1

of CdTPP, falling within the intermediate coupling range.  

In addition, it is interesting to note that for a given S2 – S1 electronic energy spacing 

of 6800 cm
-1

, the ratios knr(Al(tpfc)(py)/knr(MgTPP) = 5 and knr(Ga(tpfc)(py)/knr(ZnTPP) 
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= 7 are just slightly different,
74

 whereas knr(Ga(tpfc)(py)/knr(Al(tpfc)(py) = 1.9, about a 

factor of 2. Later difference (the approximate doubling of the radiationless transition 

rate of Ga(tpfc)(py) compared with Al(tpfc)(py)) might be ascribed to heavy-metal en-

hanced spin-orbit coupling of S2 to the large number of triplet states that must lie at sim-

ilar or lower energies, as predicted by calculations in Chapter 3 for the case of the me-

talloporphyrins. However, the fact that the quantum efficiencies of internal conversion 

for Al(tpfc)(py) and Ga(tpfc)(py) are both large (≥ 0.8) and are of almost the same 

magnitude, provides no evidence of significant contributions to the S2 decay from the S2 

– Tn (n > 2) interstate crossing. Actually, as discussed in Chapter 5 for the limited series 

of metallated tetraphenylporphyrins MTPP (M = Mg, Zn, Cd), the effect of heavy met-

al-enhanced S2 – Tn (n > 2), intersystem crossing is small (isc ≤ 0.07 for ZnTPP and ≤ 

0.31 for CdTPP.
74

 These observations thus indicate that metallation with Ga compared 

with Al has a similar effect on the radiationless decay rate of the triarylcorroles as does 

metallation of the tetraphenylporphyrin with Zn compared with Mg. As a conclusion for 

the metallated corroles, a dominant, very fast S2 – S1 decay path with near unit efficien-

cy governs the relaxation of the S2 states populated by exciting to the Soret bands, and 

the difference between Al(tpfc)(py) and Ga(tpfc)(py) cannot be due to the heavy-metal 

enhanced S2 – Tn intersystem crossing.  

 

6.3 Conclusions 

The relaxation dynamics of the Soret-excited singlet states of two metallated cor-

roles, Al(tpfc)(py) and Ga(tpfc)(py) have been investigated by measuring both steady-

state absorption and emission spectroscopy and temporal fluorescence intensity decay 

profiles. The Soret-excited S2 states relax to the S1 state on a sub-picosecond time scale 

and with a quantum efficiency in a range of 0.8 to 0.9, similar to that of ZnTPP. The 

identity of the rate constants of S2 population decay to S1 population rise indicates that 

the relaxation of the Soret-excited S2 states of metallated corroles is also dominated by 

S2 – S1 internal conversion. The calculations presented in Chapter 3 show in the metal-

loporphyrins that some higher members of the triplet manifold or singlet states corres-

ponding to those of gerade parity, which could be dark states, lie close in energy to the 

S2 states.
178

 The corroles are likely similar. Nevertheless, no evidence of either signifi-
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cant heavy-atom induced S2 – Tn (n > 2) intersystem crossing or the participation of a 

dark state such as S2' (if it exists) has been found in both corroles examined. The magni-

tudes of the radiative and nonradiative decay rate constants for the S2 states of these 

corroles are consistent with smaller transition moments for S2 – S0 radiative decay and 

substantially increased S2 − S1 radiationless transition rates compared with similar me-

talloporphyrins. Similar to those metalloporphyrins other than MgTPP presented in 

Chapter 5, the magnitude of the decay rates of S2 – S1 internal conversion are also 

strongly influenced by direct interaction of the coupled S2 and S1 states. The values of 

the S2 – S1 interstate electronic coupling energies fall within the intermediate coupling 

range for both corroles investigated. 
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Chapter 7: Conclusions and Suggestions for Future Work 

 

7.1 Conclusions 

The photophysics of the highly excited electronic states of a wide set of d
0
 and d

10
 

metallated tetrapyrroles have been investigated both theoretically and experimentally. 

Theoretically, the ground state geometries, vibrational frequencies, electronic structures 

and excited states energies of a set of 10 metalloporphyrins have been calculated using 

DFT and TDDFT methods. The calculation results have proved to be sufficiently relia-

ble to aid in the interpretation of experimental data presented in this thesis. Experimen-

tally, steady-state absorption and emission spectra and time-resolved fluorescence decay 

profiles have been measured. A set of two porphyrinoid corroles and twelve tetrapyrrole 

compounds of the porphyrin family and having different peripheral substituents and 

central metal atoms, macrocycle substitution patterns and macrocycle conformations 

have been selected to explore the potential structure-property relationships governing 

the photophysics of their Soret-excited electronic states. 

The calculations show that substitutions on the porphyrin macrocycle do not signifi-

cantly change the ground state geometry. However, they do affect the electronic struc-

tures by altering the energies and orders of the frontier molecular orbitals and the ener-

gy and the rank in energy of the excited states in the metalloporphyrins studied. The 

calculations indicate that the energy gap E(2
1
Eu – 1

1
Eu) between the first and second 

excited singlet states, (the observable E(S2 – S1) energy gap) is very similar among all 

the metalloporphyrins studied, with the largest gap found in ZnTBP and the smallest in 

ZnTPTBP. In addition, reduction of the molecular symmetry from D4h in ZnTPP to D2h 

in ZnDPP lifts the degeneracy of the Eg and Eu states in ZnTPP due to the static Jahn-

Teller effect.  

Contrary to a previous report that triplet states are not located between the S2 and S1 

states in the metalloporphyrins,
57

 a number of singlet and triplets electronic states are 

predicted by TDDFT calculations to lie either above or between the 2
1
Eu and 1

1
Eu states. 

No experimental evidence was obtained that these dark states, or specifically the S2' 
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state predicted by Yu et al.
41

 have a significant influence on the relaxation of the S2 

state. Calculations of ground state frequencies show that the number of in-plane skeletal 

C–C and C–N vibrations, and their average frequency are almost the same for all the 

metalloporphyrins examined. These vibrations were shown to be the major energy ac-

cepting vibrations in the S2 – S1 internal conversion process.  

The solvatochromic effects on the spectroscopic and photophysical relaxation prop-

erties of the highly excited electronic states of some of the entire set of the metallopor-

phyrins studied in this thesis have been investigated by carefully measuring both steady-

state absorption and emission spectra and temporal fluorescence intensity decay profiles 

in a set of solvents having a wide range of polarizabilities. The results show that, for a 

given metalloporphyrin, the Soret band maxima of both the absorption and emission 

spectra are shifted to the red, and are more sensitive than the Q band to the change of 

solvent polarizability. A linear correlation was obtained between the S2 – S1 energy gap, 

E(S2 – S1), and the Lorenz-Lorentz solvent polarizability function, f1, for MgTPP, 

ZnTPP and ZnTBP in this set of solvents. Extrapolation of the straight line plots to f1 = 

0 yields a value of the intercept that is perfectly matched to the value of E(S2 – S1) of 

the isolated bare molecule obtained in a supersonic jet. The linear correlation thus indi-

cates that the solvatochromic interactions between the metalloporphyrins and solvents, 

both polar and nonpolar, are governed by dispersive solvent-excited solute interactions, 

the magnitude of which is proportional to the solvent polarizability. The gradients of 

these plots of E(S2 − S1) vs. f1 are a linear function of the total number of π-electrons 

present in the conjugated macrocycle. Therefore, the E(S2 − S1) of ZnTBP with 42 π-

electron is more sensitive to the change of the solvent polarizability than are the 26 π-

electron porphyrins. This linear relationship also indicates that the solvatochromic ef-

fects on the spectroscopic properties are due to the different polarizabilities of the S2 

and S1 states of the metalloporphyrins.  

The results of the fluorescence lifetime measurements of both the S2 and S1 states of 

the whole set of metalloporphyrins indicate that the S2 lifetimes are more sensitive to a 

change of solvent polarizability than are the S1 lifetimes. Plots of the logarithm of the 

sum nonradiative rate constants of the S2 state versus the energy gap, E(S2 – S1), 

shows a good linear correlation for ZnTPP in the set of solvents examined. Similar 



179 

 

energy gap law plots are also obtained for several of the compounds investigated in this 

thesis, however, except for MgTPP, they also exhibit different slopes than expected for 

weak coupling. Only the S2 relaxation behavior of MgTPP can be properly explained by 

the energy gap law within the framework of the weak coupling, statistical limit case, but 

others of the entire set of tetrapyrroles investigated can not.  

The effects of the nature of the peripheral substituents and central metal ions, the 

macrocycle substitution pattern and the macrocycle conformation on the relaxation rates 

of the highly excited electronic states of the tetrapyrroles were investigated. The follow-

ing conclusions were drawn. (1) -Alkyl substitutions enhance the S2 – S1 interstate 

coupling energy compared to meso-substitutions. In particular, -octaalkyl metallopor-

phyrins exhibit strong S2 – S1 interstate coupling energy (el = 2000 cm
-1

), resulting in 

ultrashort S2 lifetimes that are comparable to macrocycle ring stretching frequencies. (2) 

Compared to ZnP and the effects of -substitutions, the effects of meso-aryl substitu-

tions are modest. They reduce both the S2 – S1 electronic energy gap and the S2 − S1 

interstate coupling energy (el = 81 cm
-1

 for ZnTPP), resulting in a minor net effect on 

the nonradiative decay rate of the S2 state. (3) The effects of -alkyl together with meso-

aryl substitutions lead to intermediate S2 − S1 interstate coupling energies. (4) Though 

non-planar tetrapyrroles exhibit relatively larger interstate coupling energies compared 

with their planar counterparts, the results for non-planar tetrapyrroles such as 

ZnTPP(F20) and CdTPP show that effects of non-planarity itself may not account for the 

increased interstate coupling energies and the relatively larger S2 − S1 radiationless de-

cay rates. (5) The effects of benzo-annulation leading to an extended macrocycle result 

in a slightly decreased S2 − S1 interstate coupling energy compared to that of ZnP. In 

addition, the polarizability of the excited state is proportional to the number of  elec-

trons in the extended macrocycle, so that benzo-annulation of the four pyrrole rings in-

creases the polarizability of the excited states and specifically stabilizes the S1 state 

leading to a large S2 − S1 electronic energy spacing in ZnTBP. 

The S2 decay and S1 rise time constants of ZnTPP are equal in all solvents examined 

and these experiments therefore provide no evidence of the presence of either dark or 

S2' states that might participate in the S2 radiationless decays. In addition, no evidence 

of significant heavy-atom induced S2 − Tn (n > 2) intersystem crossing or of a dark or 



180 

 

S2' state was found in the corroles examined. Thus the only significant decay mechan-

ism of the Soret-excited S2 states of the tetrapyrroles is governed by nonradiative S2 − 

S1 internal conversion, which decays in parallel with the much slower S2 − S0 radiative 

decay.  

The relaxation rates of the S2 − S1 internal conversion are controlled by two factors, 

magnitude of the Franck-Condon factor, F, and interstate electronic coupling energy, 

βel . For MgTPP, which meets the requirements of the weak coupling, statistical limit 

the change in knr with E is determined exclusively by the F, which varies exponential-

ly with E, as predicted by the energy gap law for the weak coupling, statistical limit 

case. Because of weakly coupled of the two potential energy surfaces of the S2 and S1 

excited states, βel  has only minor effect on the nonradiative decay rates of the S2 state. 

However, the metallated tetrapyrroles other than MgTPP investigated in this thesis, 

have larger nonradiative decay rates and falls above the weak coupling limit line, as 

shown in Fig. 5.11, at any given E(S2 – S1). The calculated S2 – S1 interstate electronic 

coupling energies of these compounds fall within the intermediate to strong coupling 

range. The difference of knr relative to the weak coupling limit can be rationalized by 

the different magnitudes of the βel , and the larger of this difference, the larger is βel . 

Thus βel  is the major factor in determining the radiationless depopulation rate constants 

of the S2 states in the metallated tetrapyrroles which has S2 – S1 interstate electronic 

coupling energy exceeding the weak coupling limit. 

 

7.2 Suggestions for future work 

The spectroscopic properties and time resolved dynamic measurements presented in 

this thesis provide indirect evidence regarding the value of the interactions between the 

S2 and S1 states of the tetrapyrroles. Theoretical calculations using methods such as CIS 

and CASSCF etc.
95

 can optimize the molecular geometry and predict the potential ener-

gy landscape of the upper excited states. This information would provide direct evi-

dence of the relative displacements of two coupled potential energy surfaces. In addi-

tion, if the geometry of the excited state can be optimized and compared to the ground 

state, such information could also provide evidence of the changes of the relative dis-

placement of the potential energy surfaces of the two coupled excited states.  
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The experiments regarding the photophysics of the corroles presented in Chapter 6 

provide the first evidence of the behavior of their S2 states. In order to make the corroles 

water soluble, the corrole macrocycle has been substituted with hydrophilic groups. The 

structures of such compounds are shown in Chart 7.1. Initial reports show that com-

pounds 1, 2 and 3 have quite different absorption spectra, when compared to those ob-

tained for metalloporphyrins presented in this thesis. To understand the fundamental 

source of the changes in their spectroscopic properties, it will be worthwhile to conduct 

a systematic study of a set of corroles with different substituents. As presented in Chap-

ter 6, the Soret-excited S2 states of the two corroles studied are short-lived with life-

times of 100s fs. The results of direct measurements of the S2 lifetimes of a wider range 

of corroles using fluorescence upconversion methods would provide information on the 

relaxation dynamics of their excited states. Such information on the photophysical 

properties of their highly excited electronic states could establish structure-property  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chart 7.1 Molecular structures and abbreviations of four metallated corroles. 

1  Al (tpfc) (CH=C(CN)(CO2H))

N N

N N

C6F5

C6F5 C6F5Al

C
C

H O

OH

2  Al (tpfc) (CH=C(CO2H)2)

O

OH

3  Al (tpfc)(SO3H)2

N N

N N

C6F5

C6F5 C6F5Al

4  Al (tpfc)(py), L = py = Pyridine

L

N N

N N

C6F5

C6F5
C6F5Al

C
NC

H O

OH

N N

N N

C6F5

C6F5 C6F5Al

SO3H

SO3H
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relationships that would be valuable in improving their potential applications in many 

fields.
64

 In particular the substituted corroles have broad absorptions in both the Soret 

and Q band regions. This characteristic makes them attractive for use as absorbers in 

dye-sensitized solar cells.
175

  

The femtosecond fluorescence upconversion technique provides sufficient time res-

olution to permit the study of the relaxation dynamics of the ultrashort-lived Soret-

excited S2 states of the fluorescent tetrapyrroles. However, it cannot provide direct evi-

dence of the behavior of non-fluorescence excited states. Femtosecond transient absorp-

tion spectroscopy can also provide time-resolution comparable to that of fluorescence 

upconversion. A striking advantage of this technique is that it can directly detect non-

fluorescent excited electronic states both by measuring the transient absorption of mole-

cules in their excited state and by measuring ground state depletion and population re-

covery. Since different excited states have their own unique absorption spectral features, 

measurement of excited state transient absorption spectra would provide valuable in-

formation of the fundamental parameters characterizing the identity and relaxation dy-

namics of the excited states of a much wider range of metalloporphyrins.
179

 For exam-

ple, using a transient absorption spectroscopy technique, Marcelli et al.
180

 recently de-

tected the presence of a charge transfer state and proved its participation in the relaxa-

tion dynamics of the S2 state of the fully protonated free base porphyrin H4P
2+

. 

Tobita et al.,
44

 investigated the S2 state of ZnTPP in EPA using a two-photon ab-

sorption techniques and found a large absorption cross section for the 
1
A2g (Sn)  1

1
Eu 

(S1) transition. As presented in Chapter 3, TDDFT calculations predict that a number of 

states lie close in energy to the S2 state. However, they are either non-fluorescent or are 

too short-lived to be observed by fluorescence upconversion measurements, since no 

evidence of their presence was obtained experimentally by analysis of the results pre-

sented in this thesis. These dark states could, in principle, be detected directly by tran-

sient absorption spectroscopy, especially those states with gerade symmetry such as 

1
A1g and 

1
A2g lying above the 1

1
Eu (S1) state, as predicted by TDDFT calculations.  

In this thesis, to simplify discussion, the work focuses on the metalloporphyrins, 

where the central metal atom has closed shell d
0
 or d

10
 electron configurations. A few 

reports available indicate that the dynamics of the highly excited states of those metal-
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loporphyrins that possess open shell transition metal atoms, such as Ni, Fe, Ru, Co, Cu, 

are entirely different.
144,146

 Upon excitation in their Soret bands of these transition metal 

porphyrins, the S2 excited state decays rapidly to a coupled charge transfer (CT) state 

within 100 fs via a conical intersection of the two potential energy surfaces (PES) of the 

S2 and CT states. The S2 excited state of ZnOEP or other strong-medium coupled mole-

cules investigated in this thesis also decays within 100s fs via internal conversion to the 

coupled S1 excited state. Is there a conical intersection of two PESs of the S2 and S1 

states promoting this ultrafast S2 − S1 internal conversion? It has been reported that the 

CASSCF computation method can predict the excitation energy for lower excited states 

and picture the PES of the excited state.
95

 If the PESs of the S2 and S1 states in ZnOEP 

or other strong-to-medium coupling molecules can be sketched out, the shapes and posi-

tions of two PESs would provide direct and valuable information about whether the in-

terstate electronic interaction (e.g. internal conversion) occurs via an avoided crossing 

minimum or a conical intersection. Such information would also provide direct proof of 

the extent of this interaction, whether it is strong or weak. Therefore, it would be 

worthwhile to conduct a detailed calculation using the CASSCF method to sketch out 

the PESs of the S2 and S1 excited states of ZnOEP and other strong-to-medium coupled 

molecules described in this thesis.  
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APPENDIX І 

 

1. The steady-state absorption and corresponding emission spectra of metallated 

tetrapyrroles not shown in the text. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.1 Normalized steady-state absorption and the emission spectra of ZnTPTBP ob-

tained in benzene. The excitation wavelength is 400 nm. 
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Fig. A.2 Normalized steady-state absorption and the emission spectra of ZnTBP ob-

tained in ethanol. The excitation wavelength is 400 nm. 
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Fig. A.3 Normalized steady-state absorption and the emission spectra of MgTPP ob-

tained in benzene. The excitation wavelength is 400 nm. 
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Fig. A.4 Normalized steady-state absorption and the emission spectra of ZnTPP-d28 ob-

tained in ethanol. The excitation wavelength is 400 nm. 
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Fig. A.5 Normalized steady-state absorption and the emission spectra of Ga(tpfc)(py) 

obtained in benzene. The excitation wavelength is 400 nm. 
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2. Temporal fluorescence decay profiles of the S1 state of those metallated te-

trapyrroles not shown in the text. 

 

 

 

 

 

Fig. A.6 Fluorescence decay of ZnTPP in butanol modelled with the best single expo-

nential fit. Excited at 495 nm and observed at 645 nm.  = 1.95 ns and χr
2
 = 1.08.  
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Fig. A.7 Fluorescence decay of ZnDPP in ethanol modelled with the best single expo-

nential fit. Excited at 400 nm and observed at 640 nm.  = 2.58 ns and χr
2
 = 1.13.  
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Fig. A.8 Fluorescence decay of CdTPP in ethanol modelled with the best single expo-

nential fit. Excited at 430 nm and observed at 635 nm.  = 130 ps and χr
2
 = 2.1.  
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Fig. A.9 Fluorescence decay of ZnTPP(F20) in ethanol modelled with the best single 

exponential fit. Excited at 495 nm and observed at 655 nm.  = 1.61 ns and χr
2
 = 1.12.  
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Fig. A.10 Fluorescence decay of ZnTBP in benzene modelled with the best single ex-

ponential fit. Excited at 400 nm and observed at 636 nm.  = 1.91 ns and χr
2
 = 1.07. 
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Fig. A.11 Fluorescence decays of ZnTPTBP in benzene modelled with the best multiple 

exponential fit. Excited at 400 nm and observed at 674 nm. χr
2
 = 1.01.  

 a(n) (n)/ps F(n) 

1 0.164 2235 0.52 

2 0.150 862 0.18 

3 0.271 385 0.15 

4 0.415 251 0.15 

Notes: a(n) is the coefficient of each lifetime species, (n) is the lifetime, F(n) is the weighted 

fraction of each lifetime. 
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3. Temporal fluorescence decay profiles of the S2 state of some of the set of the 

metallated tetrapyrroles not shown in the context 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.12 Temporal S2 decay (top) and S1 rise (bottom) profiles of ZnDPP in ethanol at 

room temperature. Measurements are at room temperature with ex = 400 nm and cen-

tral observation wavelength at 433 nm for S2 decay and 641 nm for S1 rise. The solid 

lines give the best fits of single exponential decay and rise functions to the measured 

data. 
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Fig. A.13 Temporal S2 decay (top) and S1 rise (bottom) profiles of ZnP in ethanol at 

room temperature. Measurements are at room temperature with ex = 400 nm and cen-

tral observation wavelength at 433 nm for S2 decay and 635 nm for S1 rise. The solid 

lines give the best fits of single exponential decay and rise functions to the measured 

data. 
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Fig. A.14 Temporal S2 decay (top) and S1 rise (bottom) profiles of ZnTPP(F20) in etha-

nol at room temperature. Measurements are at room temperature with ex = 400 nm and 

central observation wavelength at 433 nm for S2 decay and 655 nm for S1 rise. The solid 

lines give the best fits of single exponential decay and rise functions to the measured 

data. 
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Fig. A.15 Temporal S2 decay (top) and S1 rise (bottom) profiles of ZnTPP(Cl8) in etha-

nol at room temperature. Measurements are at room temperature with ex = 400 nm and 

central observation wavelength at 433 nm for S2 decay and 655 nm for S1 rise. The solid 

lines give the best fits of single exponential decay and rise functions to the measured 

data. 
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Fig. A.16 Temporal S2 decay (top) and S1 rise (bottom) profiles of CdTPP in benzene at 

room temperature. Measurements are at room temperature with ex = 400 nm and cen-

tral observation wavelength at 433 nm for S2 decay and 655 nm for S1 rise. The solid 

lines give the best fits of single exponential decay and rise functions to the measured 

data. 
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Fig. A.17 Temporal S2 decay (top) and S1 rise (bottom) profiles of H2TPP in benzene at 

room temperature. Measurements are at room temperature with ex = 400 nm and cen-

tral observation wavelength at 433 nm for S2 decay and 655 nm for S1 rise. The solid 

lines give the best fits of single exponential decay and rise functions to the measured 

data. 
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Fig. A.18 Temporal S2 decay (top) and S1 rise (bottom) profiles of TPP-d30 in benzene 

at room temperature. Measurements are at room temperature with ex = 400 nm and 

central observation wavelength at 433 nm for S2 decay and 655 nm for S1 rise. The solid 

lines give the best fits of single exponential decay and rise functions to the measured 

data. 
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APPENDIX II  

 

1. Derivation of equation 2.2 and the effective light length lem in equation 2.1 in 

chapter 2. 

In our experimental set-up, a 1.0 cm x 0.2 cm dimension cell instead of the square 

cell was used in order to decrease the reabsorption effect by shortening the emitting 

light path, as shown schematically in Fig. A.1. The intention of the following work is to 

find out the effective length lem in eq. 2.2 in chapter 2 used to correct the inner filter ef-

fect on the fluorescence quantum yields measurements.  

 

 

 

 

 

 

 

 

 

 

 

Fig. A.19 Model used to derive equations of inner filter effects correction. 

I0 is the initial excitation intensity before entering the solution; Iabs is the light intensity 

at the emitting center as a result of absorption by molecules in the ground state; Iem is 

the fluorescence intensity at the emitting center emitted initially by those molecules in 

the excited state; Iobs is the fluorescence intensity detected by the photon detector. lex is 

the effective light path of the excitation light and lem is the effective light path of the 

emission light. 

According to the Beer-Lambert Law,
21

 eq. 1.3, the excitation light is attenuated fol-

lowing eq. A.1, before it reaches the point of fluorescence emission as a result of light 

absorption, where the light was absorbed by a number of molecules in the ground state. 

I0 

lex  

lem  

Iobs 

Iabs Iem 



213 

 

The initially emitted fluorescence intensity is correlated with the excitation light intensi-

ty by multiplying a parameter, ϕf, the quantum yield of the compound in the solution. 

log  
Iabs

I0
 = −Aex lex                                                            (A. 1) 

Iem = −kϕfAex lex                                                              (A. 2) 

Here, k is a constant, and Aex  is the absorbance at excitation wavelength. The initially 

emitted fluorescence light can be reabsorbed by molecules in the ground state, thus the 

observed fluorescence intensity was also attenuated before exiting the solution. 

log  
Iobs

Iem
 = −Aem lem                                                        (A. 3) 

Here Aem  is the absorbance at emitting wavelength. Eq. A.4 is derived by submitting of 

eqs. A.1 and A.2 into eq. A.3. 

log  
Iobs

kϕfAex I0
 = − Aex lex +  Aem lem                                 (A. 4) 

Rearrangement of eq. A.4 and introduction of one parameter R (R = Aem /Aex ) and one 

constant K (K = kϕfI0) gives eq. A.5, which was used to obtain the effective light path 

length lem.  

log  
Iobs

Aex
 = −Aex  lex +  Rlem  + log K                            (A. 5) 

The following information is given as an example to show the validity of eq. A.5 and 

the effective emission light path lem. The data were obtained by using ZnTPP solutions 

with different concentrations associated with different absorbance at 400 nm (A400). 

The plot of log  
Aex

Iobs
  against Aex  shows a good linear relationship as shown in Fig. 

A.20. The slope gives the total value of lex + Rlem . Since the value of lex = 0.44 cm was 

known,
181

 and value of R can be calculated based on the absorption spectrum, the value 
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of lem = 0.05 cm was obtained for the 1 cm x 0.2 cm cell under the experimental condi-

tions used. 

Table A.1 The observed fluorescence intensities of S2 states of ZnTPP in ethanol with 

different concentrations. 

Trials A400 Fcorr Iobs/a.u. 

1 0.453 0.620775 2493819 

2 0.3467 0.688721 2436707 

3 0.283 0.734647 2303909 

4 0.2376 0.77006 2143026 

5 0.178 0.820271 1849290 

6 0.1299 0.864151 1503414 

7 0.103 0.890101 1294641 

8 0.077 0.9162 994419 

9 0.066 0.927555 859741 

10 0.054 0.940159 721610 

11 0.0437 0.951163 597482 

12 0.0274 0.968933 349613 

 

Fig. A.21 shows the difference between two plots of corrected and uncorrected 

emission intensity vs. absorbance at excitation wavelength of 400 nm. It is important to 

note that those points with absorbance lower than 0.05 do not need to be corrected using 

eq. 2.1. The deviation from the linearity of the plot between the uncorrected data and 

absorbance is obvious and a good linearity was obtained for the corrected data. Thus, 

the validity of eq. 2.1 and A.5 are verified.  
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Fig. A.20 The linear plot of log10 (Aex Iobs ) against Aex  is obtained. A slope with a 

value of 1.00 is shown in the graph.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A.21 The comparison of the linear plots of the corrected and the uncorrected emis-

sion intensity against absorbance at excitation wavelength 400 nm is shown for different 

concentrations of ZnTPP in ethanol. 
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