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Abstract

There is considerable interest in intramolecular energy transfer, especially in compl

which absorb visible light, because it is crucial to the better understanding of photoharvesting

systems in photosynthetic organisms and for utilizing solar energy as well. Porphyrin dimers

represent one of the best systems for the exploration of light-induced intramolecular energy

transfer. Many kinds of porphyrins and porphyrin dimers have been studied over the past decade,

however little attention has been paid to the influence of paramagnetic metals on the behavior of

their excited states. In this thesis, Electron Paramagnetic Resonance Spectroscopy (EPR) is used

to study such compounds. After light irradiation, porphyrins easily produce a variety of excited

states, which are spin polarized and can be detected by the time-resolved (TR) EPR technique.

The spin polarized results for vanadyl porphyrins, their electrostatically-coupled dimers, a

covalently-linked copper porphyrin-free base porphyrin dimer, and free base porphyrins are

presented in this thesis. From these results we can conclude that the spin polarization patterns of

vanadyl porphyrins come primarily from the trip-quartet state generated by intersystem crossing

(ISC) from the excited sing-doublet state through the trip-doublet state. The spin polarization

pattern of electrostatically-coupled vanadyl porphyrin-free base porphyrin dimer is produced by

the triplet state of the free base porphyrin half which is coupled to the unpaired electron on the

vanadyl ion.
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1. Introduction

1.1. Global Energy problem

The energy needed to support life comes directly or indirectly from the sun. Currently, the

main energy source used by humans is fossil fuels. The existing reserves of oil and other fossil

fuels are starting to run out, as predicted.'*^ Moreover during the combustion of oil, hydrocarbons

are broken down and as a result, produce carbon dioxide as shown in Figure 1-1. Thus, the

carbon dioxide concentration in the atmosphere is now about thirty percent higher than 200 years

ago. Combustion of oil, coal and natural gas is the main cause of the rise. The CO2 acts as a





and natural gas takes millions of years. Using solar energy directly avoids almost all of the

problems associated with other forms of energy.

The main problem at the moment is the efficient capture and storage of the solar energy.^

To solve this problem, we need to understand the photophysical processes involved. To store

solar energy we need to be able to transport it and therefore energy transfer is one of the most

important of these processes. In plants, which use this process when they store energy from the

sun as they grow, energy transfer takes place between chlorophylls, i.e. between their active site

porphyrins. Chlorophylls are complex molecules which are comprised of a magnesium chlorin

and a phytyl tail (Figure 1-2).^ Chlorin is a reduced porphyrin as shown in Figure 1-2; one

double bond from a porphyrin ring is reduced to single one in a chlorin ring.

In order to study energy transfer and excited states we need to use some model

complexes. These model complexes have to be similar to the natural complexes used in

photosynthesis, they have to be easily derivatised, absorb light in the visible range and change

optical properties easily. Porphyrins are such substances. People have studied energy transfer in

porphyrin complexes because there is a variety of synthetic porphyrin dimers and their related

compounds with different linkages which enables the investigation of the energy transfer in

terms of distance and orientation between the two chromophores. Thus, a brief review of

structure and ftmction of porphyrins is presented.
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Porphyrin

Chlorophyll a: ^= —CH^

Chlorophyll b: ^ —

C

W m^ Oii CHj 0i, CH, CHj CM,

CH.
I

H

o

Figure 1-2. Molecular structures of chlorophylls (left-hand side) and porphyrin (right-hand

side). Based on figure fi-om reference 6.

7.2. Functions and structure of the Porphyrins

The name "porphyrin" comes fi-om the Greek word for "purple". Porphyrins and other closely

related tetrapyrrolic pigments occur widely in nature, and they play very important roles in

various biological processes.^ The three major roles are in electron transfer, oxygen transport,

and photosynthesis. Based on these, the pophyrins have been nicknamed the "pigments of life"

or "colors of life". The heme shown in Figure 1-3 represents the active site of hemoglobin in

blood. The iron atom chelated to the porphyrin ring is able to bind oxygen molecules reversibly,

transport them to cells, and release them for use. Chlorophylls which contain a central

magnesium ion, and pheophytins, which are metal free, are found in the photosynthetic apparatus

of plants and bacteria. The importance of chlorophylls (Figure 1-2) is in very efficient

conversion of sunlight into chemical energy by utilizing the electron transport capabilities of

unsaturated porphyrins.^ The vitamin B12 (cyanocobalamin), which is a porphyrin-like molecule
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with a monovalent cobalt metal (Figure 1-4), is present in humans, animals and bacteria and

plays an enormous role in genomic stability of cells.
'^'"*^^

JM' - SV :;; t

Heme

Protein (globin)

CO2H CO2H

Heme

;. r.

J^

Figure 1-3. Schematic representation of the molecular structure ofheme. Based on figure

fi'om reference 9.

H3C O" "O /
CHi

HO

po*^

Figure 1-4. The molecular structure ofVitamin B12. R = CN corresponds to cyanocobalamin

or vitamin B12 (CNCbl); R = 5'-deoxyi-5'-adenosyl to coenzyme B12 (adoCbl); R = CH3
methylcobalamin (MeCbl). Based on figure fi'om reference 10.





The basic unsubstituted poqihyrin ring is called porphine. Its electronic "heart" is a

sixteen-membered ring with eighteen n electrons, which is responsible for its optical properties.

This ring contains four nitrogen atoms obtained by linking four tetrapyrrolic subunits with four

methine bridges. The porphyrin with unsubstituted inner hydrogen atoms called the free base

porphyrin (Figure 1-5). This macrocycle is an aromatic system containing eighteen 21-electrons,

which are delocalized according to the Hiickel's rule of aromaticity (4n+2 delocalized n-

electrons, where n is an integer and equals 4).'^ The outer hydrogen atoms can be substituted at

meso or beta positions (Figure 1-5) and form different porphyrin derivatives.

Porphine Free base porphyrin MetaUoporphyiin

beta

R = peripheral group
+2 +2 +2M = Zn,Cu, VO, etc.

Figure 1-5. The molecular structures of the porphine, free base porphyrin and

metalloporphyrin.

The central hydrogen atoms may also be substituted by any one of a variety of metals

changing the free base porphyrin to metalloporphyrin. The common structure for the

metalloporphyrins (Figure 1-5) is a single metal ion coordinated to the approximately planar

tetrapyrrole, which in its dianionic form, acts as a tetradentate ligand through the four

nitrogens.'"* Porphyrins are excellent ligands for a wide variety of metal ions such as zinc,

5





magnesium, iron, cobalt, nickel, etc. Naturally occurring porphyrin metal complexes such as

heme (the iron (II) protoporphyrin-IX complex) and magnesium porphyrin of chlorophyll are of

great importance.

Synthetic porphyrins have been developed for different biomedical and chemical

applications. They are used as drugs for photodynamic treatment of cancer, treatment of psoriasis

and viruses, gene regulation therapies and more recently, drug targeting.
*^'^^'^^ Other innovative

porphyrin applications are in material science and chemistry. Synthetic metalloporphyrins found

applications in electro-catalysis, as electrodes in fuel cells or as chemical sensors. ^^ The more

favoured synthetic rings for optical study are meso-tetraphenylporphyrin (TPP),

octaethylporphyrin (OEP), and etioporphyrin.'^ There are two general approaches to obtain a

desired porphyrin in chemical synthesis: by modification of a naturally occurring porphyrin (e.g.

heme); or by total synthesis. For the modification of porphyrins there are many choices of

peripheral substituents. The total synthesis involves the synthesis of the pyrrole subunits having

the required substituents.

7.3. Porphyrin model complexes

The ability of the natural porphyrins to aggregate was noticed in the early 1930's."^' In 1937,

Alexander found that protoporphyrin molecules form packed face-to-face complexes. Based on

the experiments with iron-containing porphyrins, Hughes and Alexander made suggestions about

the process of aggregation, and named some models of porphyrins and metalloporphyrins

aggregates, e.g. "sandwich", "stack of pancakes". Since then, the aggregation of porphyrins and

metalloporphyrins has been studied more extensively, and a number of spectroscopic and

molecular mechanics data on different dimeric and oligomeric forms of porphyrins have been





This project concentrates on studying the photophysics and photochemistry of dimeric and

monomeric porphyrin structures. Porphyrin dimers are suitable for exploration of intramolecular

energy transfer which is crucial to understanding the utilization of solar energy. Such complexes

can have different structures, e.g. covalently-linked dimers (Figure 1-6) or electrostatically-

coupled dimers (Figure 1-7). Covalently-linked dimers can have different bridges or linkages

between two monomers such as biphenyl, benzene, naphthalene, alkyl-groups. Self-assembled

electrostatically-coupled dimers are spontaneously formed by porphyrins with oppositely

charged peripheral substituents.^^"^^'^^ Two types of electrostatically-coupled dimers can be

formed: homodimers and heterodimers. Heterodimers consist of two nonequivalent monomers,

while homodimers are formed by the equivalent monomer. Since heterodimers are formed by

electrostatic attraction and formation of homodimers is prevented by electrostatic repulsion, the

heterodimers can be investigated without interference from homodimers."^^

(CHab—

O

CHs

Figure 1-6. The molecular structure ofthe covalently-linked CUP-C3H6-H2P porphyrin dimer.

Based on figure from reference 41

.

Intermolecular energy transfer has been studied in detail in diamagnetic compounds such as

chlorophylls.^^'^^'^^'^^ Many systems with diamagnetic metals are well known, for example zinc

(II) porphyrin (ZnP)-free base porphyrin (H2P) dimers.^'*'^^'^^'^^'^^'^^ In a ZnP-H2P hybrid dimer.





singlet-singlet energy transfer takes place.^^'^"^'^^ Zn porphyrins were studied extensively by

optical spectroscopy fluorescence which is a fast and sensitive method. Such studies show that

the energy transfer from the lowest excited singlet state (Si) of the ZnP to that of the H2P is

much faster than the other relaxation processes of the Si state ofthe ZnP.

R

Figure 1-7. Schematic representation of the molecular structure of the electrostatically

coupled VOTSPP-H2TTAP porphyrin dimer. Based on figure from reference 75.

In principle, introducing a paramagnetic species gives us another way of controlling the

energy transfer but as yet this is not well understood. There have been very few studies of energy

transfer involving such compounds.'^^''^^''*'^ The reason for this is that the extra spin changes the

electronic structure dramatically, because of the exchange interaction which has a quantum-

mechanical nature. This can be demonstrated using copper porphyrin (Figure 1-8(1)) as an

example. Copper (II) porphyrins (CuP) have an open shell configuration (d^) with one unpaired

electron in a d orbital, which has an exchange interaction with the porphyrin jc-electrons. This

exchange interaction affects the low-energy porphyrin states (tc, tc*) such that the singlet excited

states of the ring become doublets, called sing-doublets (^Si), while the triplet excited states of

the ring become doublets and quartets, called trip-doublet (^Ti) and trip-quartets (^Ti) (Figure 1-





8(1)). The splitting between ^Ti and "^Ti depends on d-n exchange integrals. This exchange

interaction also gives rise to the configuration interaction between the ^Si and ^Ti states, thus

yielding very fast intersystem crossing (ISC) of the porphyrin 7c-system, with a rate constant in

picoseconds. Excitation to the ^Si state leads to primary population of the "^Ti state following ISC

and relaxation from the ^Ti to "^Ti states.

540 mn





within the H2P moiety, path (a), and energy transfer from the trip-quartet state of CuP, path (b).

The lowest singlet and triplet excited states of the H2P are lower than the corresponding excited

states of CuP. Thus, intramolecular energy transfer from CuP to the H2P can be expected. It is

thought that the levels ^Ti and "^Ti may reach a thermal equilibrium."*^ The transition from trip-

doublet to sing-doublet is spin allowed (Figure 1-8). The metal d-orbitals have a strong effect on

the metallo-porphyrin absorption and emission spectra, as seen when compared to the free base

porphyrin spectra. The optical properties are essentially determined by the 71-electrons of the

porphyrin ring. For the metalloporphyrin complexes with unpaired electrons the rate constant of

energy transfer is bigger than in the diamagnetic complexes, so the rate of ISC to the trip-quartet

is faster than the rate of ISC in the diamagnetic species, which is why they are interesting for this

study.

This project has been designed to extend the existing data by investigating compounds with a

different central metal and dimers with different structures (i.e. electrostatically-coupled dimers

versus covalently-linked ones). The energy transfer will be analyzed in model compounds such

as paramagnetic vanadyl porphyrins (VOP). Vanadyl ions are formed when vanadium, existing

in aqueous solutions as the V'^^ ion is in the +4 oxidation state. Then it reacts with water to form

the VO ^ ion. The vanadium in VO^"^ ion has a d' electronic configuration and like Cu^"^ (d^) has

a single unpaired electron as shown in Figure 1-9.

Because both ions have one unpaired electron their behavior in the magnetic field will be the

similar. Therefore, the energy transfer pathways in the VOP-H2P dimers are expected to be

similar to the corresponding pathways in the CUP-H2P dimers. Here, electrostatically-coupled

VOP-H2P dimer will be investigated because of its simple synthesis from monomer constituents.
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Figure 1-9. The spin states ofVanadyl ion (d^) and Copper ion (d^).

The main points of interest that have been focused on in this study are the intersystem

crossing process in the VO porphyrins and the energy transfer between porphyrins in ionically

coupled VOP-H2P dimers and covalently-linked CUP-H2P dimers. The possible energy transfer

pathways in the dimer structure are resumed to be similar to those of CUP-H2P dimer shown in

Figure 1-8(2). The goal of the experiments involving the VOP-H2P dimers is to gain a better

understanding of the energy pathways.

The method used for measurements of the energy transfer between excited states in

porphyrin molecules is TREPR. This spectroscopic technique will be explained in section 2.4.

Although the time resolution of the method is usually too slow to observe energy transfer

directly, it is possible to distinguish between different possible spin dependent pathways based

on the observed spin polarized spectra. So, we may investigate and predict the energy pathway in

paramagnetic porphyrin complexes.

11





2. Theory

2.1. Electronic and optical properties ofporphyrin

In aromatic systems, the jc-electrons are responsible for many of the electronic and

spectroscopic properties. Organic compounds such as porphyrins have o, a* orbitals, n, n* and n

orbitals. The order of energy is usually En>E^>Ea and E^i* > E„ etc. To understand better the

electronic structure of porphyrins it is useful to look at the electronic structure of a simple

aromatic compound such as a benzene molecule (Figure 2-1 A).

©
LUMO

®
HOMO

X
N

•2u

e2

n

u

eig

K

Figure 2-1. Benzene molecular structure (A) and molecular orbitals MOs (B), transitions

between HOMO and LUMO, where A means allowed transitions and F means forbidden (C).

Based on figure fi-om reference 44.

2.1.1. The electronic spectroscopy of benzene

The bond lengths of the benzene molecule are equal and there is a six-fold symmetry axis

perpendicular to the plane of the benzene molecule.'*^''*^''^^ The UV transitions of benzene are

12





known to involve the n molecular orbital (MO) system; they are designated n-> n*. The point

group of benzene is Dgh.'*^''*^ The molecular orbital picture gives the orbitals shown in (Figure 2-

IB), where a, b and e are MuUiken symbols. Such symbols are used to describe the symmetry of

states, orbitals, vibrations; orbitals a and b denote singly degenerate MOs which are symmetric

(a) or antisymmetric (b) with respect to rotation about the symmetry axis, while e denotes doubly

degenerate MOs; g stands for gerade (orbitals symmetric to inversion), u stands for ungerade

(orbitals antisymmetric to inversion). The subscripts 1 or 2 give the symmetry of the MO with

respect to rotation about the axis perpendicular to the highest-order symmetry axis.

The lowest energy tc ^ tc excitation of benzene involves promotion of an electron from

the Highest Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital

(LUMO), so the lowest energy transition is eig -> e2u. Each HOMO/LUMO pair has two

possible sets of transitions shown in Figure 2-lC. The transitions (A) shown as solid lines are

allowed, and the transitions (F) shown as dotted lines are forbidden.

The ground state is totally symmetric and of symmetry Aig and the excited state

configuration is the direct product of the partially occupied orbitals depending on the transitions.

The excited states are labeled by these products. For benzene, the product of cig and e2u gives

four electronic states labeled Bi, B2 and Ei. There are two electronic transitions; one

vibronically-allowed (vibronic means vibrational and electronic) Aig -> B2u, with a large change

in orbital angular momentum and one electronically-allowed Aig -> Eiu. At this point it is

appropriate to mention that allowed electronic transitions of a molecule arise from the interaction

of molecular dipoles with the electric field of the incident radiation. There are some selection

rules for these electric-dipole transitions. These rules are about the changes of spin (spin

selection rule when AS=0) or orbital state (e.g. Laporte selection rule, which allows transitions u

<-> g and forbids transitions u ^-> u and g <-> g for centrosymmetric systems)."*^ In electronic
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spectroscopy, strong absorption is associated with fully spin- and symmetry-allowed transitions.

Weak to medium absorption is associated with spin-allowed, synmietry-forbidden transitions.

Often, the fact that the symmetry rule is violated can be ascribed to the fact that a vibrational

excitation occurs simultaneously with the electronic excitation and this vibration changes the

symmetry. Such a mechanism leads to the absorption described as vibronically-allowed. Very

weak absorptions are associated with spin- and symmetry-forbidden transitions, which are

usually just referred to as spin-forbidden. The lowest energy 7t -> tc* excitation of benzene gives

only one fully allowed transition, Aig -> B2u. Although it is allowed by both spin and Laporte

selection rules, this transition is orbitally forbidden. Thus, for the D6h point group the initial state

is Aig, the final state is B2u.

2.1 .2. The electronic spectroscopy of porphyrins

There are important similarities between benzenes and porphyrins. Porphyrins have an

aromatic ring system but with eighteen 7c-electrons (Figure 1-5) as compared to six for benzene

(Figure 2-1). The symmetry point group of the metalloporphyrin system is D4h. Free base

porphyrins have lower symmetry (D2h) due to the presence of two hydrogens (Figure 2-2A).

Each of the two tertiary nitrogen atoms supplies one pz electron to the 7i-system. The

spectroscopic features of porphyrins can be understood in large part by considering the energies

and electronic distributions of the two HOMOs and the two LUMOs. With eighteen 7c-electrons

the free electron model predicts that there will be four nodes in the HOMO and that it will be

doubly degenerate. -
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from optical transitions between the orbitals aiu -^ Cgx and a2u -> Cgy are y-polarized, y transition

will be associated with Y electric dipole transition moments and therefore called y-polarized.

They have the same energy as optical transitions between the orbitals a2u -> Cgx and aiu -> Cgy

which are x-polarized. Configuration interactions between states of such polarization mix and

split the states into two pairs of high energy (Bx and By) and low energy (Qx and Qy) transitions.

The nomenclature (B and Q) was given by Platt.^* For molecules characterized by the D4h point

group, this description predicts that the B transitions (also called the Soret band) are strongly

optically allowed and this is confirmed by experiments. The Q-bands are experimentally

observed as weak transitions (Figure 2-5).

The MOs aiu, aiu, QgK and Cgy in the D4h point group (Figure 2-2 E) correspond to aiu, biu,

b2u and bsg, respectively, in the Dih point group (e.g. free base porphyrin). Figure 2-2A depicts

that in molecules having D2h symmetry, the x and y molecular axes are not equivalent. Therefore,

the excited states resulting from transitions between the orbitals are not degenerate, and the

spectroscopic transitions are expected to be split into distinct x and y bands (Figure 2-2 B, C)

with the Q transitions becoming allowed.

A ligand-field theory based on molecular orbital theory and crystal field theory is good at

predicting many of the properties of transition-metal complexes. Square planar complexes tend

to have sixteen valence electrons around the metal, which fill all the bonding orbitals. The square

planar ligand field of the nitrogens splits the d-orbitals into bonding or nonbonding dz"^, dyz, dxz,

dxy, and antibonding dx^.y^. The relative arrangement in energies of k orbitals in the porphyrin

macrocycle and of d orbitals of transition metal ions is shown on example ofZnP in Figure 2-3.^^

The antibonding dx .y orbital of the Zn becomes filled because Zn has 10 d-electrons.
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Figure 2-3. Qualitative diagram of the approximate relative energies ofthe 7c-orbitals and d-

metal orbitals in zinc porphyrin. Based on figure fi-om reference 54.

The metal orbital aig (dz^) can be involved in the formation of o bonds with external

ligands (e.g. fifth ligand like water), which leads to an increase in its energy. In the presence of

ligands, levels big and aig become closer to each other. The Cg orbitals (dxz and dyz) can interact

with unoccupied orbitals in porphyrin having the same symmetry Cg (n). But this interaction

becomes less efficient when going to metalloporphyrins with €4^ symmetry, because in this case

the energy gap is larger. When the metal atom M lies in the same plane as the nitrogen plane the

metalloporphyrin molecule has D4h symmetry. If this atom extends above the molecular plane,

the macrocycle no longer remains perfectly planar and its symmetry is reduced to C4V. C4V

symmetry is observed for metalloporphyrins with coordination number (CN) equal to 4-5.^^

Examples of porphyrin molecules which belong to symmetry D2h, D4h, C4V are given in the Table

1 . The dxy orbital does not participate in the formation of chemical bonds in metalloporphyrins.
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(450 to 700 nm). The labels Qx, Qy are given for the individual components of the transition

pairs. Since the x and y axes are no longer equivalent, there is the splitting of the Qx and Qy

bands, shown in Figure 2-4. Thus, Q (0, 0) splits into Qx (0, 0) and Qy (0, 0), where these two

numbers in the brackets for porphyrins mean the initial and final vibrational quantum number , v

(v can have the values 0, 1, ...). In the lowest vibrational state (v = 0) a molecule has the zero

point energy. Each band has a vibronic overtone, Qx (1, 0) and Qy (1, 0), respectively. This

splitting happens because the two free-base hydrogens in the center of macrocycle strongly

reduce the four-fold symmetry in metalloporphyrins to two-fold rotational symmetry in the free

base.

Most metalloporphyrins with D4h symmetry have the two-banded visible spectrum shown

in Figure 2-5, which is different from the free-base porphyrin (D2h type) four-banded visible

spectrum. In metalloporphyrins with D4h or C4v symmetry, the x and y axes are equivalent, so

there is no splitting of the Qx and Qy bands. The lower-energy Q band (labelled 1, Figure 2-5,

bottom) is the electronic origin Q (0, 0) of the lowest-energy excited singlet state. The higher

energy band (labeled 2, Figure 2-5, bottom) includes one mode of vibrational excitation and is

denoted Q (1, 0). An intense Soret band or B band is the electronic origin B (0, 0) of the second

excited singlet state. Moreover, metalloporphyrins generally show a weaker band (N band) at

about 325 nm.

In the case of diamagnetic porphyrins such as ZnP, the metal contains only closed shells.

For such porphyrins the metal has only a small effect on the optical absorption and emission

spectra, i.e. a small perturbation on the 7c-electrons of the porphyrin ring. Its optical spectra (Q

and B bands) are defined as (it, tc*) in origin. The main optical perturbation of a central metal

(open shell) arises through the interaction of the metal electrons with those ofthe ring.

In order to discuss the influence of an unpaired electron of the metal on the energy state

diagram of paramagnetic porphyrin and on energy transfer in porphyrin complexes it is

necessary to review the general energy level diagram.
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Figure 2-5. Typical UV-Visible absorption spectrum ofmetalloporphyrin, VOTMPyP,
(upper) and enlarged part of Q-band (bottom). The values under the labels 1 and 2 of Q-band

show the wavelength (nm) and absorbance of the peaks at their maxima.
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2.2. Jablonski Diagram ,

A molecular electronic energy level diagram, referred to as a Jablonski diagram, is shown

in Figure 2-6. The '*pure" (0, line) electronic energy levels are depicted as heavy horizontal

lines with labels So, Si, S2, Sn and Ti,T2 in Figure 2-6. The lighter horizontal lines are the

excited vibrational ^ates

t
>

S2

S1I

IC

ir

ISC
IC

T,

' 1

^ electronic ground state

Figure 2-6. Jablonski diagram, general scheme. A stands for absorption, F stands for

fluorescence, P - phosphorescence, IC - internal conversion, ISC - intersystem-crossing.
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Figure 2-6a. Vibrational-electronic transitions associated with So -> Si. Numbers 0, 1, 2, 3

means transitions 0->0, 0->l, 0^2, 0->3 respectively. Based on figure from reference 57.
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energy band (labelled 2, Figure 2-5, bottom) includes one mode of vibrational excitation

vibrational-electronic states. Figure 2-6a describes in detail and shows more clearly the processes

of absorption and emission between two '*pure" electronic energy levels So and Si. The

vibrational quantum number in the lower energy state is v' (0, 1, 2, 3 ...), and v" (0, 1, 2, 3 ...)

is that in the excited energy state. In the rest of the thesis, the energy state labels So, Si, Ti, etc.,

in the Jablonski diagram will be used.

Generally, once a molecule has absorbed energy in the form of electromagnetic radiation in

the UV/visible region, there are a number of routes by which it can return to ground state.^^ If

emission of a photon occurs during the relaxation process it is referred to as a "radiative

transition". When a radiative transition between states of the same spin state (e.g. Si -^ So)

occurs this is called fluorescence (shown as letter F in the diagram). If the spin states of the

initial and final energy levels are different (e.g. Ti -> So), the emission (loss of energy) is called

phosphorescence. In the diagram, this is depicted by a longer wavelength (lower energy) and

therefore shorter length red line shown as letter P. Since fluorescence is statistically much more

likely than phosphorescence, the lifetimes of fluorescent states are very short (1 x 10"^ to 10"^

seconds) and phosphorescence is longer (1 x 10"^ seconds to minutes or even hours).

Three nonradiative deactivation processes are also significant here: internal conversion

(IC), intersystem crossing (ISC) and vibrational relaxation. Examples of the first two can be seen

in the diagram. Internal conversion is the radiationless transition between electronic energy states

of the same spin state (in contrast to fluorescence, which is a radiative process). Intersystem

crossing is a radiationless transition between different spin states (the radiative counterpart is

phosphorescence). In general, transitions fi^om singlet to triplet and vice versa are forbidden

because they do not conserve spin angular momentum. Therefore, to go fi"om a singlet state to

triplet state, the orbital angular momentum must be changed and the transition S-^T is governed

by spin-orbit coupling. Such coupling can be very efficient as seen by the high rate of ISC,

which occurs in the picosecond time range for some molecules.^^ Vibrational relaxation also
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occurs very quickly (less than 1 x 10'^^ seconds) and is enhanced by physical contact of an

excited molecule with other particles.^^

2.3. Energy transfer in the porphyrin compiexes

The term "energy transfer" refers to the transfer of excitation energy from one molecule to

the other. If the two molecules are completely separate, it is called "intermolecular" energy

transfer. However, if they are attached to one another so that the energy transfer occurs between

two parts of the same molecule it is called "intramolecular" energy transfer.^ In both cases, it

occurs via a simultaneous transition of one molecule from an excited state (usually Si) to the

ground state while the second molecule goes from the ground state to an excited state (usually

Si). If the excited states of the first and second molecule are both singlet states we talk about

singlet-singlet energy transfer. If they are triplet states it is called triplet-triplet energy transfer.

Singlet-singlet energy transfer is well-known ' ' for the diamagnetic ZnP-H2P dimer and

is shown in Figure 2-7. The lowest excited singlet (Si) and triplet (Ti) states of

metalloporphyrins have higher energy levels than those of the corresponding free base

EnT

'0

isc/

il \ '0

ZnP H,P

Figure 2-7. Singlet-singlet energy transfer (EnT) between the two halves of the heterodimer

zinc (II) porphyrin - free-base porphyrin.
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porphyrins. So, intramolecular energy transfer (EnT) from the Si state of the ZnP to that of the

H2P is much faster than the other relaxation processes of the Si state of the ZnP. The energy

transfer between the two halves of the heterodimer must compete with ISC and relaxation to the

ground state (dashed lines in Figure 2-7). The Ti state of the ZnP is not produced; however Ti

state of the H2P is produced via ISC.

If the central metal ion of the porphyrin macrocycle is paramagnetic, the excited-state

dynamics can be changed drastically. For the metalloporphyrins with open shell metals, which

have d^-d^ electrons, the metal orbitals have much stronger effects on absorption and emission

spectra compared to metal orbitals with closed shells. Here, Cu (II) porphyrin (CuP) will be used

as an example of a metalloporphyrin with a paramagnetic metal. The one unpaired d-electron on

the copper affects the low-energy porphyrin (21, 7t ) states, such that the singlet excited states of

the ring become sing-doublets as explained in the Introduction, while the triplet excited states of

the ring become trip-doublet and trip-quartets (Figure 2-8). The splitting between ^Ti and "Ti

depends on the d-n exchange integrals. The transition from trip-doublet to sing-doublet is spin

allowed. As seen in Figure 2-8, there are some possible processes: ISC and relaxation to the

ground state from ^Ti or "^Ti. The energy transfer from several states (e.g. "^Ti or "^Ti) of the CuP

to another molecule is not shown in this Figure but is possible. The question, as to which

pathway the energy takes, is not answered yet. Factors governing the rates of all these possible

processes are not well understood. To date, the question about the pathway of the energy transfer

within a paramagnetic porphyrin (Figure 2-8) is still under debate.
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Figure 2-8. Simplified Jablonski diagram of CuP. Shown possible processes: ISC-intersystem

crossing, F-fluorescence, relaxation to the ground state (dashed lines). ISC* is the relaxation

fi-om the ^Si to the ^i (between states of the same spin multiplicity, doublet -> doublet), so it

is not really the "intersystem crossing" which occurs between manifolds of different spin.

However, if the metal is not present it would be ISC. The proper ISC in this case is ^Ti -> "^Ti

transition.

To investigate this problem we need an extensive set of the experimental data obtained

fi-om an appropriate spectroscopic technique. Thus, we need to compare the strengths and

weaknesses of optical methods versus time-resolved EPR. Optical techniques have been widely

employed to study the dynamics and energetics of the excited states. Fluorescence spectroscopy,

for example, is a fast and sensitive technique^'^*'^^ and has been used for studying both

diamagnetic and paramagnetic porphyrin complexes. But to study paramagnetic species, triplet

states, transition-metal complexes or free radicals, TREPR spectroscopy is an ideal method

despite its weaknesses. First, TREPR is a slow technique compared to the processes we want to

study since the response time of TREPR is often too slow to detect some of the excited states

directly. The response time ofEPR x = 1/Av, where Av is a width of resonance peak, is about 20-

50 ns, the detection time is about 2-10 ns, and time of the oscillating microwave period is 1 ns.

Thus, a direct observation of energy transfer, for example, between two molecules (CuP and

H2P) as shown in Figure 1-8 is not possible. However, prediction of energy transfer in model

complexes and between them is possible by using so-called 'fingerprints'. This means that the

observed spin polarization patterns can be used to distinguish between different possible spin

dependent pathways. As found recently,^^ this information cannot be obtained from optical
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spectroscopy such as fluorescence. Second, compared to optical techniques, TREPR is not very

sensitive. This means that to obtain a strong signal, it is necessary to use a comparatively large

amount of sample and to do signal averaging.

In spite of these weaknesses we can obtain the spin polarization patterns of different

paramagnetic porphyrin complexes using TREPR and analyze them. So, we will continue by

taking a closer look at TREPR spectroscopy.

2.4. Transient Electron Paramagnetic Resonance (TREPR)

Electron Paramagnetic Resonance (EPR) is also called Electron Spin Resonance (ESR) or

Electron Magnetic Resonance (EMR).^^ This technique has been used in chemistry, physics,

biology, medicine, and many other areas to study the properties of liquids, solids and gases.^

EPR is the magnetic resonance of systems with unpaired electrons. EPR measures the interaction

magnetic moments of an unpaired electron with an applied magnetic field using microwave

absorption. Time-resolved EPR is an advanced EPR technique, which is powerful for studying

photoinduced processes in native and model systems. In these experiments, the time-dependent

signal is produced via wavelength-selective laser excitation. The laser generates paramagnetic

excited states which produce signals by absorbing microwave radiation. The spectral resolution

of a transient EPR spectrum is usually extremely low compared to resolution of Nuclear

Magnetic Resonance (NMR) spectrum. In NMR spectra, the linewidth is usually about 1 Hz,

while in solid state EPR triplet spectra the linewidths are --lO-lOOG which corresponds to about

30-300 MHz.^^ This means that EPR spectral resolution is about 7 or 8 orders of magnitude

lower than in an NMR spectrum. However, the time-resolved EPR lineshapes contain more

detailed information about the excited states. A very important characteristic of TREPR are the

electron spin polarization (ESP) effects associated with the reaction products of photoexcitation,

especially in donor-acceptor systems. The electron spin polarization pattern depends on the

pathway of energy transfer and the relaxation. The different line shape patterns reflect the
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variation of the molecular structure, the relative orientation of the donor-acceptor and the nature

of the environment. TREPR depicts the differences in molecular structures through the

magnitude of the dipolar interaction (D) and the exchange coupling (J). Thus, TREPR is an

important technique for the detailed study ofphotoinduced energy transfer processes.

A TREPR spectrometer consists of the microwave system (bridge), the electromagnets

and the laser. The electromagnet and power supply generates a magnetic field of several

thousand Gauss (Figure 2-9). The magnetic field is varied until the resonance condition is

satisfied. The microwave bridge consists of a microwave source, such as a klystron, an

attenuator, the sample cavity, and a detector. The EPR sample is placed in a resonator (usually a

rectangular cavity) in a variable magnetic field. The klystron output is fed through an attenuator

to adjust the microwave power and is then directed to the sample cavity via a waveguide.

Reflected microwave energy fi-om the cavity goes back to the detector. The resonant sample

cavity acts like a tuned circuit. The microwaves are tuned to the resonance fi^equency of the

resonator and the cavity is coupled to the source. This sets up a standing wave between the

source, the resonator and the detector so that no power is reflected by the resonator and no signal

is detected. However, if the microwave absorbance properties of the sample change because it is

in-resonance with an EPR transition, the coupling between the source and the cavity is disturbed

and some of the microwave power is reflected fi*om the cavity and detected as a signal.

The electron spin of the unpaired electron can be oriented either parallel or anti-parallel to

the applied field. This creates distinct energy levels for the unpaired electrons, making it

possible for net absorption of electromagnetic radiation to occur. The situation referred to as the

resonance condition takes place when the energy of the microwaves corresponds to the energy

difference AE of the pair of spin states involved. The resonance condition will be explained in

more detail in the next section.
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Bridge Amplifier Digital oscilloscope Computer

Sample

Laser

Figure 2-9. Simplified block diagram ofTREPR instrument. Based on reference 65.

Flashes of laser light at a desired wavelength and intensity are used to excite the sample,

causing the formation of the paramagnetic states. The presence of these states in the sample

causes a transient change in the microwave absorbance. The signal is sent to the amplifier and on

to the digital oscilloscope (Figure 2-9) where the absorbance of microwaves is recorded.^^ This is

all connected to a computer for storage and analysis of the data. Spin polarized spectra are

extracted from the complete time/field datasets by integrating the signal intensity in a given time

window. Background signals are removed by subtracting the spectrum in a time window

immediately before the laser flash.
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The principles of the TREPR spectrometer were described in this sub-section. However,

to interpret the data we need to clarify the origin of the EPR signals and the electron spin

polarization in more detail. After measurements are done we work with spin polarized spectra.

2.4.1. Spin polarized spectra

Spin polarized spectra are extracted from the complete time/field datasets by integrating

the signal intensity in a given time window. An example of such spectrum is shown in Figure 2-

9a. The four transients were taken at field positions labeled a, b, c and d (left-hand side in Figure

2-9a) in a shown time window. The transients a and b give positive signals which are absorption

Time, ^s
2750 3250

Magnetic field, Gauss
3750

Figure 2-9a. The time/field dataset: four transients taken at field positions a, b, c and d are on

the left-hand side; TREPR spectrum at certain time (2^s) is on the right-hand side. The time

window is shown by rectangle for all transients. Positive signals represent absorption and

negative signals represent emission.
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and two others give negative signals which are emission. The spin polarized spectrum at certain

time (2 ^is) represents the complete time-field dataset (right-hand side in Figure 2-9a). This

spectrum is an example of fi^ee base porphyrin excited triplet state. To explain the origin of the

excited states of our model complexes generated by magnetic field and laser excitation we have

to know the principles ofmagnetic resonance.

2.5. Principles of Magnetic Resonance

It is known that paramagnetism derives from the spin angular momentum and orbital

angular momentum of electrons. This type of magnetism occurs only in compounds containing

unpaired electrons, as the spin and orbital angular momenta are cancelled out when the electrons

exist in pairs.

Magnetic properties of substances are described mainly by the electron magnetic

moment. The magnetic moment due to the orbital motion can be treated classically in the same

way as the magnetic field generated by the current in a loop of wire. The electron magnetic

moment (|i) is:

fX = lA Equation 2-1

where I is the current, A is the area of loop. Electron magnetic properties are specified by their

orbital motion around nuclei (orbital angular momentum: L) and their own electron momentum

(spin: S). The orbital magnetic moment is given by the equation:

_ — - e
Hi - A^ ~ Equation 2-2

where e is the charge of one electron, me is the mass of one electron, L is the orbital angular

momentum vector of the electron. In addition to the orbital magnetic moment, there is also a spin

magnetic moment given by the formula:

|ll
s
= 8 -^ ::: Equation 2-3
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where g is the splitting g-factor (2.0023 for an isolated electron), and S is the spin angular

-e
momentum vector of the electron. The term 'Z is the so-called Bohr magneton p, where e is

the charge of one electron (1.6021 7733x1 0'^^C), me is the mass of one electron (9.1083x10"^^ g).

If the electron is located in a steady magnetic field and an oscillating electromagnetic

field is applied perpendicular to the magnetic field (Bo), transitions between the two spin levels

can be induced. This occurs provided that the fi'equency (v) satisfies the resonance condition:

AE = h\)o =gpBo Equation 2-4

where hi)o is the microwave energy, g is the splitting g-factor, p is the Bohr magneton and Bo is

the applied magnetic field. Usually, to observe EPR spectra, the fi'equency is kept fixed and

magnetic field is varied.

It is difficult to separate the contributions to the magnetic moments from orbital angular

and spin angular momenta. So, we measure line positions in magnetic field units for a fixed

frequency and convert them to an "effective" g-value, geff, which includes all interactions and its

calculation is shown in Figure 2-10.^^ The g-value differs from the free electron value (2.0023)

because of spin-orbit coupling (SOC), which provides the unpaired electron with a small orbital

angular momentum and changes its effective magnetic moment. In other words, to describe the

SOC we can say that in multi-electron atoms, the total spin angular momentum (S) and the total

orbital angular (L) momentum can "couple" together and form SOC. The g-factor is orientation

dependent and in general it has three independent principal values, gx, gy and gz, each

corresponding to the value when the external magnetic field is parallel to one of three

perpendicular directions (often lying along symmetry axes within the molecule as shown in

Figure 2-10). So the g-value is dependent upon the symmetry of the system under study and

results in very different shapes of the EPR signal observed. If the coordinates x, y and z are equal

we may as well use a scalar (refer to a quantity consisting of a single real number used to
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measured size) and the system is said to be isotropic. If one or more of the three tensor

(corresponds to a 3x3 matrix having elements related to a Cartesian axis system) components are

different the system is said to be anisotropic (Figure 2-10, bottom). If x = y 9^ z the system is

axial. If X 9^ y^ z the system is rhombic.

1 = sin0 cos9

m = sin6 sin9

n =cos0

By = mB
Bz=nB

2 i2 2 , 2 2 , 2 2
zz

Figure 2-10. Diagram of g-"effective" value calculation. Based on reference 67.

2.6. Nature of the triplet state

Usually, organic compounds have a singlet ground state with paired electrons (when S=0)

corresponding to the Pauli Exclusion Principle."*^ The primary act of light absorption elevates one

electron from the ground state (Figure 2-11) to an excited state without a change of spin

orientation. The ground state electrons are in the HOMO and the excited state electrons are in the

LUMO. The excited state can be singlet (S=0) or triplet with the total spin of the electrons S=l

.
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HOMO

L. L. LUMO

Ground State Excited Singlet State Excited Triplet State

S=0 S=l

Figure 2-11. Arrangement of electrons in the ground and excited states.

The ISC process requires a spin flip of one of the electrons. So, the triplet state is

populated by two unpaired electrons with parallel spins. Normally, the triplet state is lower in

energy than the singlet state because of the exchange interaction. The triplet state has a longer

life-time (several microseconds) than the singlet state, because to return from the triplet to the

ground state, the excited electron must be flipped again.

The term "triplet" refers to the spin multiplicity, which results in three distinct sublevels

with almost the same energy. In an atom, these sublevels can be distinguished by their spin

angular momentum Sz about a chosen axis, which has three possible eigenvalues, +1, 0, -1.

2.6.1 . Systems with more than one electron spin

In a one-electron system the spin can assume two relative orientations: spin-up (t or

parallel to each other) and spin-down (| or antiparallel). One might think spin is unimportant

since energy difference between Sz=l/2 and Sz=-l/2 is very small, but is in fact very important.

This is clearly seen on the systems with more than one electron spin, for example on the system

with two spin-up electron spins, S=l. Figure 2-13 shows the energy differences between excited

singlet and triplet states (lO'^ Hz) and between triplet sublevels (10^^ Hz). The three sublevels on

the right side of Figure 2-13 are the triplet state (T), shown on an expanded scale.
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The energy required for pairing electrons in the same orbital, electrostatic energy (Eeiec),

is a sum of Coulomb energy (Ecouiomb) and exchange interaction energy (Eexchange)*

E = E + E
elec coulomb exchange Equation 2-5

where the (+) sign refers to the singlet state and the (-) sign refers to the triplet state.

10^^H,
10

10 Hz

T.1

To

T-1

Figure 2-13. Energy differences between excited singlet state (Si) and triplet state (T) and

triplet sublevels, shown on an expanded scale. This is an example ofporphyrin complex at

magnetic field of 3000 Gauss.

Coulomb energy of repulsion locates electrons in different orbitals. The exchange energy

depends on the number of possible exchanges between two electrons with the same energy and

34





the same spin. When the spins are parallel (ft) the electrostatic exchange energy of the two

electrons is large and negative, this is why the triplet lies lower than the singlet excited state. In

this case, there are two possible ways in which the electrons can be arranged: (T1T2) or (tiTi)-

The more the possible exchanges, the lower the energy. In other words, the exchange energy is

the change in energy which results from the tendency oftwo electrons to correlate their positions

in such a way as to keep apart for parallel spins and come together for antiparallel spins. The

exchange energy for the two-spin system such as helium is given by the exchange integral as

K(,s,2s) = jjyis(ri)¥2s(ri)— Vis(r2)¥2s(r2)di:idX2 Equation 2-6

where \|/is is a wavefunction of electron 1; \|/2s is a wavefunction of electron 2 in a helium atom,

etc.;ri and ri are the variables, ri2 is the distance between two electrons, and x represents the

generalized coordinates, which may include spatial coordinates and spin state.

2.6.2. Triplet State and the Zero field splitting

The origin of the zero-field splitting in most cases is the dipolar spin-spin interaction

between the two triplet state electrons. Figure 2-14 illustrates an idealized triplet state. A triplet

state has a spin quantum number S=l. If no external field is present and if there is no interaction

between the electrons, the three spin components created by the magnetic quantum numbers

ms=l, and -1, respectively, will be degenerate. The induced splitting is shown schematically in

Figure 2-14. There are three non-degenerate states (ms=+l, 0, -1) in an applied field and between

them transitions may occur. The transitions 1 -> and <- -1 are degenerate, magnetic dipole

allowed (A), and polarized perpendicular to the field. The transition l*-> -1 should occur at

approximately one-half the field strength needed to observe the Ams = ±1 transition, but is

magnetic dipole forbidden (F). Only one absorption line is expected since the two allowed

transitions for which Ams = ±1 are of equal energy; the transition for which Ams = ±2 is

35





t





.^^, The zero-field splitting (ZFS) D parameter (equation 2-7) is seen to be related to the

average of the inverse cube of the distance between two electrons. Thus, it will be very sensitive

to the average separation of these electrons and can be a perfect sensor to analyze the spatial

distribution of the triplet electrons. The D-parameter is based on dipolar interactions between the

electrons. Dipolar coupling between electrons is orientation dependent. It is the interaction of the

magnetic moment of one electron in the field of the other. The triplet state is dominated by

magnetic dipole-dipole interactions. The ZFS E-parameter (equation 2-8) depends on molecular

H2TSPP

iz i i

2750 3250

Magnetic Field, Gauss

3750

Figure 2-15. The TREPR spectrum of the H2TSPP randomly oriented with shown ZFS

parameters D and E. The labels x, y, and z and x', y', and z' indicate the positions of features

originating fi^om molecules with x, y, or z-axes of the H2P ZFS tensor parallel to the field.

symmetry and depicts the difference between x and y molecular orientations. If the x and y axes
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are equivalent the E=0, which may be seen from the Equation 2-8. This is true for aromatic

molecules such benzene.
••:

The ZFS parameters are represented on the TREPR spectrum of a randomly oriented free

base porphyrin, (Figure 2-15). In this case the overlap of all orientations is observable. When the

magnetic field is parallel to one of the x, y or z axes, two lines appear in each case, with the

distance between them approximately equal to (D-3E), (D+3E), or 2D respectively, where, D

and E are ZFS parameters describing the separation of the three energy levels in the absence of

an external magnetic field. The TREPR spectrum depicted in Figure 2-15 has both negative and

positive parts, so we talk about the spin polarization.

2.6.3. Spin polarization

Spin polarization or electron spin polarization (ESP) indicates deviation from thermal

spin equilibrium and it has been studied extensively using time-resolved EPR. The spin

polarization occurs as a result of the correlation of the electron spins in the paramagnetic excited

states. Signal intensities on the spin polarization pattern depend on the electron population of the

spin levels. The relative populations of electrons in two different energy levels are given by the

Boltzmann equation:

AE— = e ''^ Equation 2-9

where AE is the energy difference between upper and lower levels, n is the population in the

upper level, no is the population in the lower level, T is the temperature, k is the Boltzmann

constant.^^ Resonant absorption is obtained when a difference in the populations of spin levels is

present such that the upper level has a lower population.

When we populate the triplet state, we get very large differences in population and both

absorption and emission can be seen. The process that is primarily responsible for the population

of triplet states of porphyrin systems is selective spin-orbit intersystem crossing. As was
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mentioned in Figure 2-6, ISC is radiationless intramolecular energy transfer from the singlet

manifold to the triplet or vice versa, crossing with the spontaneous change of the system from

one spin quantum number to another. Intramolecular singlet-triplet crossing is induced, as a rule,

by SOC which provides the high rate constant for ISC, which occurs in the picosecond time

range. The energy transfer from singlet to triplet manifold must change the orbital angular

momentum. Orbital angular momentum is "direction dependent" in a molecule. Usually, only

one component (x, y or z) of orbital angular momentum couples to spin. Spin must be oriented in

the correct direction for S -> T transition to occur. Tx,Ty,Tz are different orientations of triplet

spin because spin-orbit coupling is usually effective only along one direction.

At high field, the population of the triplet sublevels is usually different than at zero field.

When the spin is quantized along the direction of magnetic field, it is possible to classify levels

according to their ms values. The applied magnetic field (Bo) can be parallel to the x, y or z axes.

Since Ams = ±1, the Tx sublevel becomes T+, Ty becomes To, Tz becomes Tand parameter 'a'

estimated based on a matrix calculation transforms those triplet sublevels. Assume that To is

populated in the case where the magnetic field is parallel to the y-axis:- This happens because the

rate constant (kx) for the To level is large, so this sublevel is populated faster than T+ or T_. The

rate constant depends on the molecular structure and symmetry. In the case of axial symmetry, x

and y axes would be equal, so the two sublevels would be populated almost equally. The

populations of the three triplet sublevels can be calculated empirically as follows. The high field

sublevels are given by:

To = a,oT, + a^oTy + ^.o\ Equation 2-10

T. = a,,T, + a^^Ty + a,,T, Equation 2-11

T_ = a^_T^ + ay_Ty + a^_T^ Equation 2-12

The population rate constants of each sublevel are calculated as follows:

k„ko,k_ =k,a,(,o,-) +kyay(,,o.-) +k,a,(,,o,-) Equation2.13
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We do not know the rate constants kx, ky, kz, so we treat them as parameters. Values of ax, ay, az

depend on g-factors, the D parameter, etc. This process of calculating the spectrum in terms of

adjustable parameters is called simulation. We can vary some parameters and observe how the

simulated spectrum changes.

Figures 2-16 to 2-18 represent several patterns obtained from simulations. The

polarization pattern in Figure 2-16 is reproduced by selective ISC to the Tx sublevel (Px: Py: Pz =

0.3

Magnetic field, Tesla
0.4

Figure 2-16. Simulated spectrum of the triplet state. The ISC occurs only along the x-

direction, the population ratio is Pxi Pyi Pz = 1:0:0. The ZFS parameters used are D=0.0375

Tesla and E=0.0080 Tesla.

1 :0:0; where Pi denotes the population ratio of the Tj sublevel). This selectivity originates from

the X component of spin-orbit coupling. In Figure 2-17 the spin polarization pattern is
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reproduced by ISC to the Ty sublevel (Pxi Pyi Pz = 0:1:0). And, the spin polarization pattern in

Figure 2-18 is reproduced by ISC to the Tz sublevel (Px: Py: Pz = 0:0:1).

0.3
Magnetic field, Tesla

0.4

Figure 2-17. Simulated spectrum of the triplet state. The ISC occurs only along the y-

direction, the population ratio is Px: Py: Pz = 0:1:0. The ZFS parameters used are D=0.0375

Tesla and E=0.0080 Tesla.
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.;tt:^-l =

0.3
Magnetic field, Tesla

0.4

Figure 2-18. Simulated spectrum of the triplet state. The ISC occurs only along the z-

direction, the population ratio is Pxi Pyi Pz = 0:0:1. The ZFS parameters used are D=0.0375
Tesla and F=n 00X0 TpsIji

An important feature of the triplet state spectral, which our simulation can depict, is the

possibility of generating qualitatively the same polarization pattern with two different

combinations of signs and populations. The stick spectra for the three principal orientations are

shown in the top scheme of Figure 2-19. In general, two of the orientations will give the same

polarization pattern and one orientation will be different. In the case shown, the z and x

orientations have been chosen to have an E/A pattern and y has A/E, where E means emission

and A means absorption. Some parts of the spectrum can be negative, i.e. emission (E), and some

of them are positive, i.e. absorption (A). Changing the sign of the ZFS E parameter (calculated

by Equation 2-8) is equivalent to exchanging the x and y axes or exchanging the values of the

splitting for the x and y directions. So as seen in the Figure 2-19 the relative positions of the
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lines in the spectra do not change but the sign of the polarization at the x and the y position is

opposite. In the bottom spectrum, the populations between x and y are swapped as well. If the

population was originally according to x it would now be according to y. This changes the sign

of the polarization at the x and y positions so that we have now the same pattern as we started

from. The calculated powder spectrum in Figure 2-20 shows the same spin polarization patterns

as the first stick spectrum in Figure 2-19. The spectrum with positive ZFS E-parameter and

mostly x-populated (Figure 2-20; spectrum 1) is the same as other one with negative E-parameter

and mostly y-populated (Figure 2-20; spectrum 2). We can use this fact later for making an

analogy to the quartet state in Section 5. /

X

y

Z X y'

y'

y'

Change sign of

E-parameter

Swap population

ofX andy
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spectrum 1

spectrum 2

0.28 0.33
Magnetic field, Tesla

0.38

Figure 2-20. Simulated spectra of triplet state: spectrum 1 (Px>Py>Pz and E>0), and spectrum

2 (Py>Px>Pz and E<0). Note: thePz=0 in both spectra.

To understand the stick diagram of the triplet state in more detail, we analyze the

schematic representation of the powder triplet state spin polarization pattern at high magnetic

field shown in Figure 2-21. A powder spectrum means broad spectral lines summed over all

possible orientations. Selective population of triplet sublevels leads to an enormous increase in

signal strength. For example, when the triplet levels are populated according to their x-character,

and the magnetic field is parallel to the x-axis, absorption will occur fi-om To to T+ and emission

fi-om To to T_. In the case where the magnetic field is directed along the y-axis.
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T^. =-p(T^ +T^)and T_=-p(T^-TJ are mixtures of x and z, and absorption will be

observed from T to To and emission from T+ to Tq. In the final case, when the magnetic field is

directed along the z-axis, T^. =—=(T^ +Ty) and T_ =—={Ty -T^) are mixtures of x and y.

V2 ^/2

Now an emission-absorption pattern is observed. The stick-diagram at the bottom of Figure 2-21

summarizes all three above mentioned situations.
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Bq is parallel to x-axis

I
s

y-
X —

z —

Bfs is parallel to y-axis

I
s Tx-

Br. is parallel to z-axis

s

y-

T*=;;^(Ty+T,)

XXXXXX Xs=X

XXX

XXX

XXX

XXX

B.

V2
T=— (Ty-T^)

1— T=-^(T,+T,)

— T,= y

T~(T,-T,)

\=^

T=;;^(Ty-T,)

E

I
Pattern: EAE AEA

Figure 2-21. Schematic representation of the spin sublevels of the lowest excited triplet state

of the free base porphyrin. The A stands for absorption, E stands for emission, and the label

XXX means the population of the triplet sublevels.
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2.6.4. Triplet spectra width dependence on the coupling strength

The width of the spectrum depends on the dipolar coupling strength: in case of strong

coupling, the spectrum is wide, in case ofweak coupling, the spectrum is narrow. The two states,

singlet and triplet, are involved in strong coupling. The energy gap between singlet and triplet

states is the exchange energy and equals 2J, where J is exchange coupling (interaction). If

2J > gPBo, the spin-spin coupling is fairly strong; if 2J < gPBo, the spin-spin coupling is very

weak.

2. 7. Multiplet and Net Polarization

The spin-polarization patterns of systems with more than one unpaired spin typically

show both "multiplet" and "net" spin polarization. The terms multiplet and net polarization were

first used to describe so-called Chemically Induced Nuclear Polarization (CIDNP).'''* However,

this phenomenon is not restricted to CIDNP and the terms net and multiplet polarization are quite

general since we can divide any spin polarized spectrum up into net and multiplet parts. The

multiplet part has equal amounts of absorption and emission, what is left over is the net

polarization. Thus, the triplet state of the fi-ee base porphyrin (Figure 2-15) has a strong multiplet

polarization. The net polarization, an example of which will be presented in Section 5.4, is

always in one direction. The multiplet polarization is observed in the wings of the spectrum

while the net polarization is usually most evident near the center ofthe spectrum.
^"^

2.8, Quartet state

In order to understand the spin polarization patterns of the vanadyl-porphyrins and

then describe the energy transfer in the paramagnetic porphyrin (copper or vanadyl) dimer

complexes, it is important to understand the properties of their quartet states. Spin systems,

which have three unpaired electrons and a total spin S=3/2 are in the quartet state. When the

VOP undergoes a tc to ti* transition, the resultmg excited state has three unpaired electrons, one
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is the unpaired vanadyl d-electron and the other two are porphyrin n- and tc*-electrons. If the

overall spin is S=3/2 the system is in a quartet state and the allowed quantum numbers ms

describing the projection of the spin on the field are +3/2, +1/2, -1/2, -3/2. The spin and the

energy level diagrams are shown in Figure 2-22 as a function ofmagnetic field. At zero field the

±3/2 and ±1/2 levels form two degenerate pairs separated by the ZFS. In addition to the dipolar

coupling contribution to the ZFS, splitting also occurs due to SOC. There are three allowed Ams

= ±1 transitions and three absorption lines are observable by TREPR (Figure 2-22 bottom). The

Energy states at

Zcto field

Energy states at Magnetic quantum

high field number

I
s

:+3/2

+1/2

ms= +3/2

ms = +l/2

Q-1/2

Q-3/2

mc=-l/2

m<.=-3/2

Magnetic field

Stick spectrum

ZFS

Figure 2-22. Zero-field splitting and Zeeman splitting of a quartet state with axial symmetry.

On the bottom diagram: stick spectrum of the quartet state. Based on figure from reference 70.
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quartet state can be thought of as a triplet state, which is strongly coupled to a third spin. From

this moment we start to use different symbols for the ZFS D parameter for the quartet state (Dq)

and for the triplet state (Dt). When the SOC contribution is the same in the triplet and quartet the

total spectral width (4Dq) will be smaller than the corresponding width of triplet state (2Dt).

However, if the ZFS is much greater than the energy E = hv of the microwaves, one transition

(+1/2 <r^ +3/2) will not be accessible and another (-1/2 - -3/2) will only be observed in very

high magnetic fields. The transition between +1/2 and -1/2 does not depend on the zero-field

splitting and should always be observable. The size of the ZFS depends on the energy separation

between the ground and nearest excited state coupled to it by the spin-orbit operator.

Strong multiplet polarization and

weak net polarization

Weak net polarization

Multiplet polarization is usually

not observed

Populated to Q±3/2

Populated to Q±l/2

Moderate ZFS Large ZFS

There are several cases of splitting shown in Figure 2-23, which depend on the size of

ZFS. At zero field ISC usually will populate either the ±3/2 states or the ±1/2 states and in the

case of the moderate ZFS this produces strong multiplet polarization and weak net polarization.

When the quartet state is populated according to the Q±3/2 states an E/A pattern is observable.

When it is populated according to the ±1/2 there will be A/E pattern, hi the case of large ZFS,
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the (+1/2 - +3/2) and (-1/2 <-* -3/2) transitions usually cannot be observed and there will only

be a weak absorption peak due to the (-1/2 <- +1/2) transition. The multiplet polarization would

not be detected in a powder spectrum.

2.9. Hyperfine coupling

In addition to the electron spin, the nuclei may also possess spin. This nuclear spin can

independently interact with the external magnetic field, resulting in a nuclear magnetic moment

which can modify the splitting of the energy levels due to the electron spin. This interaction

between the electronic and nuclear spins is called the hyperfine interaction.^' The magnetic field

splits the nuclear level of spin I into (21+1) equally spaced substates. This splitting and the

selection rule (when Ami = 0, ±1) produces the resultant spectrum. For example, the copper

nucleus with nuclear spin I = 3/2 splits into four lines as shown in Figure 2-24. The nitrogens (I

= 1) alone give nine lines and they are split fiirther by the copper (Figure 2-24). Vanadium has a

nuclear spin I = 7/2, so hyperfine interaction splits the spectrum into eight lines. The value "a" in

Figure 2-24 means a hyperfine splitting and shows the distribution of unpaired electrons. The

orientation dependence of the hyperfine coupling is analogous to the g-factor and can be

calculated by the equation:

A^(e,(p) = A^ sin^ Gcos^ 9 +^^ sin^ Gsin^ 9+ A^ cos^ 9 Equation 2-14

where Axx, Ayy, Azz are the principal hyperfine coupling values and the angles 9 and (p are the

same as in Figure 2-1 G from Section 2.5. In an isotropic case, the hyperfine coupling equals:

a = A,so =
^"^"^^^"^^^

Equation 2-15
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A: Entire picture, a - hyperfine splitting

Figure 2-24. Hyperfine structure of CuP.

B: enlarged nitrogen region

2.10. Expectations from the EPR experiments

Intramolecular energy transfer in porphyrin complexes has been studied

extensively^
^'^^''^^''^^''^^'^^

and there is a lot of literature on porphyrin triplet

states.^^'^^'^^'^^'^^'^^''**''^^'''^ Recently, there has been considerable interest in the effect of

introducing an unpaired electron into these systems. However, the relaxation and energy transfer

pathways in the presence of an extra unpaired electron are not well understood."*' In principle,

these questions can be answered by studying the light induced spin polarization but there are

many aspects ofhow it is generated, which have not been explained yet.

Time-resolved EPR gives spectra with distinct spin polarization patterns, which can be

explained using the theory discussed in Section 2.5.3. These characteristic patterns can be used

to study the energy transfer pathway. In VOP, for example, the presence of the unpaired electron

splits the triplet state into a trip-doublet and trip-quartet, and we observe the influence of this

splitting on the experimental spectrum which is probably that of the trip-quartet state. So,

understanding the experimental spectra of VOP is the first step in understanding the energy

transfer pathway in the paramagnetic porphyrin complexes.
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A series of measurements which lead up to this principal experiment will be shown

below. First, the results from the free base porphyrin monomers will be presented. It is known

that their spin polarization patterns are due to the triplet state generated via ISC, as will be

confirmed by analyzing the TREPR spectra of our free base porphyrin samples. Secondly, the

VOP monomers will be shown and the spin polarization patterns of these paramagnetic

porphyrins will be described. Although the assignment is still uncertain we will provide evidence

that they are due to the excited trip-quartet state. If this assignment is correct, it represents the

first transient EPR spectrum of such a state ever measured in a metalloporphyrin. The only other

spin polarized transient EPR spectra of trip-quartet states in the literature are from spin labeled

chromophores.^"^ Then, we will try to answer what kind of intersystem crossing process is

happening in this case, which state we are really observing, and the mechanism leading to the

spectral shape (A/E spin polarization pattern).

As the next step the dimers will be presented, because now we know what the spectrum of

the monomer (quartet state) looks like and we can then try to explain the origin of spin

polarization patterns of the dimers. Already knowing the information about the monomers and

having some experience in the analysis of their patterns, we start with the "main experiment" on

the VOP-H2P porphyrin dimer. This experiment is also novel; there are no such results reported

in the literature. We can learn from this experiment how to define the pathway of energy transfer

between the two halves in the paramagnetic dimer complex. Based on all the above, we will try

to understand and describe what is happening between two halves (free-base and paramagnetic

porphyrins) of the dimer. This is the important experiment of the entire project.
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3. Experimental

3.1. Materials

'' Free base porphyrins: H2TTAP (H2-tetra (4, N, N, N - trimethylanilinium (porphyrin,

chloride), H2TSPP (H2-tetra (4-sulfonatophenyl) porphyrin, Na salt), H2TMPyP (H2-tetra (N-

methyl)-4-pyridyl) porphyrin, chloride and vanadyl porphyrins: VOTMPyP, VOTSPP, VOTTAP

(see Appendix 1, Figures A. 1.1. to A. 1.6. for molecular structures) were obtained from

Midcentury Chemical Co. The porphyrins were used directly without purification and were

dissolved in either DMSO or acetone (reagent grade, Aldrich).

3.1 .1

.

Preparation of monomers

EPR samples were prepared by dissolving the monomers in DMSO and water solvent

(1:1) to give a final concentration of 10"^ M. The solutions in EPR tubes (3 mm o.d.) were

degassed by several freeze-pump-thaw cycles and then sealed under vacuum.

3.1 .2. Preparation of electrostatically-coupled dimers

Electrostatically-coupled dimers were prepared according to the procedure given in

reference 73. This involves: mixing filtered, equimolar, hot aqueous solutions of the two

monomers, adding acetone to facilitate precipitation, followed by washing with water, acetone

and ether.^^ The precipitate was dissolved in DMSO and water (1:1) and characterized using a

UV-vis spectrometer. Six dimers were prepared: H2TSPP-H2TMPyP, H2TSPP-H2TTAP (TREPR

spectrum is not shown, its spin polarization pattern is similar to the previous dimer), VOTSPP-

H2TTAP, VOTSPP- H2TMPyP (TREPR spectrum is not shown), VOTTAP- H2TSPP, and

VOTMPyP- H2TSPP. EPR samples of the dimers were prepared in the same way as those of

monomers.
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3.1.3. Preparation of EPR samples of covalently-linked dimers

Covalently-linked dimers CuTMPP-(C6H5)2-H2TMPP, H2TMPP-(C6H5)2-H2TMPP, and

monomers CuTMPP (copper tetra-methylphenyl porphyrin) (see Appendix 1, Figure A. 1.7. for

molecular structure) and H2TMPP (free base tetra-methylphenyl porphyrin) were kindly supplied

by Dr. Motoko Asano-Someda, Tokyo Institute of Technology and used directly. These dimers

were synthesized by a method analogous to that described by R.G. Little and coUeagues.^^ EPR

samples were prepared by first dissolving the dimer in toluene, placing the sample in an EPR

tube, evaporating the toluene, then dissolving the dimer in the liquid crystal (LC) E-7 to give a

final concentration of 10"^ M. To ensure that the dimer dissolved completely in E-7, the EPR

tube with sample was heated in a water bath at 60°C. The solutions in the EPR tubes (3 mm o.d.)

were degassed by several freeze-pump-thaw cycles and then sealed under vacuum.

For the measurements in the LC, macroscopic ordering in the solid phase of the sample

was obtained by freezing from the nematic phase in the presence of the external magnetic field.

Once frozen, the director of the LC was then rotated with respect to the magnetic field to give a

desired orientation between the director and the field.

3.2. Apparatus and procedure

3.2.1 . UV-vis spectroscopy measurements

The optical spectra for all porphyrin solutions were measured using a UV-vis

spectrometer Unicam UV4 (see Appendix 2 for the optical spectra). For the determination of the

dimer complex composition in solution, Job's method^^ of continuous variations was used. First,

stock solutions of porphyrin monomers were prepared. One monomer was then added to the

other in twenty steps to increase the concentration gradually. The Job's plots of the photometric

titration were made, based on calculated corrected absorbance Y versus mole fraction x- Th^

sharp maxima at x=0.2 are consistent with the presence of some complex but this plot is
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irreproducible because the maxima was expected to be at )f=0.5 for a strong complex of 1:1

composition. This complex might be a stack or an aggregate or a dimer. Let us call this complex

a dimer.

3.2.2. EPR measurements

EPR measurements were performed using a transient X-band Microwave Bridge (Bruker

ER 041 MR) equipped with a cylindrical mode resonator (Bruker model ER 4103TM/8405)

which has been developed particularly for studies with aqueous samples and tissue. The time

resolution of the spectrometer with diode detection and a narrow band amplifier is estimated as

x= 2p,s. The spectrum was taken in the time window 0.8-1.2 |xs after the laser flash. A

temperature of 130K (for the free base porphyrin monomers, the vanadyl porphyrin monomers

and the electrostatically-coupled dimers) and 100 K (for the LC samples) was maintained by a

nitrogen flow system (Bruker ER 413 IVT). This system consists of quartz dewar ER 169DIS,

dewar insert holder, a pair of transfer and storage dewar, digital temperature and gas flow control

unit, thermocouple, and nitrogen evaporator. The sample inserted into the quartz dewar was

excited by a laser Nd:YAG Continuum, providing excitation at wavelength 532 nm, and a pulse

energy 7.5-8.7 mJ/pulse. A microwave power of 0.08 mW was used for all the measurements.

The microwave absorbance detected by the diode was digitized by the digital oscilloscope (or

transient recorder) LeCroy LT322. The digital oscilloscope was triggered by the laser flash and

the time development of the EPR absorption signal was digitized. Transients were collected as a

series of equally spaced magnetic field positions over a given range and transferred to a

computer. Background signals were removed by subtracting the spectrum in a time window

immediately before the laser flash.
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4. Results

4. 1. Randomly oriented free base porphyrin TREPR spectra

The first series of TREPR spectra were measured for free base porphyrins which give an

expected spin polarization pattern of the triplet state. As discussed above in the Section 2.5.2,

after the excitation to the first singlet state, the free base porphyrin relaxes into the triplet state

via ISC. The observed ESP pattern is a sum of contributions from a random distribution of

molecular orientations. Three free base porphyrin monomers H2TTAP, H2TSPP, H2TMPyP

(Figure 4-1) show the same sign of the spin polarization pattern (EAE/AEA). However, the sign

of the y-polarization cannot be seen properly in the spectrum for H2TTAP and H2TSPP because

it is overlapped by signals from other orientations. Moreover, the positions of the spectral

features, determined by the ZFS parameters D and E, and the intensity of the absorption and

emission peaks are different for each one. These porphyrins have differently charged peripheral

groups: positively charged groups trimethyl-anilinium in H2TTAP and N-methyl-4-pyridyl in

H2TMPyP, and negatively charged sulfonate group SO3" in H2TSPP (see Appendix 1, Figures

A.1.-A.3.). The fact that the charged groups have affected the amplitude and positions of the

features in the spin polarization patterns, suggests that they influence the energies of the excited

states and the efficiency of SOC.^^ Thus, the spectral intensity is strongly dependent on the

nature of the peripheral groups.

The populations of the triplet sublevels will be different for all free base porphyrin

monomers, however the relative population rates of ISC lead to Px > Py > Pz- The polarization

patterns in Figure 4-1 are generated by selective ISC to the Tx sublevel for H2TMPyP, to Tx and

partially to Ty sublevels for H2TTAP, and almost equally to Tx and Ty sublevels for H2TSPP. In

the case of H2TMPyP, this selectivity originates from the x component of SOC which depends

on orbital angular momentum, L, and finally on the shape of orbital. The triplet sublevel is

mostly populated in the x direction as seen from the comparison of this spectrum with the
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simulated spectrum from Figure 2-16. The D parameter is slightly bigger for H2TMPyP than for

the H2TTAP and H2TSPP patterns, which can be due to several factors. The dipolar coupling part

of the ZFS depends on the average separation of the two unpaired electrons. A larger splitting

corresponds to a smaller average separation. However, SOC also influences the ZFS and

difference in this term could lead to differences in the value ofD. The E parameter is smaller for

2750

— H2TMPyP~ H2TSPP
H2TrAP

3250

Magnetic Field, Gauss

3750

Figure 4-1. TREPR spectra of free base porphyrin monomers, randomly oriented, measured

the H2TMPyP monomer, so we can say that the distribution of the electrons in the molecule in its

X and y directions is more symmetric. The magnetic/kinetic parameters of these free base

porphyrins are summarized in Table 2.
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degrees) to the magnetic field ( B ) the porphyrin molecules are aligned with their molecular

planes parallel to the field (Figure 4-3, bottom). This leads to the almost total exclusion of the z

features fi-om the spectrum (Figure 4-3, top, dashed curve). By rotating the fi-ozen sample by Till

in an axis perpendicular to the field, the LC director can be placed perpendicular to the magnetic

field (90 degrees). In this case (Figure 4-3, solid curve) the molecular z-axis now aligns parallel

to the field and the features in the spectra arising fi-om the x and y canonical orientations do not

dominate. Thus, we can determine which features of the spin polarization pattern correspond to a

particular direction in the molecule.

2750 3250 3750
Magnetic Field, Gauss

Figure 4-2. TREPR spectrum ofH2TMPP in LC at 100 K. The magnetic field was off during

sample freezing.
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at 90 degrees

at degrees

2750 3250

Magnetic Field, Gauss

3750

a= 7i/2 c^i^ a= y*

* z
B

y
* z

Figure 4-3. Top: TREPR spectra ofH2TMPP in LC at orientation degrees to the magnetic

field (dashed curve) and at 90 degrees (soHd curve). The labels x, y, z, x', y', z' indicate the

field positions, where the x, y, and z are canonical orientations of the triplet. Bottom:

orientation of porphyrin plane in a nematic LC. The coordinate system is shown for the

parallel (d=0) and perpendicular (d=7c/2) orientations.^^
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4.3. Vanadyl porphyrins TREPR spectra

Now we investigate how the spin polarization pattern changes upon introduction of a

paramagnetic metal ion into the porphyrin molecule. The presence of such an ion will increase

SOC, and that accelerates intersystem crossing from the excited sing-doublet state to the trip-

doublet state. The two different kinds of metalloporphyrins with a single unpaired electron,

copper porphyrin and vanadyl porphyrin, were measured. The copper porphyrin, CuTMPP, did

not give any signal; this is probably due to the large ZFS and rapid spin relaxation expected in

the quartet state."^^ The vanadyl porphyrin, VOTTAP, on the other hand, shows a unique ESP

pattern. Excitation of the VOP gives rise to a strongly coupled three-spin system. This system

consists of two unpaired ii-electrons on the porphyrin macrocycle and the VO d-electron. At this

point it is a good idea to recall the scheme of the excited states of a paramagnetic porphyrin

molecule (discussed in Section 2.3). The ground state of the molecule is doublet since the VO-

ion has S=l/2. There are several possible states which could be expected after the excitation:

sing-doublet, trip-doublet, and trip-quartet, as demonstrated in Figure 4-4. When the spin
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doublet (^1 state on scheme). When the magnetic moment of porphyrin ring triplet and VO-ion

doublet are parallel, the state is a quartet ("^Ti state on scheme).

As seen from Figure 4-5 the spin polarization pattern of VOTTAP (A/E) resembles that

of the triplet state ofH2P (Figure 4-1), but the absorption (positive) signal is on the low field side

and emission (negative) is on the high field side. This is opposite to the (E/A) sign of the spin

polarization in the H2P shown in Figure 4-1. This suggests that the signal is due to the quartet

state and that the spin selectivity of ISC is different than in the free base porphyrins. A similar

pattern (A/E) is obtained for a triplet state if the sublevels are populated according to their z-

character and both D and E are positive as was shown in Figure 2-18.

There are several features of the spectrum that support its assignment to the quartet state.

First, the multiplet polarization is obvious in Figure 4-5, which is due to ZFS in the quartet state

and not in the doublet where just one unpaired electron is present. Second, width of spectrum

(Figure 4-5) and therefore the D-parameter are smaller (355 Gauss for VOTTAP) than for the

triplet state (470 Gauss for H2TMPyP). This is consistent with the expression for the dipolar part

of the ZFS of a quartet state composed of a triplet and doublet which will be discussed below

(see equations 5.1-5.5). Finally, the absorptive and emissive parts of spectra are not equal in

intensity. The absorptive (left hand side) part is stronger and broader than the emissive (right

hand side) part. This feature of the experimental spectrum reflects the net polarization which was

explained in Section 2.7. Based on these features, we can assume tiiat the spin polarization

pattern ofVOP corresponds to a quartet state. To confirm this initial assignment and answer the

question why the polarization pattern A/E of VOP has opposite sign compared to the H2P

EAE/AEA, it is necessary to do simulations of this EPR spectrum, which will be described in

Section 5.1. However, before doing such simulations we present the experimental TREPR

spectra of the paramagnetic dimers and discuss their excited states.
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VOTTAP

2750 3250 3750

Magnetic field. Gauss

Figure 4-5. TREPR spectrum of vanadyl pophyrin, VOTTAP, measured at 130 K. The A/E
polarization pattern is observable.

4.4. TREPR spectra of the covalently-linked porphyrin dimers

To study the energy transfer processes in a complex molecule we select the covalently-

linked porphyrin dimer. For the H2TMPP-(C6H4)2-H2TMPP covalently-linked dimer, which has

identical halves, we expect to observe the H2P triplet. It is clear now how the spin polarization

pattern changes as the molecular orientation is changed. The TREPR spectra of the H2TMPP-

(C6H4)2-H2TMPP dimer shown in Figure 4-6 have the spin polarization pattern (solid curve)
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corresponding to the x- and y-canonical orientations of the triplet state and the spin polarization

pattern (dashed curve) corresponding to the z-c£inonical orientation of the triplet. The x- and y-

canonical orientations of the H2P triplet dominate the spectra because the director of the LC is

parallel to the field and the porphyrin plane is ordered such that its z-axis is perpendicular to both

the director and the magnetic field. Contributions fi*om the z-orientation dominate when the

director is perpendicular to the field (dashed curve). The sign of the polarization at the

at 90 degrees

at degrees

2750 3250

Magnetic field, Gauss

3750

Figure 4-6. TREPR spectra ofH2TMPP-(C6H4)2-H2TMPP dimer in LC at orientation

degrees (solid curve) to the magnetic field and at 90 degrees (dashed curve). The labels x, y,

z, x', y', z' indicate the field positions, where the x, y, and z canonical orientations of the

triplet.

z-orientation is E/A. This spectrum shows that the molecules are well-oriented. However, we do

not observe any evidence for energy transfer or possible pathways for energy transfer between

the two identical halves here. The energy most likely localizes on one half of the dimer. So, to
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generate the energy transfer we need to use a dimer in which the two halves are at different

energies. Introducing a metal into one half achieves this'^^'*^''*^ and here we study the CuP-

(C6H4)2-H2P covalently-linked dimer, in which the metal is paramagnetic.

To analyze this dimer, we should know the molecular structure of the monomers, the

orientation of the functional groups and the structure of the bridge between the monomers. The

phenyl rings in the monomers have been assumed to be perpendicular to the porphyrin ring

(Figure 4-7). In order to determine that this is a correct assumption, a conformational analysis for

the free base porphyrin H2TMPP was done by using MacSpartanPro modeling program, MMFF

force fields and conformational grid search. It was confirmed that all four phenyl rings are

oriented at 90° to the porphyrin plane.

Figure 4-7. Structure ofH2TMPP determined from a molecular mechanics calculation using

MacSpartanPro.

The next important aspect in the dimer structure is the bridge between the two

porphyrins. In a previous study,"*^'"^^'"^ the mechanism of energy transfer was discussed between

the two halves of a covalently-linked dimer which has a saturated alkyl carbon-chain linkage

(C3H6). This kind of linkage has conformational flexibility and makes possible at least two

conformations for this dimer. This gives rise to some ambiguity in the analysis of the TREPR

results. So, to avoid this ambiguity we can use dimers with a more rigid bridge between the two
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chromophores. The CuP-(C6H4)2-H2P dimer shown in Figure 4-8 has a biphenyl bridge. This

linkage is less flexible because of the extended 7i-conjugated system that spreads over the space

linkage. The stabilization of the biphenyl system by 7c-electron overlap is greatest when the rings

are coplanar. Previously obtained data by Brock and Minton^^ show that nearly planar biphenyl

fragments occur much more often than was expected. In the gas phase the average torsion angle

Y is 44°, while in the solid state is close to 0° (at temperature about 80 K). The data collected by

the authors^^ indicate that crystal-packing effects stabilize the biphenyl fragments with small

twist angles v|/ < 20° as shown on the right side of Figure 4-8. In addition, the dihedral angle

between the two porphyrin moieties is expected to be significantly restricted because of

stereochemical repulsion between the porphyrin macrocycle and the spacer. The interaction

between the two halves in the covalently-linked dimer varies with the spacer unit, which controls

the distance and orientation. The center-to-center distance between the two porphyrin rings in the

CuP-(C6H4)2-H2P dimer is smaller (10.9 A) than the 15 A in the three-carbon-chain dimer,^^ so

the unpaired electrons are not too far from each other and the coupling between them can affect

the spin polarization pattern, which can be observed by doing EPR measurements.

HJ
^-20°

Figure 4-8. Molecular structure of the CuP-(C6H4)2-H2P dimer on the left side, twist angle (\|/)

in a biphenyl bridge on the right side.
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Before presenting the transient EPR measurements in LC for the covalently-linked dimers

H2TMPP-(C6H4)2-H2TMPP and CuTMPP-(C6H4)2-H2TMPP it is worthwhile considering the

energetics of these compounds and then the spectra one might expect based on the energetics.

The energy transfer between two molecules or parts of a molecule can be expressed by:

H2P*-CuP -^ H2P-CUP*. In this case, molecule H2P* is in an excited state and molecule CuP is

in the ground state. When the energy transfer takes place, molecule H2P goes to its ground state

while molecule CuP is excited. Since we know from the optical spectra and redox potentials that

the lowest excited state of the H2P has lower energy than that of CuP, we can expect no energy

transfer to the CuP, it is energetically uphill. The H2P monomer gives a triplet spectrum as

shown and no signal was detected for CuP. This is probably because the ZFS parameters of the

trip-quartet state of the CuP are too large to detect the signal, and spin relaxation is very fast.

Thus, from the dimer we expect to observe the coupled triplet-doublet pair in which the H2P is in

its triplet state.

TREPR measurements at wavelength 532 nm of the CuTMPP-(C6H4)2-H2TMPP dimer

(Figure 4-9) show a broad absorption peak at degrees orientation to the magnetic field (solid

curve) and at 90 degrees (the director is perpendicular to the field) to the magnetic field (dashed

curve). One possibility is that this could be due to the doublet ground state of CuP. We know

from EPR experiments with CUTMPP-C3H6-H2TMPP dimer done by Asano-Someda and van der

Est that the two halves of dimer have different excitation wavelengths."*^'"^ If we excite the CuP

at 540 nm we get energy transfer to the H2P which populates its triplet state. Then the triplet state

interacts with the unpaired electron on the copper. Ifwe excite the H2P at 640 nm we get ISC to

its triplet. So, in both cases we get the same state. At wavelength 532 nm we probably have both

processes taking place because the Q-bands of both CuP and H2P are present at this wavelenght.

But both processes populate the triplet state of the free base and we have a coupled triplet-

doublet pair. The triplet will also decay to the ground state. At present we do not know which of

the possible states we observe in our data, but we can analyze each possibility.
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at degrees

at 90 degrees

2800 3300

Magnetic field, Gauss

3800

Figure 4-9. TREPR spectra of CuTMPP-(C6H4)2-H2TMPP dimer in LC at orientation 90

degrees (dashed curve) to the magnetic field and at degrees (solid curve).

The first possibility is the coupled triplet-doublet pair with the free base in its triplet state

coupled to the Cu doublet. Depending on the strength of the coupling between the triplet and the

copper doublet the spectrum of this pair will look either like the free base triplet (weak coupling)

or like a trip-doublet and trip-quartet state (strong coupling). The spectra in Figure 4-9 do not

look like the weak coupling case. It is possible that the observed state is the trip-doublet and/or

trip-quartet in a more strongly coupled pair. However, it is not clear why the coupling should be

so large.

Another possibility is the trip-doublet or trip-quartet state of copper porphyrin. If the

properties of the CuP in the dimer are changed compared to the monomer, its ZFS and excited
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state lifetime could be different. In this case it might be possible to observe the trip-doublet

and/or trip-quartet of the CuP half However, we expect energy transfer from the CuP to the

H2P, so that this possibility is unlikely.

A third possibility is the ground state. It is also possible that the system decays back to

the ground state. This process is spin selective so that the copper doublet might become spin

polarized. This means that the excitation and relaxation would have to create more population in

the Sz= -1/2 state of the Cu (II) compared to the Sz = +1/2. If this were to happen then we would

get a spin polarized spectra with pure absorption. It seems this is the most probable possibility.

However, it requires the very fast decay of excited states and is not consistent with the lifetimes

measured optically,"^^'"^^'^^ thus we cannot say for sure that it happens in our experiments.

Moreover, the CuP monomer does not give a TREPR signal and there is no information about its

excited state. Therefore, we have chosen to study dimers with a different ion in the

metalloporphyrin half of the dimer. Because the VO ion also has only one d-electron and the

VOP monomer gives the TREPR spectrum as was shown in Section 4.2 it is an obvious choice.

But we use electrostatic dimers instead of covalently-linked ones because of their simple

formation.

4.5. TREPR spectra of the electrostatic dimers free base - free base
porptiyrin and free base - vanadyi-porptiyrin

As shown in Section 4.3, the expected state for VOP monomers is a quartet while the

triplet state is seen for the free base monomers. These spectra allow us to identify the relaxation

pathway in the dimers. There are a few possibilities for energy transfer (H2P-VOP* ->

H2P*-V0P) to take place. One of them is the ISC to the triplet state in the H2P half (pathway (a)

in Figure 4-10) and we expect to observe only the free base triplet here with a possible influence

from coupling to the VO-ion. The second possible pathway (pathway (b) in Figure 4-10) is the
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VOP H^P

'0

Figure 4-10. Energy transfer diagram of the electrostatically-coupled VOP-H2P dimer. The

possible energy transfer pathways are marked (a), (b) and (c).

energy transfer from the trip-doublet state of the VOP half to the triplet state of H2P half On the

other hand, if the relaxation to the quartet state in the VOP half (Figure 4-10, pathway (c)) is

faster than energy transfer we expect to see both the triplet and the quartet state. The energy

transfer from the excited triplet state of the H2P half to the VOP half is not possible because it is

energetically uphill.

Electrostatically-coupled dimers were used as potential model systems for the study of

energy transfer. There are more possibilities for energy transfer in the case of the combination of

two porphyrin monomers. The EPR measurements were done with H2P-H2P dimers and H2P-

metalloporphyrin dimers. However before doing EPR experiments, a series of optical spectra

were obtained and analyzed, to make sure that dimers were obtained. Figure 4-11 illustrates the

optical spectra of dimer H2TSPP-H2TMPyP and its monomers. The concentration of the

monomers is 10"^ M and the concentration of the dimer is not known. A single absorbance peak

at 422 nm (solid curve) is generated by adding the spectra of the monomers and presents a

simple mixture of monomers. The dimer spectrum (dashed line in Figure 4-11) is extended to

longer wavelengths as compared to that ofmonomers and has a double peak at 421 imi and
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425 nm. The Soret band of the dimer is split into two bands at 422 nm and 439 nm, while such

splitting is not observed either in the monomer spectra or in their sum. This effect is well

"x^ 'X'X "x^ sn
known ' ' ' and indicates the formation ofthe so-called dimer complex.

The TREPR measurements of the free base dimers (H2TMPyP-H2TSPP and H2TSPP-

H2TTAP) were done and analyzed to study the effect of dimer formation. It is obvious that the

formation of the electrostatic dimer affects the spectra that we observe. For a comparison,

TREPR spectra of the free base monomers, H2TMPyP and H2TSPP, and the free base dimer,

H2TMPyP-H2TSPP are presented in Figure 4-12. There is no significant difference between the

H2P monomers and dimer in terms of the sign of spin polarization. The same spin polarization

pattern, EAE/AEA, is seen for dimer as for the H2P monomers and is indicative of a triplet state

produced by ISC. However, the TREPR spectrum of the dimer system H2TSPP-H2TMPyP

(Figure 4-12) does show a small shift in ZFS D parameter values between monomers and dimer.

The width of the dimer spectrum which is equal to |2D| should be smaller. The intensity of the

absorptive and emissive peaks of the dimer spin polarization pattern changes because of

changing the molecular structure and as a result population of the triplet sublevels. Therefore,

this is evidence that the new structure is a dimer. Based on the simulated spectrum (Figure 2-16,

Section 2.5.3) we can estimate that the dimer spectrum is reproduced by selective ISC along the

x-direction and this selectivity originates from the x-component of SOC. However, it is difficult

to discuss the energy transfer in this kind of dimer, because the ESP pattern is similar to the free

base porphyrin monomer. To generate the energy transfer in the dimer we used the

electrostatically-coupled dimers with one paramagnetic half.
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Magnetic Field, Gauss

H2TMPyP

4000

Figure 4-12. TREPR spectra of free base porphyrin monomers H2TSPP and H2TMPyP and

their dimer, measured at 130 K.

The TREPR measurements of VOTMPyP-H2TSPP, VOTSPP-H2TMPyP and VOTTAP-

H2TSPP dimers were done and analyzed. Here, the important question is which state is observed.

This is not clear yet. The possible excited states are the quartet state, the doublet state and mixed

triplet-doublet state. It is not easy to assign the dimers' spectra to a particular state, because we

do not know how strong the coupling is between the free base triplet and the VO ion. If the

coupling between the triplet and the VO spin is strong then the dimer will have quartet and
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doublet states. If it is weak then it will be a weakly coupled triplet-doublet pair and the spectrum

will not be very different from that of the H2P triplet.

The TREPR spectrum of VOTMPyP-HiTSPP porphyrin dimer (Figure 4-13) might be in

the triplet state, as seen for the H2P-H2P dimer (Figure 4-12). By comparing the TREPR spectra

ofH2TSPP and VOTMPyP-H2TSPP (Figure 4-13) we can say that the spin polarization pattern

H2TSPP

2750 3250

Magnetic Field, Gauss

3750

Figure 4-13. TREPR spectra of vanadyl porphyrin, VOTMPyP, free base porphyrin, H2TSPP,

and their dimer, measured at 130 K.
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of the dimer has several features, which are different from those of the H2P monomer. The

spectral width of the dimer spectrum is smaller than that of the H2P monomer but larger than in

VOTMPyP monomer. It might be due to the fact that it is actually a quartet state and not a triplet.

Also it might be due to a slight change in the electronic structure of VOTMPyP in the dimer as

compared to the monomer. Another feature that differs between the two spectra is the line shape

in the field region 2950-3150 Gauss and 3550-3800 Gauss. It might be due to the formation of

the new structure (dimer) and as a result, different populations on the electronic states. These

facts suggest that there is the energy transfer between two halves of the dimer.

H2TSPP

VOTTAP

2800 3300

Magnetic field, Gauss

3800

Figure 4-14. TREPR spectra of vanadyl porphyrin, VOTTAP, free base porphyrin, H2TSPP,

and their dimer, measured at 1 30 K.
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Figure 4-14 illustrates the TREPR spectra of the electrostatic dimer VOTTAP-H2TSPP

and its monomers. The spin polarization pattern of the dimer EAE/AEA might be due to the

triplet state of the H2P half and is similar to the two previous dimers, probably with more

expressed population along the x-direction (compared to simulated spectra in Figure 2-17 and 2-

18). The other feature of all spectra in Figure 4-14 is that they are asymmetric and stronger on

the left side compared to the right. This is might be a significant amount of net polarization in the

VOTTAP and dimer spectra. Also it might be an experimental problem that the coupling in the

resonator was changing with time.

Based on the obtained data we can say that the spin polarization patterns of the H2P

monomers are explained as a result of selective ISC to the triplet sublevels. However, the spin

polarization patterns of the VOPs are most likely due to the quartet state. The reason for this

difference is the influence of the extra unpaired electron on the VOP half At first sight all dimer

patterns obtained fi*om the experimental data (Figure 4-13 to 4-14) appear to be due to the triplet

state of the H2P half This implies that energy transfer fi'om VOP half to the H2P occurs.

However, the spectra we see are not identical with the H2P triplet.
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5. Discussion

As seen from the experiments the introduction of a paramagnetic metal ion into the

porphyrin, e.g. VOP, affects the spin relaxation within the molecule. As a result the TREPR

spectrum of VOP has some particular features, like an A/E polarization pattern, which are

completely different from those of the H2P polarization patterns. By analyzing the spectrum of

the VOP (Figure 4-5) we can better understand the origin of these effects. We suggested that the

spin polarization pattern is due to the quartet state. The first question is whether we can confirm

this assignment. The second question is what is responsible for the A/E pattern.

A similar A/E polarization pattern has been observed previously for the triplet state of

ZnP. In this case the triplet state is formed via ISC from the lowest excited singlet state. The

A/E pattern was explained as being due to selective population rates, Px:Py:Pz= OiOt-l.^"^

However, the spectrum is also consistent with Px:Py:Pz= -1:0:0 and the opposite signs of the

ZFS. We are faced with the same problem in clarifying the origin of the TREPR spectra of the

VOP. We have carried out simulations of one of the VOP TREPR spectra to determine which

parameters are compatible with the A/E pattern and to interpret them. We will show that the

spectrum is consistent with our assignment to the quartet state and will suggest a possible

pathway by which it is formed.

5.1. Simulations of the VO-porphyrIn spectrum

A simulation program developed by Dr. A. van der Est and his research group was used

for the calculation of the VOP TREPR spectrum. The system is treated as a coupled triplet-

doublet spin pair. The principles involved in the calculation and a general theoretical description

of coupled triplet-doublet spin pairs are described in reference 43. In such systems initially,

excitation populates an excited sing-doublet state. The relaxation from the excited sing-doublet

to the trip-doublet is partially allowed due to mixing between these two states induced by the

77





exchange interaction of two electrons forming the triplet spin with the doublet spin. Thus, the

system will relax to the lowest trip-doublet state (Figure 5-1). Then ISC from the trip-doublet to

the trip-quartet state takes place. This ISC is governed primarily by mixing of the two lowest

V

Figure 5-1. A simplified Jablonski diagram of a strongly coupled triplet-doublet spin pair.

The energy states are ^So (sing-doublet ground state), Si (sing-doublet excited state), Ti

(trip-doublet excited state), "^Ti (trip-quartet excited state). The exchange interaction between

the triplet and doublet is Jtd, the energy separation between excited sing-doublet and lowest

triplet state is 2J.

electronic excited states by SOC. As discussed in reference 42, the behavior of the coupled spin

system depends on the strength of the coupling. The coupling can be weak or strong, but in both

cases there are six eigenstates, which can be described using either a triplet-doublet or quartet-

doublet basis. We can divide the dipolar coupling into two parts: one is the coupling within the

triplet state and second is the coupling between the triplet and doublet. In the strong coupling

case, the eigenstates are a trip-doublet and trip-quartet. The ZFS parameter of the quartet is given

by^

It. Ir.
Dq=-Dt+-Dtd Equation 5-1

where the Dq and Dt are the quartet and the triplet ZFS parameters, respectively, and Dtd is the

coupling between the doublet and triplet."*^ Because the Dtd is expected to be smaller than Dt,

Dq is less than Dt. The width of the quartet state (4Dq) is smaller than that of the H2P triplet
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(2Dt) as mentioned in Section 2.8. Taking the quartet width as 4Dq, we rewrite equation 5-1 by

muhiplying its components by 4 gives

4 4
4Dq = -D^ + - Dto Equation 5-2

Ifwe assume that the triplet width equals the quartet width:

4 4—Dt +— D-n, =2Dj Equation 5-3

Under these conditions Dtd =1/2 Dj. Hence, the quartet spectrum would be narrower than the

triplet if Dtd ^ 1/2 Dj and would be larger than the triplet width if Dtd ^ 1/2 Dt. This situation

was observed for the CuP.^^ In addition, there will be a contribution of SOC to the right handside

of equation 5-1 . Thus, we rewrite this equation to give

Dq = Dgs + DgQ^, Equation 5-4

The first term (Dss) is a coupling between the two spins, which is called the spin-spin dipolar

coupling. Actually, the Dss consists of Dt and Dtd and can be calculated by equation 5-1. The

other term (Dsoc) is caused by the spin-orbit coupling. In the CuP this second term is very large.

This model will be applied to the analysis of our VOP. There are a number of parameters

which are used for the calculation of the TREPR spectrum of VOP. Some of them are based on

the data fi-om the literature such as ZFS parameters D and E, g-tensors, hyperfine tensors,

population rates, and some of the parameters are estimated, such as dipolar and exchange

coupling between triplet and doublet states. The absolute value of the ZFS parameter Dt used in

this simulation is obtained fi*om the total width of the H2P TREPR spectrum which is |2Dt |
and

gives Dt = 309 x 10"^ cm ^ The comparison of the ZFS Dt parameter used in our simulation with

data obtained by Asano-Someda et al."^^ shows that they are ofthe same magnitude.

The narrow TREPR spectrum of VO porphyrins indicates that the spin-orbit part of the

coupling (Dsoc) being quite small. This is an important result because it shows that the spin-orbit

contribution depends very strongly on which d-orbital the unpaired electron on the metal
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occupies (for VO this is a b2g). Since dipolar coupling depends on the distance between two

electrons the dipolar coupling between VO-d electron and the porphyrin 7c-electrons should be

smaller than that between the n -electrons themselves.

The value of coupling between triplet and doublet Dtd is estimated to be 234 x 10"^ cm ^

which leads to Dq smaller than Dt. The exchange coupling (Jtd) between triplet and doublet is

estimated to be several orders of magnitude larger than the dipolar coupling. In this case, there

will be a pure trip-quartet and a pure trip-doublet state. The large Jjd value only determines the

separation of the trip-doublet and trip-quartet and has no effect on the quartet spectrum. Hence,

its exact value is not important here.

The pathway by which the trip-quartet state is populated is spin-orbit selective ISC from

the sing-doublet through the trip-doublet as was shown in Figure 2-8. The selectivity of ISC to

the trip-quartet state is dependent on the strength of the SOC. Analysis of the experimental line

shape (Figure 4-5) and comparison to the stick diagram (Figure 2-23) show that the A/E

polarization pattern is reproduced by selective ISC to Q±i/2 states.

The g-factors for the quartet and doublet states generated in the coupled triplet (T)-

doublet (D) system are given by

2 1

gq = -gx + -Ed Equation 5-5

where gg, gx and go are the quartet, triplet and doublet g-factor values, respectively. The g-factor

for the triplet state of porphryrins was assumed gr = 2.0023 (as for an isolated electron) and go

consists of three components (gx = 1.98; gy = 1.98; gz = 1.96).^"^ These g-factor values have not

been varied, because to determine the g-values (by equation 2-4) correctly we have to know both

the magnetic field values and the microwave frequency accurately. We only have rough values

for both of these and hence we keep the g-factors constant.

The principal values of the vanadyl hyperfine tensor (Axx=Ayy=6 mT, Azz=15.6 mT) have

already been found by Y. Kandrashkin and A. van der Est^^ and used in this simulation. Several
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parameters have been varied during the simulation. These are the ZFS parameters Dt and E, and

population rates on the zero-field states.

The ZFS Dt and Dtd parameters raise a lot of questions. The first question here is what

sign, positive or negative, do they have and what the sign of the coupling means about the

relative energies of Tx, Ty and Tz at zero-field. The second question is what the population rates

are and what they tell us about the ISC process.

5.1.1. ESP dependence on the sign of dipolar couplings and on the
population rates

A series of calculations of the spectrum of the quartet state ofVOP were done to confirm

that by changing the sign of Dj and Dtd couplings or by using a different arrangement for the

population rates we can invert the spectrum. If we go back to the triplet simulations shown in

Section 2.5.3 we will see what would happen to the triplet spectrum ifwe change the sign of Dt

and change the order of the populations. There are always two choices to give the same

polarization pattern: the sign of the ZFS E parameter and the populations. For the quartet state of

the VOP, ifwe change the sign ofDt and E and reverse the order of the populations but keep the

values the same, we should get the same effect.

In the simulated spectrum 1 shown on Figure 5-2, the population rates were taken Pxi Pyi

Pz = 01: 0.15: 0.75 and the values of Dt and Dtd were assumed to be positive. The same A/E

pattern can also be obtained by changing the sign of the couplings and taking the population rates

Px: Py: Pz = 0.75: 0.15: 0.1 (Figure 5-2, spectrum 2). Although it is not possible to determine

fi-om our data which of these two choices (spectrum 1 or 2) is correct, we can choose the sign of

the ZFS Dt parameter and the exchange coupling, Jtd, based on the expected relative energies of

the states. The quartet state is generally expected to be of lower energy than the doublet state and

here this is defined as corresponding to a positive value for Itd"^^
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Figure 5-2. Simulated spectra ofVOTTAP with A/E pattern. Spectrum 1 : the Dj and Dtd are

positive, population rates are Pxi Py: Pz = 0.1:0.15:0.75. Spectrum 2: the Dj and Djd are

negative, population rates are Px: Py: Pz = 0.75: 0.15: 0.1.

Next we need to consider how the sign of Dj relates to the relative energies of the spin

states at zero-field. Since there is an analogy between a quartet and triplet states, we recall the

energy level diagram of the triplet state fi-om Section 2.6.3 (Figure 5-3). The sign of the spin

polarization for the particular choice of parameters depends on how the relative energies of Tx,

Ty and Tz at zero-field are defined. For simplicity, consider the case in which Tx and Ty have the

same energy, E=0. If the z orientation is chosen to be parallel to the magnetic field we will have

a diagram shown in Figure 5-3. Then consider what happens when we populate the energy

levels according to Tx (or Tx and Ty), where T+ and T_ will be populated. If Tz is of lower energy
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than Tx and Ty, To will be closer to T . So, the triplet transition in Figure 5-3 with lower energy

(T_-^ To) will be absorptive. Since the lower energy transitions appear at higher field in an EPR

spectrum, the pattern for the z-orientation will be E/A. According to the literature,"*^ the

TxTy

Magnetic Field

T+
XXX

^0

XXX

Figure 5-3. A schematic representation of the energy level diagrams, triplet sublevels. The

label XXX means the triplet sublevels are populated.

parameter Dj is positive for porphyrin triplets^^ and Tz is lower energy than Tx and Ty. In our

simulations there is A/E in the wings of the spectrum and these features come from the z-

orientation. So, this means that Tz is either higher than Tx and Ty, i.e. the Dj is negative, or the

population is along z direction of SOC. It is most likely that the difference in the sign of the

polarization is due to changes in the SOC due to the metal orbitals and that the sign of the Dt

parameter is positive.
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Once we have made a choice of the sign for the dipolar coupUng, we should be able to

determine which values we need for the population rates. The population rate constants depend

on the molecular structure and symmetry. For example, in the case of axial symmetry, x and y

would be almost equal, so two sublevels would be populated almost equally. A series of the

simulated spectra for VOP with different combinations of the populations were calculated and

the best spectrum is shown on Figure 5-4 (dashed curve). It has the same sign of spin





polarization pattern (A/E) as the experimental spectrum (Figure 4-5). The sum of the populations

is normalized to be 1 . There is a weak contribution in the wings of the simulated spectrum,

which does not correspond well to the experimental spectrum. However, it is not clear which

parameters would need to be varied to improve the agreement in this region.

5.1.2. Improvement of the simulated spectrum of Vanadyl Porphyrin

So far the simulated spectrum shown in Figure 5-4 is in reasonable agreement with the

measured one. However, the simulation could still be improved. First, there are some properties

of our spectra which the simulation does not reproduce. The simulations do not reproduce the

width of the main absorptive and emissive features very well. In addition, the emissive part of

the experimental spectrum is clearly weaker than the absorptive part, whereas our simulation has

equal amounts of absorption and emission. These features show that the experimental spectrum

has the net polarization as described in Section 2.7. In our case, the net polarization is absorptive.

The simulation program is written in such a way that the absorptive and emissive parts of the

spectrum are always equal, so it is not able to reproduce this aspect of the experimental spectra.

To reproduce the net polarization we must include an additional parameter in the simulation

program, the coefficient of the net polarization.

Thus, another simulation program written by Y. Kandrashkin and described in reference

82 was used for the simulation of the VOP TREPR spectrum. It includes the coefficient of the

net polarization, which is the ratio of the net polarization, pi, to multiplet polarization, p2.^'^ By

adding this parameter the agreement with experiment is improved considerably (Figure 5-5). By

comparing Figure 5-5 with Figure 5-4 we have clarified that those features that were not

reproducible fi"om the first simulation program features (i.e. stronger absorptive part) are due to

the net polarization.

In principle, the net contribution to the polarization pattern could be due any one of the

ground state, excited trip-doublet state or the trip-quartet state.^^ However, the line shape ofVOP
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indicates that the first two states are unlikely. Although we cannot exclude combination fi-om

trip-doublet and ground state, the good agreement with the simulations suggests that ISC firom

the trip-doublet to trip-quartet is the most likely source of the net polarization.

The comparison of the simulated spectra and experimental demonstrates that the only

reasonable candidate to assign to the observed pattern for VOP is the trip-quartet state.

5.2. Spin polarization patterns of ttie VOP'H2P electrostatic dimer

As we found in the previous section, the spin polarization pattern of VOP is due to the

quartet state. Now we can discuss the relaxation and energy transfer pathway in our model

complex, VOP-H2P electrostatic dimer. The fact of having an extra unpaired electron in the

porphyrin macrocycle should also affect the energy transfer pathway between the two halves of

the dimer, i.e. the VOP-H2P electrostatic dimer. So we need to consider possible energy transfer
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pathways which lead to the "triplet" component in these observed dimers (Figure 5-6). The first

possibility is the coupled triplet-doublet pair with the free base in its triplet state coupled to the

VO doublet. Depending on the strength of the coupling between the triplet and the VO doublet,

the spectrum of this pair will look either like the H2P triplet (weak coupling) or like a trip-

doublet and trip-quartet state (strong coupling). This triplet-doublet pair is generated in the dimer

by either spin-orbit ISC within the H2P moiety (pathway (a) in Figure 4-10) or via energy

transfer fi-om the VOP (pathway (b) or (c) in Figure 4-10). In the case (a) we expect to observe

only the H2P triplet with a possible influence fi-om coupling to the VO-ion. It is known from the

experiments that polarization from the H2P triplet state is very strong compared to that of the

trip-quartet state of VOP. Possibly we have a small influence of the VO-ion and a weak

interaction and cannot see it. However, we do not really know how close the two halves are in

the electrostatic dimer and how strong is the coupling between the H2P triplet and the VO-ion.

The second possible pathway (pathway (b) in Figure 4-10) is the energy transfer from the

trip-doublet state of the VOP half to the triplet state of the H2P half The third possible pathway

(pathway (c) in Figure 4-10) happens if the relaxation to the quartet state in the VOP half (Figure

4-10, pathway (c)) is faster than energy transfer. In this case, we expect to see both the triplet and

the quartet state.

As was mentioned in Section 4.5, since the dimer spin polarization pattern is different

from the H2P triplet state there is the intermolecular interaction between VOP half and the H2P

halfof the complex. The spin polarization pattern of this electrostatically-coupled dimer seems to

be reproduced by the coupled triplet-doublet system. Simulations of TREPR spectra of the two

dimers, VOTTAP-H2TSPP and VOTMPyP-H2TSPP, were done by using the simulation program

written by A. van der Est assuming ISC within the H2P half as the dominant pathway. The good

agreement (excluding the net polarization contribution) between the simulated (Figure 5-6) and

the experimental spectra suggests that this pattern belongs to a weakly coupled triplet-doublet

pair. Thus, the H2P triplet state has been populated by ISC within the H2P half (pathway a in
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Figure 4-10). Thus, although the triplet-triplet energy transfer from the VOP half to the H2P half

might be occuring in our dimers its contribution to the spectra is hard to determine because the

measurements were done using nonselective excitation; i.e. both halves of the dimer were

excited by the laser pulse at wavelength 532 nm.





excitation wavelength was found'^^'*^ from the selective excitation of the covalently-linked CuP-

C3-H2P dimer. It confirms that energy transfer from the metalloporphyrin half of the dimer to the

H2P half occurs via the trip-quartet and/or trip-doublet states of metalloporphyrin. We consider

that the same effect should happen in the VOP-H2P dimer. Thus, the selective excitation at

563 nm for the electrostatically-coupled VOP-H2P dimer will be the next step.
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6. Conclusions

These experiments provide important background information for the study of energy

transfer in bridged porphyrin dimers containing paramagnetic metals. Our experiments with VOP

have clarified the origin ofTREPR spectra, which has not been elucidated before. We discussed

the possible nature of the polarization of the excited paramagnetic porphyrins. It has been

demonstrated that their spin polarization patterns dominantly come fi-om the trip-quartet state

generated by ISC fi^om excited sing-doublet state to a trip-doublet state.

The electrostatic dimers are found to be optically and TREPR observable. Experiments

with the electrostatically-coupled VOP-H2P dimers at one excitation wavelength and simulations

suggest that spin polarization patterns are produced by the coupled triplet-doublet pair. These

results do not reveal the triplet-triplet energy transfer fi^om VOP half to the H2P half Thus, the

main question about the dominant excited state in the observable dimers and the energy transfer

pathway remains unanswered. To solve this problem, we have to do selective excitation for the

porphyrin dimer with a paramagnetic half This is going to be the next step in our work.

Although the assignment of dimer spectra is unclear, we have shown that the quartet state of

VOP is observable by the TREPR technique.
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Appendix 1: Molecular structures of porphyrins
Figure A. 1.1. H2-tetra (4-sulfonatophenyl) porphyrin, H2TSPP, (used as Na salt)

SO-

Figure A.1.2. H2-tetra (N-methyl)-4-pyridyl) porphyrin, H2TMPyP

^»r\ //
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Figure A. 1.3. H2-tetra 4, N, N, N - trimethylanilinium porphyrin, H2TTAP, (used as chloride)

CH.

CH3-N-CH3

CH3-N-CH3

Figure A.1.4. VO-tetra (4-sulfonatophenyl ) porphyrin, VOTSPP, (used as Na salt)
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Figure A.1.5. VO-tetra (N-methyl)-4-pyridyl) porphyrin, VOTMPyP

Figure A. 1.6. VO-tetra 4, N, N, N - trimethylanilinium porphyrin, VOTTAP chloride

+

N(CH3)3-^

N(CH3)3

N(CH,)

NtcH,)3'3

3'3
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Figure A. 1.7. Cu-tetramethylphenyl porphyrin, CuTMPP

CH.

Figure A.1.8. VO-tetraphenyl porphyrin, VOTPP
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Appendix 2: Optical Spectra of Electrostatic Dimers
Figure A.2.1. Optical spectrum ofVOTMPyP-H2TSPP dimer

Batch





Figure A.2.2. Optical spectrum ofVOTSPP-H2TMPyP dimer

Batch
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Figure A.2.3. Optical spectrum ofVOTTAP-H2TSPP dimer

Batch
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