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Abstract

Electron Paramagnetic Resonance Studies and Magnetic Field
Effects on Porphyrin Nanostructures and Triad Systems

A thesis submitted for the degree of Doctor of Philosophy at the University of Oxford by

Sabine Richert, New College, Trinity 2016

The studies presented in this thesis deal with the investigation of inter- and intramolecular interac-
tions in porphyrin nanostructures and molecular triad systems using a variety of different electron
paramagnetic resonance (EPR) based techniques as well as optical spectroscopy.

Dipolar and exchange couplings were investigated in a range of linear and cyclic copper-containing
porphyrin nanostructures by continuous wave (cw) and pulse EPR. The magnitude of the exchange
interaction, J, and trends in this property could be determined by numerical simulations of the cw
EPR spectra or pulse dipolar evolution data. Using double electron-electron resonance (DEER),
through-bond exchange coupling in a bis-copper six-porphyrin nanoring could directly be mea-
sured over a distance of ∼4 nm. By comparison of the results with those obtained for a singly
connected but otherwise identical system, the J-coupling in this ring structure containing two
identical, parallel paths was further shown to be the result of constructive quantum interference.

In a ten-membered porphyrin nanoring containing two copper and eight zinc centres, the interac-
tion between the central metals of the porphyrins and axial nitrogen ligands of different molecular
templates was investigated by cw EPR, electron nuclear double resonance (ENDOR) and DEER.
The weak coupling between copper and axial nitrogen ligands could be detected and it was found
that the difference in binding affinity between copper and zinc to axial nitrogen ligands influences
the structure of the formed complexes and preferred location of the copper centres. We were able
to show that the template design allows control over the complex geometry on a molecular level.

Triplet state delocalisation was investigated in a series of ladder complexes, formed between
linear zinc porphyrin oligomers and bidentate nitrogen ligands, by transient cw EPR and pulse EN-
DOR techniques. It was found that even though the porphyrin units are held in an approximately
co-planar arrangement within the ladder complex, which should favour long-range electronic com-
munication, complete delocalisation is restricted to two porphyrin units at low temperatures and
no delocalisation across the bridging ligand was observed.

In a different project on symmetric and asymmetric zinc porphyrin oligomers with varying side
and end groups, the influence of electronic symmetry on triplet state delocalisation was determined
to be the major factor governing and limiting the extent of triplet state delocalisation in linear
porphyrin oligomers.

Triplet states of zinc porphyrins with different side groups have also been investigated in liquid
crystal solvents by EPR. The alignment of the porphyrins is observed to depend strongly on the
side groups of the porphyrin core. The orientation and conformations of the porphyrins could be
obtained by simulation of the transient cw EPR spectra and order parameters were determined.

The influence of small (<10G) magnetic fields on the recombination kinetics of spin-correlated
radical pairs formed upon photo-excitation of molecular triad systems was studied by transient
absorption techniques. Molecular triads serve as model compounds for the study of anisotropic
magnetic field effects, which could previously only be detected at comparatively high fields of
>30G. Here it is shown for the first time that hyperfine-driven magnetic field effect anisotropy is
observable at magnetic fields comparable to that of the Earth (∼0.5 G), underlining the feasibility
of a chemical compass for avian magnetoreception.
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Chapter 1

Introduction to Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR) is a spectroscopic technique which is employed for the
characterisation of paramagnetic species, such as organic radicals, radical pairs, triplet states, or
paramagnetic metal centres. In the experiment, a static magnetic field of the order of several
tens to hundreds of milli-Tesla is typically applied on the sample and transitions between different
spin states split by the magnetic field can then be induced by microwave irradiation. Various
continuous wave and pulse EPR techniques are available at different microwave frequencies, and
can be used to obtain specific information about the interactions of electron spins with the external
magnetic field, interactions between different electron spins, or interactions between electron spins
and nuclear spins.

In most cases, numerical simulations of the acquired data allow determination of the magnetic
parameters of the system, which can then be related to specific molecular properties. In this way,
valuable information about the electronic structure and molecular environment of the spin centres is
obtained. EPR is therefore often applied, for instance, for the study of through-bond and through-
space electronic communication between different subunits of complex molecular structures or for
the study of structure and conformational dynamics in biological or synthetic molecular systems.
In the absence of paramagnetic centres, spin labelling of the structures at specific sites can make
an in-depth EPR investigation possible.

In the present work, various continuous wave and pulse EPR techniques as well as optical
spectroscopy are used for the investigation of inter- and intramolecular interactions in porphyrin
nanostructures and molecular triad systems. Dipolar, exchange, and metal-ligand interactions are
probed in linear and cyclic copper porphyrin structures in Chapters 2 to 4 to investigate electronic
communication and molecular structure. Chapter 5 introduces the characteristics of triplet state
EPR as a basis for the following Chapters 6 to 8. In Chapters 6 and 7, triplet state delocalisation
is studied in different linear zinc porphyrin oligomers and complexes thereof, whereas in Chapter 8,
the alignment of porphyrin oligomers in liquid crystals is probed via analysis of the corresponding
triplet EPR spectra. Finally, Chapters 9 and 10 deal with the investigation of anisotropic magnetic
field effects on the recombination kinetics of spin-correlated organic donor-acceptor pairs generated
by photoexcitation. Chapter 9 explains the underlying theory, whereas the experimental results
obtained on a molecular triad model system using transient absorption spectroscopy are presented
in Chapter 10.
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In the following, an introduction to the basic concepts of EPR spectroscopy shall be given with
the focus on introducing the EPR techniques and instrumentation relevant to the systems studied
in this work.

1.1 Magnetic Interactions

EPR spectroscopy relies on the concept of spin. The existence of half-integer spin angular mo-
mentum for an electron was originally discovered in the 1920s by O. Stern and W. Gerlach in their
famous experiment, where they found that a beam of silver atoms was split into two components
by an inhomogeneous magnetic field. Later on, it was concluded that this finding can only be
explained if the electron possesses an intrinsic angular momentum, referred to as its spin. The
spin angular momentum is denoted S and has eigenvalues mS running in integer steps from −S to
+S [1]. For an electron, the spin angular momentum quantum number is equal to 1

2 and therefore
two different eigenstates, referred to as the α (mS = + 1

2) and β (mS = −1
2) states, are obtained.

Every moving charge possesses a magnetic moment. The magnetic moment, µe, of the electron
is directly proportional to its angular momentum, and defined as follows

µe = −geβe S (1.1)

where
βe =

e~
2me

(1.2)

is the Bohr magneton, e and me stand for the electron charge and mass, respectively, and ge is
the free electron g -factor (2.0023).

In this work, nuclear spins will be denoted I and the nuclear magnetic moment is analogously
defined as

µn = γnI = gn βn I (1.3)

where γn is the gyromagnetic ratio and βn = en~
2mn

the nuclear magneton.

In EPR spectroscopy, electron spins are exposed to applied magnetic fields. The acquired
experimental EPR spectra are the result of various interactions between the electron spin and the
external field as well as between the electron spin and other spins of electronic or nuclear nature.
The interactions can be summarised in the so-called spin Hamiltonian, H, which describes the
investigated spin system and, for a single electron spin, is given by

H = HEZ +HZFS +HHF +HNZ +HNQ (1.4)

where the individual contributions are referred to as the electron Zeeman (HEZ), zero-field splitting
(HZFS), hyperfine (HHF), nuclear Zeeman (HNZ) and nuclear quadrupole (HNQ) interactions. In
the following, the individual contributions to the spin Hamiltonian shall be outlined in more detail.
Unless otherwise stated, all Hamiltonians are expressed in energy units.∗

∗In some of the EPR literature, angular frequency units are used rather than energy units. To obtain the corre-
sponding Hamiltonians in angular frequency units, division of the expressions by ~ is necessary.
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1.1.1 Zeeman Interaction

The interaction of an electron spin with the external magnetic field, represented by the vector B,
is referred to as the electron Zeeman interaction. The corresponding Hamiltonian is given by

HEZ = βe BgS (1.5)

where the molecule specific g-tensor accounts for deviations from the free electron g -value caused
by the spin-orbit interaction and describes the orientation-dependent variation of the Zeeman
splitting. In its principal axis system, the g-tensor

g =

gx

gy

gz

 (1.6)

can be characterised by the principal values gx , gy , and gz . If gx 6= gy 6= gz the g-matrix is
orthorhombic. An axially symmetric g-tensor is characterised by only two unique principal values,
referred to as g⊥ = gx = gy and g|| = gz , whereas if all principal g -values are identical, the
g-tensor is said to be isotropic and is reduced to a scalar, the g -value.

Typically, the direction of the applied static magnetic field is taken to define the z-axis of the
reference frame. Under these conditions, the electron Zeeman Hamiltonian simplifies to

HEZ = βeB0 g Sz (1.7)

where the field vector is reduced to a scalar with magnitude B0 and the eigenvalues of the Hamilto-
nian are proportional to the eigenvalues of Sz [1]. Assuming an isotropic g -factor (gx = gy = gz),
the energies of the system can consequently be expressed as

E = βeB0 g mS (1.8)

yielding two states, for mS = ±1
2 , whose energy separation ∆E = h ν = gβeB0 ∆mS = gβeB0 is

linearly proportional to the applied magnetic field strength B0.

Analogous to the electron Zeeman interaction, a nuclear Zeeman interaction can be defined,

HNZ = −βnB0 gn Iz (1.9)

accounting for the interaction of nuclear spins with an external magnetic field. However, due to
their larger mass, the energy separation ∆E = γnB0 is about three orders of magnitude smaller for
nuclei as compared to electrons. Consequently, while EPR transitions can be excited by microwave
irradiation (GHz), radiowaves (MHz) are required for the excitation of nuclear transitions. The
nuclear Zeeman effect is therefore often negligible in EPR experiments, unless nuclear couplings
are probed explicitly.
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Considering only the effect of the electron Zeeman interaction in an S = 1
2 system, only one

single EPR transition with ∆mS = ±1 should be expected, which might be broadened due to
g-tensor anisotropy. However, a further splitting of the energy levels can be expected from inter-
actions of the electron spin with surrounding nuclear spins of the molecule or interactions with
other electron spins.

1.1.2 Hyperfine Interaction

The interaction between an electron spin and nuclear spins is referred to as the hyperfine interaction.
It leads to a splitting of the electronic levels into 2 I + 1 sublevels, for a single nuclear spin I , and
gives rise to the characteristic hyperfine structure of EPR spectra (if the hyperfine coupling is
larger than the line width). The hyperfine interaction is composed of two contributions of different
origin, a dipolar and a Fermi-contact term [1]. The Fermi-contact term is isotropic and arises from
a finite electron spin-density at the nucleus, whereas the contribution of the dipolar interaction
between electron and nuclear spins makes the hyperfine interaction, A, anisotropic. Analogous to
the g-tensor, the A-tensor can be characterised by its principal components Ax , Ay , Az for an
orthorhombic system, or A⊥ and A|| for an axial system. In the most general way, the hyperfine
interaction Hamiltonian is given by

HHF = HHF, dd +HHF, contact = SA I (1.10)

and the individual contributions can be expressed as

HHF, dd =
µ0

4π r3
gβegnβn

[
3

r2
(S r)(I r)− S I

]
(1.11)

and
HHF, contact =

2µ0

3
gβegnβn

∣∣Ψ0(0)
∣∣2 S I (1.12)

with µ0 being the vacuum permeability, r the distance between the spins connected by the vector
r and

∣∣Ψ0(0)
∣∣2 the overlap integral corresponding to the electron spin density at the nucleus.

In isotropic liquid solution, the anisotropic contribution to A (HHF, dd) averages out due to rapid
molecular tumbling and the hyperfine interaction can be characterised by a scalar, aiso, and written
as

HHF,iso =
∑
i

aiso,i Sz Iiz (1.13)

where the sum runs over all nuclei, i , of the system and aiso is defined according to

aiso =
2µ0

3
gβegnβn

∣∣Ψ0(0)
∣∣2 (1.14)

Hyperfine coupling constants can either be positive or negative depending on the product of the
sign of the nuclear magnetogyric ratio and that of the spin density at the nucleus. By convention,
the hyperfine coupling constant is positive if the electron and nuclear spins are antiparallel in the
lowest energy state [1].
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1.1.3 Nuclear Quadrupole Interaction

In systems with nuclear spins I ≥ 1, an uneven charge distribution in the vicinity of the nucleus
causes a local electric field gradient which interacts with the quadrupole moment Q of the nucleus.
The resulting interaction is referred to as the nuclear quadrupole interaction and defined according
to

HNQ = I Q I (1.15)

The nuclear quadrupole interaction tensor Q is symmetric and traceless. It can be seen as a
measure of the extent to which the charge distribution deviates from spherical symmetry [1].
Typically, the principal axis frame is chosen such that the principal values are ordered as follows
|Q1| ≤ |Q2| ≤ |Q3| and the interaction is normally specified in terms of the nuclear quadrupole
coupling constant e2qQ and the asymmetry parameter η, which relate to the three principal values
in the following way

Q =

Q1

Q2

Q3

 =
e2qQ

4I (2I − 1)

η − 1

−η − 1

2

 (1.16)

where eq is the largest magnitude component of the electric field gradient. The term e2qQ can
either be positive or negative, depending whether the electric charge distribution is oblate (Q < 0)
or prolate (Q > 0), and 0 ≥ η ≥ 1. In most cases, the nuclear quadrupole interaction is small and
its effect on the EPR spectrum can therefore often be neglected.

1.1.4 Zero-Field Splitting

For spin systems with an electron spin of S > 1
2 , a splitting of the electronic energy levels occurs

also in the absence of any external magnetic field, due to dipole-dipole interactions and/or second-
order effects of the spin-orbit coupling [1]. This energetic splitting is referred to as the zero-field
splitting and can in most cases be expressed as

HZFS = SDS (1.17)

where D is the zero-field splitting tensor. By convention, the principal values of D are energetically
ordered so that |DY | ≤ |DX | < |DZ |. Typically, the zero-field splitting interaction is parameterised
by the two zero-field splitting parameters D and E defined as D = 3

2 DZ and E = 1
2 (DX − DY ).

In the principal axis system, the Hamiltonian can therefore be expressed as

HZFS = D

(
S2
z −

1

3
S2

)
+ E

(
S2
x − S2

y

)
(1.18)

Further details on the zero-field splitting in the case of triplet states are given in Chapter 5.
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1.1.5 Interactions Between Different Electron Spins

If the molecular system to be investigated is composed of multiple weakly coupled electron spins,
dipolar and exchange interactions between those spin centres need to be considered and can have
an important influence on the experimental spectra. The following discussion shall be limited to a
two-electron spin system with S1 = S2 = 1

2 . The Hamiltonian of such a system is given as

H(S1,S2) = H(S1) +H(S2) +HD +HJ (1.19)

where the subscripts D and J stand for the dipolar and exchange interactions, respectively.

Electron-Electron Dipole Interaction

The Hamiltonian describing the weak dipolar interaction between two electron spins S1, S2 each
with S = 1

2 can be expressed as follows

HD = S1 DS2 =
µ0

4π r3
g1 g2 β

2
e

[
S1 S2 −

3

r2
(S1 r)(S2 r)

]
(1.20)

where the meanings of the different symbols are analogous to those in Equation (1.11). In typical
EPR experiments, the high-field approximation can be assumed to be valid, implying that the
electron Zeeman interaction is much larger than the dipolar interaction. Under these circumstances,
the Hamiltonian can be simplified to

HD =
µ0

4π r3
g1g2 β

2
e

(
1− 3 cos2 θ

)
S1z S2z (1.21)

where, furthermore, isotropic g-tensors were assumed and θ defines the angle between the spin-spin
vector, r, and the static magnetic field direction. Expressed in angular frequency units and defining

ωdd = 2πνdd =
µ0

4π~ r3
g1 g2 β

2
e (1.22)

this Hamiltonian becomes
HD = ωdd

(
1− 3 cos2 θ

)
S1z S2z (1.23)

which is the form commonly used in dipolar spectroscopy.

Exchange Interaction

The exchange interaction defines the energetic splitting between the singlet and corresponding
triplet states in systems with more than one electron spin. In this work, it is defined as

HJ = J S1 S2 (1.24)

where J is the isotropic exchange coupling constant. J-coupling can also be anisotropic owing to
spin-orbit coupling contributions (HJ = S1 JS2), but it is usually safe to neglect any orientation
dependence for spin-spin separation distances above 1 nm [2], which is the case for all systems
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studied in this work. Based on the chosen definition of the exchange coupling Hamiltonian, a
positive J-value indicates antiferromagnetic coupling (ES < ET ), whereas a negative value implies
ferromagnetic coupling and ES > ET .†

While the dipolar interaction is a through-space interaction and depends to a first approximation
only on the distance between the two spin centres, J-coupling is mediated through chemical bonds.
Orbital overlap is thus required for J-coupling to be effective. The effect of J-coupling on EPR
spectra as well as the quantification of exchange coupling by EPR is detailed for the case of copper
porphyrins in Chapters 2 and 4.

1.2 EPR Instrumentation and Basic Experiments

In this section some practical aspects of EPR spectroscopy shall be discussed. We will start with
a short description of the instrumentation for both continuous wave and pulse EPR. The aim
is not to describe any particular instrument, but rather to illustrate which components a typical
EPR spectrometer is composed of and to explain the major functions of these components. After
outlining the instrumentation used in pulse EPR, we shall discuss the effect of spin relaxation on
EPR spectra and explain the most basic and frequently used pulse sequences before moving on
to the description of more advanced pulse experiments in the following sections on hyperfine and
dipolar spectroscopy.

1.2.1 Continuous Wave EPR

In a continuous wave (cw) EPR experiment, a spectrum of a paramagnetic sample is recorded
under continuous microwave irradiation. For technical reasons and in contrast to most other forms
of spectroscopy, the (microwave) frequency is kept constant during the experiment. Rather than
the frequency, the magnetic field is swept to obtain the EPR spectrum. The available microwave
technology limits EPR experiments to certain microwave frequencies and the spectrometers are
therefore typically classified according to their operating frequency. The most commonly employed
frequency bands are X-band (∼9.5 GHz), Q-band (∼34GHz) and W-band (∼95GHz).

The sample prepared for an EPR experiment is contained in a cylindrical EPR tube, normally
made of quartz glass. The outer diameter of the tube depends on the type of spectrometer used
and would typically be equal to 3−4mm for measurements at X-band and to 0.6mm at Q-band.
The Boltzmann population differences between the states involved in an EPR transition are very
small, leading to weak signals. To enhance the sensitivity of the measurement, the sample is
placed in an EPR resonator. These resonators are metal cavities which are designed such that
they concentrate the microwave power at the sample. At the resonance frequency of the cavity, a
standing wave is formed inside the cavity with the magnetic field maximum at the sample position.
Microwaves are generated by a source, which is normally either a klystron or a Gunn diode, are
transported through rectangular wave guides and are then coupled into the resonator cavity via a

†It shall be noted here that different authors often adopt different definitions for HJ. In DFT calculations and in
most of the chemistry literature, the Hamiltonian is for instance defined as HJ = −2 J S1 S2. The opposite sign
implies that antiferromagnetic coupling is in this case indicated by a negative J value.
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hole, referred to as the iris. The dimensions of the iris control the amount of microwaves entering
and exiting the cavity by changing the impedance matching of the waveguide and cavity, and can
slightly be adapted with the help of a so-called iris screw. The iris screw can be adjusted to match
the impedances so that no microwaves are reflected back from the cavity at the resonant frequency
of the cavity. The quality or Q-factor of the resonator indicates how efficiently a particular cavity
stores the microwave energy (i.e. how well the impedances are matched). This Q-factor of the
resonator can be changed within a certain range via adjustment of the iris whereby three different
coupling regimes are generally distinguished: The regime where no microwave power is reflected
back from the cavity at the resonant frequency is referred to as ‘critical coupling’, while ‘under-
coupling’ or ‘over-coupling’ of the resonator are achieved by slightly increasing or reducing the iris
dimensions as compared to critical coupling [3].

When a sample is inserted into an EPR resonator, the resonance properties of the cavity will
change depending on the dielectric properties of the sample. Cw EPR experiments are typically
carried out under critical coupling conditions. The first step after inserting the sample into the
resonator is therefore to adjust the iris at an off-resonance field position to reach critical coupling.
In the experiment, when the magnetic field is swept and becomes resonant with an EPR transition,
the sample will absorb microwave energy and these increased losses in the cavity will lead to an
increase in the impedance of the resonator (under-coupling). As a consequence, microwave power
is reflected back from the cavity to the detector. This reflected power constitutes the EPR signal.

Console

Bridge

ф

1

2
3

Source

Phase shifterBias

Attenuator

Circulator
Diode

Waveguide

Magnet

Resonator

Field controllerCooling

PC

Modulation coils
Sample

Figure 1.1: Overview of the major components of a continuous wave EPR spectrometer. For measure-
ments at low temperatures further equipment is necessary, such as a vacuum turbo-pump, a
temperature control unit and a cryostat connected via a transfer line to a liquid helium or
nitrogen dewar.

Figure 1.1 shows a schematic drawing of the most important components of a cw EPR spectrom-
eter. The resonator containing the sample is placed between the pole shoes of an electromagnet.
Outside the sample compartment, modulation coils are mounted which serve to modulate the
magnetic field as will be explained in more detail below. The microwave source and detector
are contained in a unit referred to as the microwave bridge. A circulator assures that only the
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microwave power reflected from the sample is transferred to the detector. Since the microwave
power cannot easily be adjusted at the source, a variable attenuator is placed between the source
and the circulator. The signal from the sample is typically detected by a Schottky barrier diode
which converts microwave power into electric current. For optimal sensitivity and quantitative
measurements, the diode needs to be operated in its linear regime, at microwave powers above
1 mW, where the output current is proportional to the square root of the incoming microwave
power [3]. To be able to always operate the detector in its linear regime, a reference arm supplies
the detector with some additional microwave power, the bias, which is typically adjusted to yield a
detector current of roughly 200µA. A phase shifter is used in the reference arm before combining
the microwave power from the bias and the sample to ensure that the two signals are in phase.

To further increase the detection sensitivity, cw EPR makes use of field modulation. The
external magnetic field at the site of the sample is sinusoidally modulated at a fixed frequency of
typically 100 kHz. As a consequence, the microwaves reflected back from the cavity are amplitude
modulated at the same frequency. When detecting this oscillating absorption signal with a phase-
sensitive detector, a derivative line shape is obtained as is illustrated in Figure 1.2. Phase sensitive
detection has the advantage that any noise from the detector diode and baseline instabilities due
to electronic drifts can be considerably reduced. A disadvantage, however, is that signals much
broader than the modulation amplitude are difficult to detect since the field modulation will only
lead to very small signal oscillations in those cases [4]. In general, the sensitivity increases with the
modulation amplitude, as long as the latter does not exceed the line width of the EPR transitions
to be detected (i.e. a too large modulation amplitude distorts narrow signals).

B0 / mT

χ
”

dχ
”

/
dB

0

dB0

Figure 1.2: Illustration of the effect of B0 field modulation on an absorptive EPR signal (top). A signal
with a derivative line shape is obtained (bottom).

Finally, the detected derivative signal is processed in the console and acquired on a computer.
In the actual experiment, various parameters related to the data acquisition (such as the time
constant of the phase sensitive detector, the scan speed, microwave power, modulation amplitude
and frequency) need to be optimised to obtain the best possible result. For a detailed discussion
on tuning of the instrument and a description of the optimisation of the parameters, the interested
reader is directed to references [3] and [4].
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1.2.2 Pulse EPR Spectroscopy

In pulse EPR experiments, instead of being continuously irradiated with microwave power, the
sample is exposed to a sequence of strong microwave pulses of nanosecond duration. Depending
on the applied pulse sequence, different information on various interactions in the sample can be
obtained as will become clear in the following sections. The principal components of a pulse EPR
spectrometer are similar to those used in cw EPR. In addition, a pulse forming unit (PFU) and
a high power traveling-wave tube amplifier (TWT) are required, for generation and amplification
of the microwave pulses, and the signal is acquired without making use of field modulation. The
PFU is normally equipped with several channels which allow for an individual adjustment of the
pulse amplitudes and phases. The high-power microwave pulses can additionally be attenuated
using the main attenuator which acts on all channels.

For most pulse EPR experiments, an excitation bandwidth of at least a few tens of MHz is
required. The excitation bandwidth (for rectangular pulses), ∆ν, is inversely proportional to the
pulse duration, tp, which, in most standard experiments, ranges from roughly 4 to 200 ns. Assuming
the validity of the empirical relationship ∆ν ' 1.2

tp
[4], this would correspond to bandwidths of

about 300 to 6MHz. In order to avoid a limitation of the excitation bandwidth of the pulses by
the resonator bandwidth, defined as the frequency difference between the two frequency points
where the power in the resonator is attenuated by a factor of two compared to the centre of the
dip (3 dB points), the resonator has to be overcoupled [4].

Apart from bandwidth considerations, another reason for working with an overcoupled resonator
is related to the recovery time of the spectrometer, the so-called dead-time. The dead-time
depends on the resonator ring-down time‡ and the receiver recovery time (preamplifier overload)
[5]. Normally, ringing of the resonator is the limiting factor and depends on the operating frequency
and the quality factor, Q, of the cavity. Overcoupling of the resonator is required in order to keep
the spectrometer dead-time short, which is particularly important for fast-relaxing samples.

On the other hand, an overcoupled resonator leads to a lower quality factor of the cavity and
consequently lower sensitivity, so the resonator should only be overcoupled as much as needed for
a particular experiment. Working with an overcoupled resonator additionally implies that a large
percentage of the applied microwave power is reflected back to the detector. Since the reflected
power would readily damage the sensitive microwave detector, the latter is protected by a so-
called defense pulse. The defense pulse is an additional pulse from the pattern generator which
determines the time window during which the power reaching the detector is strongly attenuated
by a power limiter or completely blocked using a switch. At X-band, the spectrometer dead-time
for an overcoupled resonator typically amounts to about 100 ns. The signals from the sample
are then detected by downconversion of the microwave signal to video frequencies making use
of difference frequency mixing. At the mixer, the microwave signal coming from the sample is
combined with that from the reference arm. In order not to introduce additional noise, none of the

‡During a microwave pulse, a significant amount of microwave power enters and is stored in the resonator. This
power then radiates towards the receiver after the pulse and needs to be dissipated before data acquisition can
start. The ring-down time of the resonator is given as the time it takes for the microwave power to decay to
the noise level after application of the microwave pulse.
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two components should have an amplitude below the noise-level of the mixer. The signal coming
from the sample is therefore pre-amplified and the bias voltage in the reference arm is maximised.
After the mixer, the final difference frequency signal can be further amplified by adjustment of the
video gain.§ Usually quadrature detection is employed, which allows detection of both transverse
magnetisation components of the signal, referred to as the ‘real’ and ‘imaginary’ signals. The final
signal phase can be adapted with a phase shifter located in the reference arm.

For more advanced experiments, additional equipment, such as a second microwave source or a
radio-frequency (RF) source, amplifier and adapted probe head, may be necessary.

The Effect of Microwave Pulses

In the absence of a microwave pulse, assuming S = 1
2 , the alignment of the spins is either parallel

(α) or anti-parallel (β) to the direction of the external magnetic field, which is defined to be the
z-axis of the laboratory frame. The fraction of spins aligned anti-parallel to the field is slightly
larger at Boltzmann equilibrium, resulting in a net stationary magnetisation along the +z axis.
The spins precess around the z-axis at the electron Larmor frequency ωL corresponding to the
applied magnetic field B0

ωL = ω0 = ge βe B0 (1.25)

When a microwave pulse is applied, the z-magnetisation, Mz , is turned by a flip angle β,

β = γe B1 tp = ω1 tp (1.26)

where ω1 is the amplitude of the B1 field generated by the microwave pulse in angular frequency
units and tp is the pulse length. In many EPR experiments, the applied pulses need to have a flip
angle of either π

2 or π. According to the above equation, this can be achieved either by adjusting
the power of the microwave pulses or their length.

When applying a π
2 pulse along +x , the magnetisation vector is flipped onto the −y axis, and

subsequently rotates in the xy plane at the Larmor frequency. For the sake of convenience, we
shall now introduce a new coordinate system, referred to as the rotating frame, which rotates at
the Larmor frequency ω0 of the on-resonance spins: In the rotating frame, the magnetisation after
application of a π

2 pulse is now stationary in the xy plane along −y .
Since the excitation bandwidth of the available microwave pulses is normally not large enough

as to excite the whole EPR spectrum uniformly, only a small fraction of the spins excited by the
microwave pulse will exactly be on resonance with the microwave frequency ω0. For spins which are
slightly off-resonance, the microwave pulse will not be an ideal π2 pulse and the Larmor precession
frequency ωL will have an offset ∆ω = ωL − ω0 with respect to the microwave frequency. In the
rotating frame, the magnetisation vector corresponding to these off-resonance spin packets will
rotate at the difference frequency ∆ω. Since this difference frequency corresponds to the signal
detected in an EPR experiment, it is most convenient to describe the effect of microwave pulses
on the magnetisation in the rotating frame. The experimentally detected EPR signal V (t) can be
§A change of the gain by 6 dB corresponds to a change in signal intensity by a factor of two, since the signal
intensity is proportional to the square of the microwave power.
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expressed as [6]
V (t) ∝ M0 sinβ

[
cos(∆ω t) + i sin(∆ω t)

]
(1.27)

where quadrature detection of the ‘real’ and ‘imaginary’ signals is assumed and M0 is the thermal
equilibrium magnetisation before the microwave pulse. In the most basic EPR experiments these
signals are then recorded either as a function of time at a fixed field or as a function of field at a
fixed time delay.

In most cases, EPR lines are inhomogeneous, meaning that the contributing spins exhibit different
Larmor precession frequencies even in the case of uniform excitation. An ensemble of spins with
a common Larmor precession frequency is referred to as a spin packet and the corresponding
homogeneous EPR line is characterised by a line width Γhom. Inhomogeneous EPR lines arise from
a superposition of homogeneous lines corresponding to several spin packets with slightly different
centre frequencies.¶

Over time, the excitation of different spin packets with different Larmor frequencies will lead to
a dephasing of the magnetisation in the xy plane. Apart from dephasing due to inhomogeneities
in the sample, different relaxation mechanisms are operative, which will contribute to the gradual
decay of the Mx and My magnetisation components and eventually restore the initial Boltzmann
equilibrium. This decay of the Mx and My components of the magnetisation vector after the pulse
is referred to as the free-induction decay (FID). Figure 1.3 illustrates the effect of a π

2 pulse along
x on the Mz magnetisation using the semi-classical vector picture in the rotating frame. The decay
of the magnetisation is only shown schematically. In Figure 1.4 the time behaviour of the different
magnetisation components after the pulse is compared in the laboratory and rotating frames.
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Figure 1.3: Illustration of the effect of a π
2 pulse applied along the x-axis on the magnetisation using

the semi-classical vector model in the rotating frame. After being rotated onto the −y axis,
the magnetisation in the xy plane decays with time due to different relaxation mechanisms
resulting in an FID signal.

¶While homogeneous lines are typically Lorentzian, inhomogeneous lines are approximately Gaussian in shape. The
homogeneous line width of a spin packet is related to the phase memory time (transverse relaxation) of the
spins.
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Figure 1.4: Illustration of the time behaviour of the different components of the magnetisation vector after
application of a π

2 pulse along x in the laboratory (top) and the rotating (bottom) frames for
a single spin packet.

Relaxation

Relaxation is caused by fluctuations of the local magnetic field in the vicinity of the electron spin,
due to interactions with its environment, and is temperature and field dependent. Generally, two
main relaxation mechanisms are distinguished. Any processes reducing the population difference
between the two electronic spin states involved in the EPR transition, such as spin-flips caused
by dynamic interactions (exchange of thermal energy) of the spins with their local sourroundings,
can cause longitudinal relaxation [7]. This mechanism, also referred to as spin-lattice relaxation,
is characterised by the relaxation time T1 and is responsible for restoring the equilibrium Mz

magnetisation after the microwave pulse. In systems containing transition metals, the modulation
of spin-orbit coupling (i.e. g) is often the main contribution to spin-lattice relaxation and is
responsible for the short T1 values often observed for these compounds [7].

Transverse relaxation, or spin-spin relaxation, described by the relaxation time T2, is usually
caused by energy-conserving spin flip-flops or any other events leading to random fluctuations in
the electron precession frequencies and consequently a loss in phase coherence in the xy plane. For
transverse relaxation, no exchange of energy with the environment is required. However spin-flips
which lead to longitudinal relaxation also cause a loss in phase coherence and therefore contribute
to transverse relaxation [6].

The effect of relaxation on the magnetisation can be incorporated into the so-called Bloch
equations, which are the equations of motion for the individual components of the magnetisation.
These macroscopic equations can only provide a phenomenological picture but are very helpful
for understanding many of the basic EPR experiments. The time-behaviour of the individual
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magnetisation components is given by

dMx

dt
= γ

(
B×M

)
x
− Mx

T2

dMy

dt
= γ

(
B×M

)
y
− My

T2

dMz

dt
= γ

(
B×M

)
z

+
M0 −Mz

T1

(1.28)

whereM is the total magnetisation, the symbol × indicates the cross product and the gyromagnetic
ratio γ can be replaced by βeg in the case of electron spins. In EPR experiments the total magnetic
field B consists of a static field component, B0, along z and a time-dependent component B1,
rotating in the xy plane at frequency ω. With

B =

B1 cos (ωt)

B1 sin (ωt)

B0

 and M =

Mx

My

Mz

 (1.29)

the above expressions yield

dMx

dt
= γ

(
−MyB0 + MzB1 sin(ωt)

)
− Mx

T2

dMy

dt
= γ

(
−MzB1 cos(ωt) + MxB0

)
− My

T2

dMz

dt
= γ

(
−MxB1 sin(ωt) + MyB1 cos(ωt)

)
+

M0 −Mz

T1

(1.30)

In most cases (in solid matrices), T2 is several orders of magnitude shorter than T1. Furthermore,
relaxation can be different for EPR transitions corresponding to differentmI sublevels (and therefore
orientation dependent).‖ Especially for systems containing transition metals, both relaxation times
are strongly temperature dependent. In these cases, the measurement temperature is chosen such
that the T2 value is at least in the µs range, whenever possible, since T2 limits the maximum
length of many pulse sequences that can be applied. At the same time it is advisable to try to
keep T1 reasonably short, since it determines the repetition rate of the experiment and therefore
the duration of the measurement.

Primary and Stimulated Echo

The detection of the FID after application of a single microwave pulse often proves difficult,
especially for fast-relaxing samples, since a lot of information is lost during the spectrometer dead
time (cf. Figure 1.3). This problem can be overcome by applying a second microwave pulse with
flip angle π after a time interval τ as illustrated in Figure 1.5. This pulse sequence is referred to
as the primary echo or Hahn echo sequence. When applying this sequence, differences in Larmor

‖This is usually the case if the modulation of an anisotropic hyperfine interaction contributes significantly to
relaxation.
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precession frequencies, which arise from excitation of different spin packets and lead to a loss of
spin coherence, can be refocussed.
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Figure 1.5: Illustration of the pulse sequence for the Hahn echo (top) and description of the behaviour
of individual spin packets with different Larmor frequencies at selected time points during the
sequence (bottom) by making use of the semi-classical vector model in the rotating frame. The
different arrows in the xy plane represent different spin packets, rotating at their respective
difference frequency ∆ω.

As shown in Figure 1.5, the initial Mz magnetisation is turned onto −y by a π
2 pulse applied

along +x . The magnetisation vectors corresponding to on-resonance spin packets stay along
−y in the rotating frame, while those of spin packets with different Larmor frequency start to
rotate at different speeds, depending on the frequency offset ∆ω, which leads to dephasing of the
magnetisation in the xy plane after a time interval τ . The π pulse which is then applied along +x

turns all magnetisation vectors by 180◦ around the x-axis without affecting their rotation sense
and speed. After a further time interval τ , all magnetisation vectors will be refocussed along the
+y axis and the corresponding peak in signal intensity is referred to as the echo. The echo can be
regarded as a pair of back-to-back FID’s, so if we were able to excite the whole spectrum uniformly,
a Fourier-transform of the second half of the echo should directly yield the EPR spectrum in the
frequency domain [1].

Apart from the primary echo sequence, many other pulse sequences can be imagined which lead
to the formation of an echo. Of particular use is the simulated echo pulse sequence shown in
Figure 1.6. It consists of three π

2 pulses separated by inter-pulse delays of τ and T , respectively.
The stimulated echo is then formed after a time τ following the third pulse.
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Figure 1.6: Illustration of the pulse sequence for the stimulated echo (left) and the polarisation grating
across the inhomogeneous EPR line generated after the first two microwave pulses (right).
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After the first π
2 pulse, the magnetisation fans out in the xy plane as we have seen before

when considering the primary echo sequence. The effect of the second π
2 pulse applied after a

time τ then depends on the offset frequency ∆ω of the individual excited spin packets. The
magnetisation vectors corresponding to on-resonance spins and spin packets with a rotating frame
rotation frequency of ∆ω = 2n π

τ , where n ∈ N0, will be aligned along −y after a time τ and the
second π

2 pulse will turn these vectors onto the −z axis. Any spin packets with rotation frequencies
of ∆ω = (2n−1)π

τ will be aligned along +y at the time t = τ and the corresponding magnetisation
vectors will be rotated back onto the +z axis, while the microwave pulse has no effect on spin
packets with rotation frequencies of ∆ω = (2n−1)π

2τ which will be aligned along ±x [8].
Considering all spin packets, the two first π

2 pulses have the effect of generating an oscillating
Mz magnetisation pattern (polarisation grating) with a period of 2π

τ across the inhomogeneous
EPR line in the frequency domain as shown in Figure 1.6 (right). The transverse magnetisation
remaining after the first two pulses then decays during T , while the longitudinal magnetisation
pattern is transferred to transverse magnetisation by the third π

2 pulse and can be detected after a
time τ in form of the stimulated echo, which can be regarded as an FID of the Mz magnetisation
pattern. A major advantage of the simulated echo pulse sequence as compared to the primary
echo sequence is that its maximum length is limited by T1 rather than T2.

Apart from the stimulated echo, four other echoes are generated in this three pulse sequence
as can schematically be seen in Figure 1.7. In the experiment, it is possible to eliminate these
additional unwanted echoes by making use of phase cycling. In addition, imbalances in the quadra-
ture detection can be compensated this way. When a phase cycle is applied, the phases of the
microwave pulses (and the detector) are changed in subsequent experiments in a predefined way
and the resulting signals of the individual experiments are either added or subtracted so as to
suppress all unwanted echoes. In the case of the stimulated echo sequence, a four-step phase
cycle, composed of two two-step phase cycles ±x applied to the first two microwave pulses of the
sequence, is sufficient to yield the desired result. For more details on coherence transfer pathways
and phase cycling the following reviews are recommended [9–11].
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Figure 1.7: Illustration of the stimulated echo pulse sequence including all stimulated (SE), refocussed
(RE) and primary (PE) echoes formed at different times in the experiment.

Measurement of Relaxation Times

Characterising the relaxation behaviour of a particular sample is not only important for pulse EPR
experiments where relaxation determines the maximum length and repetition rate of a particular
pulse sequence, but also for cw EPR where the knowledge of T1 and T2 can help to choose
an appropriate measurement temperature and avoid power saturation effects. Furthermore, the
relaxation rates determine the intrinsic line widths of the EPR transitions.
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The determination of T1 and T2 often proves difficult in practice, since a variety of additional
processes contribute to apparent relaxation other than the spin-flips and spin flip-flops generally
thought to be responsible for spin-lattice and spin-spin relaxation, respectively. One complication
arises, for instance, from the contribution of processes referred to as spectral diffusion.

The term spectral diffusion encompasses all processes that move spin magnetisation between
different positions in the EPR spectrum [7] and the effect becomes apparent due to the limited
bandwidth of the applied microwave pulses. Usually, the EPR lines are relatively broad so that not
all spins can be excited (uniformly) and we consequently need to consider the presence of excited
and non-excited spins. Although the non-excited spins do not, in principle, contribute to the EPR
signal, spin flip-flops in the non-excited spin manifold, for instance, can cause changes in the local
field at the position of the excited spins which can result in a transfer of magnetisation to parts
of the spectrum outside the detection window. In general, spectral diffusion can be caused by
many different processes such as electron-electron exchange, electron-nuclear cross relaxation or
nuclear spin flip-flops [7]. Such or similar processes lead to a loss in spin coherence and appear as
relaxation.

Due to the presence of various relaxation pathways, the relaxation curves measured in an EPR
experiment are normally not mono-exponential and, depending on the sample and measurement
conditions, it can therefore become difficult to extract the ‘true’ time constants for T1 and T2.
The spin-lattice relaxation time T1 is most often measured either by echo-detected saturation
or inversion recovery methods [12]. In an inversion recovery experiment, a strong microwave π
pulse initially inverts the magnetisation to the −z axis. In the following, the delay T between the
inversion pulse and an echo detection sequence is varied and the magnetisation is recorded as a
function of T . A drawback of using the inversion recovery pulse sequence is that any spectral
diffusion processes with time constants shorter than T1 will contribute to the measured relaxation
curve [12].

Making use of saturation recovery methods, the effects of spectral diffusion on the recorded
relaxation curves can be limited. In a saturation recovery experiment, a long π pulse is initially
applied to saturate the EPR transition and suppress the effects of spectral diffusion on the recovery.
As it is also the case in an inversion recovery experiment, the magnetisation is then monitored as a
function of the delay T between the initial pulse and an echo detection sequence. To separate the
effects of spectral diffusion from the ‘true’ T1 value, the length of the initial saturating microwave
pulse is increased until a limiting value is obtained for the relaxation time, which should correspond
to T1 [12]. The application of this classical saturation recovery sequence with only one, long,
saturation pulse can be hindered by technical limitations which do not allow one to make the
pulse as long as required (length of the TWT gate). This limitation can partially be overcome by
using the picket-fence method [12, 13] where the long π saturation pulse is replaced by a series
of π-pulses. However, in this case, the time between the individual π pulses must be kept short
relative to the spectral diffusion time to limit unwanted contributions to the measured relaxation
curves.

The pulse sequence for the measurement of T1 by saturation recovery using the Picket fence
method is shown in Figure 1.8. To build up the relaxation curve, the magnetisation is probed as
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a function of the delay T , between the Picket fence pulse train and the echo detection sequence,
which is normally incremented logarithmically according to

Ti+1 = Ti + i ∆tstep (1.31)

where ∆tstep is the chosen non-linear time step.
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Figure 1.8: Illustration of the pulse sequence for the measurement of T1 by echo-detected saturation
recovery in combination with the Picket fence method.

The transverse relaxation time T2 is usually approximated by measurement of the phase-memory
time Tm. In a Tm measurement, the integrated Hahn echo intensity, I , is recorded as a function
of the inter-pulse delay τ and the resulting curve can be fitted to obtain Tm using the following
relationship

I (τ) ∝ exp

(
− 2τ

Tm

)
(1.32)

The relaxation rate obtained this way contains contributions from all different processes causing
loss of electron spin coherence, which needs to be considered in the interpretation of the data if
accurate values for T2 are required.

FID and Echo-detected Field-swept EPR Spectra

The FID and echo pulse sequences discussed above can not only be used as detection sequences in
more complicated EPR experiments but can also serve to record the EPR spectra of the compounds
under investigation. In such experiments, the integrated FID or echo intensities are recorded as
a function of the magnetic field. Compared to cw EPR, the spectra recorded with pulse EPR
techniques can often provide complementary information. The use of cw EPR can, for instance,
be unsatisfactory in cases where the EPR spectrum consists of both narrow and broad lines,
since it may be difficult to find a good compromise regarding the modulation amplitude. A large
modulation amplitude enhances the intensities of broad lines, but distorts the shape of narrow
lines, whereas a small modulation amplitude might be needed to avoid line shape distortions but
implies low sensitivity and the detection of broad features is hindered [6]. While in cw EPR the
derivative of the EPR spectrum is detected with the use of field modulation, the application of
pulse EPR techniques directly yields the absorption spectrum.

The shape of echo-detected field-swept EPR spectra is dependent on relaxation occurring during
the free evolution period τ . If relaxation is strongly field-dependent, typically in the case of broad,
anisotropic spectra (leading to orientation-dependent relaxation times), the spectral shape will
be different depending on the chosen τ value. Additionally, nuclear modulation effects might
lead to spectral shape distortions as they are likely to be orientation-dependent, if present. The
contribution of nuclear modulations, which will be discussed in more detail in the next section,
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arises from the excitation of forbidden EPR transitions and can therefore be limited by the use of
long (i.e. spectrally narrow and thus selective) microwave pulses. In addition, the line width in
echo-detected field-swept EPR also depends on the chosen integration window.

Due to these different causes of spectral distortion, it might in some cases be difficult to directly
interpret the shape of the measured pulse EPR spectra, however the field-dependence of nuclear
modulations and relaxation times can also be useful in some cases, for instance to separate spectra
of different species [6]. A great advantage of recording spectra by pulse EPR as compared to cw
EPR is the time resolution. The use of pulse EPR makes it possible to study short-lived transient
species since the time resolution of the spectrum is solely determined by the time interval between
the event creating the transient species (often a laser pulse) and the first microwave pulse. This
time interval is generally referred to as the ‘delay after flash’ (DAF) and can be varied to study
the lifetime of transient species.

FID detection of field-swept pulse EPR spectra has the disadvantage over echo-detection that it
can only be used for slowly relaxing species. For short-lived species the most important information
- or even all information - may be buried in the dead time. If FID detection is possible, it has the
advantage that the shape of the spectrum is independent of relaxation and also nuclear modulations
do not contribute. The shape of an FID integral detected EPR spectrum should theoretically be
identical to the shape of the corresponding integrated cw EPR spectrum.

1.3 Hyperfine Spectroscopy

Having discussed the most basic pulse EPR experiments in the preceding section, this section shall
be concerned with the principles of hyperfine spectroscopy including Electron Spin Echo Envelope
Modulation (ESEEM) and Electron Nuclear DOuble Resonance (ENDOR) techniques. Both of
these groups of techniques are commonly applied and provide complementary information about
the coupling of the electron spin to nuclear spins in its vicinity. They measure hyperfine couplings
and therefore probe the distribution of the electron spin density within the structure. Applications
include the study of molecular structure, coordination effects and electron spin delocalisation.

The magnitude of the coupling to be detected and the available spectrometer frequency bands
normally determine whether ESEEM or ENDOR techniques are more suitable for a particular ap-
plication. In general, ESEEM techniques are more sensitive for small couplings. The strongest
ESEEM modulations are observed when the nuclear Larmor frequency is of the same order of mag-
nitude as the hyperfine coupling constant to be detected. This matching regime cannot always
be achieved due to technical restrictions regarding the spectrometer frequencies. ENDOR is more
sensitive for the measurement of hyperfine couplings larger than about 5MHz. While the interpre-
tation of ENDOR spectra is often more straightforward, the presence of combination frequencies,
matrix signals and uncertainties in dead-time reconstruction can complicate the analysis of ESEEM
time traces [6].
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1.3.1 ESEEM & HYSCORE

The echo decay measured by variation of the time intervals τ or T in the primary or stimulated echo
pulse sequences may be modulated by nuclear transition frequencies. If the hyperfine couplings of
the system are evaluated from such an experiment, the corresponding two- or three-pulse sequence
with varying inter-pulse delay, is referred to as the 2-pulse or 3-pulse ESEEM sequence.

2-pulse ESEEM

To explain the modulation of the primary echo decay by nuclear frequencies, we shall consider a
model system with one electron and one nuclear spin, with S = I = 1

2 and make use of the vector
model. For a nuclear ESEEM effect to be observed, the quantisation axes of electron and nuclear
spins must be different, which requires an anisotropic hyperfine interaction and a comparable
magnitude of nuclear Zeeman and hyperfine interactions. Since anisotropic hyperfine interactions
are required, ESEEM modulations are only observed in the solid state at a field position which
does not correspond to one of the principal axes of the A-tensor [6].

Figure 1.9 gives an overview of the energy levels and transitions in the model system consisting
of an electron and a nucleus. Splitting of the electron spin levels in a magnetic field due to
the electronic Zeeman (EZ), nuclear Zeeman (NZ) and hyperfine (HF) interactions results in four
energy levels, referred to as the |βα〉, |ββ〉, |αα〉 and |αβ〉 states, in the order of increasing energy,
where the notation |mSmI 〉 was adopted. The energetic order of the states shown in the figure
applies for weak coupling to a nucleus with positive γ, such as a proton. Between the four states,
six transitions are possible, corresponding to formally allowed EPR transitions with ∆mS = ±1

and ∆mI = 0, formally forbidden EPR transitions with ∆mS = ±1 and ∆mI ± 1, and nuclear
transitions with ∆mI = ±1 and ∆mS = 0.
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Figure 1.9: Schematic illustration of the energy levels and transitions in a four-level system consisting of
an electron and a nucleus, with S = I = 1

2 . EPR transitions are indicated in blue, where the
letters a and f stand for allowed and forbidden transitions, respectively, and nuclear transitions
are marked in red.

In the figure, EPR transitions are indicated in blue, whereas nuclear transitions are marked in red.
The EPR frequency spectrum of such a system consists of four lines (cf. Figure 1.9, right), where
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the spacing of the lines depends on the nuclear transition frequencies ωα = |ω12| and ωβ = |ω34|
and the relative intensity of the two formally forbidden EPR transitions is strongly dependent on
the coupling regime. In Figure 1.9 the situation is shown in the weak coupling regime where
|A| < 2 νI .

In an ESEEM experiment, short (i.e. non-selective) microwave pulses are applied, which excite
both the allowed and forbidden EPR transitions. For simplicity, we shall only consider the excitation
of a pair of EPR transitions originating from a common energy level, namely the ω13 and ω23

transitions with a frequency offset of ωα. We shall further assume that the microwave frequency
is in resonance with ω13 [8].

Figure 1.10 shows the behaviour of the two magnetisation vectors in the xy plane at various
time points in the 2-pulse ESEEM sequence. After the first microwave π

2 pulse applied along x ,
both components, a and f , corresponding to the allowed and forbidden EPR transitions with their
respective frequencies ω13 and ω23, are aligned along −y . During the first evolution period τ only
the vector labelled f precesses in the rotating frame with frequency ∆ω = ω23 − ω13 = ωα, while
vector a precesses at ω13 and is therefore static in the rotating frame. The π pulse then rotates
the magnetisation vectors by 180◦ around x and, at the same time, leads to a redistribution of
electron coherence, which gives rise to the new components a′ and f ′. Since a and a′ are on
resonance, only f and f ′ precess in the following second evolution period at the frequency ωα.
After a time interval τ following the second pulse the vectors a and f will be aligned along y and
give rise to an echo, however, the echo intensity will be reduced as compared to the case where
only allowed transitions are excited, since the components a′ and f ′ will in most cases refocus
at an orientation other than y . The orientation of these two vectors at the end of the sequence
(t = 2τ), and therefore their contribution to the echo (i.e. projection onto the y -axis), depends
on the inter-pulse delay τ .

Local intensity maxima are observed for τ = n 2π
ωα

, where n ∈ N0. The echo decay is thus
modulated by cos (ωατ) and the nuclear transition frequency ωα can be obtained after subtraction
of a decaying background function followed by Fourier transformation of the time trace.
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Figure 1.10: Schematic illustration of the redistribution of electron coherence after excitation of an allowed
(ω13) and a forbidden (ω23) EPR transition sharing a common energy level in a 2-pulse
ESEEM experiment. The behaviour is shown in the rotating frame and ω13 is assumed to
coincide with the microwave frequency. The frequency offset of the magnetisation vectors f ′

and a′ at the end of the sequence depends on τ and ∆ω = ω23 − ω13. The echo decay as a
function of τ is consequently modulated by the nuclear transition frequency ωα.
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In an actual 2-pulse ESEEM experiment, several pairs of (a/a, f /f , and) a/f -transitions are
excited, which, in addition to ωα and ωβ , also gives rise to modulations at the combination frequen-
cies ω+ and ω− indicated in Figure 1.9. As can be inferred from Figure 1.10, the modulation depth
in such an experiment depends on the relative intensities of the allowed and forbidden transitions.
The nuclear modulation effect is maximised if the allowed and forbidden EPR transitions have
equal intensities which is achieved in the so-called exact cancellation regime, where the hyperfine
and nuclear Zeeman interactions become equal in magnitude, i.e. |A| = 2 |νI |. In this regime, mI

and mS are no longer good quantum numbers, leading to a break-down of the EPR selection rules
and to four transitions with equal transition probabilities.

Consequently, to maximise the nuclear ESEEM effect, the experiments should be performed at a
microwave frequency where the magnitude of the nuclear Larmor frequency equals the magnitude
of the hyperfine coupling to be detected. For reference, Table 1.1 gives an overview of the Larmor
frequencies of a range of nuclei at the most common spectrometer frequencies.

Table 1.1: Overview of the nuclear Larmor frequencies of several nuclei at different frequency bands as-
suming g = ge and microwave frequencies of 9.5, 34 and 95GHz for X-, Q- and W-band,
respectively. All Larmor frequencies are given in MHz.

Band νL(1H) νL(2H) νL(13C) νL(14N) νL(15N)

X 14.5 2.2 3.6 1.0 1.5
Q 51.5 7.9 13.0 3.7 5.2
W 144 22.2 36.3 10.4 14.6

It can for example be seen that small nitrogen couplings of the order of 1MHz are best detected
at X-band, however since most nuclei have similar Larmor frequencies at X-band, making use of
higher spectrometer frequencies might allow a better separation of the contributions originating
from different nuclei.

So far, to illustrate the use of certain pulse sequences, we have explained the effect of microwave
pulses on the magnetisation in terms of the semi-classical vector model. In the case of the excitation
of allowed and forbidden transitions and to understand the details of more complicated pulse
sequences, it can however be preferable to discuss the spin dynamics in the framework of quantum
mechanics using the density matrix or product operator formalisms [1, 6]. Although a detailed
discussion of these formalisms is beyond the scope of this introduction, we shall nevertheless
outline the basic ideas in this section and review the 2-pulse ESEEM sequence using the density
matrix terminology. For additional information, the interested reader is referred to the pertinent
literature in the field [1, 6] and references therein.

Density Matrix Formalism

The state of any quantum mechanical system can be entirely described by a matrix ρ of dimension
n × n, referred to as its density matrix. The dimension, n, can be calculated for N electrons and
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L nuclei of spin quantum number J, according to

n = 2N ·
L∏

i=1

2Ji + 1 (1.33)

Consequently, for a two-spin system composed of an electron and a nuclear spin with S = I = 1
2 ,

we have n = 4. Let us first consider a single electron spin with S = 1
2 . This electron spin can

either be in its |α〉 or |β〉 state and the corresponding wavefunction |ψ〉 can be described as a
linear combination of the two states

|ψ〉 = c1|α〉+ c2|β〉 =

(
c1

c2

)
(1.34)

where c1 and c2 are complex coefficients satisfying the normalisation condition |c1|2 + |c2|2 = 1.
The density matrix is then defined as the outer product of the wavefunction

ρ = |ψ〉〈ψ| =

(
c1

c2

) (
c∗1 c∗2

)
=

(
|c1|2 c1c

∗
2

c∗1c2 |c2|2

)
(1.35)

where the subscript ∗ denotes the complex conjugate. The diagonal elements of the density matrix
are real quantities and indicate the probabilities of finding the particle in the respective state
as can be seen from the above equation. Diagonal elements are referred to as populations, P ,
and differences between population states are called polarisations and correspond to longitudinal
magnetisation (Mz). Off-diagonal elements, which are superpositions of population states, are
termed coherences. While populations are stationary, coherences are time-dependent. In an EPR
experiment, coherences are detected, which correspond to magnetisation in the xy plane (Mx ,
My ).

The time evolution of the density matrix is described by the Liouville-von-Neumann equation

dρ

dt
=

i

~
[ρ,H] (1.36)

which, for a time-independent Hamiltonian, yields

ρ(t) = exp (−iH∆t/~) ρ0 exp (iH∆t/~) (1.37)

where the exponential operator, exp (iH∆t/~), is called a propagator [6]. Even the effect of
complicated EPR pulse sequences on the magnetisation can conveniently be described using the
density matrix formalism, where the pulse sequence is divided into several time intervals governed
by different time-invariant Hamiltonians and the effect of pulses or free evolution periods on the
initial density matrix, ρ0, is simulated in analogy to Equation (1.37). The state of the system can
then be probed at any time and the result is obtained by calculating the expectation value of any
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desired operator such as Sy according to

〈Sy 〉 = trace (Sy ρ(t)) (1.38)

Microwave pulses excite different transitions between population states and consequently gener-
ate coherences between them. In the course of an EPR experiment coherences can be transferred,
resulting in the generation of polarisation, nuclear coherence or different electron coherence. Fi-
nally, at the end of the experiment, the remaining in-phase electron coherence is detected. In the
2-pulse ESEEM experiment described before, electron coherence generated by the first π

2 pulse is
transferred between allowed and forbidden EPR transitions as an effect of the second microwave
pulse. The 4× 4 density matrix of the system can be visualised as shown in Figure 1.11. Allowed
EPR transitions are always single-quantum (SQ) transitions, whereas forbidden EPR transitions
can be divided into zero-quantum (ZQ) and double-quantum (DQ) transitions depending on the
value of ∆mS + ∆mI .
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Figure 1.11: Schematic visualisation of the elements of a density matrix for a four-level system composed
of an electron and nuclear spin with S = I = 1

2 . Populations are labelled with the letter
P whereas electron and nuclear coherences are labelled according to their coherence order
as zero-quantum (ZQ), single-quantum (SQ) and double-quantum (DQ) coherences. The
adopted colour scheme coincides with that of the preceding figures.

3-pulse ESEEM

The 3-pulse ESEEM experiment relies on the stimulated echo pulse sequence shown in Figure 1.6.
While in 2-pulse ESEEM only electron coherences are mixed, the second π

2 pulse in 3-pulse ESEEM
transfers electron into nuclear coherence which subsequently evolves during T [8]. The third pulse
then transfers the nuclear coherence back to electron coherence which is detected. In contrast to 2-
pulse ESEEM, the modulations observed in 3-pulse ESEEM do not contain the sum- and difference
frequencies, ω+ and ω−, which potentially simplifies the analysis. A complication however, arises
from the fact that the amplitudes of the frequencies ωα and ωβ do not only depend on T ,
but also on τ . In a standard 3-pulse ESEEM experiment only T is incremented, whereas the
value for τ needs to be chosen and is kept constant. Depending on the chosen value of τ , the
modulation amplitude for certain nuclear frequencies will be zero, leading to the suppression of
the corresponding peaks in the ESEEM spectrum. Frequencies with zero modulation amplitude
are referred to as ‘blind spots’ and occur for nuclear frequencies of ωα/β = n 2π

τ , with n ∈ N0. To
compensate for the blind spot behaviour, it is generally recommended either to use short τ values
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which satisfy the condition τ < 2π
ωα/β, max

or to record 3-pulse ESEEM time traces for several τ
values and combine the results.

An advantage of 3-pulse ESEEM over 2-pulse ESEEM is the narrower line width of the peaks and
therefore better resolution generally observed. This is due to the fact that in 2-pulse ESEEM nuclear
frequencies are measured as differences between electron transition frequencies [6]. Consequently,
the experimental line width, which is inversely proportional to the relaxation time, is determined
by the electron rather than the nuclear coherence decay. While electron coherence decays with
Tm, the transverse nuclear relaxation time is rather of the order of T1 of the electrons and so the
lines observed in a 2-pulse ESEEM experiment are broader than would be expected. In 3-pulse
ESEEM, nuclear coherences are created and decay with their characteristic time constant during
T , resulting in narrower lines. Additionally, the maximum length of the time trace which can be
recorded is increased significantly as compared to 2-pulse ESEEM.

HYSCORE

Correlation between the nuclear frequencies of different mS manifolds can be achieved in a two-
dimensional experiment referred to as HYSCORE for HYperfine Sublevel CORrElation spectroscopy
[6], which has been proposed in the 1980s by Höfer et al. [14].

The pulse sequence used in HYSCORE, shown in Figure 1.12, is similar to the 3-pulse ESEEM
sequence, only that the evolution period T is divided in two time intervals, t1 and t2, by a non-
selective π pulse which mixes nuclear coherence between the different mS manifolds. The intervals
t1 and t2 are incremented separately to obtain a two-dimensional data set. After background
correction and 2D-Fourier transformation a two-dimensional frequency correlation map is obtained.
Nuclear coherence which has evolved with frequency ω12 during the time interval t1 will evolve
with frequency ω34 during t2 and vice versa, leading to the observation of cross peaks at (ωα,ωβ)

and (ωβ,ωα).
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Figure 1.12: Illustration of the pulse sequence for HYSCORE.

Unwanted coherence transfers, due to the excitation of forbidden EPR transitions, additionally
result in axial peaks at positions (ωα, 0), (ωβ, 0), (0,ωα), (0,ωβ) in the HYSCORE spectrum.
Since the transfer of nuclear coherence by the mixing π pulse is rarely complete due to pulse
non-ideality,∗∗ additional diagonal peaks are normally observed.

In the weak coupling case, |A| < 2|νI |, the wanted cross-peaks appear in the (+/+) quadrant
of the spectrum, whereas they can be found in the (−/+) quadrant in the case of strong coupling.
Similar to 3-pulse ESEEM, blind spots also occur in HYSCORE experiments and need to be

∗∗Since not all spin packets are on resonance with the π pulse, not all nuclear coherence is influenced by the pulse
and continues to evolve at the same frequency during t1 and t2 leading to peaks at (ωα,ωα) and (ωβ ,ωβ). It
is therefore advisable to make the π mixing pulse as short as possible to achieve a large excitation bandwidth.
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considered in the analysis. More details on the experiment and interpretation of the spectra can
for example be found in [6].

1.3.2 Pulse ENDOR

Apart from ESEEM, the other type of spectroscopy which can be used for the measurement of
hyperfine coupling constants by EPR is ENDOR. In contrast to ESEEM, ENDOR measurements
require additional equipment such as a resonator equipped with RF coils as well as a radio-frequency
source and amplifier connected to the probe head and interfaced with the spectrometer software.

Mainly two different pulse sequences are in use for pulse ENDOR experiments, which are referred
to as Mims and Davies ENDOR, respectively, and are both based on the transfer of spin polarisation
between electron and nuclear transitions. The use of Davies ENDOR should generally be preferred
for large couplings, whereas Mims ENDOR performs better for smaller nuclear frequencies.

Depending on the relative magnitude of the hyperfine coupling to be detected as compared
to the nuclear Larmor frequency, we distinguish a weak and a strong coupling regime. In the
weak coupling regime, |A| < 2|νI |, the two nuclear transitions are centred around the nuclear
Larmor frequency νI and are separated by the hyperfine coupling constant A, whereas in the
strong coupling regime, |A| > 2|νI |, the transitions are centred around A

2 and separated by 2νI .
Compared to ESEEM spectra, the interpretation of ENDOR data is normally more straightforward
since only nuclear single quantum transitions are observed. In the following description of the pulse
sequences, we shall again base our discussion on a model system composed of an electron and a
nucleus with S = I = 1

2 and assume an isotropic hyperfine coupling constant A.

Davies ENDOR

The pulse sequence applied in Davies ENDOR is shown in Figure 1.13. A long microwave π pulse
selectively inverts the polarisation of one of the two allowed EPR transitions and is followed by a
mixing period, T , during which a selective radio-frequency π pulse is applied. Finally, changes in
polarisation induced by the RF pulse are measured using a two-pulse echo detection sequence.

In the experiment, the RF frequency is swept and the integrated EPR echo intensity is probed as
a function of the radio-frequency. Whenever the RF pulse is in resonance with a nuclear transition
of the system, a polarisation transfer occurs which has the effect of saturating both EPR transitions
as schematically illustrated in Figure 1.13. As a consequence, the EPR echo intensity is reduced,
resulting in a spectrum with peaks at the nuclear transition frequencies.

In most cases, non-selective microwave pulses are used to detect the changes in polarisation and
the overall echo shape then results from two contributions: In the centre of the echo, an intense
narrow echo signal is observed which arises from the contribution of all spin packets which were not
inverted by the selective π microwave preparation pulse but excited by the nonselective microwave
pulses of the detection sequence. This narrow signal is superimposed on a broad echo signal with
opposite phase originating from the hole created by the first microwave and radio-frequency pulses.
To obtain the ENDOR spectrum, the whole echo should be integrated [6].
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Figure 1.13: Illustration of the pulse sequence and the polarisation transfer induced by the pulses in Davies
ENDOR.

Ideally, in order to avoid power saturation effects resulting in (power) broadening of the signals,
the length of the RF π pulse should be longer than the nuclear phase memory time. In addition,
longer RF pulses increase the selectivity. However, the length of the RF π pulse is limited by the
maximum length of T and therefore by T1. In many cases, it is thus advantageous to perform EN-
DOR experiments at low temperatures to increase not only T1 but also the Boltzmann population
differences between the energy levels and hence the sensitivity.

The detection of a Davies ENDOR signal can become difficult for small hyperfine couplings,
owing to the excitation bandwidth of the microwave pulses. If the two EPR transitions can no
longer be excited selectively, both EPR transitions are excited by the inversion pulse and the RF π
pulse, even if on resonance, cannot have any effect on the populations. Generally, in the presence
of small hyperfine couplings of only a couple of MHz, the use of Mims ENDOR should be preferred.

Mims ENDOR

The Mims ENDOR pulse sequence is based on the stimulated echo sequence and is shown in
Figure 1.14. Non-selective microwave pulses are used and blind spots are observed as discussed
before for 3-pulse ESEEM. The first two π

2 pulses prepare a polarisation grating and are followed
by a mixing period T during which a selective RF π pulse is applied. The excitation of a nuclear
transition by the RF pulse leads to a shift in the Larmor precession frequency of the electron
spins, which is determined by the magnitude of the hyperfine coupling. As a consequence, the
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magnetisation cannot be refocussed completely by the third microwave pulse and the echo intensity
is reduced [6]. When plotting the integrated echo intensity as a function of the radio-frequency,
we obtain a spectrum reflecting the frequencies of the nuclear transitions.
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Figure 1.14: Illustration of the pulse sequence for Mims ENDOR.

Due to the presence of blind spots, the Mims ENDOR efficiency varies periodically as a function
of the nuclear transition frequency according to

IMims ∝ 1− cos (2πAτ) (1.39)

Consequently, depending on the chosen value for τ , selective frequencies in the ENDOR spectra
are suppressed. For a given τ value, blind spots occur for nuclear frequencies of

νblind =
n

τ
n ∈ N0 (1.40)

whereas intensity maxima are observed for

νmax =
n + 0.5

τ
n ∈ N0 (1.41)

To limit spectral distortions, it is therefore recommended to always repeat the experiment with
a range of different τ values and to add the individual results. To illustrate the effect of blind
spots, an example of the variation in the relative ENDOR intensity as a function of the nuclear
transition frequency is shown in Figure 1.15 for three different τ values and their (normalised)
sum. The number of blind spots can be limited by the use of relatively short τ values, however the
spectrometer dead time usually precludes the use of inter-pulse delays shorter than about 100 ns.

|(νRF - νn)| / MHz

120 ns 180 ns240 ns

sum

Figure 1.15: Illustration of the relative Mims ENDOR intensity as a function of the nuclear transition
frequency for different τ values of 120, 180, and 240 ns and their sum.
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Regarding the variation of the ENDOR intensity as a function of τ it is interesting to note
that the choice of a large τ value can sometimes be advantageous for the detection of very small
hyperfine couplings. For couplings of the order of 1MHz, maximum efficiency is for example
obtained for a value of τ = 500 ns [6]. However such large τ values will result in an increased
number of blind spots and should/can only be used if transverse relaxation is relatively slow.

Apart from hyperfine couplings between the electron spin and nuclear spins of the same molecule,
also more distant nuclei can contribute to the ENDOR signal under some circumstances. Especially
if the experiments are performed in frozen protonated matrices, distant (solvent) protons can give
rise to small couplings which result in the observation of a matrix line at the 1H Larmor frequency.

Due to the blind spot behaviour, it is generally difficult to compare peak intensities and line
shapes for spectra measured using Mims and Davies ENDOR. In addition, the use of non-selective
pulses in Mims and selective microwave pulses in Davies ENDOR can potentially lead to differences
in the shape of the recorded spectra since different fractions of spins contribute to the signal in
those two cases. Because more spin packets are excited in Mims ENDOR, the latter technique is
inherently more sensitive.

1.4 Dipolar Spectroscopy

Information on the weak dipolar interaction, D, between two coupled electron spins in a nano-
object can be obtained by a range of different spectroscopic techniques including cw as well as pulse
EPR. We will base the following discussion on a system composed of just two (identical) coupled
spin centres with spin S = 1

2 , which will be referred to as the A and B spins. Since the dipolar
interaction is inversely proportional to the cube of the distance between the two spin centres,
dipolar spectroscopy is often used for the determination of distances and distance distributions,
yielding valuable information about molecular structure, conformations and flexibility.

The use of EPR has a couple of advantages over other techniques commonly applied for the
investigation of (long-range) molecular structure, such as nuclear magnetic resonance (NMR) and
X-ray crystallography. X-ray diffraction typically requires the availability of single crystals, which
often cannot easily be obtained. Furthermore, X-ray experiments are performed in the solid state,
where the investigated compounds might adopt a different conformation to that in solution or
biological environments and no dynamic information can be extracted. In NMR experiments, the
accessible distance range for molecular interactions is shorter and NMR is inherently less sensitive
due to the larger magnetic moment of the electron spin as compared to nuclear spins [2]. In
addition, NMR measurements typically become difficult to analyse for large structures or when
paramagnetic centres are present.

Depending on the molecular structure and inter-spin distance, not only the dipolar interaction
but also the exchange coupling interaction, J, between the two considered spin centres might be
significant. The magnitude of J as compared to D defines the applicable coupling regime. In the
weak coupling regime, we have

|ωA − ωB | �
∣∣∣J +

ωdd

2

∣∣∣ (1.42)

whereas in the strong coupling regime the opposite holds true.
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When introducing the electron dipole-dipole interaction in Equations 1.23 and 1.22, we have
seen that its magnitude depends on the distance, rAB , between the two spin centres as well as the
angle, θ, between the spin-spin vector, r, and the direction of the external magnetic field according
to

D =
1

r3
AB

µ0

4π~
gAgBβ

2
e

(
1− 3 cos2 θ

)
= ωdd

(
1− 3 cos2 θ

)
(1.43)

In a powder or isotropic frozen solution all molecular orientations are equally likely, however much
fewer of these orientations correspond to an angle θ of 0◦ as compared to 90◦. Considering all
orientations, a sin θ weighting needs to be applied and the resulting powder pattern for a single
distance rAB is referred to as a Pake pattern.

Figure 1.16 shows the Pake pattern for an inter-spin distance of 1.3 nm in the weak and strong
coupling regimes. The points of maximum intensity correspond to orientations where θ = 90◦,
whereas the outer edges of the Pake pattern indicate the dipolar coupling strength at θ = 0◦.

ν / MHz

weak couplingνdd
strong coupling

3
2
νdd

r = 1.3 nm

Figure 1.16: Pake pattern for a distance of 1.3 nm in the limits of weak and strong coupling.

In the weak coupling regime, the points of maximum intensity are separated by νdd and the
edges of the Pake pattern by 2νdd in the absence of exchange coupling. Small exchange couplings
shift the turning points of the Pake pattern and the two distances become νdd − J and 2νdd + J,
respectively [15]. For larger J values, the strong coupling regime might become applicable, where
the points of maximum intensity are separated by 3

2νdd and the outer edges by 3νdd . In the
strong coupling regime, the Pake pattern does not contain any information on the magnitude of
the exchange coupling.

In the following, we will discuss how distance information can be extracted from different types of
EPR measurements based on the measurement of electron dipolar interactions. Short distances up
to roughly 2 nm can be detected making use of cw EPR, whereas longer distances between roughly
1.5 and ∼8 nm can be measured by pulse EPR techniques [16, 17]. Unless otherwise stated, we
shall assume for most parts of the discussion that the influence of the exchange interaction J is
negligible. In fact, it is very often assumed in the literature that J-couplings can be neglected
for distances greater than 1 or 1.5 nm due to the approximately exponential dependence of the
exchange coupling on distance. However, it has to be mentioned at this point, that the validity of
this assumption always needs to be carefully verified in experiments, especially when dealing with
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highly conjugated systems. Several cases are known, where significant exchange coupling was still
observed for distances greater than 3 nm [18]. In this work, the manifestation of exchange coupling
in cw EPR spectra and pulse dipolar spectroscopy is examined in Chapters 2 and 4.

1.4.1 Manifestation of Dipolar Coupling in cw EPR

If the distance between the two spin centres is shorter than about 1 nm, information on the dipolar
coupling can often be inferred from the intensity of the so-called half-field transition [15, 16, 19, 20].
At those short distances, exchange coupling leads to mixing of the singlet and |T0〉 states, whereas
the |T+〉 and |T−〉 states are essentially unaffected and are shifted by the dipolar interaction D

in the same way. The formally forbidden double quantum transition with ∆mS = ±2 becomes
partially allowed and its intensity depends on D. At a given microwave frequency, this transition
occurs at half the field strength as compared to the respective allowed single quantum transition,
hence the name. It has been shown that the ratio of the integrated intensity of the half-field
transition to the integrated intensity of the single-quantum transition can be related to the inter-
spin distance, rAB , and is independent of J as long as J is isotropic [15, 16].

If the inter-spin distance ranges between 1 and ∼1.8 nm and no half-field signals are observable,
information on the distance can be obtained from an analysis of the cw EPR line shape [15].
Whether the effect of dipolar coupling on the line shape of the cw EPR spectrum is significant
depends on the relative magnitude of the dipolar coupling as compared to the overall spectral
width. In samples with large g or A-tensor anisotropies and therefore broad spectra, dipolar
couplings above 1.5 nm might not have any discernible effect. The dependence of the magnitude
of the dipolar coupling on the inter-spin distance, rAB , is shown in Figure 1.17 for g = ge . It can
be seen that the expected coupling for a distance of 1 nm is about 50MHz, whereas this value
drops rapidly to about 6MHz for an inter-spin distance of 2 nm. If the g value of the system
deviates significantly from the free electron g -factor, the following corrections may be applied

νdd ,2 = νdd ,1
g2

2

g2
1

and r2 = r1

(
g2

2

g2
1

)1/3

(1.44)

Since any fixed distance corresponds to a distribution of dipolar couplings described by a Pake
pattern, the dipolar spectrum corresponding to a known distance distribution is a superposition of
Pake patterns [2]. The presence of a dipolar interaction, D, between two spins should thus result
in a broadening of the cw EPR spectrum, where the overall line shape of the coupled system is
given as the convolution of the spectrum of the isolated spin with a distribution of Pake patterns
corresponding to the expected distance distribution.

Although also other methods are in use, the described procedure referred to as dipolar convolu-
tion is probably the most commonly applied approach for the determination of dipolar interactions
by cw EPR and will be described in the following paragraphs. For details on other methods the
interested reader is referred to the literature [16, 17].
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Figure 1.17: Dipolar coupling frequency as a function of the inter-spin distance for g = ge .

Dipolar Convolution

The method of dipolar convolution can be used to measure distances in the range from approxi-
mately 0.4 to 2 nm. It relies on the dipolar broadening of the cw EPR spectrum in the presence
of dipolar coupling between two spin centres. From the degree of broadening of the spectrum as
compared to a reference spectrum, the strength of the dipolar coupling is deduced. Ideally, the
reference compound needs to be almost identical to the one under study but only contain one of
the two spin centres. To reproduce the spectrum of the compound containing two spin centres,
the reference spectrum is convoluted with a Gaussian distribution of Pake patterns, resulting from
a certain assumed distance distribution as is illustrated in Figure 1.18.

distance distribution

reference spectrum

gaussian distribution of pake patterns

dipolar broadened spectrum

pake patterns

Figure 1.18: Schematic overview of the steps involved when applying the dipolar convolution method.

The distance distribution is then optimised, until a good agreement between the convolution
result and the experimental spectrum containing two spin centres is obtained. Typically, a Gaussian
distance distribution is assumed, parametrised by the centre of the distribution rc and its width
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σr . For the construction of the Pake patterns, knowledge of the coupling regime is required. If
the coupling regime is unknown, large errors could potentially be introduced in the analysis due
to the differences in the Pake patterns. In addition, dipolar convolution relies on a couple of
assumptions which might not be justified in many cases: Most importantly, dipolar convolution
in the weak coupling regime is only applicable if any significant contribution of exchange coupling
to the experimental spectrum can be excluded, as it assumes that the entire spectral broadening
is due to dipole-dipole interactions. Furthermore, it relies on the point dipole approximation and
assumes an isotropic broadening of the spectrum, which can be problematic in cases of large g- or
A-tensor anisotropies. Finally, high quality data are necessary for the analysis since the changes in
spectral shape which need to be interpreted are typically very small. A significant amount of noise
or background imperfections might therefore result in large errors, especially for distances close to
2 nm, where only minor spectral changes are expected due to dipolar coupling.

1.4.2 Pulse Dipolar Spectroscopy

Above 1.5 nm, when the method of dipolar convolution typically reaches its limits, pulse EPR
techniques can be applied for the study of dipolar couplings between electrons. In this regime, the
effect of pseudo-secular contributions mixing the |αβ〉 and |βα〉 states and that of through-bond
exchange couplings between electron spins can often be neglected [2]. We can assume localised
spins (as compared to the separation distance), therefore the point-dipole approximation is valid
and the dipolar interaction can be described according to Equation (1.43).

A range of different pulse EPR techniques for the measurement of dipolar couplings are available
such as Double-Quantum Coherence (DQC) [21–23], ‘2+1’ [24–27], 3-pulse Double Electron-
Electron Resonance (DEER or PELDOR for Pulsed ELectron DOuble Resonance) [28, 29] and its
corresponding dead-time free 4-pulse variant [30, 31], and Relaxation-Induced Dipolar Modulation
Enhancement (RIDME) [32, 33]. In very rare cases, for instance for spin-polarised radical pairs,
information on dipolar (and exchange) couplings can also be obtained by observation of the out-
of-phase electron spin echo (OOP-ESEEM) [34, 35].

Amongst the listed techniques, 4-pulse DEER is by far the most commonly applied method and
has also been used for the characterisation of some of the systems studied in this work. In the
following, we shall therefore only focus on 4-pulse DEER. Further details on the other methods
are given in the relevant publications cited above.

4-Pulse DEER

The distance range which can be accessed by 4-pulse DEER extends from roughly 1.5 to 8 nm
[36, 37]. The lower limit is determined by the excitation bandwidth of the microwave pulses, which
needs to be wide enough to excite the entire dipolar spectrum (Pake pattern), while the upper
limit is determined by the transverse relaxation properties of the sample.

Figure 1.19 shows the pulse sequence applied in 4-pulse DEER experiments. The measurements
are performed at a specific magnetic field position by applying pulses at two different microwave
frequencies. The spins in resonance with the detection frequency, νdet, are referred to as the A
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spins, whereas the spins in resonance with the pump frequency, νpump, are referred to as the B

spins. At the detection frequency, a primary echo sequence with inter-pulse delay τ1 is applied
to generate transverse magnetisation which then evolves during a time interval τ1 + τ2 until a
further π pulse is applied. The magnetisation is refocussed after a time delay τ2 following the last
microwave pulse at the detection frequency.

t

!/2
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"det

"pump

#1 #2#1 + #2

Figure 1.19: Illustration of the pulse sequence used in 4-pulse DEER.

The pump pulse applied to the B spins, inverts those spins and thus changes the local magnetic
field at the position of the A spins as a consequence of the inter-spin coupling as is illustrated in
Figure 1.20. It transfers coherence between the single-quantum transitions of the A spins which
changes their precession frequency by ωdd and leads to less magnetisation being refocussed at
the end of the pulse sequence, resulting in a smaller echo intensity. The position of the pump
π pulse within the pulse sequence is then varied and the (integrated) echo intensity is recorded
as a function of the pump pulse displacement t to yield the DEER trace which is modulated by
cos(ωdd t) [36]. Typically, a two-step phase cycle of [(+x)− (−x)] is applied on the first observer
pulse.
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Figure 1.20: Illustration of the effect of the π pump pulse in DEER on an SA = SB = 1
2 spin system.

Since the excitation bandwidth of the microwave pulses is often smaller than the EPR spectrum,
this method can also be applied if the two spin centres have identical spectra [37]. If centres
belonging to different nano-objects are excited, the corresponding fraction of the signal will not
be modulated and will contribute to the time-dependent background signal B(t) which can be
approximated by an exponential function according to

B(t) = exp
(
−ktd/3

)
(1.45)

where the constant k depends on the sample concentration and d characterises the background
dimensionality typically equal (or close) to three for powder samples or isotropic frozen solutions.
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The modulated part of the signal F (t), also referred to as the form factor, is characterised by
a certain modulation depth ∆ defined as

∆ = 1− (1− λ)n−1 (1.46)

where n equals the number of spin centres in one nano-object. In the following we will assume
that n = 2 and consequently the modulation depth ∆ is equal to the pump inversion efficiency λ.
The form factor can then be expressed as follows

F (t) = 1− λ
[
1− cos (ωdd t)

]
(1.47)

and the experimentally measured DEER signal V (t) is given by the product of the form factor and
the background signal

V (t) = F (t)B(t) (1.48)

To separate the two contributions to V (t), the background is usually fitted to the experimental
data for long times t > tbg, where the form factor has largely decayed to zero. Division of V (t)

by the fitted background then yields F (t). Additionally, for the analysis of the time traces, it will
be helpful to define a so-called reduced form factor f (t), only containing the information about
the dipolar frequencies, according to

f (t) =
F (t)− (1− λ)

λ
= cos (ωdd t) (1.49)

where the constant frequency part f0 = 1− λ of the signal has been subtracted.

Since both microwave frequencies need to be accommodated in the EPR resonator in DEER
experiments, the maximum frequency separation between detection and pump pulses is limited by
the resonator bandwidth. The resonator bandwidth can be increased by overcoupling, however
overcoupling also decreases the sensitivity and the available microwave strength at a given power.
In a single-mode resonator, frequency separations of more than 100MHz are therefore usually
difficult depending on the resonator and the available power [6]. The frequency separation also
puts a lower limit on the pulse lengths that can be used, since spectral overlap of the excitation
profiles of the pump and detection pulses should be avoided. In general, short pulses have the
advantage that a larger fraction of spins can be excited, which increases the sensitivity, while the
selectivity of longer pulses might be desirable in other cases.

DEER time traces can be affected by artifacts arising from nuclear hyperfine couplings. To
avoid nuclear ESEEM contributions, the τ1 value can either be set to coincide with a blind spot of
the corresponding nuclear modulation or be incremented in n steps over the course of successive
experiments to cover the period of a nuclear modulation. The number of steps, n, is typically set
to eight and the resulting DEER traces are averaged. For a deuterated matrix at X- and Q-band
frequencies, n = 8 would for instance correspond to a time increment of 56 ns and 16 ns, for X-
and Q-band, respectively. When τ1 averaging is applied, the initial τ1 value is often chosen as
short as possible for maximum signal intensity.
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The overall pulse sequence has a constant length, hence the effects of (transverse) relaxation do
not vary with the pump pulse position and therefore do not contribute to the background decay. In
order to determine the inter-spin distance and its distribution reliably from the modulations of the
experimental data, the recorded DEER trace must have a certain minimal length. The maximum
length of the DEER trace (∼τ2) is determined by the decay rate of the transverse magnetisation
and therefore by the phase memory time, Tm. In most cases, however, it might be advantageous
not to push the length of the experimental trace to its limits, but rather to record a trace of just
the length required to resolve the expected distance, with the aim to improve the signal-to-noise
ratio of the data which scales with the echo intensity. For the sake of a reasonable sensitivity in
the experiment, as a rule of thumb, the maximum dipolar evolution time, tmax, should be smaller
than 1.5Tm [38]. To calculate the optimum tmax required in order to determine a certain quantity
reliably − such as the mean distance, the width of the distance distribution, or its shape − an
empirical relationship has been derived [37] and is given as:

tmax = 2µs

(
rexp

rref

)3

(1.50)

where rexp is the expected mean distance and the parameter rref adopts one of the following values
depending on the quantity to be determined; rref = 3 nm, 4 nm or 5 nm for a reliable determination
of the shape, the width or the mean of the distribution, respectively. If the required tmax exceeds
Tm, the latter can be increased by lowering the measurement temperature or by deuteration of the
matrix [15].

Data Analysis and Interpretation

An idea about the distance of the dipolar coupling can be obtained from the time t1/2, where the
reduced form factor has decayed to half of its original value [37]. The empirical relationship

〈r〉 ∼ 5

(
t1/2

0.48µs

)1/3

nm (1.51)

is considered a good approximation.

The experimental data can also be subjected to a more quantitative model-free analysis which
allows one to compute the distance distribution from the dipolar spectrum [39]. The mathematical
problem to be solved is moderately ill-posed, implying that small variations in the input data (e.g.
noise, different background correction) can have a large influence on the outcome of the analysis.
The solution thus needs to be stabilised by imposing certain constraints to reduce distance artifacts.
An algorithm often used for this purpose is Tikhonov regularisation, implemented for instance in
the MATLAB [40] software package DeerAnalysis [41]. Smoothness criteria are imposed on the
result and the distance distribution is constrained to include only positive values.

In this procedure, the mean square deviation ρ, between the simulated reduced form factor
KP(r) and the experimental one, f (t), is minimised as well as the roughness, η, which is defined
as the square norm of the second derivative of the distance distribution. Overall the following
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function is minimised

Gα = ‖KP(r)− f (t)‖2 + α

∥∥∥∥ d2

dr2
P(r)

∥∥∥∥2

= ρ+ αη (1.52)

where K is a suitable kernel function [2, 41]. The roughness η is weighted by the regularisation
parameter α, which determines the degree of smoothing. To optimise the value for α, the so-called
‘L-curve criterion’ is often applied which is based on a plot of log (η(α)) vs. log (ρ(α)). The value
for α is typically varied on a logarithmic scale (for predefined values). A small α corresponds to
under-smoothing and a strongly decaying branch in the plot, whereas a large α corresponds to
over-smoothing and a branch with a slope close to zero. The optimum value for α then corresponds
to the corner of the L-shaped curve.
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Figure 1.21: Illustration of the different steps involved in the DEER data treatment. An exponentially
decaying background is fit to the time trace (top left) and subtracted to yield the form
factor (top right) from which the modulation depth λ and t1/2 can be determined. The
dipolar modulation frequency can be obtained from a Fourier transformation of the time
trace (bottom left) and an analysis of the form factor using Tikhonov regularisation eventually
yields the corresponding distance distribution, where FWHM = 2σ

√
2ln2 (bottom right).

Any determination of distances from the dipolar evolution time trace depends on a reliable back-
ground correction. If the chosen background decays too fast (over-correction), long distances are
suppressed, whereas if the background decay is too slow (under-correction) spurious contributions
of long distances are introduced. To obtain reliable results, sufficiently long time traces with a
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good signal-to-noise are thus required. A good error estimate can often be obtained by changing
tbg, the start time defining the range used for background correction, and comparing the variations
in the distance distribution. This option is also implemented in DeerAnalysis and referred to as
the ‘validation’ tool. Figure 1.21 summarises the steps involved in the DEER data treatment and
defines some of the variables mentioned in the text. When comparing the Pake pattern obtained
from a Fourier transformation of the DEER time trace to the Pake patterns introduced in Fig-

ure 1.16, it has to be considered that DEER measures dipolar splittings directly, so compared to
the normal Pake pattern the frequencies are doubled.

Orientation Selection

The classical model-free analysis of the DEER traces presented above is based on the assumption
that all orientations are excited equally so that a regular Pake pattern with singularities at − ν⊥
and ν⊥ is obtained from an analysis of the dipolar evolution data. Especially for samples with a
large g or A-tensor anisotropy and therefore broad spectra, this is very often not the case since
the microwave pulses can only excite a very small part of the spectrum corresponding to a small
subset of orientations. In those cases, effects of orientation selection need to be considered in
the analysis of the DEER data. Orientation selection leads to a suppression of parts of the Pake
pattern. Under certain conditions the singularities of the Pake pattern, which are used to compute
the distances, may be suppressed. Hence trying to obtain a distance distribution from the data by
Tikhonov regularisation might lead to large errors in the presence of orientation selection.

Often, however, orientation selection, although present, is not strong enough to lead to signif-
icant distortions of the Pake pattern. If the singularities of the Pake pattern are still visible and
dominate the appearance of the Pake pattern, the errors in the mean distance made by applying
Tikhonov regularisation to orientation selective data are typically not large [42]. Due to the r−3

dependence, the shift in frequency needs to be rather large in order to influence the distance esti-
mate markedly. As a result, quite reliable results can often be obtained when analysing orientation
selective data using model-free analysis procedures as is shown for instance in Chapter 3.

In some cases orientation selection can be advantageous as it offers the possibility to obtain
additional information on the mutual orientation of the spin centres if it can properly be accounted
for in the analysis. When wanting to include orientation selective effects in the analysis, a structural
model needs to be found and DEER traces need to be calculated for all possible orientations within
the boundaries of the model [43]. The orientations are characterised by the polar and azimuthal
angles θ and ϕ, describing the location of the second spin centre in the g-tensor frame of the
first, the inter-spin distance r , and the three Euler angles α, β, and γ indicating the orientation
of the second g-tensor with respect to the reference frame. The weighted sum of the calculated
DEER traces is then compared to the experimental data and the structural model is refined until
a good agreement between the simulation and the experimental data is obtained. An overview of
the parameters determining the relative orientations of the spin centres is given in Figure 1.22.

If orientation selection can be exploited, DEER traces recorded at different field positions (or
frequency offsets) for one particular sample can contain complementary information. It is thus
possible to obtain several constraints for the analysis with just one sample. For structure determi-
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Figure 1.22: Overview of the definition of the parameters for the simulation of orientation selective effects
in DEER.

nation in proteins, this might be a great advantage over using nitroxide spin labels with (almost)
no orientation selection (at X- and Q-band). In the case of nitroxides, a new sample with a new
spin labeling position (i.e. mutant) has to be prepared for every additional constraint needed to
resolve the structure, while considerably fewer samples might be necessary when using spin labels
showing orientation selection.





Chapter 2

Quantifying the Exchange Coupling in Linear Copper

Porphyrin Oligomers

The through-bond exchange interaction, J, between two spin centres is a convenient measure of
long-range electronic communication. Considering two spin centres with S = 1

2 , the exchange
interaction characterises the energetic splitting between singlet and triplet states. If the singlet
state lies below the triplet state, the interaction is said to be antiferromagnetic, whereas it is said to
be ferromagnetic in case of a triplet ground state. If the two spin centres are more than about 1 nm
apart, the effect of J can typically be assumed to be isotropic due to its approximately exponential
dependence on distance. Since the exchange interaction relies on orbital overlap, it is a measure
of the extent of electron spin delocalisation [44]. Its magnitude reflects the orbital structure of
complex molecules as well as conformational changes. In molecules exhibiting extensive conjugation
of the electronic π-system, significant exchange couplings have been detected for distances as large
as 3.6 nm [18].

Depending on the magnitude of the exchange coupling interaction, different techniques can
be applied for its characterisation, including measurements of the magnetic susceptibility and
EPR spectroscopy. Compared to magnetic susceptibility measurements, EPR is considerably more
sensitive. The lower detection limit for magnetic susceptibility measurements is generally of the
order of kBT , implying that the detected interaction cannot be smaller than about 1 cm−1 (∼
3 · 104 MHz = 1.4K), unless the experiment is performed at very low temperatures [45]. On the
contrary, by EPR, even very weak interactions of the order of 10−3 cm−1 and lower can be probed.

Understanding the factors influencing electronic coupling, and therefore electronic communica-
tion, is of paramount importance for numerous applications in the fields of spintronics, molecular
electronics and photovoltaics [46–50]. In this study, electronic communication in linear copper
porphyrin oligomers designed as molecular wires [51, 52] is investigated by EPR via measurement
of the exchange coupling between the copper centres.

2.1 Investigated Structures

The linear copper porphyrin oligomers with one, two, three or six porphyrin units are referred to
as P1Cu, P2Cu2, P3Cu3, and P6Cu6, respectively, and are shown in Figure 2.1. The porphyrin
units are linked by butadiyne groups, and aryl substituents are introduced at the two remaining
meso-positions of the porphyrin core. In the present study, these aryl substituents are 3,5-di-
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(tri(hexyl)silyl)phenyl groups, denoted THS throughout this work. The synthesis of the compounds
was performed by Martin Peeks (Anderson group, University of Oxford, UK).
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Figure 2.1: Chemical structures of the investigated copper porphyrin oligomers with THS side groups.

For an initial characterisation of the linear copper porphyrin oligomers, UV-vis spectra were
recorded in toluene solution at room temperature. The corresponding data are shown in Figure 2.2.
With increasing oligomer length, both the intense porphyrin Soret band (S0 → S2) around 450 nm
and the Q-bands at wavelengths above 500 nm (S0 → S1) are found to shift to longer wavelengths,
indicating an increase in the π-conjugation length. Furthermore, compared to the intensity of the
porphyrin Soret bands, the relative intensity of the porphyrin Q-bands increases with increasing
oligomer length, indicating that the corresponding transitions, which are forbidden in P1Cu, become
gradually more allowed [53].
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Figure 2.2: Normalised UV-vis spectra of the investigated compounds taken at room temperature in
toluene solution.

2.2 EPR of Linear Copper Porphyrin Oligomers

For the EPR measurements, 0.2mM solutions of the oligomers were prepared in either toluene-d8

or regular toluene. Details on the sample preparation and experimental setup can be found in
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Appendix A (cf. Sections A.1 and A.2). Figure 2.3 shows a comparison of the room temperature
and frozen solution (100K) cw EPR spectra of P1Cu and P2Cu2 in toluene. The frozen solution
spectrum of P1Cu strongly resembles the spectrum of a typical copper porphyrin monomer as
reported in the literature [54, 55]. The interaction of the unpaired electron of copper with its
nuclear spin of I = 3

2 results in four lines, two of which are clearly resolved at the low-field side of
the spectrum and correspond to the out-of-plane or z orientation (g||) of the electronic g-tensor.
In the porphyrin plane (xy orientation, g⊥), the interaction between the unpaired electron spin
and the four in-plane nitrogen atoms with I = 1 leads to additional hyperfine structure. The
pronounced g- and A-tensor anisotropy results in a fairly broad, axially symmetric, spectrum.
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Figure 2.3: Comparison of the X-band cw EPR spectra recorded at 100K and room temperature in toluene
for P1Cu (left) and P2Cu2 (right).

Compared to the frozen solution spectrum of P1Cu, that of P2Cu2 (Figure 2.3, right) is signif-
icantly broadened. In P2Cu2 the intensity of the two copper transitions, resolved at the low-field
side of the spectrum, seems enhanced (relative to that of the intensity maximum) and much less
hyperfine structure is visible. The observed broadening in the spectrum of P2Cu2, is most likely
due to intramolecular interactions between the copper centres arising from both D and J.

If the isotropic tumbling limit can be reached in liquid solution, a separation of the individual
contributions of D and J to the shape of the cw EPR spectrum may be feasible, since the anisotropic
contribution (D) is averaged out [56–59]. Whenever the rate of rotational diffusion of the molecules
is greater than the EPR transition frequency (∼ 1010 Hz at X-band), isotropic values are obtained
for g and A and any numerical simulation of the spectrum is greatly simplified.

However, comparing the room temperature cw EPR spectra of P1Cu and P2Cu2, shown in Fig-

ure 2.3, with those recorded with 5,10,15,20-tetraphenyl-21H,23H-porphine copper(II) (CuTPP)
at various temperatures, shown in Appendix B (Figure B.3), it is noted that the isotropic tumbling
limit cannot be reached at room temperature with the compounds investigated here. In fact,
the room temperature spectrum of P1Cu strongly resembles the spectrum of CuTPP recorded
at 200K, where anisotropic interactions are clearly still present. These marked differences in the
temperature behaviour of the cw EPR spectra are ascribed to the bulky side and end groups in
P1Cu. The end groups seem to have the biggest impact, since similar spectra as for P1Cu with
THS side groups were obtained for P1Cu with the smaller 3,5-di-tert-butylphenyl (tBu) aryl side
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groups (data not shown). Since even at room temperature the tumbling of P1Cu and P2Cu2 is
still too slow for anisotropic contributions to average out, a straightforward separation of D and J

based on the simulation of the EPR spectra does not seem to be possible.

The frozen solution (100K) cw EPR spectra of all investigated compounds are compared in
Figure 2.4. The direct comparison between the spectra of P1Cu and P2Cu2 suggests that the
hyperfine coupling constants and g -factors are similar in both compounds since the positions of
the most prominent transitions are virtually identical.
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Figure 2.4: Comparison of the X-band cw EPR spectra of P1Cu and P2Cu2 (left) and P3Cu3 and P6Cu6
(right) recorded at 100K in toluene.

Compared to the spectrum of P2Cu2, only minor further broadening is observed in the spectra
of the longer oligomers P3Cu3 and P6Cu6. Since the spectral broadening arising from the dipolar
interaction between two copper centres separated by (at least) one porphyrin unit is negligible due
to a separation of >2.7 nm (∼2.8MHz= 1G), the dipolar broadening is expected to be (almost)
the same in all compounds with two or more copper units. The small additional broadening in
the spectra of P3Cu3 and P6Cu6 is therefore likely to indicate a slight increase in J arising from
increased π-conjugation. However, the small spectral differences between P2Cu2 and the longer
oligomers suggest that also the J-coupling almost exclusively occurs between nearest neighbours.

It seems reasonable to assume that the difference between the spectra of P1Cu and P2Cu2

is mainly caused by exchange coupling. To confirm that the hyperfine coupling constants of the
system remain unchanged between P1Cu and P2Cu2, 14N Davies ENDOR experiments were carried
out at Q-band frequencies. The spectra shown in Figure 2.5 were acquired at 15K. For every
compound, ENDOR spectra were recorded at two different magnetic field positions corresponding
to the xy and z orientations of the electronic g-tensor. The influence of orientation selection
on the ENDOR spectra of P1Cu is illustrated in Appendix D (Figure D.3). Details regarding
the experimental setup and parameters used in the EPR experiments are given in Appendix A
(Subsection A.3.1).

Since the nitrogen hyperfine coupling interaction is large compared to the nuclear Larmor fre-
quency, the ENDOR spectra are in the strong coupling regime, where the ENDOR peaks are
centred at A/2 and split by the nuclear Zeeman and nuclear quadrupole interactions. All informa-
tion about the hyperfine coupling constants is thus contained in the peak positions with respect
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Figure 2.5: Comparison of the 14N Davies ENDOR spectra of P1Cu and P2Cu2 recorded at Q-band (15K)
in toluene-d8 at magnetic field positions of about 1185 and 1102mT corresponding to the xy
(left) and z (right) orientations of the electronic g-tensor, respectively.

to the frequency axis (cf. also Appendix D, Figure D.6). Visual examination of the spectra in
Figure 2.5 indicates that the nitrogen hyperfine coupling constants are very similar in P1Cu and
P2Cu2. Based on the frozen solution cw EPR spectra also the copper out-of-plane hyperfine cou-
pling constant, A||, does not change markedly when increasing the oligomer length, as indicated
by a similar spacing between the two outermost copper lines resolved at the low-field side of the
spectrum. No direct conclusion can be drawn on the copper in-plane coupling, A⊥, however a
change in its magnitude seems unlikely, given that all other hyperfine couplings are found to be
virtually identical between monomer and dimer.

To characterise the relaxation behaviour of the compounds, relevant for the simulations of the
cw EPR spectra, the spin relaxation rates T1 and T2 were determined. The transverse relaxation
curves measured by applying the 2-pulse echo decay pulse sequence at Q-band (15K) are compared
for P1Cu and P2Cu2 in Figure 2.6. The measurements were taken at two different field positions
corresponding to the xy and z orientations. The presence of any dipolar and exchange interactions
is likely to lead to a shortening of the relaxation times. Relaxation is therefore expected to be faster
in P2Cu2 as compared to P1Cu. The predictions are in line with the results shown in Figure 2.6. In
addition, relaxation is observed to be faster when probing the z orientation, which might indicate
different relaxation mechanisms. The shortening of the relaxation times in P2Cu2 as compared to
P1Cu seems more pronounced at xy .

The influence of temperature on the transverse relaxation behaviour can be inferred from Fig-

ure 2.7, where the 2-pulse echo decay time traces recorded at 100K on xy are compared for P1Cu
and P2Cu2. The measurements were recorded at X-band frequencies for comparability with the cw
EPR spectra to be simulated. Again it is observed that spin relaxation is considerably accelerated
in P2Cu2. Compared to the measurements at 15K, the phase memory time decreases by almost
an order of magnitude.

In addition, the longitudinal spin relaxation times of P1Cu and P2Cu2 were measured at 100K
by saturation recovery using the Picket fence method at X-band. From these measurement, an
approximate value for T1 of 2.6µs could be determined for P1Cu by fitting a bi-exponential recovery
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Figure 2.6: Comparison of the 2-pulse echo decay (Tm) of P1Cu and P2Cu2 recorded at Q-band (15K)
in toluene-d8 at magnetic field positions of about 1185 and 1102mT corresponding to the xy
(left) and z (right) orientations of the electronic g-tensor, respectively.
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Figure 2.7: Comparison of the field-swept echo-detected EPR spectra using τ = 100 ns (left) and 2-pulse
echo decay (right) of P1Cu and P2Cu2 recorded at X-band in frozen toluene-d8 (100K). The
2-pulse echo decay was recorded at a magnetic field position of about 336.5mT corresponding
to the xy orientation.
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Figure 2.8: Saturation recovery measurement using the Picket fence method for P1Cu (left) and P2Cu2
(right) recorded at X-band in frozen toluene-d8 (100K). The measurements were performed
at a magnetic field corresponding to the xy orientation (∼336.5mT).
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function with time constants τ1 and τ2 to the data. The longer time constant τ1 is supposed to
correspond to T1, while spectral diffusion and other relaxation processes contribute to τ2. For
P2Cu2 a T1 value of 2.5µs was obtained applying the same treatment. Within experimental error,
longitudinal relaxation thus seems to be identical for P1Cu and P2Cu2.

2.3 Numerical Simulations of the cw EPR Spectra

In most previous studies, the magnitude of J was evaluated by an analysis of the cw EPR line
shapes. If no coupling between the spin centres occurs, the cw EPR spectrum should coincide with
that of the corresponding molecule possessing only one spin centre, while any type of intramolecular
coupling will typically result in a broadening of the cw EPR spectrum [56, 59].

In rare cases, if the distance between the spin centres is well below 1 nm, the intensity of the
half-field lines can be used to obtain information about J [20] as was shown, for instance, for copper
centres separated by about 0.5 nm [60]. In the present study, however, the distance between the
two copper centres in P2Cu2 amounts to 1.35 nm, as estimated by DFT calculations, and no
half-field lines were observed.

Many examples have been reported where the magnitude of J was determined by numerical
simulation of the isotropic liquid solution cw EPR spectrum. For copper compounds with inter-
copper separations between 1.0 and 1.3 nm, J-couplings of the order of 10−4 to 10−3 cm−1 could
for example be determined and a strong dependence of the magnitude of J on the nature of the
linker and the relative orientation of the two copper centres was observed [57, 58].

In the absence of anisotropic interactions, such spectral simulations are relatively straightforward
and computationally inexpensive. A number of different groups have made simulation programs
available which could be used for this purpose [61–64]. However, as discussed above, the isotropic
limit cannot be reached in toluene with the linear copper oligomers investigated in this work,
preventing a straightforward separation of the contributions of D and J.

Many unknown parameters describing the restricted motion of the molecules would need to
enter a simulation of the cw EPR spectra in the slow motion regime. It therefore appears that J
can most reliably be obtained from a simulation of the spectra in the rigid limit (frozen solution).
Based on the knowledge of the spin distribution in P1Cu, obtained from DFT calculations, and
the distance between the two copper centres, it should be possible to determine D with quite high
precision and use it as a fixed input rather than a variable simulation parameter.

To obtain an initial idea whether the contribution of J to the spectrum of P2Cu2 is significant,
dipolar convolution was applied. When applying this method, J cannot be explicitly included in
the simulations (nor quantified for that reason), but the influence of the exchange coupling to
the spectrum can be assumed to be substantial if the spectral shape cannot be fully reproduced
when only accounting for the dipolar interaction between the spin centres. In the procedure, the
spectrum of P1Cu was used as a reference spectrum and convoluted with a Gaussian distribution
of Pake patterns corresponding to the expected distance distribution showing a single distance
peak centred at 1.35 nm with a width of σr = 0.04 nm. Variations of the width of the distribution
within reasonable limits were found not to have any marked impact on the final convolution result.
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The simulations are shown in Figure 2.9 for the weak and strong coupling regimes. Simulations
in the weak coupling regime assume zero exchange coupling, while in the strong coupling regime
J � D.
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Figure 2.9: Convolution of the experimental spectrum of P1Cu with a Gaussian distribution of Pake pat-
terns corresponding to a distance distribution centred at 1.35 nm in the weak (left) or strong
(right) coupling regime to account for the expected dipolar broadening of the spectrum in
P2Cu2. The resulting dipolar broadened spectrum is normalised to either area (top) or inten-
sity (bottom) and compared to the reference spectrum.

Although it may be questionable whether dipolar convolution yields an accurate result for P2Cu2,
since the technique relies on the assumption of an isotropic broadening of the spectrum, which may
be incorrect in the case of copper porphyrin oligomers, it provides a valid estimate of the expected
spectral shape. A couple of conclusions can be drawn from the observations in Figure 2.9: In
the weak coupling regime (left), negligible exchange coupling is assumed and only the influence
of dipolar broadening on the spectrum is considered. As compared to the reference spectrum of
P1Cu, the spectrum resulting from the convolution in the weak coupling regime is only slightly
broadened and therefore far from reproducing the much broader spectrum observed experimentally
for P2Cu2. We can thus conclude that a significant exchange coupling is most likely responsible
for the majority of the spectral broadening observed for P2Cu2, i.e. J > D.

In agreement with the conclusions from the simulations in the weak coupling regime (i.e. that
J > D), the convolution result obtained in the case of strong coupling (Figure 2.9, right) is much
closer to reproducing the experimental spectrum of P2Cu2. However, minor spectral differences
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are observed when comparing the simulation and the experimental spectrum of P2Cu2, which
could indicate that the assumptions made when applying dipolar convolution for this system are
not entirely valid.∗ Another reason for the apparent discrepancy could be that a smaller effective
distance between the copper centres would need to be assumed due to partial delocalisation of
the copper electron spin. In general, however, it can be concluded from this analysis that the
through-bond coupling interaction, J, contributes markedly to the shape of the experimental cw
EPR spectra.

2.3.1 Simulation of the Frozen Solution Spectrum of the Dimer

Dipolar convolution can only provide an estimate about the relative contribution of J to the
spectral shape but does not allow for any type of quantification. A numerical simulation of the
frozen solution spectrum based on an evaluation of the spin Hamiltonian, which takes the influence
of D and J explicitly into account, was thus attempted. Since the experimental data presented in
the preceding section suggest that the hyperfine parameters are the same between monomer and
dimer, the hyperfine coupling constants and g -values to be used in the simulation of the spectrum
of P2Cu2 were determined from a simulation of the spectrum of P1Cu using the MATLAB [40]
package EasySpin [64]. The result of the simulation is compared to the experimental data in
Figure 2.10 and the simulation parameters are indicated.
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Figure 2.10: Numerical simulation of the cw EPR spectrum of P1Cu using EasySpin to determine the
hyperfine couplings and g -values.

To further reduce the number of variable input parameters for the simulation, the dipolar inter-
action, D, was estimated taking into account the distance between the spin centres and the spin
density distribution. A visualisation of the calculated spin density distribution is shown for P1Cu
in Figure 2.11. It is observed that about 70% of the spin density is located on copper, whereas
the remaining 30% is equally distributed between the four in-plane nitrogen atoms.

∗If J � D, a perfect agreement between simulation and experiment would be expected (taken the validity of the
assumptions for granted).
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Figure 2.11: Visualisation of the spin density distribution in P1Cu calculated in ORCA using DFT/B3LYP
in combination with the EPRII basis set. In copper porphyrins the unpaired electron is
expected to occupy the dx2−y2 orbital [65], explaining the calculated spin density distribution.

In the simulations, an effective distance of 1.3 nm was adopted, corresponding to a coupling
of about 24MHz. The value of D was kept fixed so that the only variable parameters are the
magnitude of the exchange interaction J and its distribution.†

As shown above, the hyperfine couplings of both nitrogen and copper contribute significantly
to the shape of the cw EPR spectrum, so that they cannot be neglected in the simulations. The
spin-space of a porphyrin dimer therefore becomes so large‡ that most available and commonly
used EPR simulation packages cannot handle the Hamiltonian dimensions any more due to mem-
ory limitations. These simulation packages typically simulate the EPR spectrum in the frequency
domain, but for large spin systems this approach can become impractical. The best current algo-
rithms either involve matrix factorisation in Hilbert space or matrix inverse-times-vector operations
in Liouville space [64, 66]. The use of these procedures can become too expensive to compute the
EPR spectra of very large spin systems in a reasonable time.

In the time-domain, however, considerable improvements in the simulation methods have recently
been made [67], offering an alternative approach. Making use of the similarity between field-
swept and frequency-swept EPR spectra, the simulation (and even fitting) of large spin systems
becomes computationally feasible. The simulations presented below have been carried out by
Prof. Ilya Kuprov (University of Southampton, UK) using the MATLAB package Spinach [68].
The simulation strategies employed to make the computation of large spin systems manageable
are outlined in Appendix C (see Section C.1).

†Of course, also the dipolar interaction, D, has a certain distribution (due to variations in g , molecular motion
and a distribution of the spin density) which would need to be considered. However, the variations in D are
small as compared to the expected variations in J and are therefore neglected in the analysis to restrict the
number of variable parameters. At maximum, a variation of D between roughly 1.1 nm (∼40MHz) and 1.35 nm
(∼22MHz) is expected, when considering the spin density on the nitrogen atoms and possible bending of the
structure.

‡A system with two electrons, two copper nuclei and eight nitrogen nuclei has a Hamiltonian dimension of
26244×26244 in Hilbert space and 688747536 in Liouville space.
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When simulating the spectra in the time-domain using Spinach, the simulation parameters
(g, A) determined for the porphyrin monomer from a simulation of the field-swept spectrum in
Figure 2.10 had to be adapted slightly to obtain a satisfactory fit due to the differences in the
simulation approach. Taking the parameters indicated in Figure 2.10 as an initial guess, the
hyperfine couplings of copper and nitrogen as well as the g -factors were thus fitted until a good
agreement between the Spinach simulation and the integrated experimental cw EPR spectrum
was reached. The best fit obtained for adapted parameters of g = [2.051 2.180], ACu = [-71
-575]MHz and AN = 46MHz is shown in Figure 2.12 (left). The deviations in the simulation
parameters are minor and inconsequential for the purpose of evaluating J. The nitrogen hyperfine
couplings were assumed to be isotropic since the experimentally observed anisotropy is not very
pronounced and the calculations could be sped up considerably. Furthermore, for the simulations
in the time domain, a knowledge of the relaxation rates of the systems is required. An initial guess
for those values was obtained from the relaxation measurements shown in Figures 2.7 and 2.8,
but also these values were optimised to reproduce the experimental spectrum of P1Cu in the best
possible way. Since it was shown that the relaxation behaviour is sufficiently similar for P1Cu and
P2Cu2, the relaxation parameters were kept constant for all further simulations after their initial
optimisation to reduce the parameter space.

B0 / mT

Experiment
Simulation

P1Cu

B0 / mT

Experiment
Simulation

P2Cu2

Figure 2.12: Simulations using Spinach as described in the text for P1Cu (left) and P2Cu2 (right) in
comparison with the respective experimental integrated cw EPR spectra.

For the simulation of the spectrum of P2Cu2, the hyperfine coupling parameters and g -values
were taken from the fit of the monomer spectrum and D was set to correspond to an effective
distance of 1.3 nm as mentioned before. Since the barrier for rotation of the two porphyrin planes
in the dimer about the butadiyne linker is below 1 kcalmol−1 [69], several conformations of the
molecule are expected to be populated at the freezing point of the solvent (∼ 180K) and thus
to contribute to the frozen solution spectrum. To a first approximation it can be assumed that
all dihedral angles between the porphyrin planes contribute equally. To reduce the number of
free variables in the simulations, all rotational angles are thus considered with equal weight. The
J-coupling was assumed to have the following angular dependence on the dihedral angle φ between
the two porphyrin planes

J = C1 cos(2φ) + C2 (2.1)
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where φ = 0 corresponds to a co-planar geometry. This dependence on φ simply corresponds to
the first two terms of the harmonic series for any periodic function of φ, but is also suggested by
the fact that the dominant part of the exchange interaction comes from orbital overlap, which, for
a dimer composed of two identical monomers, should have a constant contribution and a cosine
as the leading terms in the harmonic expansion of its dihedral angle dependence.

The constant parameters C1 and C2, determining the value of the exchange coupling, J, at every
angle, φ, were then fitted together with an intensity scaling factor to simulate the experimental
integrated cw EPR spectrum of P2Cu2. In the simulations using Spinach, the exchange coupling
Hamiltonian is defined as HJ = J S1 S2. The best fit obtained for values of C1 = ±90MHz and
C2 = ±90MHz is shown in Figure 2.12 (right). It is insensitive to the overall sign of J, but C1 and
C2 are found to have the same sign. Although minor differences in the intensities are observed,
the fit to the experimental data can be considered satisfactory. Judging by the robustness of the
fit, the standard deviation is expected to be of the order of 20MHz. The comparatively large error
stems from (i) the physical and algebraic assumptions made as well as (ii) the rather featureless
character of the experimental spectrum of P2Cu2 which precludes a more precise quantification.

For comparison, the simulated spectra for P1Cu and P2Cu2 are superimposed in Figure 2.13

and contrasted to a superposition of the corresponding integrated experimental cw EPR spectra.
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Figure 2.13: Comparison of the experimental integrated cw EPR spectra (left) and simulated EPR spectra
using Spinach (right) of P1Cu and P2Cu2.

Apart from rotation of the two porphyrin units about the triple bonds, also other motions, such
as bending of the molecule, are expected to modulate the observed exchange coupling. Although
only a variation of J due to rotation was explicitly considered in the simulations, since it would be
impossible to identify and separate contributions to J of different origin, a significant contribution
from other energetically low-lying twisting and bending modes cannot be excluded.

2.3.2 Simulations for the Longer Oligomers

For the simulation of the spectrum of P3Cu3, the hyperfine coupling parameters and g -values
were fixed as well as D, and the parameters C1 and C2 were taken from the simulation of the
dimer spectrum. The same angular dependence of J as for P2Cu2 was assumed, but considering
an independent rotation about both butadiyne linkers. The J-coupling between the outer two
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porphyrin units was assumed to be negligible. This assumption can be justified on the basis of
the cw EPR spectrum of a porphyrin trimer with two terminal copper centres and a central zinc
centre. The cw EPR spectrum of this molecule, referred to as P3Cu2, is shown in Figure 2.14 and
is virtually identical to the spectrum of a copper porphyrin monomer. This suggests that the J-
coupling between the two outer porphyrin units in a linear trimer is indeed negligible (compared to
the width of its spectral features). More details on the EPR properties of P3Cu2 and longer linear
porphyrin oligomers with two terminal copper units, as well as the structures of these molecules
are given in Appendix B (cf. Section B.1).

dχ
”
/
dB

0

B0 / mT

P1Cu

P2Cu2

P3Cu2

Figure 2.14: Comparison of the cw EPR spectra of P1Cu, P2Cu2 and P3Cu2 recorded in frozen toluene at
100K.

In Figure 2.15, the simulation for P3Cu3 is compared to the corresponding integrated experi-
mental cw EPR spectrum. The good agreement between experiment and simulation confirms that
J-coupling indeed only seems to be significant between nearest neighbours.

B0 / mT

Experiment
Simulation

P3Cu3

Figure 2.15: Comparison of the experimental integrated cw EPR spectrum of P3Cu3 with the result of the
simulation using Spinach. Details on the simulation are given in the text.

The numerical simulation of the cw EPR spectrum of the linear hexamer P6Cu6 was not at-
tempted, since the computational effort was not considered to be in relation to the small further
insight that could potentially be gained, especially in view of the large number of assumptions on
geometry, flexibility and interaction strengths which would need to be made.
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Validation of the Results

To supply further confirmation that the influence of J in P2Cu2 is substantial, its spectrum was
also simulated for J = 0. In Figure 2.16 the simulated spectra of P1Cu, P2Cu2 considering only the
influence of the dipolar interaction, and P2Cu2 assuming both dipolar and exchange interactions,
are contrasted. It is observed that, compared to the spectrum of P1Cu, the shape of the simulated
spectrum of P2Cu2 only changes slightly when only D is taken into account. These slight changes
cannot account for the entire experimentally observed broadening (i.e. the almost missing hyperfine
structure), showing that the influence of J is non-negligible.

B0 / mT

P1Cu

P2Cu2: Only D
P2Cu2: D & J

Simulation

Figure 2.16: Comparison of the simulations using Spinach for P1Cu, P2Cu2 considering only the influence
of D, and P2Cu2 assuming both D and J.

2.4 Conclusions

In the present study, the magnitude of the exchange interaction between two copper centres in linear
copper porphyrin oligomers was evaluated by numerical simulation of the cw EPR spectra. Since
the isotropic limit could not be reached at room temperature, due to the presence of bulky side
and end groups in the structures preventing rapid molecular tumbling, a straightforward separation
of the contributions of D and J to the EPR spectra was not possible. Consequently, the analysis
needed to be performed on the frozen solution spectra.

A general characterisation of the investigated compounds by pulse EPR methods allowed the
determination of the nitrogen hyperfine coupling constants and relaxation rates. It was found that
the hyperfine coupling constants are virtually identical for P1Cu and P2Cu2, within experimental
accuracy. The nitrogen hyperfine coupling constants are of the order of 50MHz. If the exchange
coupling in the dimer was significantly larger than the hyperfine coupling interaction, one should
theoretically expect the hyperfine couplings to be halved in the dimer since, due to the coupling
between the two spin centres, the spin density should be evenly spread over both units. The
fact that the hyperfine couplings remain unchanged despite the presence of J with a magnitude
greater than 50MHz, might be explained by the large copper hyperfine coupling A|| of the order
of 600MHz present in these systems.
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Dipolar convolution was applied to reproduce the dimer spectrum considering the known distance
between the copper centres of 1.35 nm. From the analysis it could be concluded that the influence
of J to the frozen solution cw EPR spectrum of P2Cu2 must be substantial.

To quantify the magnitude of J, the spectra of the dimer, P2Cu2, and trimer, P3Cu3, were
simulated using a spin Hamiltonian approach, including the influence of D and J explicitly. Since
also the hyperfine coupling constants of copper and nitrogen needed to be included in the simulation
due to their significant contribution to the spectral shape, the spin Hamiltonian dimensions were
beyond the limits of feasibility of commonly used simulation programs for EPR spectra. The
simulations were thus performed in the time-domain using the software package Spinach, employing
the strategies outlined in Appendix C.

For the simulation of the dimer spectrum, the spin Hamiltonian parameters of the monomer
were taken as a reference and only J and its distribution were adapted. The best fit was obtained
for a broad distribution in J centred at about 100MHz.

Based on the results from cw EPR and numerical simulations, it was concluded that the J-
coupling in the longer porphyrin oligomers with more than two units is not increased markedly
with reference to P2Cu2, suggesting that, to a first approximation, the intra-molecular coupling
in these systems is only effective between nearest neighbours. This result could also be confirmed
by measuring the EPR spectrum of a linear porphyrin trimer with two copper units separated by a
central zinc unit. The spectrum of this compound resembles that of a porphyrin monomer, indicat-
ing negligible exchange coupling between the two copper centres separated by ∼2.7 nm. Electronic
communication thus seems to be restricted to about two porphyrin units in the investigated linear
systems.

The broad width of the distribution in J found for P2Cu2 was suggested to arise from contri-
butions of many different conformers. Many energetically low-lying molecular motions, including
twisting and bending of the porphyrin chain are likely to be feasible and to modulate the exchange
coupling significantly. This work demonstrates for the first time that a complete numerical simu-
lation of the frozen solution spectrum of an unusually large spin system with a Hilbert dimension
of 26244×26244 can be made feasible to an extent that even parameter fitting can readily be
performed. Up-scaling of the calculations seems straightforward at the expense of computation
time.

A considerably larger exchange coupling than observed in the linear systems is expected for
a cyclic copper porphyrin hexamer, c-P6Cu6, based on a visual inspection of the corresponding
cw EPR spectra presented in Appendix B (Section B.3). A numerical simulation of the frozen
solution spectrum taking all dipolar and exchange interactions into account, however, proves excep-
tionally difficult for this compound since many possibly invalid assumptions (regarding the coupling
strengths, geometry and geometric flexibility in such a multi-spin system) would need to be made
in order to keep the number of variable parameters within reasonable limits and thus the results
physically meaningful. Additionally, due to the large size of the spin system, parameter fitting
might not be easily feasible and the analysis might be complicated by the presence of quantum in-
terference effects as shown in Chapter 4. No simulations were therefore performed on this system,
but a complete EPR characterisation can be found in the Appendix.





Chapter 3

Molecular Geometry and Metal-Ligand Interactions

in c-P10Cu2 Complexes

Metal-ligand interactions and the molecular geometry of template-bound complexes of a ten-
membered bis-copper porphyrin nanoring (c-P10Cu2) were investigated by hyperfine and dipolar
spectroscopies. The hetero-metallated nanoring was synthesised by Jonathan Cremers (Anderson
group, University of Oxford, UK) and contains two copper and eight zinc centres. The structure
is shown together with that of the two molecular templates with either four (T4) or five (T5)
binding sites in Figure 3.1. The aryl side groups on the porphyrin core are 3,5-di-tert-butylphenyl
groups, referred to as tBu in this work.
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Figure 3.1: Chemical structures of c-P10Cu2 and the two molecular templates T4 and T5 (Ar = 3,5-di-
tert-butylphenyl, tBu).

The metal centres in the porphyrin structure can bind axial nitrogen ligands of the molecular T4
or T5 templates to form supramolecular complexes by self-assembly, where two templates are bound
per nanoring [70, 71]. While the interaction between axial nitrogen ligands and zinc centres is well
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characterised [72], much less information is available on the corresponding interaction with copper.
The coordination of the metal centres to axial nitrogen ligands is also exploited in the synthesis
of the ten-membered nanoring as is illustrated in Figure 3.2. Since the nanoring is synthesised
from two linear porphyrin pentamers with one central copper unit, the copper porphyrin units in
the structure will necessarily be sitting opposite each other, separated by four zinc porphyrin units
on either side. The T5 template used in the synthesis of c-P10Cu2 can be removed by addition
of pyridine to obtain the template-free ten-membered ring which is used as a comparison in this
study. The template-bound structures are then obtained by adding either T4 or T5 template in
stoichiometric equivalents to a solution of c-P10Cu2.

+

+

+c-P10Cu2 • (T5)2

c-P10Cu2 • (T4)2

c-P10Cu2

pyridine

T4

T5

Figure 3.2: Overview of the synthetic strategy employed in the synthesis of the ten-membered bis-copper
porphyrin nanoring c-P10Cu2. Copper centres are shown in green, whereas zinc centres are
indicated in red.

The formation of 1:2 complexes between c-P10Cu2 and the molecular templates can be con-
firmed by UV-vis titrations. Upon binding of the template to the porphyrin ring, the porphyrin
Q-bands shift towards longer wavelengths and become considerably more structured as compared
to the spectrum of the free ring. The spectral changes can be attributed to an increased rigidity
(i.e. reduced dihedral angle spread) of the structures as a result of template coordination. UV-vis
spectra at different points of a room temperature titration of a 0.96µM chloroform solution of
c-P10Cu2 with the molecular templates T4 and T5 are shown in Figure 3.3 and were recorded by
Jonathan Cremers (Anderson group, University of Oxford, UK). The porphyrin concentration was
kept constant during the titration. In all cases a clear endpoint of the titration was observed after
addition of two equivalents of template, confirming the binding of two templates per nanoring. The
formed 1:2 complexes will henceforth be referred to as c-P10Cu2 · (T4)2 and c-P10Cu2 · (T5)2.
No marked differences are observed between the UV-vis spectra of c-P10Cu2 · (T4)2 and c-
P10Cu2 · (T5)2.
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Figure 3.3: Room temperature UV-vis spectra (left) at different points of a titration of c-P10Cu2 with
T4 (top) or T5 (bottom) in chloroform and corresponding plots of the change in absorbance
at particular wavelengths (as indicated) as a function of template concentration (right).

While the stoichiometry of the complexes can be determined in a rather straightforward way
by UV-vis titrations, more advanced experiments are necessary to determine the location of the
two copper centres within the supramolecular complexes. In principle, three different positions
of the copper units could be imagined, leading to three different Cu· · ·Cu separation distances
as illustrated in Figure 3.4. The indicated distances of 2.5 nm, 4.3 nm, and 5.0 nm have been
estimated based on published values for a six-membered template-bound zinc porphyrin nanoring
[73] and agree well with those obtained by molecular modelling of the structure using HyperChem
[74] with the MM+ force field and parameters adapted for porphyrins [75–78].

2.5 nm 5.0 nm4.3 nm

Figure 3.4: Cartoon illustrating the three conceivable conformations of c-P10Cu2 · (T5)2 leading to three
different separation distances between the copper centres of 2.5 nm, 4.3 nm and 5.0 nm. Similar
structures are expected to form for c-P10Cu2 · (T4)2.

In this study, the relative populations of the three different conformations in the template-bound
complexes are determined with the aim to explore how the presence of two metal ions with different
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binding affinities to axial nitrogen ligands influences the geometry of the supramolecular assemblies.
In the following, the interaction of copper with axial nitrogen ligands will be characterised by
hyperfine techniques, before making use of pulse dipolar spectroscopy to determine inter-copper
distances and distance distributions, and consequently obtain information about the structures and
flexibility of the investigated compounds.

3.1 Characterisation of the Metal-Ligand Interaction

All EPR measurements were carried out on 0.2mM samples in toluene-d8, unless otherwise stated.
Details on the sample preparation and experimental parameters are given in Appendix A (Section
A.1 and Subsection A.3.1). A slight excess of template was employed in the preparation of the
c-P10Cu2 · (T4)2 and c-P10Cu2 · (T5)2 samples and complex formation was confirmed by UV-vis
spectroscopy.

3.1.1 cw EPR

To characterise the electronic and nuclear environment in the vicinity of the copper centres in
the c-P10Cu2 structures, cw EPR spectroscopy was used at X-band. In Figure 3.5 (left) the
frozen solution (100K) cw EPR spectrum of c-P10Cu2 is compared to that of a copper porphyrin
monomer P1Cu. It can be seen that the two spectra are very similar, suggesting that the two copper
centres in c-P10Cu2 are sufficiently far apart so that any intramolecular interactions between them,
which could lead to line broadening, are small compared to the width of the spectral features. The
spectrum of c-P10Cu2 · (T4)2 also resembles that of P1Cu as can be seen from Figure 3.5 (right).
Based on a visual comparison of the spectra, the g -values and hyperfine coupling constants seem
to be virtually identical for c-P10Cu2 and c-P10Cu2 · (T4)2, which indicates that the local nuclear
and electronic structure at the copper centres is very similar in both cases.
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Figure 3.5: Comparison of the baseline and frequency corrected (9.39GHz) X-band frozen solution cw EPR
spectrum of c-P10Cu2 with the spectrum of P1Cu (left) and the spectra of c-P10Cu2 · (T4)2
and c-P10Cu2 · (T5)2 (right) recorded in toluene-d8 at 100K.

Compared to those of c-P10Cu2 and c-P10Cu2 · (T4)2, clear differences are observed in the cw
EPR spectrum of c-P10Cu2 · (T5)2. The whole spectrum is shifted to lower fields, indicating an
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increase in the g -values, in particular g||. In addition, the out-of-plane copper hyperfine coupling
constant A|| is reduced with respect to c-P10Cu2 and c-P10Cu2 · (T4)2 as shown by the reduced
splitting between the two outmost copper transitions which are resolved at the low-field side of
the spectrum.

In the c-P10Cu2 · (T5)2 sample, all metal centres are expected to be bound to a template
leg in contrast to the other two samples. Consequently, the spectral differences could arise from
coordination of copper to the fifth template leg in T5, while in T4 the four template legs might
preferentially bind to the zinc centres, leaving the two copper centres unbound. More information
on this metal-ligand interaction should be accessible via measurement of the 14N hyperfine coupling
constants. Since small variations in the nitrogen couplings cannot be determined with high precision
by cw EPR, Davies ENDOR spectroscopy was employed at Q-band frequencies.

3.1.2 Davies ENDOR

The 14N Davies ENDOR spectra were recorded in frozen toluene-d8 at 15K. To obtain information
on all principal components of the tensors, two spectra were recorded for every sample at field
positions corresponding to the xy and z orientations as indicated in Figure 3.6 for the case of
c-P10Cu2. Analogous positions were chosen for the other two samples.

z

xy

B0 / mT

ccc-P10Cu2Cu2Cu2

Figure 3.6: Field-swept echo-detected Q-band EPR spectrum of c-P10Cu2 recorded in frozen toluene-d8

at 15K. The field positions where the ENDOR spectra were taken are indicated.

The Davies ENDOR spectra of the three structures are compared in Figure 3.7. It can again
be seen that the spectra of c-P10Cu2 and c-P10Cu2 · (T4)2 are very similar, while pronounced
additional peaks are observed in the spectrum of c-P10Cu2 · (T5)2. These additional peaks indi-
cate a minor contribution of a species with slightly reduced nitrogen hyperfine coupling constants.
To confirm the origin of the second contribution to the spectrum of c-P10Cu2 · (T5)2, density
functional theory (DFT) calculations were performed.

3.1.3 DFT Calculations

Density functional theory calculations were carried out to characterise the metal-ligand interaction
between copper or zinc ions and axial nitrogen ligands in porphyrin structures. Differences in molec-
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Figure 3.7: Comparison of the 14N Davies ENDOR spectra of c-P10Cu2, c-P10Cu2 · (T4)2 and c-
P10Cu2 · (T5)2 recorded at Q-band frequencies (15K) at a field position corresponding to the
xy (left) and z (right) orientations. In the case of c-P10Cu2 the field was set to 1187mT and
1107mT for xy and z , respectively, while the corresponding field positions for the template-
bound structures were 1184mT and 1105mT. The green arrow in the spectrum for the z
orientation indicates the additional contribution observed for c-P10Cu2 · (T5)2.

ular geometry and binding strength are explored by constrained geometry optimisations and the
calculation of the EPR parameters on the optimised structures allows interpretation of the trends
observed in the experimental cw EPR and ENDOR spectra. Vibrational frequency calculations
were carried out to confirm that the optimised structures corresponded to local minima.

Constrained geometry optimisations on a copper (P1Cu) and a zinc (P1) porphyrin monomer
were carried out for several fixed separations between the pyridine nitrogen and the central metal
of the porphyrin unit. Details on the calculations are given in Appendix A (cf. Subsection A.5.2).
In the calculations, the porphyrin side groups were truncated to phenyls and the THS end groups
were replaced by a proton. The SCF energy differences with respect to the minimum structure
were plotted as a function of the metal-pyridine separation and the results are shown in Figure 3.8

for P1· py and P1Cu· py.
From these calculations, the following conclusions can be drawn: The metal-pyridine nitrogen

equilibrium separation is calculated to be 2.18Å for P1· py, whereas it is found to be 2.35Å for
P1Cu· py. The potential energy gain upon binding is considerably lower for P1Cu· py as compared
to P1· py, indicating that the binding of pyridine is weaker in the case of copper as the central
metal. Without dispersion correction, equilibrium M· · ·Npy separation distances of 2.25Å and
2.59Å are obtained for P1· py and P1Cu· py, respectively.

Regarding the geometry of P1· py, experimental data are available from X-ray crystallography
in the CSD database. A statistical analysis of all available experimental data was found to yield
a value of 2.16±0.03Å as the mean Zn· · ·Npy separation distance [73], which is in very good
agreement with the presented DFT results. A similar analysis based on X-ray data for the distance
between the zinc atom and the porphyrin plane results in a mean value of 0.37±0.06Å for P1· py,
whereas in a template-bound six-membered zinc porphyrin ring a distance of 0.24±0.06Å was
found experimentally [73]. This result compares favourably with the distance of 0.28Å obtained
here by DFT for P1· py. In the equilibrium geometry, the zinc atom is thus markedly pulled out
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Figure 3.8: Total SCF energy differences with respect to the respective minimum structures as a function
of the metal-pyridine nitrogen separation for P1· py and P1Cu· py obtained from a constrained
geometry optimisation in Turbomole using B3LYP in combination with the TZVP basis set
and dispersion correction to the energies (left) and side view of the optimised minimum
geometries of P1· py and P1Cu· py (right). A slight out-of-plane distortion of the porphyrin
plane is possible, but cannot be discerned in this representation.

of the porphyrin plane as is also shown in Figure 3.8. In the case of P1Cu· py, a distance of only
0.12Å between the copper ion and the porphyrin plane is found by DFT, indicating that the copper
atom roughly remains in the centre of the porphyrin plane even when binding a pyridine ligand.

Regarding the interaction of copper and axial nitrogen ligands, much less information is available
in the database. By X-ray crystallography of a copper porphyrin with two axial pyridine ligands,
a Cu· · ·Npy distance of 2.58Å was found experimentally [79], whereas a Cu· · ·Npy distance of
2.47Å was reported for a copper porphyrin with one axial pyridine ligand [80].

To interpret the observed changes in the EPR spectra of the copper-containing complexes and
assign the measured couplings to the different nuclei within the porphyrin core, the EPR properties
were calculated by DFT for the equilibrium structures of P1Cu and P1Cu· py. Moreover, the
orientations of the hyperfine and g-tensors are obtained by DFT, which are required for a numerical
simulation of the experimental data. The calculated hyperfine and nuclear quadrupole tensors as
well as the orientation of the g- and A-tensors are visualised for both structures in Figure 3.9.
The relative size of the tensors reflects the magnitude of the coupling, however, for some tensors,
scaling factors were applied as detailed in the figure caption. Nitrogen couplings are shown in blue,
13C couplings in dark grey, and copper couplings in yellow. The g-tensor axes are indicated by
dark blue arrows, while the light grey arrows represent the orientation of the hyperfine or nuclear
quadrupole coupling tensors. By projection of the interaction tensors onto the g-tensor axes, scalar
values are obtained which can directly be compared to the experiment. If the A- and g-tensors
are collinear, these values correspond to the principal values of the hyperfine coupling tensors.

Table 3.1 gives an overview of the calculated nitrogen hyperfine coupling constants for the two
structures which can be compared to the experiment. The couplings labelled N1−4 refer to the
in-plane nitrogens, whereas the coupling labelled N5 corresponds to the coupling of the electron
spin of copper to the axial pyridine ligand in P1Cu· py.
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Figure 3.9: Illustration of the calculated hyperfine (left) and nuclear quadrupole (right) coupling tensors
and g-tensor orientations in the molecular frame for P1Cu (top) and P1Cu· py (bottom).
The relative sizes of the tensors reflect the magnitude of the coupling. However, for better
visualisation, the hyperfine coupling tensors for nitrogen and copper were scaled down by a
factor of two and four, respectively, compared to the proton and carbon hyperfine tensors. For
visualisation of the nuclear quadrupole tensors, the Q-tensors were all scaled up equally by a
factor of 30 as compared to the proton hyperfine tensors.

Table 3.1: Nitrogen hyperfine coupling constants calculated for P1Cu and P1Cu· py with ORCA V3.0
using DFT/B3LYP in combination with the EPRII basis set.

AN1−4

[x, y, z] / MHz AN5

[x, y, z] / MHz

P1Cu [58, 46, 47] -
P1Cu· py [55, 43, 44] [-1.15, -1.14, -0.29]

Several observations can be made from the calculated nitrogen hyperfine couplings. First of
all, it is noted that the hyperfine coupling constants of the pyridine nitrogen itself are only of the
order of 1MHz and therefore do not contribute to the experimental 14N Davies ENDOR spectra
shown above. The small size of the coupling to an axial ligand may be explained considering that
the unpaired electron spin is occupying the dx2−y2 orbital. Furthermore, it is observed that the
in-plane nitrogen couplings are reduced by about 3MHz in all directions upon binding of a pyridine
ligand. This reduction in the in-plane hyperfine couplings explains the additional peaks observed
in the ENDOR spectra of c-P10Cu2 · (T5)2: The experimentally observed spectrum seems to
be a linear combination of two spectra. The peaks also observed in the spectra of c-P10Cu2
and c-P10Cu2 · (T4)2 result from unbound copper porphyrin units, whereas the additional minor
contribution to the spectrum of c-P10Cu2 · (T5)2 is a result of the axial coordination to a nitrogen
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ligand. The coupling to the pyridine ligand is not probed directly by ENDOR, but the interaction
is detected via a reduction of the in-plane nitrogen hyperfine couplings.

Furthermore, upon binding of a pyridine ligand, DFT predicts an increase in g⊥ and g|| and
a decrease in the out-of-plane copper hyperfine coupling constant A|| of P1Cu.∗ These trends
are in very good agreement with the differences in the EPR parameters observed experimentally
between P1Cu and P1Cu· py. The corresponding experimental data and simulations are presented
in Appendix D (cf. Figure D.7 and Figure D.9).

3.1.4 Spectral Simulations & HYSCORE

The experimental EPR parameters obtained for P1Cu and P1Cu· py (Appendix D) were also used
in the numerical simulation of the spectra of c-P10Cu2, c-P10Cu2 · (T4)2 and c-P10Cu2 · (T5)2.
Based on the results from DFT, in combination with the observations from ENDOR and cw EPR,
it can be concluded that two species contribute to the spectra of c-P10Cu2 · (T5)2 (and to a
lesser extent also to those of c-P10Cu2 · (T4)2), corresponding to unligated and ligated copper
porphyrin units, respectively. Consequently, the respective ENDOR and cw EPR spectra were
simulated as a linear combination of two contributions. The hyperfine, nuclear quadrupole, and
g -values were taken from simulations of the EPR and ENDOR spectra of P1Cu and P1Cu· py
shown in Appendix D (cf. Table D.1) and only the relative weights of the two contributions were
adapted to fit the spectra of the template-bound c-P10Cu2 structures. The numerical simulations
were performed using the MATLAB package EasySpin. From the experiment only the absolute
value of the hyperfine coupling constants can be determined. The signs of the couplings were
consequently chosen in agreement with DFT calculations.

ENDOR Simulations

Figure 3.10 shows the experimental 14N Davies ENDOR spectra of the three c-P10Cu2 structures
together with the corresponding simulations. The two spectra for the xy and z orientations were
fitted simultaneously for each compound. Even though only the relative percentage of the two
spectral contributions was varied, the agreement between experiment and simulation is reasonable.
The peak positions are well reproduced, while larger differences are observed regarding the relative
peak intensities. However, as also discussed in Appendix D (cf. Section D.2), since all the
relevant information for our purposes is contained in the peak positions, discrepancies in the
relative intensities are not crucial for the interpretation of the spectra. To satisfactorily reproduce
the spectra of c-P10Cu2 · (T4)2 and c-P10Cu2 · (T5)2 using the parameters from P1Cu and
P1Cu· py, relative contributions of the second component of ≈5% and ≈30% needed to be
invoked.

∗For reasons outlined in Appendix A (cf. Subsection A.5.2), the values calculated for the in-plane copper hyperfine
coupling constants A⊥ of the copper structures are much smaller than experimentally observed. The coupling is
close to zero and changes sign depending on the used basis set so that predictions of a trend in this parameter
based on DFT results are error-prone and shall therefore not be attempted here.
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Figure 3.10: Experimental 14N Davies ENDOR spectra of c-P10Cu2 (top), c-P10Cu2 · (T4)2 (centre) and
c-P10Cu2 · (T5)2 (bottom) recorded at Q-band frequencies in frozen toluene-d8 (15K) at
field positions corresponding to the respective xy (left) and z (right) orientations together
with the corresponding simulations carried out using EasySpin. The simulation parameters
are indicated in the figure. The spectra for c-P10Cu2 · (T4)2 and c-P10Cu2 · (T5)2 were
simulated invoking two components, where the relative contribution of the second component
amounts to ≈5% and ≈30%, respectively.

Simulations of the cw EPR Spectra

In Figures 3.11 and 3.12 the experimental frozen solution cw EPR spectra of the three structures
are shown together with their simulations. The nitrogen hyperfine coupling constants were taken
from the simulations of the ENDOR spectra of P1Cu and P1Cu· py, and kept fixed during the
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Figure 3.11: Experimental cw EPR spectrum of c-P10Cu2 recorded in frozen toluene-d8 at 100K together
with a simulation carried out using EasySpin. The simulation parameters are indicated in the
figure.
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Figure 3.12: Experimental cw EPR spectra for c-P10Cu2 · (T4)2 (left) and c-P10Cu2 · (T5)2 (right)
recorded in frozen toluene-d8 at 100K together with the corresponding simulations. The
simulation parameters are indicated in the figure. To satisfactorily reproduce the experimental
spectrum of c-P10Cu2 · (T5)2, a second contribution with a relative weight of ≈40% needed
to be invoked.

simulations. To simulate the spectrum of c-P10Cu2, the copper hyperfine coupling constants and
g -factors determined for P1Cu were taken as an initial guess but were left to vary freely when
applying a least-squares fitting routine. Compared to the parameters obtained for P1Cu, the best
fit is obtained for identical copper hyperfine couplings but slightly decreased g -values (<1%).

The spectra of the template-bound structures were then simulated varying only the relative
contributions of the two components with parameters adopted from the corresponding simulations
for P1Cu and P1Cu· py. While the spectrum of c-P10Cu2 · (T4)2 could be satisfactorily reproduced
involving just one component, a second component with a relative contribution of ≈40% was
needed to reproduce the cw EPR spectrum of c-P10Cu2 · (T5)2.†

Overall, the spectral simulations thus confirm that more than one species is present in the sample
of c-P10Cu2 · (T5)2 with a contribution of about 30−40%. The second species can be attributed

†In addition, the value of the out-of-plane copper hyperfine coupling constant, A⊥, of the second component
needed to be left as a fitting parameter to obtain a satisfactory result.
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to a conformation of the nanoring where all five legs of the T5 template are bound to porphyrin
units, forcing copper to bind an axial nitrogen ligand. Judging by the relative percentages of
this second component, it seems, however, that the fifth template leg in c-P10Cu2 · (T5)2 is not
bound to copper in the majority of all cases.

HYSCORE

In order to confirm the presence of the small coupling between the copper centre and the axial
pyridine ligand predicted by DFT, X-band HYSCORE measurements were carried out on c-P10Cu2
and c-P10Cu2 · (T5)2 in regular toluene at 15K. Protonated toluene needed to be used since the
use of deuterated toluene as a solvent resulted in strong deuterium modulations which completely
dominated the ESEEM time traces and prevented the detection of small nitrogen couplings.
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Figure 3.13: Experimental HYSCORE spectra for c-P10Cu2 (A) and c-P10Cu2 · (T5)2 (B) recorded in
toluene at 15K and simulations of individual contributions to the experimental spectra using
EasySpin for a 13C nucleus with hyperfine coupling constants of [4.0 5.0 7.2]MHz for Ax ,
Ay , and Az (C) and a 14N nucleus with hyperfine couplings of [−1.15 −1.14 −0.29]MHz
and nuclear quadrupole couplings of [0.80 1.30 −2.10]MHz (D).

Figure 3.13 shows the (+/+) quadrant of the experimental HYSCORE spectra of c-P10Cu2 (top
left, A) and c-P10Cu2 · (T5)2 (bottom left, B). No relevant signals were observed in the (−/+)
quadrant. Strong 1H signals were detected on the diagonal close to 14MHz in both spectra but
are not shown in the figure for clarity. A comparison of the two experimental HYSCORE spectra
shows that all signals present in the spectrum of c-P10Cu2 are also observed for c-P10Cu2 · (T5)2.
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However, in addition, two prominent cross peaks at (4.4, 3.8) and (3.8, 4.4)MHz are detected in
the latter spectrum, which could be indicative for weak coupling to a nitrogen ligand.

To confirm the assignment of the cross peaks at (4.4, 3.8) and (3.8, 4.4)MHz in the spectrum
of c-P10Cu2 · (T5)2 and to identify the nature of the cross peaks at (1,6) and (6,1)MHz observed
for both samples, numerical simulations were performed using EasySpin. The cross peaks observed
in the spectrum of c-P10Cu2 · (T5)2 could be reproduced convincingly using the hyperfine and
nuclear quadrupole couplings obtained from DFT calculations for the pyridine nitrogen of P1Cu· py
(N5 in Table 3.1 with QN5

[x, y, z] = [0.80 1.30 − 2.10] MHz) as is shown in Figure 3.13 (bottom right,
D). The simulation parameters can be found in the figure caption. The good agreement between
simulation and experiment allows assignment of the cross peaks at (4.4, 3.8) and (3.8, 4.4)MHz
to the double-quantum peaks arising from the coupling of copper to the 14N nucleus of an axial
pyridine ligand in c-P10Cu2 · (T5)2.

Further simulations were performed to identify the nature of the rather intense cross peaks at
(1,6) and (6,1)MHz. Judging from the magnitude of the coupling corresponding to these cross
peaks, the latter could arise from the presence of 13C nuclei within the structures. DFT calculations
on P1Cu reveal that a total of 16 carbon atoms within the porphyrin core exhibit almost equal 13C
couplings with an average hyperfine interaction of A = [4.0 5.0 7.2]MHz (cf. Figure 3.9). The
natural abundance of 13C is low, but the large number of contributing atoms allow the coupling to
be detected as is confirmed by simulation of the corresponding HYSCORE spectrum in Figure 3.13

(top right, C).

3.2 Structure Determination by Dipolar Spectroscopy

Having characterised the metal-ligand interactions in the template-bound c-P10Cu2 structures by
hyperfine techniques, dipolar spectroscopy was applied to obtain further information about the
geometry and flexibility of the structures.

To begin with, the relaxation behaviour of the three compounds was studied in frozen toluene-d8

solution at 15K, since differences in the relaxation rates between the compounds could give a first
indication about important structural differences or differences in the magnitude of intramolecular
interactions. In addition, the knowledge of the approximate phase-memory time is required for the
following DEER experiments. Figure 3.14 shows the two-pulse echo decay (Tm) as a function of
the inter-pulse delay τ for all three samples at X- and Q-band frequencies. Within experimental
error, no differences in the signal decay are observed between the different c-P10Cu2 structures.
At X-band, the echo decay is strongly modulated by weak coupling to 2H nuclei of the solvent.
At Q-band, these couplings are also present, but are much less pronounced and occur at a higher
frequency of 7.9 as compared to 2.2MHz.

The longitudinal relaxation (∼T1) of the investigated structures was also measured using sat-
uration recovery in combination with the Picket fence method. The results for c-P10Cu2 and c-
P10Cu2 · (T5)2 are shown in Figure 3.15. Fitting of the experimental data using a bi-exponential
model with parameters τ1 and τ2 results in a T1 value (τ1) of about 2ms at 15K. An analysis of
the data recorded for the template-bound structures yields very similar results.
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Figure 3.14: Comparison of the two-pulse echo decay (Tm) as a function of the inter-pulse delay τ for
c-P10Cu2, c-P10Cu2 · (T4)2, and c-P10Cu2 · (T5)2 recorded in frozen toluene-d8 at 15K
at X-band (left) and Q-band (right) frequencies using pulse lengths of 16 and 32 ns for π/2
and π pulses, respectively.
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Figure 3.15: Saturation recovery experiment using the Picket fence method for the measurement of T1

for c-P10Cu2 (left) and c-P10Cu2 · (T5)2 (right) recorded at X-band in frozen toluene-d8

(15K).

To obtain information about the geometry and flexibility of the compounds and the location of
the copper centres in the template-bound structures (cf. Figure 3.4), 4-pulse DEER experiments
were performed at Q-band. The pump and observer pulses had a length of 12 and 16 ns, respec-
tively. Further experimental details can be found in Appendix A (cf. Subsection A.3.1). The
pump pulse frequency was chosen to coincide with the maximum of the field-swept echo-detected
EPR spectrum, and a detection pulse frequency offset of +100MHz was applied as is illustrated
in Figure 3.16, taking the spectrum of c-P10Cu2 as an example.

Figure 3.17 (left) shows the experimental background-corrected DEER traces obtained for the
three c-P10Cu2 structures. Well-defined dipolar modulations can be discerned in all traces, point-
ing towards Cu· · ·Cu separations of roughly 2.5 nm in the template-bound structures and 4.3 nm
in c-P10Cu2. Since the dampening of the modulations is rather slow, it can be concluded that
the distance distributions are rather narrow and the structures consequently fairly rigid.
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Figure 3.16: Field-swept echo-detected Q-band EPR spectrum of c-P10Cu2 recorded in frozen toluene-d8

at 15K. The positions of the pump and detection pulses within the spectrum, as used in the
DEER experiments, are indicated. The frequency offset amounts to 100MHz.
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Figure 3.17: Experimental background-corrected DEER traces of c-P10Cu2 · (T4)2 , c-P10Cu2 · (T5)2
and c-P10Cu2 (left, from top to bottom) recorded at Q-band frequencies and corresponding
g -factor corrected distance distributions obtained from a model-free analysis based on the
Tikhonov regularisation algorithm as implemented in DeerAnalysis (right). The modulation
depth scale is indicated in the figure.

The differences between the traces of c-P10Cu2 · (T4)2 and c-P10Cu2 · (T5)2 presumably arise
from a larger contribution of longer inter-copper distances in c-P10Cu2 · (T5)2 causing the ob-
served ‘up-lift’ of the dipolar evolution trace at early times. In any case, it can be concluded that
the shortest of the three possible Cu· · ·Cu distances dominates the appearance of the DEER trace
for both template-bound complexes.

To obtain the distance distributions corresponding to the DEER time traces, a model-free analysis
was applied. The results are shown for all structures in Figure 3.17 (right).

When exciting at the intensity maximum of the Q-band EPR spectrum of copper porphyrins
with pulses of a length of 12 ns, orientation selection is expected [43, 81–84]. However, since
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the g-tensor of the investigated structures is strongly axial and pump and observer pulses were
chosen to excite spins in the g⊥ part of the spectrum, inter-spin distances may nevertheless
be obtained from the traces using Tikhonov regularisation as implemented in DeerAnalysis [41].
Under these conditions, the Pake pattern will always contain a contribution from the perpendicular
component of the dipolar coupling yielding a distance peak at the ‘true’ inter-copper distance [42].
Additional peaks in the distance distribution might appear at shorter distances as a consequence
of orientation selection, but were not observed in the analysis of the data shown here, suggesting
that the effects of orientation selection on the obtained distance distributions are negligible. The
effect of orientation selection on the DEER time traces and the analysis of it was investigated in
detail for the c-P10Cu2 sample without templates and is discussed in Appendix E.

The distance distributions shown in Figure 3.17 were corrected to account for g -factor differ-
ences.‡ For c-P10Cu2, a distance distribution centred at 4.28 nm is obtained. Available crystal
structures [53] and DFT calculations performed for a zinc porphyrin dimer, point towards a Zn· · ·Zn
distance of 1.35 nm, resulting in a diameter of 4.3 nm for a perfectly circular 10-membered por-
phyrin ring. The experimentally obtained distance is thus in excellent agreement with this value,
confirming that the ring without template is fairly shape persistent in solution. Compared to the
template-bound structures, however, the width of the distance peak obtained for c-P10Cu2 is
larger, which indicates a larger flexibility of the free porphyrin ring.

The distance distributions for the template-bound structures both show a major peak centred at a
distance of 2.50 nm with a width of σr = 0.08 nm. This distance clearly corresponds to the shortest
of the three possible ones in Figure 3.4 where the two copper porphyrin units are located in the
centre of the structure. By X-ray crystallography of a template-bound six-membered zinc porphyrin
nanoring [73], a distance of 1.22 nm was measured between two opposite zinc centres. Imagining
the template-bound ten-membered porphyrin structures as being approximately composed of two
of such six-membered rings, a Cu· · ·Cu distance of approximately 2.5 nm would be expected, which
agrees well with the results from DEER spectroscopy.

For c-P10Cu2 · (T4)2, the distance of 2.50 nm is clearly the major contribution with a relative
importance of >98%, whereas further contributions at longer distances are present in the case
of c-P10Cu2 · (T5)2. The contribution of the shortest distance is reduced to about 80% in c-
P10Cu2 · (T5)2 and additional peaks in the region from 3.8 to 5 nm are observed. Apart from
the peak at 2.5 nm, no other distances shorter that 4.3 nm are expected for a ‘planar’ structure.
It might therefore be speculated that any contributions to the distance distribution in the range
from 3.8 nm to 4.3 nm could arise from bending of the structure as proposed in [85], which would
shorten the longer distances while not affecting the shortest one significantly. Twisting of the
structure by large angles, however, appears unlikely, given that the shortest distance of 2.50 nm is
in very good agreement with the expected value for a ‘planar’ structure and would be expected to
be markedly shorter for a twisted conformation.

However, the minor contributions to the distance distribution of c-P10Cu2 · (T5)2 should not
be over-interpreted, since the errors on these relatively long distances are expected to be large due

‡DeerAnalysis uses the free electron g -factor of 2.0023, whereas the copper DEER traces were acquired at g⊥ =
2.050.
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to (i) their small relative contribution to the time evolution, (ii) the limited length of the DEER
trace and (iii) uncertainties in the applied background correction. We shall therefore not attempt
to analyse the differences between the DEER traces of c-P10Cu2 · (T4)2 and c-P10Cu2 · (T5)2 in
any more detail beyond noting that, essentially, only the shortest distance of 2.50 nm is observed
for c-P10Cu2 · (T4)2, while also longer distances are contributing to the dipolar evolution of
c-P10Cu2 · (T5)2.

Since only the shortest of the three conceivable Cu· · ·Cu distances is obtained for the complex
with T4 and no coupling of the copper centres to the axial nitrogen ligands of the template is
observed experimentally, it may be concluded that the preferred conformation of the template-
bound complexes is governed by the difference in binding affinity for axial nitrogen ligands between
zinc and copper. Given that axial nitrogen ligands preferentially bind to zinc centres, the particular
geometry of the employed T4 template selectively directs the two copper centres towards the
centre of the structure, resulting in the shortest possible separation distance of 2.5 nm.

This result suggests that it should be possible to influence the preferred conformation of the
template-bound structures by modification of the template geometry. To verify this hypothesis,
we performed a further DEER experiment on a sample with a different, X-shaped, molecular
template with four binding sites, referred to as T4x and compared the results with those obtained
for c-P10Cu2 · (T4)2. The hypothesised chemical structures of the two complexes are shown for
comparison in Figure 3.18. If the preferred conformation of the c-P10Cu2 structures is indeed
guided by differences in binding affinities, the two copper centres should be separated by the
longest of the three distances of 5.0 nm in c-P10Cu2 · (T4x)2.
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Figure 3.18: Chemical structures of the two complexes c-P10Cu2 · (T4)2 (left) and c-P10Cu2 · (T4x)2
(right) containing two molecular templates with four binding sites each but different overall
geometry.

Figure 3.19 shows a comparison of the DEER time traces and distance distributions obtained
from Tikhonov regularisation for the two complexes c-P10Cu2 · (T4)2 and c-P10Cu2 · (T4x)2.
Only one contribution corresponding to a distance distribution centred at 5.0 nm is obtained for
c-P10Cu2 · (T4x)2, in very good agreement with the predictions. The observation confirms that
the preferred location of the copper porphyrin units is indeed governed by the differences in binding
strength between zinc and copper to axial nitrogen ligands and opens up the possibility to control
specific distances and thus geometries in supramolecular complexes at a molecular level.
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Figure 3.19: Comparison of the experimental DEER traces of c-P10Cu2 · (T4)2 and c-P10Cu2 · (T4x)2
recorded at Q-band frequencies and 15K in frozen toluene-d8 (left) and corresponding dis-
tance distributions obtained from DeerAnalysis (right).
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Figure 3.20: Experimental DEER data prior to background correction by an exponential background
function with dimensionality d = 3 (left) and comparison of the Fourier transform of the
background-corrected DEER time-traces (right) for all four investigated samples.
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Figure 3.21: Experimental DEER traces for c-P10Cu2 · (T4)2 and c-P10Cu2 · (T5)2 (left) and c-P10Cu2
and c-P10Cu2 · (T4x)2 (right) together with the corresponding fit obtained as a result from
the model-free analysis employing Tikhonov regularisation as implemented in DeerAnalysis.
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For reference, the experimental DEER data prior to background correction, the Fourier trans-
form of all background-corrected DEER traces and the simulations corresponding to the distance
distributions obtained from DeerAnalysis are shown in Figures 3.20 and 3.21.

3.3 Conclusions

In this study, a variety of cw and pulse EPR techniques were used in combination with DFT cal-
culations to investigate weak metal-ligand interactions and the preferred molecular conformations
in template-bound complexes of a ten-membered bis-copper porphyrin nanoring. EPR is very sen-
sitive to small changes in the local environment of the paramagnetic centres, allowing even weak
metal-ligand interactions to be characterised, which cannot easily be detected by other techniques.

Davies 14N ENDOR experiments combined with DFT calculations showed that copper centres do
interact with axial nitrogen ligands of molecular templates. Upon binding of the ligand to copper,
the hyperfine coupling constants of the in-plane nitrogen atoms are reduced by about 3MHz. DFT
calculations revealed that the coupling of the copper electron spin to the 14N nucleus of a pyridine
ligand is only of the order of 1MHz and can therefore not be detected by Davies ENDOR. The
coupling to pyridine could however be observed using HYSCORE at X-band frequencies.

Results from cw EPR showed that also the g -values and copper hyperfine coupling constants
are altered upon ligand coordination. The observed relative increase in the g -values and decrease
of A|| of copper were also in agreement with predictions from DFT.

By measurement of the inter-copper distances, the populations of the three different conceiv-
able conformers of the template-bound structures, c-P10Cu2 · (T4)2 and c-P10Cu2 · (T5)2, were
analysed. Additionally, information about the flexibility of the structures could be obtained from
the width of the distance distributions. The shortest of the three Cu· · ·Cu distances of 2.5 nm is
found to dominate in both template-bound complexes. In c-P10Cu2 · (T5)2, additional contribu-
tions are observed at longer distances, whereas the distance peak at 2.5 nm is found to be virtually
the only contribution to the distance distribution of c-P10Cu2 · (T4)2.

An analysis of the widths of the distance distributions suggests that all investigated structures
are fairly rigid, but that the unbound nanoring is slightly more flexible than the template-bound
structures. For c-P10Cu2, an inter-copper separation distance of 4.3 nm was determined, in excel-
lent agreement with expectations from molecular modelling for a perfectly circular 10-membered
porphyrin ring.

The high preference for the conformation with the shortest possible inter-copper separation
distance of 2.5 nm in c-P10Cu2 · (T4)2 and c-P10Cu2 · (T5)2 was shown to arise from the weaker
binding affinity of axial pyridine ligands to copper centres as compared to zinc centres. Virtually
no coupling of the copper electron spin to pyridine was observed for c-P10Cu2 · (T4)2, suggesting
that the eight template legs of the two T4 templates in the structure are all bound to zinc centres,
therefore leaving the central positions, corresponding to the shortest separation distance, for the
copper units.

In c-P10Cu2 · (T5)2, coupling of copper to the nitrogen of the pyridine ligand was observed
directly by HYSCORE and indirectly by ENDOR. However, simulations of the cw and ENDOR
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spectra suggest that only roughly 30−40% of all copper units are bound to a template leg. The
analysis of the DEER trace of c-P10Cu2 · (T5)2 further indicates that the contribution of the
shortest distance amounts to >80%. Although the uncertainty on these values is certainly high,
it can be concluded that in most cases where the copper centres are located in the centre of
the structure, the fifth pyridine template leg is not bound to a copper centre but rather extends
towards the centre of the structure.

To demonstrate that the preferred geometry of the hetero-metallated nanorings is indeed gov-
erned by the difference in binding strength between copper and zinc, additional experiments were
carried out on a complex between c-P10Cu2 and an X-shaped isomer of T4. As predicted from the
geometry of the template, only the largest Cu· · ·Cu separation distance of 5.0 nm was observed
in this case. Figure 3.22 shows cartoons of the most likely geometries of all investigated samples
and thus summarises the findings of this study.

c-P10Cu2 • (T4)2

5.0 nm

2.5 nm

c-P10Cu2 • (T4x)2

c-P10Cu2 • (T5)2

Figure 3.22: Cartoon illustrating the most likely geometries of the template-bound structures as judged
by the results from hyperfine and dipolar spectroscopy. The Cu· · ·Cu distance in the two
most likely geometries for c-P10Cu2 · (T5)2 amounts to ∼2.5 nm in both structures.

The demonstration that the preferred conformation of the complexes can be switched by only
changing the stereochemistry of the template is particularly remarkable, because it illustrates an
indirect control of the separation between two active sites in a supramolecular assembly. Even if
the template does not directly bind to the copper porphyrin units, it can change their positions
within the complex by moving the zinc sites.



Chapter 4

Constructive Quantum Interference in c-P6Cu2

In the present study, dipolar and exchange interactions are investigated in a six-membered bis-
copper porphyrin nanoring (c-P6Cu2 ·T6) bound to a rigid molecular template with six binding
sites, referred to as T6. The structure of the molecule is shown in Figure 4.1 (left). In Chapter 2
it was shown that the exchange interaction between two copper centres separated by a zinc por-
phyrin unit in linear conjugated porphyrin oligomers (P3Cu2) is negligible at a distance of ∼2.7 nm.
However the much higher rigidity and the bent geometry can significantly alter the orbital over-
lap in the cyclic template-bound system, c-P6Cu2 ·T6, which results in a measurable exchange
interaction as will be demonstrated below.
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Figure 4.1: Chemical structure of c-P6Cu2 ·T6 with tBu side groups (left) and cartoon showing the
structures of all three investigated samples (right).

In addition, since the copper centres in the cyclic system are connected via two pathways,
quantum interference effects on electronic coupling might be observable [86]. Several examples in
the literature have shown Kirchhoff’s circuit law, implying that the conductance through N parallel
wires equals N times the conductance of a single wire, not being applicable on a molecular scale
due to quantum interference effects [87–94]. It was proposed that the electron conductance in
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an idealised system comprising two identical coupling paths connected in parallel should be four
times that of the corresponding singly connected structure [88, 90]. But accurate predictions of
the effects of quantum interference are difficult and the measured conductance crucially depends
on the dimensions of the nano-object, notably the distance between the individual coupling paths
[94]. In principle, electronic quantum interference on a molecular scale can either be constructive
or destructive and is due to the breakdown of the assumptions made in the derivation of Kirchhoff’s
laws, i.e. that the individual resistances are not affected by the presence of others and that the
connecting wires are resistance free [92].

Experimental evidence for such quantum interference effects remains scarce up to date since the
corresponding measurements are complex and suitable model compounds are required to develop a
more detailed understanding of the underlying phenomena. One of the key experiments so far was
performed on single-molecule circuits containing one and two conducting backbones connected in
parallel using the STM based break-junction technique [91]. In this study, an enhancement of the
conductance by a factor of three was found for the structure comprising two coupling paths instead
of one. However, a disadvantage of employing an open circuit arrangement as used in STM is
that the effect of the connection of the molecules to the electrodes needs to be considered and
accounted for in the analysis.

In the present study we present a ’non-invasive’ way of measuring electronic communication
in c-P6Cu2 ·T6 − a model system comprising two identical coupling paths connected in paral-
lel. Electronic communication in this molecular ring system is probed via the evaluation of the
magnitude of the through-bond exchange coupling constant J.

To be able to evaluate the effects of quantum interference in c-P6Cu2 ·T6, two additional
compounds are investigated in this study, in which one or both of the connections between the
copper centres are broken. The compounds are referred to as P6Cu2 ·T6 and (P3Cu)2 ·T6,
respectively, and their structures are illustrated in Figure 4.1 (right). In contrast to the six-
membered ring with tBu side groups, the linear compounds P6Cu2 and P3Cu were synthesised
with THS side groups. P6Cu2 and P3Cu have terminal ethyne groups. The synthesis of all three
compounds, the preparation of the EPR samples, as well as the UV-vis titrations presented below
have been carried out by Jonathan Cremers (Anderson group, University of Oxford, UK).

4.1 UV-vis and EPR Characterisation

The formation of the molecular complexes P6Cu2 ·T6 and (P3Cu)2 ·T6 in toluene was analysed
by UV-vis titrations. In Chapter 3 it was shown that the interaction between axial nitrogen ligands
and copper is much weaker than the corresponding interaction with zinc, so incomplete complex
formation might be expected, especially in the case of (P3Cu)2 ·T6. In addition, the formation
of (P3Cu)2 ·T6, and to a lesser extent also that of P6Cu2 ·T6, might be sterically hindered due
to the terminal ethyne groups on P3Cu and P6Cu2. The data of a room temperature UV-vis
titration of toluene solutions of P6Cu2 (7.8 · 10−7 M) and P3Cu (1.7 · 10−6 M) with T6 are shown
in Figure 4.2 and Figure 4.3, respectively. If complex formation were complete, sharp end points
of the titration should be observed after addition of 1 (P6Cu2) and 0.5 (P3Cu) equivalents of T6.
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Figure 4.2: UV-vis titration of P6Cu2 with T6 in toluene at 298K (left) and corresponding change in
absorbance at specific wavelengths as a function of the equivalents of T6 added (right).
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Figure 4.3: UV-vis titration of P3Cu with T6 in toluene at 298K (left) and corresponding change in
absorbance at specific wavelengths as a function of the equivalents of T6 added (right).

In the case of P6Cu2 the formation of the expected 1:1 complex is indeed observed. After
addition of about 1 equivalent of T6, no further changes are observed in the UV-vis absorption
spectra. Upon complex formation, the intensity of the central peak of the porphyrin Soret band
at ∼ 460 nm is considerably reduced and the porphyrin Q-bands shift towards the red and become
more structured.

Also in the case of P3Cu a red-shift of the Q-bands and a reduction of the central peak of the
Soret band are observed upon complex formation. However, an end point of the titration could
only be observed after addition of about 6 equivalents of T6, instead of the expected value of 0.5.
Steric hindrance in combination with the lower binding affinity of copper to axial nitrogen ligands
seem to prevent complete 2:1 complex formation. The end point of the UV-vis titration presumably
corresponds to a situation where, in the majority of all cases, only one P3Cu is bound per T6.
Yet, at every point of the titration, a contribution of all four possible species, i.e. (P3Cu)2 ·T6,
P3Cu ·T6, as well as free P3Cu and T6, has to be expected. If T6 is added in excess, the
formation of P3Cu ·T6 should be preferred over (P3Cu)2 ·T6, whereas the opposite should be the
case if the concentration of P3Cu is more than twice as high as that of T6. For the preparation
of the EPR sample of (P3Cu)2 ·T6, the stoichiometric ratio of 2:1 was chosen.
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In this study, DEER spectroscopy will be used for the determination of D and J in the three
investigated samples. All EPR samples were prepared at a porphyrin concentration of roughly
0.2mM in deuterated toluene. Further details on the sample preparation and settings applied in
the EPR experiments are given in Appendix A (Section A.1 and Subsection A.3.1).

The normalised UV-vis spectra of the EPR samples recorded at room temperature in toluene are
shown in Figure 4.4. Comparing the spectra to those in Figures 4.2 and 4.3, it is apparent that 2:1
complex formation is not complete in the case of (P3Cu)2 ·T6 under these conditions. However,
using pulse dipolar spectroscopy, we are able to isolate the contributions of species exhibiting
intramolecular spin-spin couplings from background contributions of molecules with only one spin
centre, so that the presence of P3Cu ·T6 or free P3Cu in the sample is unproblematic.
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Figure 4.4: Normalised room temperature UV-vis spectra of the EPR samples in toluene at 298K.

Figure 4.5 shows the echo-detected field-swept EPR spectra for all three investigated samples
recorded in toluene-d8 at 15K together with measurements of the phase memory time Tm acquired
at field positions corresponding to the maximum of the field-swept EPR spectrum (g⊥). It is
interesting to note that, compared to the template-bound oligomers, relaxation is considerably
slowed down in c-P6Cu2 ·T6. This observation may be related to the higher rigidity of the c-
P6Cu2 ·T6 ring structure.

In Chapter 3 it was shown that 14N Davies ENDOR measurements can be used to identify
whether or not the copper centres in the sample are bound to axial nitrogen ligands. Binding of
an axial ligand to copper leads to a decrease in the probed hyperfine coupling constants of the
in-plane nitrogens of the porphyrin units and therefore a shift of the ENDOR spectrum to lower
frequencies. ENDOR measurements on the studied samples demonstrate that, in frozen solution,
i.e. under the same conditions as the DEER measurements will be performed, complex formation
is not complete in either (P3Cu)2 ·T6 or P6Cu2 ·T6. The data are shown in Figure 4.6 for the
g⊥ and g|| orientations and are compared to the corresponding spectra acquired for c-P6Cu2 ·T6
and P6Cu2 in toluene-d8. The latter are shown in the background in grey. In c-P6Cu2 ·T6 all
copper centres are bound to an axial ligand, whereas in P6Cu2 no ligand coordination can occur.
In the spectra of (P3Cu)2 ·T6 and P6Cu2 ·T6, contributions of both, bound and unbound copper
centres, seem to be present, judged by the position of the ENDOR spectra with respect to those
of c-P6Cu2 ·T6 and P6Cu2.
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Figure 4.5: Field-swept echo-detected EPR spectra (τ = 400 ns) (left) and 2-pulse echo decay curves
(Tm) recorded at a field position corresponding to the maximum of the respective field-swept
EPR spectra (right). The data were acquired at Q-band in frozen toluene-d8 at 15K.
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Figure 4.6: Davies 14N ENDOR spectra of the three samples recorded at Q-band (15K) at field positions
corresponding to the xy (left) and z (right) orientations of the electronic g-tensor. For
comparison, the spectrum of the linear hexamer without template, P6Cu2, is shown in the
background in grey.

4.2 Through-bond Exchange Coupling Detected by DEER

DEER measurements were first performed on c-P6Cu2 ·T6. In all experiments, the pump pulse was
placed on the intensity maximum of the field-swept EPR spectrum (cf. Figure 4.5) and a detection
pulse frequency offset of +100MHz was applied. Unless otherwise stated, the measurements were
performed at 15K at Q-band frequencies. All further experimental details are given in Appendix
A (Subsection A.3.1).

In the experimental Q-band DEER trace of c-P6Cu2 ·T6 a high frequency modulation was
observed corresponding to a frequency of ∼13MHz. This frequency being too high as to be solely
caused by the dipolar interaction between the two copper centres separated by a distance of roughly
2.4 nm (∼3.9MHz at g = 2.05), it was speculated that it could result from exchange coupling.
Additional measurements as outlined in the following were performed to rule out any alternative
causes.
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If the modulation was due to intermolecular interactions, the frequency should be affected by
the sample concentration. To this end, a sample of c-P6Cu2 ·T6 was prepared at only half of the
original concentration in toluene-d8. The data acquired at concentrations of 0.1mM and 0.2mM
are compared in Figure 4.7 (left). Since no difference in the modulation frequency is observed,
coupling between spin centres on different c-P6Cu2 ·T6 molecules can be ruled out as a cause for
the observed modulation.

If the modulation was due to nuclear ESEEM effects, the modulation frequency would change
when the measurements are performed at a different spectrometer frequency. Figure 4.7 (right)
shows a comparison of the traces recorded at X- and Q-band frequencies. Again, no differences in
the modulation frequency of the DEER trace were observable, demonstrating that the modulation
indeed results from intramolecular coupling between the two copper centres.
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Figure 4.7: Comparison of the background-corrected DEER traces for c-P6Cu2 ·T6 recorded at Q-band at
two different concentrations of 0.1 and 0.2mM (left) and comparison of the traces measured
at X- and Q-band frequencies using a detection pulse frequency offset of +100MHz (right).

It follows that the observed high-frequency modulation is likely to be a combination of D and
J. Since the exchange interaction is mediated through bonds, it should be possible to isolate the
influence of D by breaking the conjugation on both sides. The sample with two broken conjugations,
(P3Cu)2 ·T6, thus serves as a reference compound to characterise the dipolar interaction, which
should be the same in all investigated complexes, whereas the sample with one broken conjugation,
P6Cu2 ·T6, is expected to yield valuable information on the contribution of quantum interference
effects.

Figure 4.8 shows a comparison of the experimental DEER traces of all three samples. Indeed,
a much lower modulation frequency of about 3.5MHz is observed for (P3Cu)2 ·T6, in agreement
with the expected distance of about 2.4 nm (at g = 2.050). As can also be seen from a compar-
ison of the Fourier transforms of the three time traces shown in Figure 4.9, the main frequency
component dominating the time trace of P6Cu2 ·T6, is larger compared to (P3Cu)2 ·T6, but
considerably smaller compared to c-P6Cu2 ·T6. The maxima of the dominant frequency peaks
correspond to 3.5MHz, 5.2MHz and 13.1MHz, for (P3Cu)2 ·T6, P6Cu2 ·T6, and c-P6Cu2 ·T6,
respectively.
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Figure 4.8: Comparison of the phase-corrected (left), and phase- and background-corrected (right) DEER
traces of all three investigated samples measured in toluene-d8 at Q-band (15K).
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Figure 4.9: Fourier transforms of the background-corrected DEER traces of the three samples. The colour-
code is the same as in previous figures.

4.3 Separation of the Effects of D and J on the DEER Data

By X-ray crystallography of a template-bound six-membered zinc porphyrin nanoring, a diameter
of 2.44 nm has been determined between two opposite metal centres [73]. This distance might
be slightly altered in the presence of two copper centres in the structure since it has for example
been shown in Chapter 3 by DFT calculations that the equilibrium metal· · ·N distance between
the nitrogen of an axial nitrogen ligand and copper is larger as compared to zinc. The strategy
for the simulations outlined below is therefore as follows: To determine the exact value for D in
the investigated copper-containing complexes, the DEER trace of (P3Cu)2 ·T6 will be simulated
considering the g -factor at g⊥ of 2.050. The value determined for D will then be assumed to be
the same for all three samples, since D solely depends on the distance between the copper centres
which are separated by the same rigid template in all cases.

In the analysis of the DEER data of c-P6Cu2 ·T6 and P6Cu2 ·T6, the influence of J needs to
be accounted for. Furthermore, in order to be able to determine J with high precision, the analysis
should also allow for a separation of the contributions of D and J. For conjugated nitroxide
biradicals such a separation was successfully demonstrated for cases where both singularities of the
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Pake pattern could be detected after Fourier transformation of the DEER time traces [82, 95–97].
However, generally, the separation of the two contributions is not straightforward, especially if D
and J are of the same order of magnitude.

To determine J from the experimental DEER data, the following analytic expression was derived
by Prof. Ilya Kuprov (University of Southampton, UK), which describes the dependence of the
reduced form factor f (t) of the dipolar evolution time trace on D and J in the limit where the
difference between the resonance frequencies of the two spins in the absence of coupling is much
larger than the pseudo-secular part of the coupling Hamiltonian (weak coupling approximation).

f (t) =

√
π

6D t

[
cos
(

(D + J) t
)

FrC

(√
6D t

π

)
+ sin

(
(D + J) t

)
FrS

(√
6D t

π

)]
(4.1)

FrS and FrC are the Fresnel sine and cosine integrals, respectively. The parameters D and J in
this expression are given in units of rad/s. The complete derivation of the equation is given in
Appendix C (Section C.2).

As can be seen from the analytic result, the DEER time trace in the presence of through-bond
exchange coupling has a complicated dependence on D and J. To a first approximation, however,
the experimental signal is expected to oscillate with a frequency roughly corresponding to D + J.
The expression was derived for an exchange coupling Hamiltonian of HJ = J S1 S2. The results
of the simulations using this analytic expression were cross-checked against numerical simulations,
based on a spin Hamiltonian approach, implemented in the MATLAB package Spinach [68] and
found to be consistent.

To quantify the magnitude of J, all experimental data were background-corrected and the
reduced form factors of the DEER traces were then simulated using Equation (4.1) assuming
Gaussian distributions in the frequency domain for D and J.∗

4.3.1 Determination of D

The result of the simulation for the sample with two broken conjugations, (P3Cu)2 ·T6, is shown
in Figure 4.10. Since no through-bond coupling is possible in this case, J was set to zero in the
simulations and only a Gaussian distribution in D, characterised by the centre frequency, Dc , and
the width of the distribution, σD , was assumed.

Although the relative modulation amplitudes cannot be reproduced exactly, partially due to
uncertainties in the DEER background correction, the simulations can be considered satisfactory
since the modulation frequencies and the dampening of the oscillations, which contain all the
relevant information for our purposes, can be well reproduced and determined with high precision.
It is found that the distribution in D is relatively narrow with a width of only σD = 0.12MHz. The
determined centre frequency of 3.6MHz corresponds to a Cu· · ·Cu distance of 2.47 nm at g =

∗Obviously, the above equation can only be used in the absence of strong orientation selective effects on the
detected modulation frequencies. In the present case, both detection and pump pulses where placed on g⊥
when acquiring the DEER data, which should minimise the observation of any such effects on the modulation
frequencies [42] as also discussed before in Chapter 3.
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Figure 4.10: Simulation of the experimental DEER data for (P3Cu)2 ·T6 using the analytic expression
given in the text and including a Gaussian distribution in D with parameters as indicated in
the figure.

2.050 and is therefore in excellent agreement with expectations from available experimental data
on a template-bound six-membered zinc porphyrin nanoring (2.44 nm) [73] and DFT calculations.

4.3.2 Justification of the DEER Background

As was already mentioned briefly when discussing the UV-vis and ENDOR data of the EPR samples,
the complex formation in the (P3Cu)2 ·T6 and P6Cu2 ·T6 samples is incomplete. In addition to
the wanted 2:1 (P3Cu) and 1:1 (P6Cu2) complexes, we therefore expect the presence of different
species arising from incomplete complex formation, which might contribute to the background of
the experimental DEER traces. Such additional contributions to the signal are only expected for
species/complexes with two copper centres at distances shorter than ∼8 nm and could, at least
partially, account for the observed (small) mismatch in the relative modulation amplitudes (i.e.
intensities) between the experimental DEER data and the simulations shown above. Since the
amplitudes are not considered in the interpretation of the data, these contributions do not affect
our conclusions. However, it is desirable to understand the origin of the discrepancies.

Regarding the (P3Cu)2 ·T6 sample, we do not expect any DEER signal from unbound P3Cu,
T6 or the 1:1 complex P3Cu ·T6, but since it is known that zinc has a much higher affinity to bind
to axial nitrogen ligands than copper, more complicated complexes involving two T6 templates
and at least two P3Cu molecules could be imagined and could lead to the presence of various
longer separation distances.

To demonstrate that a satisfactory simulation of the experimental data can be achieved by
including a minor contribution accounting for different arrangements of T6 and P3Cu, a second
component with a broad contribution centred at a longer distance was included in the simulation
of the DEER data of (P3Cu)2 ·T6. The centre and width of this second component were allowed
to vary until the best possible fit was obtained. The result of this simulation is shown in Fig-

ure 4.11 and the corresponding distributions in the distance and frequency domain are depicted in
Figure 4.12.
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Figure 4.11: Simulation of the form factor of the background-corrected DEER trace of (P3Cu)2 ·T6
assuming a distance distribution consisting of two peaks with Gaussian distribution as shown
in the figure below.
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Figure 4.12: Distance distribution at g = 2.050 (left) and corresponding frequency distribution (right)
resulting from a least-squares fit of the simulation to the experimental DEER data of
(P3Cu)2 ·T6 when allowing the centre and width of a second Gaussian distance peak to
vary.

It is found that the DEER trace of the (P3Cu)2 ·T6 sample can be well reproduced by including
longer distances in the range between about 3.5 and 7 nm in addition to the dominating distance
of about 2.5 nm with a main modulation frequency of 3.6MHz. The presence of longer distances
causes an ‘uplift’ of the dipolar evolution trace at early times which cannot be reproduced by
the simulation with just one component shown in Figure 4.10. The remaining small differences
between experiment and simulation in Figure 4.11 might be a consequence of orientation selection.

Concerning P6Cu2 ·T6, complex formation seems more complete based on the UV-vis behaviour
and ENDOR results. However, the ENDOR measurements revealed the presence of a minor contri-
bution of unbound P6Cu2, which is expected to contribute to the experimental DEER time trace.
This contribution might cause minor amplitude differences between experiment and simulation for
this sample. For reference, the DEER data (before background correction) recorded for P6Cu2
without template in toluene-d8 is shown in Figure 4.13 and compared to the data for P6Cu2 ·T6.
Inspection of Figure 4.13 further reveals that the rigidity of the structure is crucial for the obser-
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vation of any J-coupling effects in DEER data. In the absence of the template imposing a rigid,
circular geometry, no distinct modulations are discernible in the DEER trace of P6Cu2.
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Figure 4.13: Comparison of the phase-corrected DEER traces of P6Cu2 and P6Cu2 ·T6.

4.3.3 Quantification of J

The distribution in D, determined by simulation of the data of (P3Cu)2 ·T6, was used in the
simulations of the DEER traces of c-P6Cu2 ·T6 and P6Cu2 ·T6 for the purpose of quantifying
the through-bond coupling J. In the simulations including both D and J, consequently only the
centre and width of the distribution in J were adapted. The results of the simulations for the two
samples with one or two through-bond coupling paths are compared to the respective experimental
data in Figure 4.14. The centres and widths of the frequency distributions in J and D used in the
simulations are indicated in the figures. Compared to the distribution in D, the distributions in J

were found to be much wider.
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Figure 4.14: Simulation of the experimental DEER data for c-P6Cu2 ·T6 (left) and P6Cu2 ·T6 (right)
using the analytic expression given in the text and including Gaussian distributions in D and
J with parameters as indicated.

For c-P6Cu2 ·T6, a J value of +10.4MHz (σJ = 1.1MHz) was determined from the simulation.
Due to the definition of the exchange coupling Hamiltonian used in the derivation of Equation (4.1),
a positive J value indicates antiferromagnetic coupling (ES < ET ). For the structure with one
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broken conjugation, P6Cu2 ·T6, a J value of only +2.3MHz is obtained. The enhancement of the
average magnitude of the J-coupling by a factor of 4.5 in c-P6Cu2 ·T6 compared to P6Cu2 ·T6
clearly indicates constructive quantum interference in the cyclic structure with two identical, parallel
coupling paths.

4.3.4 Verification of the Sign of J

According to the definition of the dipolar coupling Hamiltonian in dipolar spectroscopy, the D

value (i.e. ωdd) has to be positive in all cases. Since we are able to determine the relative
signs of D and J from the simulations, the fact that D needs to be positive should enable us to
determine the absolute sign of J. With reference to Equation (4.1), the dominating modulation
frequency detected in the experimental DEER trace, given by the cosine term, should correspond
to the absolute value of a combination frequency of D and J. Thus, even if D is positive, two
solutions for J (one positive, one negative) leading to the same absolute value could in principle
be imagined. The dipolar coupling frequency in the studied systems has been determined to be
D = 3.6MHz. The best fit to the experimental data for c-P6Cu2 ·T6 was obtained for a value
of J = +10.4MHz as shown above, leading to a value of roughly +14MHz for D + J. The
same absolute value could be obtained for a J value of −17.6MHz. An analogous reasoning for
P6Cu2 ·T6 leads to an absolute value of +5.9MHz which can be obtained for J = +2.3MHz
or J = −9.5MHz. However, we find for both samples, that the simulations for the two cases
are significantly different, so that the sign of J can indeed be determined from a simulation of
the experimental data. The simulations carried out for the case of a negative J (ferromagnetic
coupling) are shown for both samples in Figure 4.15. Variations of these values by up to several
MHz do not noticeably improve the goodness of fit. It can clearly be stated that the agreement is
much worse as compared to the data presented above (for positive J in Figure 4.14) demonstrating
that the sign of J can be determined with confidence in the present case.
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Figure 4.15: Simulation of the form factor of the background-corrected DEER data for c-P6Cu2 ·T6
(left) and P6Cu2 ·T6 (right) assuming an opposite sign of J as used for the simulations
shown above. The fit is clearly worse (as compared to the preceding figure) and cannot be
significantly improved when varying J without changing its sign, confirming the choice of a
positive sign for J.
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4.4 Conclusions

In the dipolar evolution time trace of a six-membered porphyrin nanoring containing two copper
centres separated by two zinc centres on either side (c-P6Cu2 ·T6), a high frequency modulation
corresponding to a frequency of ∼13MHz was observed experimentally, which could be attributed
to through-bond exchange coupling (J) between the copper centres.

To determine the magnitude of the exchange coupling, we derived an analytical expression
enabling us to separate the contributions of dipolar and exchange coupling to the time evolution in
DEER. Gaussian distributions in D and J were assumed in the simulation of the experimental data.
The simulations showed that the relatively strong exchange coupling in c-P6Cu2 ·T6 partially
suppresses the lower frequency modulation expected from dipolar coupling between the copper
centres and allow us to quantify the magnitude of J with high precision. In addition, we were
able to determine the absolute sign of the exchange interaction. Antiferromagnetic exchange is
observed for both the ring structure and the sample with one broken conjugation.

The dipolar modulation corresponding to a through-space distance of 2.47 nm can be recovered
if both connections between the copper centres are broken in (P3Cu)2 ·T6. The validity of the
simulations is supported by the excellent agreement of the determined Cu· · ·Cu distance with
expectations from available experimental data on a template-bound six-membered zinc porphyrin
nanoring, where a distance of 2.44 nm was obtained. The fact that no J-coupling is observed in the
system with two broken conjugations also demonstrates that the coupling in c-P6Cu2 ·T6 occurs
along the porphyrin chain and not through the T6 template as could also be assumed. This result
agrees with the results presented in Chapter 3 where it was shown that the hyperfine coupling of
copper to an axial nitrogen ligand is very small.

The observed exchange coupling of about 10MHz in c-P6Cu2 ·T6 is remarkable, considering the
large through-bond distance between the copper centres. No other system has so far been shown to
still exhibit significant (i.e. measurable) exchange coupling at an inter-spin separation distance as
large as 3.9 nm. The results suggest efficient long-range electronic communication to be favoured
by the high degree of conjugation, the particular geometric arrangement of the individual units and
the overall high rigidity of the structure. When the molecular template, stabilising the structure
and imposing a bent geometry, is removed, no significant exchange coupling is discernible for the
linear hexamer with two copper centres, P6Cu2, as was shown in Figure 4.13.

If one of the two connections between the copper centres is broken, the average magnitude of
the exchange coupling drops to only one fourth of the original value in c-P6Cu2 ·T6. This study
therefore constitutes an experimental evidence for constructive quantum interference of electronic
communication in a cyclic molecular system with two identical, parallel coupling paths.





Chapter 5

Introduction to Triplet State EPR

Since triplet states have (at least) two unpaired electrons, they are paramagnetic and can there-
fore be studied by EPR. In the literature, many examples can be found where transient EPR was
successfully applied for the identification and characterisation of triplet state intermediates in pho-
toinduced reactions of biological or technological relevance. These examples include the study of
photosynthetic reaction centres [98–102], as well as structures designed for artificial photosynthesis
[103–106] or wire-like charge transport [107–109]. This chapter will explain the basics of triplet
state detection and characterisation by different transient EPR techniques with special focus on
the measurement of triplet state delocalisation in porphyrin oligomers, serving as an introduction
for Chapters 6 to 8.

The investigation of triplet state delocalisation becomes increasingly relevant for a number of
applications, since knowledge of the factors governing triplet delocalisation could help to improve
the performance of organic photovoltaics, OLEDs, or molecular spintronics devices [46, 50, 110,
111]. For an in-depth study of triplet delocalisation, porphyrin oligomers seem to be suitable model
compounds since a large variety of such linear and cyclic π-conjugated systems are available and can
rather easily be modified to accommodate different side- or end groups allowing for a systematic
modification of the electronic properties [112–116]. In addition, conjugated porphyrin arrays have
been found to exhibit favourable nonlinear optical and charge transport properties [51, 117–119],
implying an efficient electronic communication between the individual porphyrin units, which makes
these molecules promising candidates for applications as molecular wires [113, 115].

In the following chapters, the triplet states of linear zinc porphyrin oligomers with different side
and end groups synthesised either in the group of Prof. H. L. Anderson (University of Oxford, UK)
or Prof. M. J. Therien (Duke University, USA), will be investigated.

5.1 EPR of Porphyrin Triplets

The triplet states of the porphyrin oligomers are generated by pulsed laser excitation of the sam-
ple inside the EPR resonator to the first excited singlet state followed by intersystem crossing.
The intensity of the observed triplet EPR signal is therefore mainly dependent on (i) the sample
concentration (ii) the laser power used in the experiment (iii) the quantum yield of triplet forma-
tion and (iv) the lifetime of the triplet state and the spin relaxation rates. Experimentally, the
triplet lifetime can be prolonged and spin relaxation considerably slowed down by performing the
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measurements at low temperatures. The sample concentration as well as the laser power can be
adapted to optimise signal intensities. The only parameter controlling the signal intensity which
cannot (easily) be influenced is hence the quantum yield of triplet formation. Consequently, the
triplet yield is often the limiting factor which determines the feasibility of a particular triplet state
EPR experiment.∗

5.1.1 Origin of the Triplet Spectrum

Compared to standard EPR of spin S = 1
2 systems with Boltzmann distributed populations, there

are some important differences in triplet state EPR which shall briefly be outlined here. The
different energetic sublevels of the triplet are split in energy even if no magnetic field is applied.
This so-called zero-field splitting (ZFS) is due to the dipolar interaction between the two unpaired
electrons forming the triplet and is illustrated in Figure 5.1.
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Figure 5.1: Illustration of the splitting of the triplet sublevels for D > 0, E < 0 at B0 = 0 (left) and of
the ZFS tensor orientations for an oblate (D > 0, centre) and a prolate (D < 0, right) spin
distribution.

The zero-field energy levels are denoted as |X〉, |Y〉, and |Z〉, referring to the axes of the zero-field
splitting interaction tensor DDD. Since the tensor is traceless, the corresponding zero-field interaction
can be parameterised by the two parameters D and E according to Equation (1.18).

Significance of D and E

In general, D and E can yield valuable information about the electronic structure of the spin
system. Assuming that the spin orbit and crystal field contributions to the zero-field interaction
are negligible and the point-dipole approximation is valid, they can be expressed (in frequency
units) as follows:
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where r is the distance between the unpaired electron spins, θ the angle between the spin-spin
vector and the dipolar Z axis and all other parameters have their usual meanings. The angled
∗In rare cases, very short triplet lifetimes or very fast spin relaxation times can also be a limiting factor for triplet
state characterisation by EPR.
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brackets indicate the expectation value. We can see that D can be related to the inter-spin
distance, whereas the parameter E tells us about the axiality of the system. If the X and Y axes
are equal, E is equal to zero, whereas a large value for E indicates a strong non-axiality of the
electron spin distribution.

The signs of D and E determine the energetic ordering of the triplet sublevels. In addition, the
sign of D reveals whether the spin distribution is oblate (D > 0) or prolate (D < 0): If θ is equal
to π

2 , Z is perpendicular to the molecular plane, and D is thus positive. This corresponds to an
oblate (‘disk-like’) spin distribution, which is normally observed for planar aromatic molecules. In
the other extreme case, when θ is equal to zero, and Z parallel to the molecular axis, D is negative.
This indicates a prolate spin distribution (‘rod-like’, cf. Figure 5.1).

From triplet EPR experiments, only the relative signs of D and E can normally be obtained.
The sign of D might be anticipated from the molecular structure, for instance using DFT, or can
be determined experimentally in some cases by magneto-photoselection experiments [120, 121].
The sign of E then depends on the (arbitrary) assignment of X and Y to the molecular axes. In
this and previous work, E is chosen to be negative for the porphyrin monomer, while D was shown
to be positive [122].

Application of a Magnetic Field

When applying a magnetic field, the zero-field splitting parameters D and E , which contain valuable
information about the electronic properties of the system, can be measured by EPR. The zero-field
energies of the individual triplet sublevels, EX , EY , and EZ , are given by [1]:

EX =
1

3
D − E EY =

1

3
D + E EZ = − 2

3
D (5.3)

It can thus be seen that the separation of the energy levels at zero field is solely determined by the
dipolar splitting parameters D and E . In the presence of a magnetic field, the individual triplet
sublevels are further split in energy due to the electronic Zeeman interaction. The high field energy
levels corresponding to mS = +1, 0, and −1 are typically denoted |T+〉, |T0〉, and |T−〉.

At high fields, the energies of the three triplet states are referred to as E+, E0, and E− and
depend on the orientation of the external magnetic field with respect to to the dipolar axes X , Y ,
and Z . If B0 ||Z , for example, the energies as a function of the magnetic field (in frequency units)
can be expressed as follows:
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(5.4)

Whenever the external field is parallel to one of the DDD-tensor axes, we refer to this orientation
as a so-called canonical orientation. The corresponding (zero-field) sublevel does not change its
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energy as a function of field and becomes the mS = 0 state at high fields, whereas the other two
sublevels are split in energy and turn into the mS = −1 or mS = +1 states at high fields.

According to the selection rules in EPR, ∆mS = ±1, only transitions between the |T0〉 level
and the |T−〉 or |T+〉 levels are allowed. Two EPR transitions should thus be observable for every
canonical orientation as illustrated in Figure 5.2 for the case of a porphyrin monomer, leading
to a total of up to† six lines. Depending on whether the respective transition corresponds to a
|T0〉 ↔ |T+〉 or |T0〉 ↔ |T−〉 transition, the EPR transition will be denoted, for instance, as Z+

or Z− in the case of B0 ||Z .
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Figure 5.2: Energies of the triplet sublevels of a zinc porphyrin monomer as a function of the magnetic
field at different orientations of the field relative to the dipolar axes X , Y , and Z . Whenever
the energy of the microwave radiation matches the energy gap between |T0〉 and either |T−〉
or |T+〉, a transition can be observed which is either emissive or absorptive depending on the
relative populations of the sublevels involved, indicated by the thickness of the level bars. In
frozen solution, a total of six different transitions, at the canonical orientations X±, Y±, and
Z±, can be observed for every molecule of the isotropically oriented ensemble, resulting in
the depicted powder-like spectrum if the Z sublevel is primarily populated.

From Figure 5.2 it can be seen that apart from the absorptive transitions typically observed, also
emissive transitions contribute to triplet state EPR spectra. In fact, for every canonical orientation,
one absorptive and one emissive transition with equal intensity are observed due to the non-
Boltzmann populations of the triplet sublevels. This unusual population distribution arises since
the triplet state is formed by intersystem crossing from the singlet state and the intersystem crossing
rates to the different triplet sublevels are typically not identical and depend on the intersystem

†The number of distinct transitions observed in the experiment depends on the symmetry of the investigated
system. If the system has axial symmetry, the number of transitions is reduced to four because the X and Y
levels coincide (E = 0).
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crossing mechanism. The presence of non-Boltzmann populations is referred to as spin polarisation
and is a necessary condition for the observation of emissive transitions.

The populations of the high field states which determine whether a particular transition is
emissive or absorptive can be calculated from the initial populations of the zero-field levels. In the
framework of the high field approximation, for example, the sublevel populations for B0 ||Z are
given by

P0 = PZ P±1 =
1

2
(PX + PY ) (5.5)

and the intensity of the two transitions is then proportional to the population difference P0−P±1.

In many cases it can be very instructive to analyse the particular electronic spin polarisation
(ESP) pattern observed for a certain species, since the sequence of absorptive (a) and emissive
(e) transitions (aaaeee for a zinc porphyrin monomer) can in principle be related to the mech-
anism of triplet formation. In the literature, examples can be found where the observed triplet
spin polarisation allowed the authors to confirm a proposed excited state reaction mechanism in
complex systems where the contributing photophysical pathways were not known a priori. A radi-
cal pair intermediate could for example be identified in bacterial photosynthesis based on the spin
polarisation of the triplet state of bacteriochlorophyll [100, 123]. Since the observed triplet spin
polarisation aeeaae suggested an equal population of the high field states and could therefore
not arise from intersystem crossing, it was concluded that the triplet is formed by radical pair
recombination.

When looking back at the porphyrin monomer triplet spectrum shown in Figure 5.2, one notices
furthermore that we observe a continuum of transitions rather than the six isolated ones which
would be expected in the case of a single crystal sample. This is due to the fact that the spectrum
has been acquired on an isotropic frozen solution sample. In frozen solution, a powder-averaged
spectrum is obtained, i.e the measured spectrum is the sum of the individual spectra of an ensemble
of molecules with isotropically distributed orientations. Consequently, instead of just detecting six
lines, we observe a broad and continuous spectrum as shown in the figure. However, the locations
of the canonical orientations can still be determined with high precision, since they manifest
themselves as turning points in the experimental spectrum.

Since all other interactions, such as hyperfine interactions, which might contribute to the ap-
pearance of the experimental spectrum are typically small, relative to the value of D, they can often
be neglected in any interpretation of the spectral shape. For porphyrin triplets, the dipolar inter-
action parameter D is typically of the order of 1000MHz, resulting in comparatively broad spectra
spanning about 70mT. Triplet states can therefore in most cases easily be distinguished from other
transient species like radical pairs since the latter exhibit much narrower spectral features.

5.1.2 Interpretation of the Triplet Spectrum

The triplet EPR spectra are recorded under continuous microwave irradiation by a technique
referred to as transient cw EPR. In the experiment, the static magnetic field is varied stepwise and
the transient signal is then recorded for every field point which allows one to build up the triplet
spectrum as a function of field and time. The spectra are recorded in direct detection, so that
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any positive signal corresponds to an absorptive transition, whereas a negative signal indicates an
emissive transition.

From the shape of the triplet spectrum the zero-field splitting parameters D and E can be
determined by numerical simulation. If the exact positions of the six canonical orientations cor-
responding to the six transitions are well resolved in the experimental spectrum, it may even be
possible to directly read off the dipolar splitting parameters from the experimental spectrum by
measuring the distance between the turning points in the spectrum, and considering the following
equalities

∆BZ = 2 |D| ∆BX = |D|+ 3 |E | ∆BY = |D| − 3 |E | (5.6)

where, by convention, the principal axes of the DDD-tensor were chosen such that |D| > |3E | and
|DZ | > |DX | ≥ |DY | [124]. The relationship between the absolute magnitude of D and E and the
distances of the turning points in the experimental spectrum is also illustrated in Figure 5.3 for a
zinc porphyrin monomer (P1) with tBu side groups recorded in frozen toluene.
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Figure 5.3: Illustration of the determination of the dipolar splitting parameters D and E from the exper-
imental triplet EPR spectrum of P1 (left) and numerical simulation of the spectrum using
EasySpin (right).

Apart from D and E , also the information about the initial relative triplet state sublevel popula-
tions can be obtained by numerical simulation of the spectrum (cf. Figure 5.3, right). The shape
of the triplet spectrum is very sensitive even to small changes in these triplet state populations. An
illustration of the variation in shape upon changes in the initial populations is shown in Figure 5.4.
The spectra were simulated for the same D and E values, but different populations with either
the X , Y , or Z sublevels, or combinations thereof, primarily populated. It can be observed that
the six spectra shown in the figure are very characteristic and clearly different from each other.
However, only information on the relative sublevel populations can be obtained.

Changes in triplet state populations are not always straightforward to interpret. Yet, potentially,
a lot of information on the mechanism of triplet formation can be obtained. For instance, in the
case of P1, the out-of-plane sublevel is mainly populated which can be interpreted as arising from
intersystem crossing mediated by spin orbit coupling due to mixing of the Zn d-orbitals with the
porphyrin π-system. Table 5.1 gives an overview of all possible ESP patterns that can arise from
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Figure 5.4: Simulation of the triplet state EPR spectra assuming D > 0 and E < 0 for different initial
populations of the triplet sublevels.

different combinations of the intersystem crossing rates and therefore different initial triplet state
sublevel populations. It shall be noted here that only the polarisation patterns aeeaae and eaaeea

cannot result from intersystem crossing.

Table 5.1: Examples of the possible polarisation patterns that can arise from intersystem crossing together
with the corresponding relative populations (for D > 0, E < 0) of the triplet sublevels.

PX PY PZ ESP(Z+) ESP(X−) ESP(Y−) ESP(Y+) ESP(X+) ESP(Z−)
1 0 0 e e a e a a
0 1 0 e a e a e a
0 0 1 a a a e e e
1 1 0 e e e a a a
1 0 1 a e a e a e
0 1 1 a a e a e e
2 1 0 e e − − a a
2 0 1 − e a e a −
1 2 0 e − e a − a
0 2 1 − a e a e −
1 0 2 a − a e − e
0 1 2 a a − − e e

5.2 Probing Triplet State Delocalisation

Two different approaches to access delocalisation of the triplet state shall briefly be discussed here.
The first approach makes use of transient cw EPR spectroscopy and relies on the dipolar splitting
parameter D as a measure of delocalisation due to its distance dependence ∝ r−3. The second one
builds on the McConnell equation [125] and uses the relative magnitudes of the hyperfine coupling
constants to conclude about spin delocalisation.
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Both of these approaches have widely been applied in the literature before. Many studies have
focussed on the photosynthetic reaction centre and model systems thereof and it was for instance
found, using pulse ENDOR spectroscopy, that the triplet state is (unevenly) delocalised over two
chlorophyll units in the special pair of the bacterial reaction centre [99], whereas, under identical
conditions, localisation of the triplet state on just a single unit was observed in the special pair of
photosystem II [102]. Transient cw EPR was for example applied in the study of artificial linear
porphyrin systems designed as molecular wires [107, 108, 112] where it was concluded from the D
values that the triplet state is localised on just a single porphyrin unit.

5.2.1 Transient cw EPR

Since D is proportional to r−3, where r is the distance between the two unpaired electrons, one
should expect to observe a decrease in the absolute value of D if the distance between the two
unpaired electrons increases upon delocalisation. The total width of the triplet spectrum being
equal to 2|D| (cf. Figure 5.3), increased delocalisation should in principle manifest itself in the
observation of a narrower spectrum.

However, it has been shown in the literature [122] that care needs to be taken in the interpretation
of the apparent D ∝ r−3 proportionality since the orientation of the zero-field splitting tensor within
the molecular framework and therefore the 1− 3 cos2 θ term in Equation (5.1) might change with
increasing oligomer length. Unless there are good reasons to assume that the spin distribution
remains invariant, the use of D as an indication of the delocalisation length might lead to wrong
conclusions and should therefore be avoided or complemented by ENDOR results. As an example,
a change in spin distribution from an oblate (θ = 90◦) to an entirely prolate (θ = 0◦) system
would result in an increase in the absolute value of D by a factor of two, even if the delocalisation
length r remains unchanged.

5.2.2 Triplet State ENDOR

A much less ambiguous way to access triplet state delocalisation is to determine the hyperfine
coupling constants using pulse ENDOR (or ESEEM) spectroscopy. The McConnell equation [125]
describes a linear relationship between the hyperfine coupling constants, Ai , of a system and its
spin density ρ,

Ai = Q · ρ (5.7)

where Q is an empiric factor which is assumed to be constant for a given system. From this
relation it can directly be inferred that if complete delocalisation occurs over more than one unit
in an oligomeric system, the hyperfine coupling constants of the oligomer, Ai , will be reduced
compared to the corresponding ones in the monomer, AM,i , by a factor of one over the number of
units N over which delocalisation occurs.

Ai =
1

N
AM,i (5.8)
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This formula enables us to quantify delocalisation in a straightforward way (but is based on the
assumption of identical spin distributions on each unit). As we will see from the experimental data
obtained for the systems studied in Chapters 6 and 7, this approach will prove valuable for the
study of delocalisation although it is experimentally more challenging than the determination of
the dipolar splitting parameters by transient cw EPR.

Figure 5.5 shows a schematic representation of the energetic splittings and possible transitions
in triplet state (1H) ENDOR, where the external magnetic field, B0, was chosen to be parallel to
the Z axis.
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Figure 5.5: Schematic representation of the energy splittings and (1H) ENDOR transitions in the triplet
state for AZ > 0, D > 0, E < 0 and B0 ||Z . The relative position of the observed ENDOR
peak with respect to the Larmor peak is graphically illustrated. The position depends on the
sign of the hyperfine coupling constant, AZ , and the probed spin manifold. EPR transitions
are indicated in green, whereas nuclear transitions are shown in red.

Starting from their respective zero-field energies, the three different energy levels of the triplet
state are split in the presence of an external magnetic field due to the influence of the electronic
and nuclear Zeeman interactions, as well as the hyperfine interaction. Here we consider the case of
proton ENDOR (I = 1

2) measured at a magnetic field corresponding to the Z+ transition (D > 0)
and furthermore, for simplicity, we will assume that we only have one non-zero hyperfine coupling
constant in our system which we will refer to as AZ . According to Figure 5.5 we would thus
expect two peaks in the ENDOR spectrum due to the two possible transitions: One at the Larmor
frequency of the protons (ms = 0) corresponding to the chosen field position and another one
shifted from the Larmor frequency peak by the value of AZ (ms = +1). The absolute value of AZ

can then directly be read off from the spectrum as it is given by the absolute magnitude of the
shift. For representation of the ENDOR spectra of weakly coupled nuclei such as 1H, which are
centred around the Larmor frequency, the Larmor frequency peak is set to zero, so that the x-axis
directly reflects the magnitude of the hyperfine coupling constants in MHz.

Triplet state ENDOR has the advantage that the sign of the hyperfine coupling constants can
be determined provided the sign of the dipolar splitting parameter D is known. In this case,
the Larmor peak serves as a reference. When referring to the Z+ transition, hyperfine coupling
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constants associated with peaks located at frequencies lower than the Larmor peak are positive in
sign, whereas those corresponding to peaks appearing at the higher frequency side of the Larmor
peak are negative. The opposite is the case for the Z− transition (and for the − spin manifold in
general). A graphic summary of this is shown in Figure 5.5.

Since triplet EPR spectra are typically broad, the EPR pulses of a couple of nanoseconds length
applied in an ENDOR experiment cannot uniformly excite the entire spectrum. Orientation se-
lection is therefore observed in triplet ENDOR, meaning that different subsets of orientations are
probed depending on the chosen field position. If individual components of anisotropic interaction
tensors are to be resolved, the orientation dependence of the spectra can be a great advantage. It
can for example be used to determine relative tensor orientations.

X− Y−

Z−

B0 / mT
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νRF - ν1H / MHz

P1 X–

Y–

Z –

Figure 5.6: Illustration of the orientations probed at different field positions within the triplet EPR spec-
trum of P1 (left) and corresponding triplet state ENDOR spectra (right).

In Figure 5.6, the effect of orientation selection on the ENDOR spectra, detected at different field
positions within the triplet cw EPR spectrum of P1, is illustrated. The orientations are graphically
depicted on unit spheres and excited orientations are shown in red. The figure suggests that
measurements at field positions corresponding to the six different canonical orientations indicated
in the spectra can be used to obtain independent information about the magnitude of the hyperfine
tensor components along the three axes of the ZFS interaction tensor. Indeed such information
can be obtained by orientation dependent measurements, however the spectral overlap of different
contributions needs to be considered in the analysis of the spectra. As can be seen by closer
inspection of Figure 5.6, while the information about the Z component of the tensor can easily be
isolated by performing the measurements in the outer wings of the spectrum, spectra measured
at field positions corresponding to the X and Y orientations will in most cases also contain minor
contributions of signals belonging to other canonical orientations.



Chapter 6

Triplet State Delocalisation in Zinc Porphyrin

Ladders

The linear zinc porphyrin oligomers shown in Figure 6.1 (left) have been synthesised in the Ander-
son group (University of Oxford, UK) [126] and will be referred to as Pn, depending on their number
n of porphyrin units. It has been shown by NMR and UV-vis spectroscopies [127] that especially
the longer oligomers P3 and P4 can form ladder-type assemblies when diazabicyclo[2.2.2]octane
(DABCO) or other bidentate ligands like 4,4’-bipyridine (bipy) are added in stoichiometric equiv-
alents to a solution of the linear zinc porphyrin oligomers. The self-assembly is highly cooperative
and the association constants of the corresponding processes are strongly solvent dependent and
have been investigated in detail at ambient temperatures [127]. From these investigations it could
be concluded that toluene is a suitable solvent for the study of the ladder structures since (i) the
association constants are comparatively high in toluene and (ii) toluene is non-coordinating and
therefore does not interfere with the binding of the nitrogen ligands to zinc. Although the glass
forming properties of toluene are not ideal, since toluene glasses are prone to cracking, it is also
suitable for low-temperature EPR.
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Figure 6.1: Schematic representation of porphyrin ladder formation when DABCO is added in stoichio-
metric equivalents to a solution of linear zinc porphyrin oligomers. Structures of the linear
porphyrin oligomers with tBu side groups (left) and of the self-assembled porphyrin ladders
containing DABCO (right). The separation distance between the porphyrin strands in the
ladder complexes with DABCO amounts to 0.7 nm [128].

The investigated structures have been synthesised as model compounds for photosynthetic light
harvesting, charge transport (‘molecular wires’), and nonlinear optical applications. Conjugation
in these systems can for example be observed by UV-vis spectroscopy as shown in Figure 6.2.
Comparing the spectra of the longer oligomers with the spectrum of P1, it can be seen that the



102 Chapter 6 Triplet State Delocalisation in Zinc Porphyrin Ladders

porphyrin Q-bands are considerably red-shifted, which is a clear indication of a more extended
conjugated π-system.
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Figure 6.2: Normalised UV-vis spectra of the linear porphyrin oligomers P1 to P4 with tBu side groups
recorded in toluene at room temperature.

In previous work [109, 122, 129], triplet state delocalisation has been investigated extensively
in linear porphyrin oligomers with THS side groups in a 2-methyltetrahydrofuran:pyridine 10:1
(MTHF:py) solvent mixture by transient cw EPR and pulse ENDOR techniques. It has been
found that complete delocalisation is restricted to just two porphyrin units. In the corresponding
longer oligomers, P3 and P4, uneven triplet state delocalisation was observed and confirmed by
DFT calculations.

Since the barrier to rotation about the triple bonds connecting the individual porphyrin units
is below 1 kcalmol−1 [69], free rotation of the porphyrin units is feasible in the linear oligomers,
potentially leading to a large heterogeneity of torsional angles which might disrupt delocalisation.

The ladder complexes investigated in this study were designed to limit the rotation about the
butadiyne linkers, thereby keeping the π-systems within a single porphyrin strand co-planar and
maximising intra-oligomer π-overlap. Compared to linear porphyrin oligomers, the real and imag-
inary parts of the third-order nonlinear susceptibility χ(3) have been shown to be enhanced by
an order of magnitude in ladder complexes [118, 130, 131], making porphyrin ladders suitable
candidates for nonlinear optical applications. In addition, a ten-fold increase in the charge carrier
mobility was observed in ladder structures and was ascribed to enhanced conjugation in these
systems as a consequence of the increased planarity of the individual porphyrin strands [132].

The predominantly co-planar arrangement of the porphyrin units in ladder complexes could
potentially facilitate delocalisation. In this study, the small bidentate nitrogen ligand DABCO
is chosen as the bridging ligand resulting in a separation distance of only 0.7 nm between the
two porphyrin strands. This distance is similar in magnitude compared to that between the two
chlorophyll molecules forming the special pair in bacterial reaction centres, where asymmetric
delocalisation over both molecules was observed [99]. To minimise steric hindrance in ladder
formation, the less bulky tBu side groups are chosen for the present investigation rather than
THS side groups.
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The focus of this study is to explore whether ladder formation enhances triplet state delocalisa-
tion either (i) within a single porphyrin strand by keeping the porphyrin π-system in a co-planar
arrangement or (ii) between the two porphyrin stands, in analogy to the observations made in the
bacterial reaction centre. Triplet state delocalisation is investigated by both transient cw EPR and
pulse ENDOR spectroscopies in frozen toluene solution at 20K.

In the following paragraphs we will continue with a basic characterisation of the porphyrin
structures and ladder assemblies by room and low-temperature UV-vis spectroscopy, before we
proceed to discussing the results of the EPR and ENDOR investigations, which are complemented
by DFT calculations.

6.1 Ladder Formation and Stability

It has been suggested in the literature that the room temperature UV-vis spectrum of the porphyrin
dimer is the sum of the spectra of different conformations [133] brought about by the low rotation
barrier (< 1 kcal) about the butadiyne bridge [69]. By titration of a solution of porphyrin dimer
(P2) with a bidentate ligand forcing the dimer into a co-planar conformation, the pure spectrum
of the co-planar conformer was obtained [133], confirming the presence of different conformers
at room temperature. Upon planarisation, the porphyrin Q-bands are slightly red-shifted and the
spectral intensity at the red-edge of the spectrum around 735 nm (in MTHF) is considerably
enhanced, whereas the relative intensity of the band around 670 nm is smaller compared to the
spectrum of mixed conformers. In the Soret band, the increased peak intensity at higher wave-
lengths (∼495 nm) can be attributed to the parallel conformation, whereas the intense band in the
centre of the Soret band (∼460 nm), present before addition of the planarising ligand, strongly
decreases upon addition of the latter and is thus considered a spectral feature of the perpendicular
conformation.

Similar changes in the spectra, indicative for planarisation, are also expected upon ladder for-
mation with DABCO. The rotation of the individual porphyrin units in the oligomers should be
considerably restricted in the presence of DABCO and a predominantly co-planar arrangement
obtained. Moreover, the behaviour and stability of the ladder structures also needs to be tested
at low temperatures to assure a good comparability of the observations from UV-vis spectroscopy
with the results obtained by EPR. There are several reasons why triplet state EPR needs to be
carried out in the solid state at low temperatures, a few of which shall be mentioned here: The
spin lattice relaxation controls the communication between the triplet sublevels and is highly tem-
perature dependent. We need this relaxation to be slow (i.e. no faster than the triplet lifetime)
to obtain good results by pulse EPR. This is normally only possible at low temperatures and in
solid matrices. Tumbling/rotation and a short triplet lifetime or a low triplet concentration (low
sample concentration, excitation efficiency, or low triplet yield) can all cause problems. Moreover,
the triplet state population can decay by other deactivation processes, the influence of which is
much reduced at low temperatures. For further details see reference [105].

Porphyrin ladder formation can for instance be confirmed by NMR and UV-vis titrations. If the
bridging ligand is added in large excess, the ladder structure can again break up to form structures
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where oneDABCOmolecule is bound per zinc porphyrin unit. Figure 6.3 shows spectra at different
points of a room temperature UV-vis titration of the linear oligomers P1 to P4 with DABCO
in toluene. The respective spectra at the stoichiometric point for ladder formation are shown in
green, whereas the red lines represent spectra of solutions containing a large excess of DABCO.
All UV-vis spectra presented in this chapter have been recorded by Martin Peeks (Anderson group,
University of Oxford, UK). Upon addition of DABCO, gradual changes can be observed in the
UV-vis spectra. For P1, no indications for the formation of an intermediate ladder-type complex
are present at the employed concentrations due to a comparatively weak association constant of
only ∼3 · 103 M−1 [127]. However, in the case of the longer oligomers, P2 to P4, a red-shift of
the porphyrin Q-band is observed, along with shifts of intensity away from the blue-edge of the
Q-band and the central peak of the porphyrin Soret band (∼450 nm) towards the red edge of the
Q- and Soret bands. Based on the literature results cited above, these changes are attributed to
(i) a Q-band red-shift resulting from axial Zn· · ·N coordination and (ii) changes in band shape
arising from planarisation as a consequence of ladder formation.
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Figure 6.3: Spectra recorded at different points of UV-vis titrations of P1 to P4 (1µM) with DABCO in
toluene solution at ambient temperatures. The respective spectra at the stoichiometric point
for ladder formation are shown in green. Red lines indicate a large excess of DABCO.

When DABCO is added in excess, the ladder complexes are found to break up again in the
case of P2 and P3, most clearly indicated by the gain in intensity of the central peak of the Soret
band (∼465 nm). In the case of P4, the stability of the ladder complex is already high enough
that it cannot be broken up easily by addition of a large excess of the ligand and hence no further
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changes in the UV-vis spectrum were observed once the stoichiometric point for ladder formation
was reached.

To assure comparability with the EPR measurements carried out in frozen toluene, the stability of
the DABCO ladder structures was also verified at low temperatures. For the low temperature UV-
vis measurements the sample was contained in an EPR tube and the temperature was controlled
using an Oxford Instruments cryostat. Due to cracks in the frozen toluene glass and the geometry
of the EPR tube, a relatively large scattering background was present in all low temperature spectra
and a fourth order polynomial background correction was consequently applied. Owing to these
background corrections, the relative peak intensities in the low temperature UV-vis spectra might
not be absolutely reliable. Nevertheless the prominent spectral features can clearly be distinguished
and compared and were found to be well reproducible. The corrected low-temperature spectra
recorded at 80K in the absence and presence of DABCO are compared to the corresponding room
temperature spectra in Figures 6.4 and 6.5 for P2 to P4. Additionally, for P2 with DABCO,
spectra at different temperatures were recorded with the aim to understand the peculiar results
obtained with this sample at low temperatures. These spectra are also shown in Figure 6.4.
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Figure 6.4: Room and low temperature (80K) UV-vis spectra of P2 and (P2)2 · (DABCO)2 (left) and
spectra of (P2)2 · (DABCO)2 at different temperatures as indicated (right) in toluene.

When examining the spectra in Figure 6.4, it can be observed that P2 does not behave as
expected. From the spectra it appears that the DABCO ladder complex, present at room temper-
ature, is not stable at low temperatures judged by the increase in intensity of the central peak of
the porphyrin Soret band. In fact, the low temperature spectrum of P2 with DABCO resembles
the spectrum of P2 with excess DABCO measured at room temperature (cf. Figure 6.3). It thus
seems that an arrangement where the porphyrin units within a single oligomer are predominantly
held at right angles with respect to each other is preferred at low temperatures.∗

In the case of the longer oligomers P3 and P4, however, the stability of the ladder complexes
could be confirmed at low temperatures. Compared to the corresponding spectra at room tem-
perature, the ladder spectra at 80K are red-shifted and are more structured, especially in the
spectral region of the porphyrin Q-bands, but the spectral characteristics indicative for ladder for-
mation are conserved. Low temperature spectra were also acquired in the absence of DABCO and
∗This might be due to low temperature aggregation of P2 competing with ladder formation.
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Figure 6.5: Room and low temperature (80K) UV-vis spectra of P3 and (P3)2 · (DABCO)3 (left) and
P4 and (P4)2 · (DABCO)4 (right) in toluene.

show convincingly that the longer oligomers do not spontaneously adopt a co-planar conformation
upon cooling, but that the presence of DABCO indeed influences the distribution of oligomer
conformations, also at low temperatures.

6.2 Transient cw EPR and Simulations

The influence of DABCO on triplet state delocalisation in ladder complexes can only be quantified
reliably if the properties of the porphyrin oligomers in the absence of the bridging ligand are well
known. Since previously published results were obtained in different solvents and with different
porphyrin side groups, they should not be used for reference in this study. Consequently, the
linear oligomers with tBu side groups were first characterised by transient EPR in the absence
of DABCO in toluene. All samples were prepared at a concentration of 50µM, were excited at
532 nm with a pulsed Nd:YAG laser (10Hz, 5mJ) and the spectra were recorded at 20K. Further
details on the sample preparation, experimental setup and data treatment can be found in Appendix
A (cf. Section A.1 and Subsection A.3.2).

6.2.1 Linear Oligomers

The transient cw EPR spectra obtained for the linear oligomers, P1 to P4, are shown in Figure 6.6.
The shape of the triplet spectra was found not to change significantly over the course of the triplet
state lifetime as illustrated in Figure 6.7 for P1 and P2. For representation, either individual
spectra are plotted at different time delays after laser excitation, or, if only the spectral shape is
needed for analysis, several spectra at early delay times are averaged (typically over a time window
from 0.2−1.0µs) to obtain a better signal-to-noise ratio.

The measured spectra are in good agreement with results published earlier [109], although
small differences in the triplet state polarisations are observed. In agreement with earlier work,
an increase of the spectral width is observed from P1 to P2. An interpretation of this finding in
terms of Equation (5.1) would suggest that the triplet state is localised on just a single porphyrin
unit, however it has been shown before that a reorientation of the zero-field splitting tensor occurs
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Figure 6.6: Comparison of the X-band triplet cw EPR spectra recorded at 20K in frozen toluene for P1
and P2 (left) and P3 and P4 (right). The spectra have been averaged from 0.2−1µs after
laser excitation.
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Figure 6.7: Transient cw EPR spectra at different time delays after laser excitation for the triplet state of
P1 (left) and P2 (right) recorded at 20K in frozen toluene.

from P1 to P2 and is consistent with the observed increase of the spectral width and complete
delocalisation over two porphyrin units [122].

Numerical simulations of the experimental data were performed in MATLAB using the software
package EasySpin, in combination with a home-written MATLAB fitting routine, to determine
the zero-field splitting parameters D and E as well as the relative populations of the triplet
sublevels. For P1, the D value was assumed to be positive, as confirmed by magnetophotoselection
experiments [122], corresponding to the Z axis being the out-of-plane axis. The E value was chosen
to be negative, so that the Y axis of the zero-field splitting tensor is aligned with the axis along
the aryl side groups. For the longer oligomers P2 to P4, D was assumed to be negative and E

positive. Consequently, for these molecules, the ZFS Z axis coincides with the long axis of the
molecule, while Y still corresponds to the axis along the aryl side groups. The best fit to the data
is shown in Figure 6.8 for P1 to P4 and the individual simulation parameters are indicated in the
graphs. The smallest sublevel population, observed for the Y sublevel in all cases, was set to zero
for a better visualisation of the trends.
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Figure 6.8: Numerical simulations of the experimental triplet spectra for P1 (top left), P2 (top right),
P3 (bottom left) and P4 (bottom right) with tBu side groups in toluene. The simulation
parameters are indicated in the figure.

In linear porphyrin oligomers with 3,5-bis(octyloxy)phenyl side groups, aggregation was observed
in non-coordinating solvents [134, 135]. The relatively low concentration employed in this EPR
study and the similarity of the obtained triplet state parameters to those obtained for porphyrins
with THS side groups in a MTHF:py solvent mixture suggests, however, that aggregation is not a
confounding variable in the present case. To further support this statement, a spectrum of P3 with
the bigger and bulkier THS side groups, which are less prone to aggregation, was also recorded in
toluene. The result is shown in Figure 6.9 and numerical simulation of the data resulted in triplet
state parameters almost identical to those obtained for P3 with tBu side groups, suggesting that
the different side chains do not significantly influence the triplet state spectra and that the small
differences in the triplet state polarisations with respect to earlier work are caused by the use of a
different solvent. The general trend in the triplet state polarisations with increasing oligomer length
is, however, identical, and the gradual decrease in the out-of-plane triplet sublevel population (PZ

in P1 and PX in the longer oligomers) can be ascribed to an increasing contribution of a second,
competing intersystem crossing mechanism [109].



Chapter 6 Triplet State Delocalisation in Zinc Porphyrin Ladders 109

B0 / mT

Experiment
Simulation

D: −1210MHz
E : 266MHz
P{X,Y,Z}: [0.50 0 0.50]

P3 THS

Figure 6.9: Numerical simulation of the transient cw EPR spectrum of P3 with THS side groups in
toluene. The simulation parameters are indicated in the figure.

6.2.2 DABCO Ladders

Transient cw EPR spectra have also been recorded for samples of the linear porphyrin strands
containing DABCO in stoichiometric equivalents for ladder formation. Since the ladder complex
of P2 was found not to be stable at low temperatures, and complete delocalisation has already
been shown beforehand to occur over two porphyrin units even in the absence of a planarising
ligand, the following discussion on the effect of ladder formation on triplet state delocalisation will
only focus on the longer oligomers P3 and P4.

The triplet spectra of the DABCO ladder complexes are shown in Figure 6.10 and are compared
to the respective spectra without bridging ligand. At first glance, the spectra acquired in the
presence of DABCO are very similar to those acquired in its absence. However, on closer inspection
and simulation of the data, as shown in Figure 6.11, it is observed that the relative populations of
the triplet sublevels, and therefore the electron spin polarisation of the spectrum of P3, are slightly
altered in the presence of DABCO. The out-of-plane triplet sublevel population (PX) is slightly
decreased upon ladder formation in P3. This is consistent with an increased planarisation of the
porphyrin π-system as suggested by comparison of the spectrum with the results from excitation
wavelength dependent studies where the co-planar conformation was selectively excited [129]. The
spectral differences observed for P4 when comparing the spectra in the absence and presence of
DABCO are almost negligible. However, the spectral shape observed is again consistent with a
co-planar conformation by comparison with the spectra shown in reference [129].

Most importantly, the D value, determining the overall width of the spectra, does not seem to
be affected by ladder formation, suggesting that the bridging ligand DABCO does not promote
further delocalisation. However, since the hyperfine coupling constants provide a more accurate
estimate of the extent of triplet state delocalisation, 1H ENDOR experiments were carried out
on the available samples, again starting with the linear oligomers in the absence of DABCO for
reference.
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Figure 6.10: Experimental transient cw EPR triplet spectra for P3 and P4 and comparison of the spectra
to those measured in the presence of DABCO added in stoichiometric amounts for ladder
formation. The positions of the six canonical orientations are labelled for reference.
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Figure 6.11: Numerical simulation of the transient cw EPR spectrum of the ladder complexes of P3 (left)
and P4 (right) recorded at 20K in frozen toluene. The simulation parameters are indicated
in the figure.

6.3 Mims ENDOR & DFT

Both theoretically and experimentally the largest proton hyperfine coupling constants in the inves-
tigated porphyrin systems are observed along the Y axis of the DDD-tensor, corresponding to the axis
along the aryl side groups. To obtain the most reliable results when investigating delocalisation,
the magnitude of this well resolved hyperfine coupling constant in the Y direction will thus be
compared in all cases. ENDOR spectra for other field positions corresponding to the X and Z

orientations were also recorded and are shown for P1 and P2 in Appendix F (Section F.1).

DFT calculations of the hyperfine coupling tensors, as described in Appendix A (Section A.5),
allow assignment of this coupling to the nuclei within the porphyrin core. A visualisation of
the calculated hyperfine coupling tensors is shown in Figure 6.12 for P1 and P2 together with
the orientation of the ZFS tensor as obtained by DFT. The magnitude of the hyperfine coupling
constant compared between the different oligomers in the experiment corresponds to the projection
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of the hyperfine coupling tensors shown in dark green onto the Y axis of the zero-field splitting
tensor (DY ). The corresponding calculated values are shown in Figure 6.13.

Figure 6.12: Visual representation of the calculated hyperfine coupling tensors for P1 (left) and P2 (right).
The magnetic property calculations have been performed using ORCA V3.0 (EPRII basis set;
6-31G(p,d) on Zn) on a structure optimised with Turbomole (TZVP basis). Tensors of
chemically equivalent protons are shown in the same colour and the relative tensor size
reflects the relative magnitude of the hyperfine interactions. The largest hyperfine coupling
tensors, used to determine the average delocalisation length from the experimental ENDOR
data, are shown in dark green.
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Figure 6.13: Projection of the calculated hyperfine coupling tensors onto the X , Y , and Z axes of the
zero-field splitting tensor, plotted as a function of field (at the canonical orientations) for P1
(left) and P2 (right). The colour-coding is the same as in the previous figure. The values
obtained for the Y− orientation are highlighted in grey.

Mims 1H ENDOR spectroscopy was applied to determine the hyperfine coupling constants of
the different oligomers with and without DABCO. Details on the experimental setup are given in
Appendix A (Subsection A.3.2).

The magnetic field positions for the ENDOR experiments were chosen based on the correspond-
ing echo-detected field-swept triplet spectra. When comparing the echo-detected fieldsweep with
the triplet spectrum obtained from transient cw EPR, one notices major differences in the relative



112 Chapter 6 Triplet State Delocalisation in Zinc Porphyrin Ladders

intensities of the transitions. While transient cw EPR spectra are typically symmetric about the
centre of the spectrum, echo-detected field-swept EPR spectra of porphyrin triplets are normally
highly asymmetric. The asymmetry is due to differences in relaxation rates between the + and the
− spin manifolds. Furthermore, the appearance of the spectrum depends on the chosen τ value,
since nuclear ESEEM effects result in a considerable modulation of the echo intensity as a function
of time, and, generally, the intensity at the canonical field positions is larger in echo-detected
spectra compared to other orientations. A comparison between a spectrum recorded by transient
cw EPR and echo-detection (τ = 100 ns) is shown in Figure 6.14 for P1.

B0 / mT

Echo detected
Transient cw

P1

Figure 6.14: Comparison of the field-swept echo-detected EPR spectrum of P1 to that acquired by tran-
sient cw EPR.

In order to compare the ENDOR spectra of the different porphyrin oligomers, we have to make
sure that we always probe the same spin manifold. In this work, the − manifold was chosen for
this purpose since the echo intensities at the corresponding field positions were higher. In order to
determine which of the transitions in the experimental spectra of the longer oligomers correspond
to the − manifold, the sign of D needs to be known. For example, if D is positive as in P1, the
low field Y transition corresponds to Y−, whereas if D was negative, Y− would correspond to
the high field Y transition. An experimental approach to prove the mentioned sign change of D
occurring from P1 to P2 shall be illustrated here. It makes use of the relative position of the
measured hyperfine couplings with respect to the triplet Larmor peak: Since we know from the
literature that D is positive for P1, we can determine the signs of the hyperfine coupling constants
in our system using ENDOR and find that the dominant coupling (in Y− direction) is negative.
Since this sign is not expected to change for the same type of proton in the longer oligomers, this
signifies that we should be able to identify the transitions corresponding to the − and + manifolds
in the spectra of P2 to P4 and consequently deduce the sign of D in these oligomers just by
looking at the position of the main ENDOR peak with respect to the triplet Larmor peak. This
reasoning was applied in the interpretation of the ENDOR spectra of P2 and the longer oligomers
and it was found that D is negative in those cases [109, 122].†

†Of course, the analysis described here is not truly general. It requires that the two compared canonical orientations
correspond to the same molecular axis and that there is only one large hyperfine coupling along any of the ZFS
tensor axes. Otherwise, ENDOR spectra would need to be measured at all canonical field positions for all
oligomers to be able to follow the individual peaks.
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Mims ENDOR measurements at field positions corresponding to Y− were carried out for the
linear oligomers and the results are shown in Figure 6.15. At every field position, three spectra with
different τ values of 120 ns, 180 ns, and 240 ns were recorded and added after baseline correction
to compensate for blind spots.

νRF - ν1H / MHz

P1

P2

Y−

νRF - ν1H / MHz

P3

P4

Y−

Figure 6.15: Comparison of the Mims ENDOR spectra of P1 to P4 recorded at 20K at magnetic field
positions corresponding to the Y− orientation (339mT, 350mT, 352mT and 353mT). The
depicted spectra are the sum of three spectra recorded at different τ values of 120 ns, 180 ns,
and 240 ns. The dashed lines indicate the position of the hyperfine coupling peak for P1 and
half of this value.

From Figure 6.15 it can be seen that the largest coupling in P1 amounts to−3MHz, whereas this
value is halved in the case of P2, indicating complete delocalisation over two porphyrin units. In
the longer oligomers, P3 and P4, no further reduction in the magnitude of the hyperfine coupling
constant is observed. Instead, a slight shift to lower frequencies (greater absolute magnitude)
occurs and the peak shape becomes somewhat more asymmetric. The observations for P3 and
P4 are in agreement with uneven delocalisation as shown in [109] and indicate that complete
delocalisation is limited to mainly two porphyrin units in these systems.
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Figure 6.16: Mims ENDOR spectra of P3 (left) and P4 (right) recorded at magnetic field positions
corresponding to the Y− orientation. The spectra of samples with and without DABCO
are compared.
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The influence of the bridging ligand DABCO on the extent of triplet state delocalisation was
explored by comparing the ENDOR spectra of P3 and P4 recorded at Y− with those of the
corresponding ladder complexes. The spectra are shown in Figure 6.16 and it can be observed that
the hyperfine coupling constants of P3 and P4 are not affected by ladder formation. This result
implies that the extent of triplet state delocalisation is not enhanced by an increased planarisation
of the π-system achieved by ladder formation.

6.4 Conclusions

The present study aimed at investigating triplet state delocalisation in ladder complexes formed by
self-assembly of linear zinc porphyrin oligomers in the presence of DABCO as a bridging ligand.
Experimentally, these systems were studied by room and low temperature UV-vis spectroscopy,
transient cw EPR, as well as pulse ENDOR techniques. Since the properties of linear porphyrin
strands were already well characterised [109, 122] - albeit in different solvents and using porphyrin
oligomers with different side groups - the main goal in this study was to discern how structural
changes in the linear porphyrin stands, which occur as a consequence of ladder type complex
formation, influence triplet state delocalisation and if DABCO as a bridging ligand could induce
communication between the two porphyrin strands forming the ladder.

In linear porphyrin oligomers with different, bulkier, THS side groups it was observed beforehand
[122] that complete delocalisation of the electronic triplet state is limited to about two porphyrin
units in frozen solution in a solvent mixture of MTHF:py. This finding could be confirmed in this
work on similar porphyrin structures in toluene.

Delocalisation was accessed by determination of the zero-field splitting parameters, as well as of
the proton hyperfine coupling constants. The latter approach allows unambiguous conclusions to
be drawn, whereas when applying the former method the interpretation of the zero-field splitting
parameters is not straightforward if the shape of the overall spin distribution changes between
molecules. The consideration of the results from both methods applied here yielded a consistent
picture and the findings are in agreement with predictions from DFT calculations. Finally, the
influence of the formation of ladder-type assemblies on triplet state delocalisation was investigated
by comparing the results obtained in the absence and presence of DABCO.

In summary, the experimental results lead to the following conclusions: The ladder complexes
of P3 and P4 are stable in frozen solution as confirmed by low temperature UV-vis measure-
ments. However, restricting the relative orientation of the adjacent porphyrin units in the porphyrin
oligomers to a predominantly co-planar arrangement in the presence of DABCO does not have
any influence on triplet state delocalisation, either along the porphyrin chain or between the two
porphyrin strands.

In DABCO ladder complexes, the separation distance between the two porphyrin strands
amounts to only 0.7 nm [128]. For a similar separation distance, uneven triplet state delocali-
sation was observed between two chlorophyll units forming the special pair in bacterial reaction
centres [99], suggesting that electronic communication between the porphyrin strands should in
principle be feasible in the excited triplet state. The reasons why delocalisation between the strands
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is prevented in the present case are difficult to determine since delocalisation can be affected by
factors as diverse as geometry, symmetry, local environment and temperature.

Interestingly, the increased planarity of the porphyrin π-systems within a single porphyrin strand
in the DABCO ladder structures does also not seem to enhance triplet delocalisation although it
has been shown in excitation wavelength dependent studies on a porphyrin dimer that selective
excitation of a conformation where the porphyrin planes are held at right angles with respect to
each other does lead to the observation of a monomer-like contribution to the ENDOR spectra and
consequently to localisation of the triplet state on a single unit [129]. One could thus expect that
reducing the heterogeneity of torsional angles upon ladder formation should favour delocalisation.

The results from low temperature UV-vis spectroscopy suggest that the porphyrin chains of P3
and P4 are significantly more planar in the presence of DABCO, however the UV-vis spectra
were taken at lower concentrations and a temperature of 80K instead of 20K. Moreover, UV-
vis spectroscopy might be more sensitive to the presence of conformers with different dihedral
angles than EPR and the distributions of conformers might be different in the excited state, since
the corresponding barrier to rotation has been shown to be higher [133], favouring the planar
conformation.

The results from DFT calculations presented in reference [129] suggest that the transition
between a dimeric and monomer-like behaviour in a porphyrin dimer occurs for dihedral angles
between 50 and 60◦, which could explain the apparent discrepancy between the UV-vis and EPR
results: Delocalisation might be equally likely for a large range of dihedral angles up to 50◦. If
the majority of the porphyrin oligomers is already in a predominantly co-planar arrangement in
the absence of DABCO, a further planarisation of the porphyrin strands upon ladder formation,
as observed by low-temperature UV-vis spectroscopy, might not markedly influence the measured
hyperfine coupling constants and therefore the delocalisation of the excited triplet state. The
conclusions of this study are supported by the investigations presented in Chapter 7, where the
influence of electronic symmetry on triplet state delocalisation is explored.





Chapter 7

On the Importance of Electronic Symmetry for

Triplet State Delocalisation

In studies on triplet states of linear porphyrin oligomers [109, 122, 129] it has been found that triplet
state delocalisation is mainly restricted to about two porphyrin units. Complete delocalisation was
observed by ENDOR for a porphyrin dimer, while the corresponding results for the longer oligomers
could be interpreted as arising from an uneven spin density distribution with the majority of the spin
density being located on the central porphyrin unit(s) of the structures. For the trimer, a ratio of
spin densities (on the individual porphyrin units) of approximately 0.20:0.60:0.20 was determined,
whereas this ratio was found to be about 0.05:0.45:0.45:0.05 for the tetramer [109].

Several reasons for the apparent limitation of triplet state delocalisation to about two units in
linear porphyrin oligomers could be imagined. These reasons include the possibilities that (i) the
spatial extent of the triplet state is (for yet unknown reasons) limited to a certain number of units,
(ii) conformational flexibility of the porphyrin chain disrupts delocalisation, or (iii) the restriction
of delocalisation is related to the electronic symmetry of the system.

A fundamental limitation of the spatial extent of triplet state delocalisation seems unlikely, since
complete delocalisation over six porphyrin units has been observed recently in a six-membered
zinc porphyrin nanoring [109]. Further, it has been shown that a monomer-like contribution
to the spectra is observed when selectively exciting conformations of a porphyrin dimer with
dihedral angles of ∼90◦ between the planes defined by the two porphyrin macrocycles [129],
demonstrating that twisting of the porphyrin chain can indeed disrupt delocalisation. The results
presented in the previous chapter suggest, however, that the disruptive effect is only observed
for conformations with relatively large dihedral angles and that planarisation of the porphyrin π-
system cannot enhance delocalisation beyond two units. This finding is in agreement with DFT
calculations which indicate that the transition from a dimeric to a monomer-like behaviour occurs
for conformations in which porphyrin-porphyrin torsional angles approach 50−60◦ [129]. Based on
these results, smaller magnitude dihedral angle distributions are not expected to negatively impact
triplet state delocalisation.

The observation of complete triplet state delocalisation in a cyclic zinc porphyrin hexamer
[109] is intriguing, since the only differences in this system with respect to the investigated linear
porphyrin structures are (i) the bent, circular geometry of the porphyrin π-system and (ii) the
chemical equivalence of all porphyrin units. The influence of bending of the porphyrin π-system
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on triplet state delocalisation has been studied before by ligating the porphyrin chains to radial
molecular templates [109]. In the presence of the molecular template, forcing the porphyrin chains
to adopt a bent geometry, a significantly smaller zero-field splitting D value was found, but the
triplet state delocalisation was unperturbed, relative to the linear analogs, as demonstrated by
ENDOR.

Collectively, these findings suggest that the equivalence of all porphyrin units might be the
decisive factor. To confirm this statement, the importance of electronic symmetry for triplet state
delocalisation is investigated in the present chapter on a series of ethyne-linked zinc porphyrins
with varying terminal ethyne moities.

In DFT calculations carried out for a porphyrin dimer with a butadiyne linker and terminal ethynyl
groups on both sides, it is observed that a considerable amount of spin density is located on the
triple bond linkers between the porphyrin units and the terminal triple bonds (cf. Figure 7.1).

Figure 7.1: Calculated triplet state spin density of a porphyrin dimer with butadiyne linkers and terminal
ethynyl groups (DFT/B3LYP, EPRII).

Considering this result, a series of three meso-to-meso ethyne-bridged zinc porphyrin dimers
was examined to explore the influence of electronic symmetry on triplet state delocalisation. The
molecules, synthesised in the laboratories of Prof. M. J. Therien (Duke University, USA), only
differ by the presence or absence of terminal triple bonds and are referred to as P2, P2e, and
P2ee, in the case of zero, one or two terminal triple bonds, respectively. Given that the spin
density on those end groups is substantial, their presence or absence should significantly influence
the symmetry of the electron spin distribution of the system. For reference and interpretation of
the results, the monomers with one or two triple bonds, P1e and P1ee, and the trimer without
end groups, P3, are also studied.

7.1 Investigated Oligomers

The chemical structures of all investigated porphyrin oligomers are shown in Figure 7.2. As
evident from the figure, the aryl side groups of the molecules differ in some cases, however, it
was specifically verified and confirmed that the presence of different aryl side groups does not
influence triplet state delocalisation.∗ Compared to the structures investigated in Chapter 6, the
main structural difference in the oligomers studied here is the shorter linker (only one triple bond
instead of two) between the porphyrin units.

∗ENDOR experiments were carried out with porphyrins only differing by their aryl side groups and no marked
differences were observed. In addition, this result is expected, since (almost) no spin density is observed on the
aryl groups in DFT calculations.
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Figure 7.2: Chemical structures of the investigated zinc porphyrin oligomers.

For an initial characterisation of the compounds, UV-vis spectra were recorded inMTHF solution
at room temperature. The data are shown in Figure 7.3. Upon increase of the π-conjugation
length, a continuous red-shift of both the porphyrin Soret- and Q-bands is observed.
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Figure 7.3: Room temperature UV-vis spectra of the available monomers (left) and longer oligomers
(right) in MTHF. The grey dotted line indicates the excitation wavelength used in the EPR
experiments.

EPR samples of the investigated compounds were prepared at a concentration of 0.2mM in
MTHF and the measurements were performed at 20K. Details on the sample preparation and
experimental setup are given in Appendix A (cf. Section A.1 and Subsection A.3.2). As in previous
work, the hyperfine coupling constants are used to judge the extent of triplet state delocalisation,
since they are directly proportional to the spin density of the system.
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7.2 Transient cw EPR and Simulations

To obtain the triplet state EPR parameters, in particular D and E , transient cw EPR spectroscopy
was applied. For the monomer, D > 0 as determined by magneto-photoselection experiments
[122]. In this study we chose the convention |Z | ≥ |X | ≥ |Y |, implying E < 0 in case of the
monomers. The Y axis of the ZFS tensor corresponds to the axis along the aryl groups. For
the longer oligomers D < 0 as confirmed by DFT, and consequently E > 0. The experimental
spectra for all compounds are shown and compared in Figure 7.4. The canonical transitions for
the monomers are indicated in the figure.
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Figure 7.4: Transient cw EPR spectra of the available monomers (left) and longer oligomers (right)
recorded in MTHF at 20K.

No major spectral changes are observed between the triplet spectra of P1e and P1ee. The spin
polarisations of both spectra are very similar and the only apparent difference seems to be the
slightly decreased spectral width for P1ee, suggesting slightly increased delocalisation.

When comparing the spectra of the three dimers amongst them, a similar situation is encoun-
tered. A slight decrease in the width of the triplet spectrum is observed when the conjugation
length is increased from P2 to P2e. However, no further significant reduction seems to occur from
P2e to P2ee. The spectrum of P3 also has a comparable width, but the polarisation differs as
compared to the dimer spectra.

Numerical Simulations

To quantify the spectral changes, numerical simulations of the transient cw EPR spectra were
carried out using the MATLAB package EasySpin in combination with a home-written MATLAB
fitting routine. In Figure 7.5 the simulations for all investigated compounds are shown together with
the experimental data. The triplet state parameters, D and E , as well as the relative populations
of the triplet sublevels, are indicated in the figure.

The fact that no major change in the width of the spectrum is observed between monomers and
dimers can be interpreted in terms of a change in the orientation of the ZFS tensor in combination
with complete delocalisation over two porphyrin units as previously observed [122].
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Figure 7.5: Numerical simulations of the transient cw EPR spectra of the six investigated compounds in
comparison with the respective experimental data. The triplet state parameters obtained from
the fit are indicated in the figure.

In the case of the two monomers P1e and P1ee, complete delocalisation of the triplet state over
the porphyrin core is expected and the spin density distribution should be oblate in both cases. As
a consequence, the D value, related to the width of the spectrum, is expected to decrease when
increasing the conjugation length on going from P1e to P1ee. Indeed, it is observed that the D

value is decreased from roughly 960MHz to 920MHz.

Also when comparing the two symmetric dimers, P2 and P2ee, a decrease in D is observed from
roughly −1000 to −940MHz. For the purpose of simulating the spectra, D was assumed to be
negative, implying a prolate spin distribution. Further, the convention |D| > 3|E | was adopted.
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As a result of the simulations it is however found that |D| ' 3|E | for all three dimers, suggesting
that no preferred axis can clearly be identified and that the spin distribution in these systems
cannot be classified as being truly prolate. It is likely that the reorientation of the ZFS tensor
is not complete in these molecules (i.e. that the spin distribution is neither oblate nor entirely
prolate) and consequently an interpretation of the delocalisation length based only on D might
lead to invalid conclusions. If the ZFS tensor orientation is different in the different dimers, this
incomplete reorientation of the ZFS tensor would need to be considered in the analysis. Knowledge
on the actual ZFS tensor orientations for every dimer molecule is however difficult to obtain. Based
on these considerations, the use of ENDOR should be preferred to reliably probe and compare the
spin density distribution in the investigated structures.

7.3 Mims ENDOR & DFT

The 1H ENDOR spectra for all compounds, recorded at magnetic field positions corresponding
to the Y− orientations, where the largest couplings are generally observed, are superimposed in
Figure 7.6. To verify and confirm the following conclusions on triplet state delocalisation based on
the magnitude of the largest hyperfine coupling in the Y− direction, ENDOR measurements have
also been performed at different field positions corresponding to the X and Z orientations for the
monomers and dimers and are shown in Appendix F (Section F.2).
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Figure 7.6: Proton Mims ENDOR spectra of the available monomers (left) and longer oligomers (right)
recorded at magnetic field positions corresponding to the Y− orientation in MTHF at 20K.

No major changes in the hyperfine coupling constants are noted between the two monomers,
P1e and P1ee. The magnitudes seem to be roughly the same, although the main peak at −3MHz
appears to be wider in P1e, possibly indicating a larger heterogeneity of the individual couplings due
to the symmetry distortion. Due to the presence of a terminal meso-proton on the porphyrin core,
an additional proton peak should be observable in the ENDOR spectra of P1e (cf. Figure 7.2).
However, DFT predicts this coupling at the position of the missing end group to be much larger
than 10MHz. The peak is therefore expected to be outside the detection window of ±5MHz for
P1e (as well as for the asymmetric dimers).
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Compared to that of the monomers, the prominent coupling in Y direction is approximately
halved in P2, indicating complete triplet state delocalisation. A similar value of about −1.4MHz
is measured in the symmetric dimer with two terminal triple bonds, P2ee,† whereas larger couplings
(but still smaller compared to P1ee) are present in the spectra of the asymmetric dimer, P2e, and
the trimer P3.

This experiment clearly demonstrates that delocalisation is not governed only by the length of
the porphyrin π-system. When increasing the length of the π-system from P2 to P2e, the effective
delocalisation length decreases, as judged by an increase in the magnitude of the largest hyperfine
coupling. However, upon further increase of the conjugation length from P2e to P2ee, complete
delocalisation seems to be feasible again.

The increase in the magnitude of the largest hyperfine coupling constant from P2 to P2e can
thus be interpreted as arising from an uneven spin density distribution in P2e due to the broken
electronic symmetry, i.e. the inequivalence of the porphyrin units. When the electronic symmetry
is restored in P2ee, complete delocalisation is again observed.

νRF - ν1H / MHz

P2

P2e

P2ee

P3

Y−

Figure 7.7: Comparison of the 1H Mims ENDOR spectra of P2, P2e, P2ee and P3 recorded at the Y−
orientation in MTHF at 20K. The dotted lines indicate the magnitude of the coupling for
P1e and half of this value.

When a third porphyrin unit is added to the system, the ‘inner’ and ‘outer’ porphyrin units
are automatically inequivalent. Therefore uneven delocalisation is expected, implying an increase
in the largest hyperfine coupling constant with respect to the symmetric dimers. This should in
general apply to any linear system with more than two units, since the inequivalence of the ‘inner’

†Although only one major coupling is expected in the Y− ENDOR spectrum of P2ee, the corresponding peak at
−1.4MHz is found to have two local maxima. The two observed couplings likely reflect a greater degree of
nuclear magnetic heterogeneity of its four sets of chemically inequivalent β-protons in P2ee relative to P2.
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and ‘outer’ units persists. The observed trends in the magnitude of the largest hyperfine coupling
along the Y direction in the series P2, P2e, P2ee, P3 are more clearly illustrated in Figure 7.7.

DFT Calculations

To support this tentative explanation, density functional theory calculations of the molecular ge-
ometry, hyperfine coupling constants and triplet spin density distributions were carried out. Addi-
tionally, the orientations of the hyperfine coupling and zero-field splitting tensors in the molecular
frame are obtained. The aryl side groups were replaced by phenyl groups and any triisopropylsilyl
(TIPS) protecting groups, if present in the structures, were replaced by a proton to simplify the
calculations. Further details on the calculations are given in Appendix A (Section A.5).

A geometry optimisation of the porphyrin structures linked by a single triple bond reveals, that
the porphyrin planes are tilted with respect to each other in the energetic minimum structure. The
dihedral angle between the porphyrin planes amounts to roughly 30◦ as can be seen in Figure 7.8,
taking P2ee as an example. This twist of the chain is not predicted to disrupt delocalisation as
can be concluded when looking at a visualisation of the calculated hyperfine coupling tensors for
P2ee also shown in the figure. For P3, similar torsional angles are found.

Figure 7.8: Visualisation of the calculated 1H hyperfine coupling tensors of P2ee. The side view illustrates
the relative orientation of the porphyrin planes at the minimum geometry. The dihedral angle
between the two macrocycles amounts to ∼30◦.

Figure 7.9 illustrates the calculated proton hyperfine coupling tensors, triplet spin densities,
and ZFS tensor orientations in the molecular frames of all six investigated compounds. The ZFS
tensor orientations obtained from DFT are indicated by blue arrows in the centre of the structures.
The axis orientations shown in black represent limiting cases for an entirely oblate and prolate
system, respectively. Since complete delocalisation is observed experimentally for the symmetric
dimers, a reorientation of the ZFS tensor (i.e. a transition from an oblate to a prolate spin density
distribution) can be assumed. However, differences in the shape of the spin density distribution
between the three dimers are nevertheless possible, as discussed above, so that the orientation of
the ZFS tensor might not be well-defined. Since the reorientation only affects the X and Z axes,
a comparison of the changes in the magnitude of the hyperfine coupling constants corresponding
to the Y orientation is expected to be valid in all cases. In Figure 7.9 the large couplings of the
terminal meso-protons, present in P1e, P2 and P2e, were omitted for clarity. Plots of the hyperfine
coupling tensors including all protons are shown in Appendix F (Section F.2) for reference.
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Figure 7.9: Visualisation of the calculated triplet spin densities and proton hyperfine coupling tensors for
the investigated structures. The hyperfine coupling tensors corresponding to the terminal
meso-protons are omitted in the figure for clarity. In the experiment, the magnitude of the
projection of the hyperfine coupling tensors highlighted in light blue onto the Y axis is probed.
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The hyperfine coupling constants measured in the experiment should compare to the values
obtained from a projection of the calculated hyperfine tensors onto the Y axis of the zero-field
splitting tensor. The tensors corresponding to the largest coupling in Y direction, compared
between the different oligomers to determine the extent of delocalisation, are highlighted in the
figure in light blue and the corresponding values for the Y orientation can be found in the appendix
(Table F.1).

The results from DFT calculations predict an uneven spin density distribution for P2e and P3,
in perfect agreement with the interpretation of the experimental results presented above. The
magnitudes of the calculated hyperfine coupling constants are overestimated (cf. Appendix F,
Table F.1), but the relative changes coincide well with the experimentally observed trends. As
previously observed for porphyrins with butadiyne linkers [109], the spin density is found to localise
mainly on the central porphyrin unit in P3. In P2e, the largest spin density is found on the
porphyrin unit with the additional ethynyl end group.

7.4 Conclusions

In this study, the influence of electronic symmetry on triplet state delocalisation was explored.
Both experimentally and theoretically the triplet state is found to be unevenly delocalised in P2e

but evenly delocalised in P2ee, where the π-conjugation length is further increased as compared
to P2e. This result seems to indicate that the observed limitation of the extent of triplet state
delocalisation to about two porphyrin units in linear porphyrin oligomers is not fundamental in
nature, i.e. the triplet state is not automatically localised over only a small part of the molecule
as often assumed. The extent of triplet state delocalisation rather seems to be related to the
chemical equivalence of the individual monomeric units.

In the symmetric molecules, P2 and P2ee, both porphyrin units have the same neighbours,
whereas in P2e the electronic symmetry is broken and the two units are no longer equivalent,
leading to an uneven spin density distribution. The results of this study suggest that complete
delocalisation can only be observed over up to two porphyrin units in linear oligomers since, starting
from the trimer, the ‘inner’ and ‘outer’ porphyrin units of the chain will always be in-equivalent,
resulting in an uneven spin density distribution as observed before and confirmed in this study for
the case of a zinc porphyrin trimer, P3. The findings are also in agreement with the observation
of complete delocalisation in a cyclic porphyrin hexamer [109], where all units are chemically
equivalent.

For the first time, we were able to experimentally demonstrate the importance of the chemical
equivalence of the individual monomeric units for triplet state delocalisation in oligomeric porphyrin
assemblies, which confirms the tentative conclusions of an earlier study. Based on the results
presented here, it is speculated that electronic symmetry is of greater importance for triplet state
delocalisation than other frequently invoked factors such as conformational rigidity or fundamental
length-scale limitations.



Chapter 8

Probing the Alignment of Porphyrins in Liquid

Crystals

In this study, liquid crystals (LCs) were employed as solvents for EPR investigations on porphyrin
triplet states. Since the shape of the triplet EPR spectrum is very sensitive to changes in the
orientational distribution of the molecules, the alignment of the porphyrin oligomers can be char-
acterised. The influence of the oligomer chain length and of structural differences in the porphyrin
side groups on the alignment of the molecules will be explored in this chapter.

Liquid crystals are viscous, fluid substances exhibiting anisotropic optical, electric and magnetic
properties, similar to crystals. Many liquid crystals are thermotropic, meaning that the liquid crystal
phase changes as a function of temperature, although also lyotropic and barotropic liquid crystals
are known, where the liquid crystal phase is a function of concentration or pressure, respectively.
Based on their molecular structures, thermotropic liquid crystals can be divided into two groups:
calamitic (‘rod-like’) and discotic (‘disk-like’) liquid crystals. In the case of calamitic liquid crystals,
used in this investigation, three different liquid crystal phases are generally distinguished [136].

• Compounds forming a nematic phase are often elongated, planar molecules like 4-cyano-
4’-pentylbiphenyl (5CB). Nematic mesophases are characterised by long-range orientational
order, meaning that the ‘long’ axis of the molecule aligns along a preferred direction. Even
if the two ‘ends’ of the liquid crystal molecules are not chemically equivalent, it has been
found that nematic liquid crystals behave optically as a uniaxial material with a centre of
symmetry [136].

• The ensemble of molecules forming a cholesteric phase is always optically active. The
cholesteric phase is similar to the nematic phase only that the direction of the director varies
continuously with a periodicity of hundreds of nanometers along one axis of the medium,
resulting in a twisted arrangement. In any plane perpendicular to the twist axis, the long
axes of the molecules tend to align along a single preferred direction within that plane, but
comparing successive planes, the preferred direction rotates by a fixed angle. The distance
measured along the twist axis corresponding to a 360◦ rotation of the liquid crystal director
direction is called the pitch of a cholesteric.
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• In the smectic phase, the molecules are arranged with a high degree of positional order along
the axes perpendicular to the director. For more details, the interested reader is referred to
the pertinent literature in the field [136, 137].

Apart from the above-mentioned ones, crystalline and isotropic phases can normally be reached
upon cooling or heating of a liquid crystal sample, respectively. In the present study we shall only
be concerned with thermotropic nematic liquid crystals. Although also some other representatives
of this class of liquid crystals have been employed, the majority of measurements was carried out
in the liquid crystal solvent 5CB.

5CB molecules, as shown in Figure 8.1, have a rigid rod-like polarisable core and a flexible
aliphatic end group. 5CB has phase transitions from the crystalline phase to the nematic phase
at roughly 22◦C and from the nematic to the isotropic phase at about 35◦C.

C N

Figure 8.1: Chemical structure of the liquid crystal 5CB.

The axis characterising the (locally) preferred average alignment is called the liquid crystal
director, ~n. It is, in principle, a vector quantity, although the direction of the vector has no physical
meaning. In agreement with its optical properties, 5CB (and other nematic liquid crystals) can
be treated as having a centre of symmetry and consequently the average of the vector ~n vanishes.
To describe liquid crystal order, higher order quantities thus have to be used. For this purpose, a
symmetric and traceless second-rank tensor Q is defined from which the so-called order parameters
are obtained. For a uniaxial, rod-like system only one order parameter, normally denoted by the
letter S , exists. In the isotropic liquid crystal phase, S = 0, whereas in the nematic phase S can
adopt any value between the two limits of −0.5, for a perfectly aligned oblate system, and 1, for
a perfectly aligned prolate system. The order parameter S is strongly temperature dependent.
For 5CB, it is known to be around 0.6 at room temperature [138]. Liquid crystal order will be
discussed in detail in the next section.

In the nematic phase, liquid crystal solvents like 5CB are characterised by an anisotropic electric
and magnetic susceptibility, implying also an orientation dependent refractive index and dielectric
constant. Depending on the difference between the dielectric properties with respect to the ordinary
and extraordinary axes of the liquid crystal, ∆ε = ε||−ε⊥, liquid crystals with negative and positive
dielectric anisotropy are distinguished. If ∆ε > 0, the liquid crystal aligns parallel to an externally
applied electric field, whereas if ∆ε < 0, a perpendicular alignment is obtained. Analogous
considerations can be applied with respect to the magnetic properties. Also the electric and
magnetic susceptibilities change markedly as a function of temperature, where a lower temperature
typically implies more pronounced anisotropic properties.
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8.1 Liquid Crystal Order

As mentioned before, nematic liquid crystals can be considered as rods with cylindrical symmetry.
Each of the liquid crystal molecules has a unit vector pointing along its long axis, the so-called
molecular director. The direction of the liquid crystal director, ~n, corresponding to the (local)
average alignment of all molecules, shall for now be taken to be the z axis of the laboratory frame.
The orientation of the individual molecular directors can then be described by the polar angles θ
and ϕ and a distribution function f (θ,ϕ) dΩ can be defined which yields the probability of finding
liquid crystal molecules aligned within a small solid angle dΩ = sin θ dθ dϕ around the position
(θ,ϕ) [137].

If the system is truly uniaxial (i.e. there is cylindrical symmetry about ~n), the distribution
function f (θ,ϕ) should be independent of ϕ, furthermore: f (θ) = f (π − θ). The definition of θ
and ϕ is graphically illustrated in Figure 8.2.
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Figure 8.2: Definition of the angles θ and ϕ.

Since nematic liquid crystals have no average dipole, it is appropriate to define a second-rank
tensor quantity, Q, to characterise molecular order. In a uniaxial system, this ordering tensor can
be written as follows [136]

Q =

 −
1
3S 0 0

0 − 1
3S 0

0 0 2
3S

 (8.1)

where S is the only surviving order parameter. The ordering matrix Q is symmetric, real and
traceless. In theory, S can adopt any values from −0.5 to 1, although experimentally no examples
for negative order parameters, corresponding to a perpendicular alignment of the molecules (i.e.
distribution of the molecules centred about θ = π/2), have been found so far for rod-like uniaxial
liquid crystals. If only the liquid crystal molecules are considered, the system can thus be assumed
to be uniaxial.

A different situation arises when molecules are dissolved in liquid crystals. Four general cases
can then be distinguished, characterised by up to four order parameters:

1. The molecules and the liquid crystal phase are both uniaxial → S

2. The molecules are uniaxial whereas the phase is biaxial → S , P

3. The molecules are biaxial whereas the phase is uniaxial → S , U

4. Both, the molecules and the phase are biaxial → S , P, U, F
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In the first case, as mentioned above, one order parameter S is sufficient to describe the order of
the system. If either the phase or the molecules are biaxial, a second order parameter needs to be
introduced, which is normally referred to as P or U, in the cases of phase or molecular biaxiality,
respectively. Since no example for phase biaxiality is known in the context of nematic rod-like
liquid crystals, we shall not be concerned here with cases 2 and 4. The interested reader is referred
to reference [139] for more details.

In a biaxial system, the ordering tensor Q becomes [139]

Q =

 −
1
2 (S − U) 0 0

0 − 1
2 (S + U) 0

0 0 S

 (8.2)

where the second order parameter, the biaxiality parameter U, ranges from − (1− S) to (1− S).
The ordering parameter S can be obtained by averaging over all molecules

S =
1

2

〈
3 cos2 θ − 1

〉
(8.3)

where θ is defined as the angle between the molecular director and the z axis and the angled brackets
indicate the ensemble average. From the above equation, the limits of S and the implications on
the alignment can easily be deduced: If all molecules are aligned along the z axis, θ = 0 therefore
cos2 θ = 1 and consequently S = 1. On the other hand, if all molecules are aligned in the plane
perpendicular to the director (but randomly oriented within that plane), θ = π

2 , thus cos2 θ = 0

and averaging yields S = − 0.5.

According to [140], the ordering tensor for a biaxial system can be rewritten as

Q =


1
2

〈
3 sin2 θ cos2 ϕ− 1

〉
0 0

0 1
2

〈
3 sin2 θ sin2 ϕ− 1

〉
0

0 0 1
2

〈
3 cos2 θ − 1

〉
 (8.4)

which makes it possible to calculate not only S but also the biaxiality parameter U from an
orientational distribution of the molecular directors.

Experimentally, the order parameter S for a uniaxial system is obtained from an angular distri-
bution, f (θ), of the molecular directors by multiplication with (3 cos2 θ − 1) and integration over
all angles, followed by normalisation [141, 142]

S =
1

2

〈
3 cos2 θ − 1

〉
=

1
2

π/2∫
0

f (θ) (3 cos2 θ − 1) dθ

π/2∫
0

f (θ) dθ

(8.5)

The angular distribution function is assumed to be normally distributed. The Gaussian function
used in this study is parametrised as follows:



Chapter 8 Probing the Alignment of Porphyrins in Liquid Crystals 131

f (θ) = exp

(
− (θ − θc)2

2σ2
θ

)
· sin θ (8.6)

where θc and σθ stand for the centre and the width∗ of the distribution, respectively, and the
multiplication by sin θ accounts for spherical averaging. The dependence of S on the width of
the distribution σθ is illustrated in Figure 8.3 for a Gaussian distribution centred at θc = 0◦ and
θc = 90◦, respectively.
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Figure 8.3: Dependence of the order parameter S on the width of the distribution σθ for a distribution
centred at θc = 0◦ (left) and θc = 90◦ (right).

If a biaxial system is considered, the angular distribution function becomes dependent on θ and
ϕ and a two-dimensional Gaussian function is employed to characterise the distribution of angles
as follows

f (θ,ϕ) = exp

(
−
(

(θ − θc)2

2σ2
θ

+
(ϕ− ϕc)2

2σ2
ϕ

))
· sin(θ) (8.7)

where θ still refers to the polar angle and ϕ is the azimuthal angle corresponding to the angle
between the projection of the director onto the xy plane and the positive x axis. ϕc and σϕ denote
the centre and the width of the distribution with respect to ϕ.

If the order parameter S is known, the biaxiality parameter U can be calculated from the
distribution in both angles using Equation (8.4) and is given by

U − S =
〈

3 sin2 θ cos2 ϕ− 1
〉

=

π/2∫
0

π∫
0

f (θ,ϕ) (3 sin2 θ cos2 ϕ− 1) dϕdθ

π/2∫
0

π∫
0

f (θ,ϕ) dϕdθ

. (8.8)

∗In some cases the width of the distribution is also characterised by the full width at half maximum (FWHM).
The following relation holds: FWHM = 2σ

√
2 ln 2.
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8.2 Alignment of Liquid Crystal Samples

Different porphyrin molecules were dissolved in liquid crystals. It is assumed that the liquid crystal
imposes its alignment onto the porphyrin molecules, so that the alignment of the molecules is
entirely determined by the liquid crystal director alignment.

The molecules investigated in this study are shown in Figure 8.4 and have been synthesised in
the laboratories of Prof. H. L. Anderson (University of Oxford, UK). The results obtained with
P1 and P2 molecules with either tBu or THS side groups are compared to verify the influence of
different side groups on the alignment of the porphyrin molecules in 5CB. For a characterisation of
the alignment, it is assumed that the distribution of molecules about the phase director is normal
with a variance of σ2.

Zn
N N

NN
Zn

Ar

Ar

(C6H13)3Si
N N

NN

Ar

Ar

Si(C6H13)3 Ar =

Si(C6H13)3

Si(C6H13)3

Ar =

N N

NN
Zn

Ar

Ar

(C6H13)3Si Si(C6H13)3

P1

P2 THS

tBu
Y

X
Z

Y

X
Z

Figure 8.4: Chemical structures of P1 and P2 together with the structures of the two different side groups
(tBu, THS) employed in this study. The orientation of the zero-field splitting tensor axes
with respect to the molecular frame is indicated.

There are a number of different ways to align liquid crystal samples experimentally. The preferred
procedure depends on the type of experiment that the liquid crystals are employed for. Different
procedures and different sample geometries have to be chosen, for instance, if the sample needs
to be optically transparent. In principle, the liquid crystal director can be aligned by electric and
magnetic fields as well as by properly prepared surfaces which impose a certain pre-alignment onto
the liquid crystal molecules. The latter approach only works for flat cells with very short path
lengths of roughly 300µm or smaller [143].

For EPR measurements, complete optical transparency, although advantageous for photoexcita-
tion, is not required. For alignment, the liquid crystal samples inside the EPR tubes were warmed
up to the isotropic liquid crystal phase while a field of 14 kG was applied using the X-band EPR
magnet, and subsequently left to cool down to room temperature in the magnetic field.† The
orientation of the liquid crystal director with respect to the external magnetic field, B0, can be
predicted from the sign of the diamagnetic susceptibility ∆χ = χ||−χ⊥. In 5CB, ∆χ > 0 and thus
the long axis of the molecule aligns parallel to the external magnetic field, ~n ||B0. After alignment
of the liquid crystal in the EPR tube, the sample was immediately immersed in liquid nitrogen
†This procedure was typically repeated at least three times.



Chapter 8 Probing the Alignment of Porphyrins in Liquid Crystals 133

(while still in the magnetic field) to preserve the orientational order and then directly inserted
into the EPR resonator. All measurements were carried out at 90K and porphyrin concentrations
between 0.1 and 0.2mM were used.

EPR spectra were taken at three different orientations of the liquid crystal director with respect
to the external magnetic field, B0. These orientations are schematically depicted in Figure 8.5. If
the sample tube is inserted into the resonator in the same orientation as was adopted during the
alignment, spectra at parallel alignment are obtained. For the spectra at perpendicular alignment,
the sample tube is rotated by 90◦ about its long axis, whereas the spectra at axial alignment were
recorded with a separate sample. The LC sample for axial alignment was prepared in a thinner
tube, which fits into a 3.8mm OD EPR tube, and sealed to a maximum length of 5 cm. The
LC being sufficiently viscous (also in its isotropic phase), the sample could be aligned while fixed
horizontally between the pole shoes of the X-band magnet and was then immediately inserted into
the longer 3.8mm OD tube and frozen to liquid nitrogen temperatures.

!
B0

Z
axial alignmentalignmentalignment P1

!
B0

Z

P2

C N

B0B0B0

Figure 8.5: Overview of the different orientations of the liquid crystal director with respect to the external
magnetic field as used in the EPR experiments.

The orientations of the ZFS tensor axes with respect to the molecular structures of P1 and P2
are depicted for reference in Figure 8.4. The Y axis of the ZFS tensor is pointing along the axis
of the aryl groups in both cases, whereas the Z axis corresponds to the out-of-plane axis or the
long axis of the molecule, respectively, in P1 and P2.

8.3 Experimental Results

Room temperature UV-vis spectra of P1 and P2 with tBu side groups in toluene are shown in
Figure 8.6 (left). It can be seen that the increased conjugation length in P2 leads to a pronounced
shift of the absorption spectrum towards higher wavelengths. Additionally, the relative intensity of
the porphyrin Q-bands (S0 → S1) compared to the Soret band (S0 → S2) is significantly increased
in P2, indicating that the electronic S0 → S1 transition is less forbidden in P2.

To explore the behaviour in liquid crystal solvents, UV-vis spectra of P1 and P2 with different
side groups were also recorded in the isotropic phase of 5CB. In this case, the UV-vis measure-
ments were performed on a spectrometer equipped with a thermostatted sample holder where the
temperature was held constant at 50 ◦C. A comparison between the room temperature spectra
recorded in toluene and the elevated temperature spectra in 5CB is also shown in Figure 8.6 for
the investigated samples.
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Figure 8.6: Comparison of the UV-vis spectra of P1 and P2 (∼1µM) recorded in toluene at room tem-
perature with those taken in the isotropic phase of 5CB at 50 ◦C for tBu (left) and THS
(right) side groups.

It can be seen that all spectra are red-shifted in 5CB as compared to toluene. While the red-
shift of the porphyrin Soret-band is small, the prominent peaks in the Q-band region are shifted
by more than 10 nm. A spectrum of P2 THS was also recorded in toluene at 50 ◦C and compared
with the corresponding room temperature spectrum (comparison not shown). It was found that
even in toluene an increase in temperature induces a slight red-shift by a couple of nanometers,
but that this shift is negligible compared to that seen in the spectra recorded in 5CB. Due to its
apolar nature, the solvent properties of toluene are not expected to change much as a function of
temperature. According to literature [144, 145] the refractive index of toluene changes from 1.497
at room temperature to 1.485 at 50 ◦C, whereas the static dielectric constant decreases from 2.4
to 2.3. The relevant solvent properties of 5CB at 50 ◦C are considerably different (nD = 1.557,
εr = 11.5 [138]), which could account for the pronounced red-shift of the Q-band in this solvent.

When comparing the individual spectra recorded in toluene and 5CB, one notices that, apart
from the red-shift, no significant difference is observed in the spectra of P1 and P2 with tBu
side groups (Figure 8.6, left). While also the spectra of P1 THS in toluene and 5CB are well
comparable, the spectrum of P2 THS in 5CB looks considerably different from the one in toluene
(Figure 8.6, right). The prominent peak of the porphyrin Soret band of P2 THS around 450 nm
is much reduced in 5CB. This peak was found to correspond to a 90◦ arrangement of the two
adjacent porphyrin units in the dimer [133], thus the absence of this peak is indicative for a
predominantly co-planar arrangement of the two porphyrin units of P2 THS in 5CB.

Transient cw EPR

Transient cw EPR measurements at X-band were first carried out on unaligned and aligned samples
of P1 with tBu and THS side groups at 90K. The spectra of the unaligned porphyrin triplet states
were needed for data analysis and simulations as will be explained below. Furthermore, spectra
of aligned samples were taken at three different sample orientations, referred to as parallel (||),
perpendicular (⊥) and axial alignment, as introduced in Figure 8.5.
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In all cases, the shape of the spectra recorded at axial alignment was found to coincide very
well with that of the spectra taken at perpendicular alignment, with small differences being very
likely due to imperfect LC alignment. The spectra at axial alignment are therefore neither shown
nor discussed in the subsequent sections.

Figure 8.7 shows the transient cw EPR spectra of P1 with tBu and THS side groups in unaligned
and aligned 5CB. All transient EPR spectra shown below were averaged between 0.7 and 1.5µs
after the laser pulse. Pulsed laser excitation was performed at 640 nm using an OPO seeded by
the third harmonic of a Nd:YAG laser with a repetition rate of 20Hz. Unless otherwise stated,
1mJ of depolarised laser light was used to excite the samples.

Z+ X− Y−

Y+ X+ Z−

B0 / mT

||
⊥
not aligned

P1 tBu in 5CB

Z+ X− Y−

Y+ X+ Z−

B0 / mT

||
⊥
not aligned

P1 THS in 5CB

Figure 8.7: Comparison of the transient cw EPR spectra of P1 with tBu (left) and THS (right) side
groups in unaligned and aligned 5CB at 90K recorded after laser excitation at 640 nm (1mJ,
20Hz).

From the figure it can clearly be seen that the nature of the side groups seems to have a
strong influence on the porphyrin alignment. While in the case of P1 tBu at || alignment the Y

transition is dominant, the X transition prevails for P1 THS. Perpendicular alignment leads to
a strong enhancement of the Z and X transitions in P1 tBu, whereas the Z and Y transitions
are enhanced in P1 THS. These observations clearly point towards a different alignment of the
porphyrin planes within the liquid crystal environment. The observations for P1 THS are consistent
with an alignment of P1 along the axis of the butadiyne bonds (X axis), whereas in the case of
P1 tBu an alignment along the axis of the aryl groups (Y axis) seems to be preferred.

By visual comparison of the spectrum of P1 tBu in unaligned 5CB with those taken in frozen
solutions of organic solvents (cf. Chapter 6) it appears that this spectrum is not isotropic, sug-
gesting an unexpected preferential orientation of P1 tBu. For P1 THS, no such preferential
orientation is observable.

Also for P2 with tBu and THS side groups, transient cw EPR measurements were carried out in
5CB at 90K. The triplet states were generated by excitation at 730 nm using an energy of around
0.8mJ at a shot-to-shot repetition rate of 20Hz. The spectra obtained for P2 with different side
groups are shown in Figure 8.8. Again, it is observed that the porphyrins with different side groups
behave in a strikingly different way. If the long axis of the molecule was aligned along the liquid
crystal director axis, one would expect the Z transition to be strongly enhanced at || alignment
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and the X and Y transitions to dominate at ⊥ alignment. This scenario is observed for P2 THS,
whereas P2 tBu does not seem to align in a similar way.
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Figure 8.8: Comparison of the transient cw EPR spectra of P2 with tBu (left) and THS (right) side
groups in unaligned and aligned 5CB at 90K obtained after laser excitation at 730 nm (0.8mJ,
20Hz).

In P2 tBu, the X transition is enhanced at ⊥ alignment, whereas the Y transition is completely
absent. In the spectra at || alignment, the Y transition dominates and a strong contribution of
intermediate orientations, corresponding to neither one of the canonical orientations, is present.
These observations for P2 tBu are not in agreement with an alignment along only one of the
molecular axes. It thus seems that several different orientations of the porphyrin molecules with
respect to the liquid crystal director (and different conformations) contribute to the spectra of P2
tBu.

Influence of the Excitation Wavelength

The influence of the excitation wavelength on the appearance of the aligned triplet spectra in
5CB was tested for P2 with different side groups to explore the contribution of porphyrins with
different conformations. Figures 8.9 and 8.10 show a comparison of the spectra taken at || and
⊥ alignment for P2 tBu and P2 THS in 5CB recorded after excitation at different wavelengths
covering the Q-band region of the porphyrin UV-vis spectrum. All spectra were recorded at 90K
using an excitation energy of roughly 1mJ.

From Figure 8.9 it can be seen that the excitation wavelength has a strong influence on the
shape of the spectrum of P2 tBu corresponding to || LC alignment. When intensity normalised
spectra are compared, the changes are most pronounced in the part of the spectrum corresponding
roughly to the X canonical orientation. At ⊥ alignment, any spectral changes are much less
prominent and occur in a similar region. The relatively big differences in spectral shape between
the spectra recorded at different excitation wavelengths for || alignment are an indication for a
large contribution of porphyrins with different conformations to the triplet spectrum of P2 tBu
and therefore indicate an imperfect alignment.

Compared to P2 tBu, the changes in the triplet spectra observed after excitation at different
wavelengths are much less significant for P2 THS, which is to be expected in case of a more uniform
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Figure 8.9: Comparison of the transient cw EPR spectra of P2 with tBu side groups recorded at different
excitation wavelengths (as indicated) for || (left) and ⊥ (right) alignment in 5CB at 90K.
The excitation energy was around 1mJ at 20Hz.
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Figure 8.10: Comparison of the transient cw EPR spectra of P2 with THS side groups recorded at
different excitation wavelengths (as indicated) for || (left) and ⊥ (right) alignment in 5CB
at 90K. The excitation energy was around 1mJ at 20Hz.

alignment. Ideally, if all molecules were perfectly aligned and only one particular conformation (i.e.
dihedral angle) was contributing to the triplet spectrum, no changes in the shape of the EPR
spectrum should be observed when scanning the excitation wavelength. Molecules with different
conformations, however, could in principle have different EPR triplet spectra and different UV-vis
spectra, so their relative contribution to the recorded triplet spectrum is expected to depend on
the excitation wavelength, leading to small changes in intensity in certain parts of the EPR triplet
spectrum when scanning the excitation wavelength. Since the excitation light is depolarised, any
contribution of magneto-photoselection effects can be excluded.

The changes observed in the spectra corresponding to ⊥ alignment are hardly noticeable for P2
THS. In the case of || alignment, a shoulder in the spectrum is observed for certain excitation
wavelengths, in a spectral region corresponding to neither one of the three canonical orientations of
P2. A comparison with the triplet spectrum of P1 reveals, however, that the onset of this shoulder
is in very good agreement with the spectral position of the X transition of P1. Furthermore, the
shoulder is only observed when exciting at wavelengths were P1 absorbs and absent when exciting
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at lower or higher wavelengths. It is thus speculated that these spectral changes arise from a small
contribution of the twisted conformation of P2 (i.e. a conformation where the porphyrin units are
at a dihedral angle of 90◦) which should have a spectrum similar to that of P1 THS.‡

8.4 Data Analysis and Simulations

The following procedure was chosen for the analysis of the recorded triplet spectra: At first, the
triplet spectra in unaligned 5CB, which were assumed to be isotropic, were simulated for every
sample using the MATLAB software package EasySpin in order to determine the triplet state
parameters to be used in the simulations of the spectra of the aligned samples. These parameters
include the zero-field splitting parameters D and E , the g -factors, and the populations, PX , PY ,
and PZ , of the individual triplet sublevels. Once determined for each molecule in 5CB, the
parameters were fixed in all further simulations of the corresponding aligned spectra.

The results of the simulations in unaligned 5CB for P1 with tBu and THS side groups are
shown in Figure 8.11. The simulation parameters are indicated. Already from a visual comparison
of the spectra for P1 tBu and P1 THS one can conclude that the populations of the individual
triplet sublevels must be considerably different in the two cases.
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Figure 8.11: Experimental triplet cw EPR spectrum in unaligned 5CB together with the best fit assuming
isotropic alignment for P1 with tBu (left) and THS (right) side groups. The simulation
parameters are indicated in the figure and g = 2.02.

The spectrum of the unaligned sample of P1 THS looks very similar to a typical triplet spectrum
of P1 in frozen toluene, as was shown in Chapter 6, and can be simulated with almost the
same parameters. In addition, the fit is acceptable, leaving little doubt that the unaligned liquid
crystal sample is indeed isotropic for P1 THS. However, the situation is different for P1 tBu.
As already mentioned, the spectrum looks quite different compared to spectra of P1 in frozen
solution and also the fit assuming an isotropic orientation is quite poor, which could be indicative

‡This hypothesis could in principle be verified by measuring triplet state Mims ENDOR at different excitation
wavelengths on a sample of P2 THS || at a field position corresponding to the spectral position of the X transition
of P1. A comparison between such excitation wavelength dependent ENDOR spectra recorded with an aligned
sample and the corresponding spectrum of unaligned P2 THS in 5CB recorded under the same conditions could
be very instructive in view of confirming or rejecting the hypothesis. However, such a monomer-like contribution,
if present, would probably be too small to be confirmed due to the limited signal-to-noise.
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for preferential alignment. Nevertheless, the parameters obtained from the fit were used in the
following simulations of the aligned spectra. We shall, however, take the poor agreement between
experimental data and fit into account in the discussion of the results for P1 tBu at the end of
this chapter.

Also for P2 with tBu and THS side groups, the triplet spectra of the samples in unaligned 5CB
were simulated assuming an isotropic alignment. The results including the simulation parameters
are shown in Figure 8.12. In both cases, the obtained fit is acceptable, so that the simulation
parameters are considered a reasonable starting point for any further analysis.
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Figure 8.12: Experimental triplet cw EPR spectrum in unaligned 5CB together with the best fit assuming
isotropic alignment for P2 with tBu (left) and THS (right) side groups. The simulation
parameters are indicated in the figure and g = 2.02.

In the next step, the parameters obtained from the simulation of the spectra of the unaligned
samples were fixed and used to simulate the spectra recorded for || and ⊥ alignment and con-
sequently to obtain the distribution of angles contributing to the individual spectra from which
the order parameters can be obtained. As mentioned earlier, a Gaussian distribution of angles is
assumed, so the only variable parameters in these simulations are the centres and the widths of
the employed Gaussian distributions (cf. Equations 8.6 and 8.7).

At first, a uniaxial distribution was assumed. In this case, the only two variable parameters are
θc and σθ, where θ is the angle between the magnetic field direction (i.e. liquid crystal director
axis) and the Z axis of the molecule. For P1, || alignment should correspond to an angle θ of
90◦ since the Z axis of the zero-field splitting tensor corresponds to the out-of-plane axis of the
molecule, whereas in P2 an angle θ of 0◦ should be expected for || alignment. In general, it is
reasonable to assume that the centre of the distribution will be located at either 0◦ or 90◦, which
additionally reduces the degrees of freedom of the fit.

The influence of the width of the distribution, σθ, on the simulated spectra was studied for
θc = 0◦ and θc = 90◦ for P1 and P2 THS. To this end, spectra were simulated for different
values of σθ spanning the range between 10◦ and 180◦, where 180◦ corresponds to the isotropic
case and 10◦ represents a very well aligned sample. The distribution functions used in these
simulations are shown in Figure 8.13 and the simulated spectra together with the corresponding
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experimental spectra are depicted in Figures 8.14 and 8.15. The colour-code used is the same in
all three figures.
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Figure 8.13: Angular distributions centred at θc = 0◦ (left) and θc = 90◦ (right) used in the simulations
of the spectra of the aligned samples of P1 and P2 THS. The colour-code is the same as
in the figures below.
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Figure 8.14: Simulated spectra using the parameters for P1 THS in combination with the angular distribu-
tion functions P(θ) shown above for θc = 0◦ (left) and θc = 90◦ (right). The corresponding
experimental spectrum is superimposed in black (dashed line).

When having a closer look at the spectra for different σθ in comparison with the experimental
spectra, one realises, especially in the case of P1 THS, that the experimental spectra cannot
satisfactorily be reproduced if only a distribution in θ is considered. The discrepancy between
experiment and simulation is particularly large for P1 THS and || alignment where θc = 90◦: In
the experimental spectrum, the X transition strongly dominates, whereas the two other transitions
are almost absent. In the simulated spectra, however, the Y transition is always strongly present no
matter the width of the distribution, σθ, and consequently no distribution can be found which allows
the shape of the simulated spectrum to closely approach the experimental one. This is maybe not
surprising given that for θc = 90◦ the porphyrin molecule might have a strong preference to align
either along the X or along the Y axis which should lead to marked differences in the respective
triplet spectra. In such cases, the influence of the azimuthal angle ϕ can become significant.
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Figure 8.15: Simulated spectra using the parameters for P2 THS in combination with the angular distribu-
tion functions P(θ) shown above for θc = 0◦ (left) and θc = 90◦ (right). The corresponding
experimental spectrum is superimposed in black (dashed line).

8.4.1 Simulations Assuming Biaxiality

In addition to the distribution in θ, a distribution in ϕ was thus included in the simulations and
a home-written MATLAB fitting routine was implemented which allowed to fit the experimental
data for || and ⊥ alignment simultaneously. The centres of the distributions were fixed but shifted
by 90◦ between || and ⊥ alignment. The width of the distributions, σθ and σϕ, were allowed to
vary independently from each other but were required to be identical for || and ⊥ alignment. The
best fits to the experimental data together with the parameters used in the simulations are shown
for P1 and P2 THS in Figure 8.16.
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Figure 8.16: Simulated spectra assuming a biaxial distribution P(θ,ϕ) in comparison with the correspond-
ing experimental spectra for P1 THS (left) and P2 THS (right). The parameters yielding
the best fit to the experimental data are indicated in the figure.

From the figure it can clearly be seen that the agreement between the simulation and the
experimental data was much improved by including a distribution in ϕ. The fits are certainly not
perfect, but given the experimental uncertainty on the spectral shape due to (variably) imperfect
alignment, the match is considered satisfactory. For P1 THS, the distributions in θ and ϕ are
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found to be fairly wide with σθ ' σϕ ' 40◦, whereas for P2 THS a narrower distribution in θ of
26◦ is found in combination with a relatively wide distribution in ϕ of 48◦.

Simulations assuming a biaxial angular distribution were also attempted for P1 and P2 with
tBu side groups and the results are shown in Figure 8.17. While the fit for P1 tBu is satisfactory,
no acceptable fit could be obtained for P2 tBu.
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Figure 8.17: Simulated spectra assuming a biaxial distribution P(θ,ϕ) in comparison with the correspond-
ing experimental spectra for P1 tBu (left) and P2 tBu (right). The parameters yielding the
best fit to the experimental data are indicated in the figure.

Interestingly, it is found that, in the case of || alignment of P1 tBu (θc = 90◦), the porphyrin
molecules tend to align along the Y axis (i.e. the axis pointing along the aryl groups, ϕc = 90◦),
in contrast to P1 THS, where the X transition is strongly enhanced in agreement with ϕc = 0◦,
corresponding to an alignment along the axis of the alkyne bonds. Again it is noted that the
different side chains have a strong influence on the alignment of the porphyrins.

No good agreement between experiment and simulation could be reached for P2 tBu. In
Figure 8.17 the best simulation attempt is shown, but the agreement is clearly not satisfactory.
However, simulations for all other combinations of parameters regarding the centres of the distri-
butions (θc,||, ϕc,||, θc,⊥, ϕc,⊥) do not come even close to reproducing the experimental data so
that the direction of preferential orientation of the molecule can nevertheless be predicted with
certainty. It seems that the molecule does not align along its long axis (Z ) as would have been
expected for a prolate system and is observed for P2 THS, but rather along the Y axis, corre-
sponding to the axis along the aryl groups. The distribution in θ resulting from the simulation is
fairly large, indicating a rather poor alignment.

8.4.2 Validation of the Simulations

It was shown in Figures 8.14 and 8.15 that simulations which rely on angular distributions depending
only on θ are not able to satisfactorily reproduce all experimental spectra. The large discrepancies
between such simulations and the experimental spectra, particularly for P1, where θc = 90◦, justify
the use of a biaxial angular distribution P(θ,ϕ).

To validate the simulations, the effect of the width of the distribution in ϕ on the spectral shape
was verified. If σϕ is chosen to be sufficiently large, the obtained spectrum should be identical to
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that for a uniaxial distribution P(θ). Generally, the influence of σϕ should be large for θc = 90◦

and relatively small for θc = 0◦, except if σθ is also large. For a fixed distribution in θ and a
fixed ϕc, the width of the distribution in ϕ was varied and the simulated spectra were compared
to the corresponding experimental ones. The results are shown in Figure 8.18 for P1 THS and
in Figure 8.19 for P2 THS. From these figures, in comparison with Figures 8.14 and 8.15, the
following observations can be made:

B0 / mT

Variation of σϕ

Exp. ||
10◦

20◦

30◦

40◦

50◦

70◦

180◦

P1

θc: 90
◦

ϕc: 0
◦

σθ: 41
◦Simulation

B0 / mT

Variation of σϕ

Exp.⊥
10◦

20◦

30◦

40◦

50◦

70◦

180◦

P1

θc: 0
◦

ϕc: 90
◦

σθ: 41
◦Simulation

Figure 8.18: Simulated spectra for different values of σϕ using the parameters for P1 THS in combination
with a biaxial angular distribution P(θ,ϕ) with θc = 90◦ (left) and θc = 0◦ (right). The
corresponding experimental spectra are superimposed in black (dashed line) and σθ and ϕc

were fixed to the indicated values.
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Figure 8.19: Simulated spectra for different values of σϕ using the parameters for P2 THS in combination
with a biaxial angular distribution P(θ,ϕ) with θc = 0◦ (left) and θc = 90◦ (right). The
corresponding experimental spectra are superimposed in black (dashed line) and σθ and ϕc

were fixed to the indicated values.

• The spectra for σϕ = 180◦ are identical to the corresponding uniaxial ones where only a
distribution in θ is considered.

• The influence of σϕ is large for θc = 90◦ and smaller for θc = 0◦. The reason why the
influence of σϕ is still not negligible for θc = 0◦ is most likely the relatively wide distribution
in θ observed in all cases.
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• The influence of σϕ on the experimental spectrum of P1 THS for θc = 90◦ is striking
(cf. Figure 8.18, left). For a proper description of the experimental observations, a biaxial
distribution is clearly required.

• In the case of P2 THS (Figure 8.19), since the value of σϕ which was found to best
reproduce the experimental data is relatively large, the experimental spectra can nearly be
simulated taking only a distribution in θ into account. However, the improvement of the
simulations obtained when using a biaxial distribution is significant.

Order Parameters

From the width of the distributions, σθ and σϕ, obtained from the simulations of the experimental
data, order parameters were calculated for P1 and P2 THS. An overview of the parameters
characterising the distributions which resulted from the simulations and of the obtained order
parameters for || alignment is given in Table 8.1. For P1 the order parameter S is found to be
negative, while U is positive since θc = 90◦ and ϕc = 0◦, whereas for P2 S is positive and U

is negative (θc = 0◦, ϕc = 90◦). The degree of order in P2 THS is generally higher, although
a detailed comparison proves difficult. Any more detailed discussion, potentially leading to over-
interpretation of the data, shall be avoided here.

Table 8.1: Overview of the parameters used in the simulations of the spectra of the aligned samples of
P1 and P2 THS in 5CB. The order parameters S and U calculated from the distributions in
θ and ϕ are listed only for || alignment.

Sample θc / ◦ σθ / ◦ ϕc / ◦ σϕ / ◦ S U

P1 || 90 41 0 38 −0.17 0.51
P1 ⊥ 0 41 90 38
P2 || 0 26 90 48 0.55 −0.10
P2 ⊥ 90 26 0 48

8.5 Conclusions

Based on the experimental observations and results from the simulations, a couple of conclusions
can be drawn. The investigated porphyrin molecules with different side chains do align in the
nematic phase of the liquid crystal 5CB. The experimental cw EPR spectra for || and ⊥ alignment
are clearly different and reasonably reproducible. When the liquid crystal is not aligned, triplet
spectra are obtained which closely resemble the spectra obtained for the same compounds in
isotropic frozen solution, indicating an isotropic distribution of orientations. The triplet state
parameters obtained from a simulation of such an isotropic liquid crystal spectrum were fixed and
used in the simulations of the spectra of the respective aligned samples. The agreement between
the experimental data and the simulations is reasonably good, justifying the chosen approach.
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Different side groups were found to have a strong influence on the alignment of the porphyrin
molecules. Based on UV-vis measurements, results from laser excitation wavelength dependent
studies and simulations, it is concluded that many different orientations and conformations con-
tribute to the spectra of P1 and P2 tBu, indicating a rather poor alignment. Consequently, most
of the analysis focused on P1 and P2 THS.
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Figure 8.20: Overview of the preferred alignment of P1 and P2 with tBu and THS side groups in 5CB
as obtained from the analysis of the triplet state EPR data.

It was found that most experimental spectra cannot be reproduced in a satisfactory way if only
a distribution in the polar angle θ is considered in the simulations. However, assuming a biaxial
distribution P(θ,ϕ), resulted in a good agreement between experimental data and simulations.
The use of a biaxial distribution was justified and a validation of the simulations was carried out.
From a simultaneous fit of the spectra for || and ⊥ alignment, the centres and widths of the
distributions in θ and ϕ were obtained. Once the values of σθ and σϕ were determined, also the
biaxial order parameters S and U could be calculated and compared. Figure 8.20 gives a graphic
summary of the preferred alignment of the four investigated molecules in 5CB.





Chapter 9

Radical Pair Photophysics under the Influence of

Magnetic Fields

In this chapter, the influence of weak magnetic fields on the recombination kinetics of photo-
generated radical pairs is discussed. If the product yield or the kinetics of product formation of a
chemical reaction can be influenced by the presence of a magnetic field, we speak of this reaction
as showing a magnetic field effect (MFE). The latter is defined as the relative change of the
monitored yield or molecular property as compared to zero field. The theory underlying the origin
of such MFEs is well understood [146–150] and extensive experimental studies have been carried
out in liquid solution for organic, freely-diffusing, donor-acceptor pairs [151], however the magnetic
field strengths employed in these experiments were typically high (i.e. >100G).∗

Figure 9.1: Overview of the two main hypotheses proposed to be at the origin of the avian magneto-
compass.

Magnetic field effects have also been proposed to be involved in avian magnetoreception. Since
roughly the 1960s it is scientifically proven that birds use the Earth’s magnetic field for orientation
∗In the following two chapters the magnetic field strength will be expressed in Gauss instead of milli-Tesla. This
unit is more common in the spin chemistry community, since it is better suited for the description of small fields.
The following conversion applies: 1 mT = 10 G.
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and compass-navigation. Yet the mechanism by which this information is perceived is still under
debate [152–155]. Two viable hypotheses have been proposed, an overview of which is provided
in Figure 9.1.

According to the first hypothesis, bird navigation relies on the presence of magnetite crystals
in their beaks [156–162]. The second hypothesis is based on the radical pair model, according to
which magnetoreception relies on the magnetic-field sensitivity of the product yield of a chemical
reaction involving photo-generated radical pairs [163–165]. It has been proposed that these radical
pairs are generated in photoreceptor molecules which are aligned in the bird’s retina, so that the
birds are in fact thought to be able to ‘see’ the magnetic field.

In principle, two different magnetic-field-based sensory mechanisms could be imagined to play a
role in magnetoreception. Every point on the globe is characterised by a certain magnetic intensity,
an inclination, and a declination, where the magnetic intensity ranges from about 0.25G at the
equator to 0.65G at the poles. The inclination is defined as the angle between the magnetic field
lines and the Earth’s surface, and the magnetic declination, also referred to as polarity, is the
angle between magnetic and geographic North. It is believed that the intensity and/or inclination
could be important for a ‘map-like’ sense, to locate a certain position, whereas the polarity and/or
inclination could be involved in a ‘compass-like’ sense to obtain directional information.

Experiments suggest that both of the proposed hypotheses are in fact relevant for magnetore-
ception [166], but it seems probable that the magnetite and photoreceptors fulfill different tasks
[153]. Magnetite receptors could be used to obtain positional information [167–169], whereas
there is strong evidence from behavioural studies on birds that the radical pair model can explain
the bird’s magnetic compass behaviour [170]. Some of this evidence in support of the radical pair
mechanism (RPM) shall be outlined in the following section on magnetoreception.

Figure 9.2 shows a very general reaction scheme illustrating the origin of the magnetic-field
sensitivity of the product yield of a chemical reaction in the framework of the radical pair model.
In the most general case, we start from an organic donor-acceptor pair, where donor and acceptor
may be part of the same molecule or individual molecules. Photoexcitation then yields the singlet
excited state of either donor or acceptor and is followed by electron transfer to generate the singlet
radical pair under the laws of spin conservation.
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Figure 9.2: Example of a simplified photoscheme illustrating the radical pair mechanism.
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Since, in the absence of strong dipolar and/or exchange interactions, the singlet radical pair is
created in a non-eigenstate of its Hamiltonian, the singlet radical pair state is a non-stationary
state. Consequently, time-dependent coherent mixing between the singlet and corresponding triplet
radical pair states is observed as is illustrated in Figure 9.3, which shows the singlet probability
of a singlet-born radical pair as a function of time after its creation for a hypothetic one-proton
radical pair with a single hyperfine coupling of 10G (blue line).
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Figure 9.3: Singlet probability as a function of time calculated for a one proton radical pair with a single
hyperfine coupling of 10G (28MHz). The influence of a magnetic field of 0.5 G is illustrated,
corresponding to a Larmor frequency of 1.4MHz.

The mixing between singlet and triplet states is driven by the hyperfine interaction† and therefore
only takes place if at least one of the radical pair partners has nuclei with non-zero hyperfine
couplings. The mixing frequency depends on the magnitude of the effective hyperfine coupling. The
interconversion between singlet and triplet states is magnetic field dependent, as also illustrated in
Figure 9.3 (red line) for an external magnetic field of 0.5 G. Due to the magnetic field dependence
of the mixing between singlet and triplet states, also the product yield and/or the kinetics of
product formation of a chemical reaction involving such spin-correlated radical pairs will be field-
dependent if (i) the singlet and triplet states have different fates or (ii) the recombination rates
from the singlet (kS) and triplet (kT ) states are different. Since the radical pair mechanism involves
an activationless process far from thermal equilibrium, any thermodynamic considerations do not
apply.

9.1 Magnetoreception and the Radical Pair Mechanism

The singlet yield of a singlet-born radical pair typically has a dependence on the magnetic field
similar to that shown in Figure 9.4. Such a curve, showing the MFE as a function of the magnetic
field, is typically referred to as a so-called MARY curve, for Magnetically Altered Reaction Yield. Its
functional shape can be understood by considering the selection rules for spin angular momentum
in combination with the influence of a magnetic field on the energies of the singlet and triplet

†Various other mechanisms inducing singlet-triplex mixing exist, but are not relevant for the organic donor-acceptor
systems discussed here. These mechanisms include the ∆g -mechanism, relaxation, and spin-orbit coupling. For
a more complete picture, the interested reader is referred to [148, 150].
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states. Depending on the relative magnitude of the external and hyperfine fields, three different
field regimes can be distinguished as shown in Figure 9.5. In the following discussion of the different
regimes, we shall assume the radical pair to be singlet-born.
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Figure 9.4: Magnetic field dependence of the singlet yield for a singlet-born radical pair. The low- and
high field regions are indicated.
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Figure 9.5: Overview of the relative energies of the singlet and triplet sublevels and corresponding selection
rules in the three magnetic field regimes to be considered in the description of the field
dependence of the singlet-triplet interconversion efficiency. The three field regions, referred
to as the ‘zero-field’, the ‘low-field’ and the ‘high-field’ regimes, are defined according to the
relative magnitudes of the Zeeman and hyperfine fields.

At zero field (Figure 9.5, left), the singlet and the three triplet states are degenerate. The
singlet-triplet mixing is subject to strict spin selection rules, which require the total spin angular
momentum, J, as well as its projection onto the z axis, Jz , to stay invariant. At high fields
(Figure 9.5, right), where the Zeeman field is much higher than the hyperfine field, the triplet
states are split in energy due to the electronic Zeeman interaction and so the |T+〉 and |T−〉
states can no longer participate in singlet-triplet interconversion. Consequently, the singlet state
population will be increased as compared to zero field as depicted in Figure 9.4.

When investigating the mechanism underlying the magnetic compass behaviour of birds, we will
need to consider an intermediate regime between the zero and high field limits, since the Earth’s
magnetic field is only of the order of 1 G. The corresponding intermediate field region is referred to
as the low-field region. In the low-field region, the hyperfine field generated by the radical pairs is
of the same order of magnitude as the externally applied field. Consequently, the external magnetic
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field is no longer the quantisation axis and we need to consider an effective field, which is the vector
sum of the external and hyperfine fields. Since the external magnetic field is relatively weak, all
three triplet states still need to be considered for singlet-triplet interconversion. Compared to zero
field, the spin selection rules are relaxed (cf. Figure 9.5), so that additional spin mixing pathways
become allowed. This ‘enhanced mixing’ leads to a decrease in the singlet population as compared
to zero field. The phenomenon leading to this inverted field dependence with reference to the high
field region, as shown in Figure 9.4, is referred to as the low-field effect [171–174].

The outlined radical pair model was first proposed to be at the origin of avian magnetoreception
in the late 1970s by K. Schulten et. al. [163] who suggested that radical pairs are created by
a light-driven electron transfer reaction and undergo coherent spin motion, driven by anisotropic
hyperfine interactions and the external magnetic field. About 30 years later, T. Ritz et al. [164]
demonstrated in a theoretical study that photoreception could be imagined to occur in the bird’s
eyes and the information transmitted via the visual pathway.

Nowadays it is believed that cryptochrome could be the photoreceptor molecule [164, 175–177].
It is a flavoprotein found in many plants and animals and is, for example, known to be involved in
the entrainment of the circadian rhythm or the regulation of plant growth [178]. Its cofactor, flavin,
can be excited by blue light and cryptochrome itself has many electro-active residues that could
be involved in the photoinduced electron transfer to generate the radical pair. Most importantly,
cryptochrome has been found in the eyes of migratory birds and is concentrated in cells which show
a high activity when birds perform magnetic orientation [179, 180], making it a suitable candidate
molecule. Since cryptochrome binds a redox-active FAD molecule, the radical pair in question has
been proposed to be formed between FAD and tryptophan residues of the cryptochrome protein
[181, 182], although other radical pairs for cryptochrome-based magnetoreception have also been
proposed [183].

Directional information is believed to result from anisotropic hyperfine couplings [184]. If the
hyperfine field of (at least) one of the radical pair partners is anisotropic, the total effective field,
which is the vector sum of the external and hyperfine fields, will depend on the orientation of the
molecule with respect to the external field. In turn, if the orientation of the molecules is fixed,
this signifies that their field response, and therefore the product yield, will vary depending on the
orientation of the external magnetic field. An orientation-dependent magnetic field response based
on anisotropic hyperfine interactions can thus be imagined if the orientation of the molecules is
preserved in a fixed arrangement. Therefore the bird’s retina has been proposed to be the location
of the photoreceptor molecules. Anchoring of the molecules across the retina would lead to a
perfectly spherical arrangement of the photoreceptors. The different orientation of the molecules
in different locations of the retina would imply a different product yield and therefore a different
concentration of a certain signalling state. Depending on the inclination of the external magnetic
field, different, distinguishable visual modulation patterns could be generated. The theoretical
feasibility of the generation of such patterns has been demonstrated for weak magnetic fields of
the order of the Earth’s [164].
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The visual signal is then thought to be transmitted as optical information to the brain via the
visual nervous system. In the brain, a specific area, named cluster N, has been identified and shown
to be involved in the processing of the directional information [185–187].

As briefly mentioned earlier, most of the evidence for the involvement of the RPM in avian
navigation has been provided by behavioural studies. During the migratory season, the birds’ urge
to migrate is so strong, that even captive birds still show a directional behaviour, which can be
studied under different artificially generated conditions [188, 189]. By inverting the vertical and
horizontal components of the magnetic field individually, it could be shown convincingly that the
birds respond to the inclination of the magnetic field rather than its polarity [190]. The birds seem
only to distinguish ‘polewards’ and ‘equatorwards’ rather than North and South, which is perfectly
in line with a chemical compass based on the RPM. Magnetic orientation was also tested under
different light conditions [191–195]. In experiments, the birds were able to orient under UV, blue
and green light, whereas they became disoriented under darkness and yellow or red light. This
finding can be understood in the framework of the RPM considering that the photoreceptor might
only absorb in a certain part of the visible spectrum. A number of other experiments in support
of the radical pair mechanism also revealed that the magnetoreceptor is located in the bird’s eye
[196] and that radio frequency fields interfere with compass orientation [197–199].

Additional recommended review and summary articles on the topic of avian magnetoreception
not mentioned in the above paragraphs include [200–208].

9.1.1 Experimental Requirements and Considerations

The aforementioned behavioural studies on birds suggest that the RPM is likely to be at the origin
of the avian magnetic compass, although information about the nature of the radical pair and the
signalling pathway remains scarce. In particular, only one chemical system has been reported so
far, which responds to fields as weak as the Earth’s [209]. A better understanding of the external
factors and molecular properties influencing the observation of pronounced magnetic field effects
would be desirable since it might help us to identify the missing steps involved in the generation
and processing of the magnetic information. For such investigations, model systems are required
which need to fulfill certain requirements as detailed in the following.

In order to observe a MFE and a pronounced low field effect [172] experimentally, a suitable model
system needs to exhibit long-lived spin coherence and relatively slow radical pair recombination
rates to allow for spin evolution. Case studies and theoretical calculations [172] have shown that
radical pair lifetimes of the order of 100 ns to 1µs are favourable. The spin relaxation rates
should not be shorter than the radical pair lifetime, suggesting values of >1µs. Further, for the
observation of MFEs, the recombination rates from the singlet and triplet state must not be equal
or lead to different products, and finally, to observe an orientation-dependent signal, anisotropic
hyperfine tensors are required and motional averaging of the anisotropic response must be avoided
(or at least limited).

In the discussion of MFEs based on the separation of the energy levels between singlet and triplet
states in Figure 9.5 we indirectly assumed that the exchange interaction between the radicals equals
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zero. The exchange interaction, J, determines the splitting between the singlet and triplet states,
∆EST , at zero field and can prevent singlet-triplet mixing and therefore the observation of MFEs.
J typically has an approximately exponential dependence on distance as is illustrated in Figure 9.6

for J > 0 (i.e. ET > ES). If J is large, the singlet and triplet states are eigenstates of the
Hamiltonian and spin evolution is inhibited. However, also weak exchange interactions can be
problematic since they lift the zero-field degeneracies. Consequently one might expect the low
field effect to be absent or much attenuated since no (or much fewer) additional spin mixing
pathways become allowed upon application of a small magnetic field.
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Figure 9.6: Illustration of the distance dependence of the exchange coupling interaction J and its im-
plications for singlet-triplet mixing in the absence (left) and presence (right) of an external
magnetic field for J > 0 (D = 0). The vertical dotted line indicates the minimum inter-radical
separation distance for spin mixing to become feasible.

In the case of freely diffusing pairs, the radicals are formed at the contact distance and thus first
need to diffuse apart for singlet-triplet mixing to set in. It typically takes a couple of nanoseconds
until a separation distance is reached where singlet and triplet states are approximately isoenergetic,
and consequently, a radical pair lifetime of at least several tens of nanoseconds is normally required
for the observation of MFEs. In linked systems with fixed inter-radical distances, a separation
between the radicals of at least 1 nm, but ideally about 1.5−2 nm or longer, is desirable to avoid
perturbations caused by the exchange interaction.‡

The influence of the exchange interaction can thus be contained by designing a system with a
suitable inter-radical distance. Many of the other requirements for the observation of MFEs can, to
a certain extent, be controlled by a careful choice of the properties of the solvent or solid matrix:
The radical pair recombination rates typically depend on the polarity of the solvent. The spin
coherence time is determined by the relaxation rates which are strongly temperature dependent,
and the motional averaging of the anisotropic response can be reduced by increasing the viscosity.

Literature studies on bimolecular systems suggest that the magnetic field effect (for charged
radical pairs) is maximised for dielectric constants, εr , between 18 and 20 [213, 214]. In the
experiments presented in the following chapter, 2-methyltetrahydrofuran (MTHF) is used as the
solvent and the dielectric constant and viscosity of the medium are controlled via the sample

‡Apart from the exchange interaction, also the presence of a (large) dipolar interaction can be unfavourable for
spin evolution, but its magnitude can be controlled more easily via the radical pair separation distance. The
effect of D on spin evolution has been investigated theoretically in references [210, 211].
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Figure 9.7: Temperature dependence of the dielectric constant of MTHF. The graph has been reproduced
from reference [212].

temperature. An optimum is found at 120K, where the viscosity is high§ and the relative dielectric
constant is around 19 as shown in Figure 9.7. The data points in the graph were reproduced from
reference [212].

The influence of the solvent properties on the photoinduced electron transfer reaction generating
the radical pair and on radical pair recombination can be understood in the framework of Marcus
theory [215–219]. It is assumed that the electron transfer is faster than the nuclear motions (i.e.
the nuclear positions are fixed during the reaction) and that the energies of the states before and
immediately after the electron transfer are equal. The rate of a non-adiabatic electron transfer
reaction,¶ kET , is given as

kET =
2π

~
V 2

el

1√
4πλkBT

exp

(
− ∆G ∗

kBT

)
(9.1)

where Vel denotes the electronic matrix element, roughly equivalent to the wavefunction overlap
(i.e. coupling) between reactants and product states. If this overlap is small, Vel � kBT , the
reaction is non-adiabatic (i.e. diabatic), whereas if it is large, Vel � kBT , it is referred to as
an adiabatic reaction. The activation energy, ∆G ∗, assuming a linear dielectric response between
solvent and reactant, can be described according to [220, 221]

∆G ∗ =
(λ+ ∆G0)2

4λ
(9.2)

where λ is the so-called reorganisation energy.

Depending on the free energy gap, ∆G0, between the reactant (R) and product (P) states,
three different regimes can be distinguished as illustrated in Figure 9.8. In the Marcus normal
region, where −∆G0 < λ, the electron transfer rate constant, kET , increases as the driving force,
−∆G0, increases. The region where −∆G0 > λ is referred to as the Marcus inverted region since

§MTHF has a freezing point of roughly 110K.
¶The classical Marcus theory is only valid for non-adiabatic reactions. Further developments of the model to

account for adiabatic reactions exist, but are beyond the scope of this work.
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the reaction rate is found to decrease with increasing driving force, and finally, if −∆G0 = λ, the
reaction proceeds barrier-less.

inverted region
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Figure 9.8: Illustration of the relative position of the free energy surfaces of reactant (R) and product (P)
in the three distinguishable driving force regimes accounted for in Marcus theory.

The logarithm of the electron transfer rate constant, ln (kET ), is thus predicted to have a
bell-shaped dependence on driving force, with the maximum rate reached at −∆G0 = λ. The
reorganisation energy λ is composed of two contributions, referred to as the outer (λout) and inner
(λin) reorganisation energies

λ = λin + λout (9.3)

The inner reorganisation energy accounts for structural differences between the equilibrium config-
urations of the reactant and product states, such as differences in equilibrium bond lengths, and
can be described by [221]

λin =
1

2

∑
i

fi
(
r eqR − r eqP

)2 (9.4)

where r eqR and r eqP are the equilibrium bond lengths in the reactant and product states, fi is the
reduced force constant of the ith vibration, and the sum runs over all significant intramolecular
vibrations of the molecule.

The outer reorganisation energy is the energy necessary for the solvent to adapt to the new
equilibrium configuration and thus accounts for differences between the orientation and polarisation
of the solvent molecules around the reactant and product states. Assuming a spherical model, λout

can be defined as

λout =
e2

4πε0

(
1

2rD
+

1

2rA
− 1

rDA

) (
1

n2
− 1

εr

)
(9.5)

where e is the electronic charge, ε0 the vacuum permittivity, rD , rA and rDA the ionic radii of
donor and acceptor and the distance between them, respectively, and the term

(
1
n2 − 1

εr

)
is often

referred to as the so-called Pekar factor, γ, and depends on the refractive index, n, and the
dielectric constant, εr , of the solvent.

For organic donor-acceptor pairs, λin is typically small (∼0.1−0.3 eV) so that the contribution of
λout frequently dominates. If λin can be neglected, the kinetics of the electron transfer are largely
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determined by the solvent properties, i.e. the refractive index and relative permittivity. In apolar
solvents, εr ∼ n2, the Pekar factor tends to zero and λ vanishes, whereas in highly polar solvents
the Pekar factor can reach a maximum value of roughly 0.550≈ 1

n2 .

The driving force of an electron transfer reaction can be estimated from the redox potentials of
donor and acceptor [222]. For a charge separation (CS) reaction, the driving force is given by

−∆G0(CS) ≈ E red
1/2,A − E ox

1/2,D + E00 − C (9.6)

whereas it can be approximated to

−∆G0(CR) ≈ E ox
1/2,D − E red

1/2,A − C (9.7)

in case of a charge recombination (CR) reaction. In these equations, E ox
1/2,D is the oxidation

potential of the donor, E red
1/2,A the reduction potential of the acceptor and E00 the excited state

energy. The correction term, C , accounts for the Coulomb interaction between the radicals and is
often neglected in polar media.

Considering charge recombination to a neutral product (P), we should expect the radical pair
(R) to be stabilised in polar media as compared to P and therefore the driving force −∆G0 to
decrease. Hence, the polarity of the solvent can considerably influence the recombination rates
by shifting the energy levels of reactant and product states. Depending on whether a particular
charge recombination reaction occurs in the Marcus normal or inverted region, an increased polarity
(εr ) implying a decrease in ∆G0 either leads to a decrease (Marcus normal) or increase (Marcus
inverted) in the electron transfer reaction rate, kET .

Charge recombination reactions from the singlet and triplet radical pair states are expected
to have a different dependence on driving force. Typically, it has been observed that charge
recombination from the singlet state occurs in the Marcus inverted region [223–226], while CR
from the triplet falls into the Marcus normal region. A high solvent dielectric constant should
therefore favour kS over kT .

9.1.2 Magnetic Field Effect Anisotropy

Once the properties of the sample and reaction medium have been optimised for the detection of
magnetic field effects at low field strengths, we can turn to the measurement of magnetic field
effect anisotropy. In the following paragraphs the experimental apparatus as well as the basic steps
of data treatment shall be outlined. In the framework of this thesis, the optics and detection parts
of the experimental setup have been completely redesigned, whereas the data acquisition software
and magnetic field calibration routines have been developed beforehand and are described in detail
in reference [227].

A schematic drawing of the setup used for all measurements of magnetic field effects in this
work is shown in Figure 9.9. It is based on a standard nanosecond transient absorption experiment.
The sample is excited with linearly polarised pulsed laser light (pulse duration ∼ 5 ns) at 532 nm
with a repetition rate of 10Hz (Nd:YAG, Continuum Minilite) using pulse energies of <1mJ. A cw



Chapter 9 Radical Pair Photophysics under the Influence of Magnetic Fields 157

laser diode with a central wavelength of 980 nm (Thorlabs, L975P1WJ) is used as the probe light
source and the signal is detected using an infrared sensitive Si photodiode (Thorlabs, FDS100).
To prevent excessive sample heating, the probe light is only switched on during a narrow time
window needed for data acquisition, corresponding to a duty cycle of 4%. Measured in cw mode,
the probe laser power amounts to 1.2mW, implying a peak power of roughly 30mW.
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Figure 9.9: Schematic drawing of the experimental setup used for magnetic field effect experiments. Di-
electric mirrors are labelled according to the wavelength (in nm) of their reflective coating and
the sample position is indicated in orange; PD: photo diode; LD: laser diode; LP: long pass
filter; BP: band pass filter.

The polarisations of the pump and probe beams are controlled by means of two half-wave
plates and are chosen to be identical in any particular experiment to facilitate the analysis of the
anisotropy data. Pump and probe beams are collinear at the sample to ensure maximum overlap.
Before and after the sample, dielectric mirrors serve to couple the pump beam in and out of the
probe light path. In addition, two dielectric long pass filters are used after the sample to eliminate
any residual pump light scatter prior to signal detection. The sample is sitting in a liquid nitrogen
flow cryostat (Oxford Instruments) which maintains a constant sample temperature. The cryostat
itself is surrounded by three pairs of orthogonal Helmholtz coils which are carefully calibrated,
according to a procedure described in [227].

Figure 9.10 (left) schematically illustrates the sample geometry and axis definitions used in the
experiment. The two sets of Helmholtz coils in x and z direction allow precise control of the
magnetic field strength and field angle, measured with respect to the −z axis, while the third pair
of coils is adjusted to a constant offset and serves to cancel out the component of the Earth’s
magnetic field in the propagation direction (y).

The effect of photoselection is exploited to excite and probe only a small subset of molecular
orientations within the isotropic frozen solution sample. Molecules can only be excited efficiently if
their electronic transition dipole moment, |~µba|, for the transition between two states, |a〉 → |b〉,
is aligned with the electric field vector, ~E , and the transition probability varies with the angle
α between |~µba| and ~E according to cos2 α. The transition dipole moment only depends on
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Figure 9.10: Illustration of the sample geometry and axes definitions used in magnetic field effect measure-
ments (left), variation of the magnetic field angle θ in the xy plane (centre) and expected
angle dependence of the magnetic field effect (right).

the oscillator strength (f ) of absorption, f ∝ ε(λ), and is not related to the (difference of)
permanent dipole moment(s). During an electronic transition, the molecule is in a superposition
state between |a〉 and |b〉 and its properties oscillate with time. The transition dipole moment
describes the amplitude and direction of the electric field induced oscillating electric dipole. Upon
a second interaction with the oscillating electric field, the final population state is reached. Using
photoselection, the anisotropic response, caused by the effect of a (directional) static magnetic
field in the presence of anisotropic hyperfine interactions, can be preserved.

For the measurement of anisotropy curves, a certain magnetic field strength is kept constant
and only the angle θ between the magnetic field direction and the −z axis is varied in the xz plane
as illustrated in Figure 9.10 (centre). As a function of θ, a sinusoidal variation of the magnetic
field effect is expected [209], cf. Figure 9.10 (right).

9.2 Radical Pair EPR

Valuable information about the characteristics of radical pairs can also be obtained from EPR
experiments. By out-of-phase (OOP) ESEEM measurements [34, 35, 228, 229], the dipolar, D,
and exchange interactions, J, in radical pairs can often be determined [230–232] and inter-radical
pair separation distances deduced. Detailed information on the origin and theoretical treatment of
OOP-ESEEM is provided in references [233–237].

Furthermore, the spin polarisation of the radical pair EPR spectrum contains information on D

and J as well as on the nature of the radical pair precursor. In the product basis of α and β states,
the four radical pair states can be expressed as follows

|S〉 =
1√
2

(
|αβ〉 − |βα〉

)
|T+〉 = |αα〉

|T0〉 =
1√
2

(
|αβ〉+ |βα〉

)
|T−〉 = |ββ〉

(9.8)

and consequently, if the radical pair is initially created in its singlet state, both |αβ〉 and |βα〉
states are equally populated as shown in Figure 9.11. The transition frequencies of the four possible
EPR transitions between the states, indicated in the figure, depend on the magnitude and sign of



Chapter 9 Radical Pair Photophysics under the Influence of Magnetic Fields 159

D and J. Absorptive as well as emissive transitions are observed, due to either (i) the exclusive
population of |αβ〉 and |βα〉, if the radical pair is singlet-born, or (ii) the increased population‖ of
the |αα〉 and |ββ〉 states in case of a triplet-born radical pair.
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Figure 9.11: Illustration of the spin states of a singlet-born radical pair and the transitions between the
states leading to the observation of a spin-polarised EPR signal.

For a given spin multiplicity the sign of D+J determines the order of absorptive (a) and emissive
(e) transitions (cf. Figure 9.11, right). Specified in order from low to high field, one distinguishes
a/e and e/a polarisation patterns. The polarisation pattern is usually only indicated for the first
radical, A, since that of the second radical, B , is identical. In typical organic systems, the g -factors
of the two radicals forming the pair are usually not much different (ωA ∼ ωB), so that the four
transitions are rarely completely resolved at commonly used spectrometer frequencies (X-band).
If more resolution is required, the experiments can for example be performed at Q- (34GHz) or
W-band (95GHz). For a singlet-born radical pair, if D + J > 0, an a/e pattern is observed,
whereas the order of transitions would be reversed in case of a triplet-born radical pair.

The situation becomes somewhat more complicated in isotropic frozen solution, where D is
a function of the angle θ between the orientation of the molecule and the external field, D =

ωdd (3 cos2 θ − 1), and a powder average over all possible orientations needs to be considered as
illustrated in Figure 9.12 for J = 0. The positions and polarisations of the individual transitions
are indicated for the two extreme cases of θ = 0◦ and θ = 90◦ (left). Orientational averaging over
all angles θ results in a Pake pattern for every transition (cf. Figure 9.12, top right) and the EPR
signal observed in isotropic frozen solution is the sum of all signals and exhibits a characteristic
anti-phase Pake lineshape as shown in Figure 9.12 (bottom right).

In many cases, a good estimate of D is obtained from the inter-radical pair separation distance
as determined for example by DFT calculations. If the nature (i.e. multiplicity) of the radical
pair precursor is known, the sign of J can be determined from an analysis of the EPR polarisation
pattern, sometimes also referred to as Chemically Induced Dynamic Electron Polarisation (CIDEP).

‖In case of a triplet-born radical pair the population of |αα〉 and |ββ〉 is larger compared to the population of the
|αβ〉 and |βα〉 states. The latter are also populated if the radical pair is triplet-born owing to population of
|T0〉.
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Figure 9.12: Illustration of the EPR transitions for a singlet-born radical pair at θ = 0◦ and θ = 90◦

for J = 0 (left) and the anti-phase Pake patterns resulting from powder averaging over all
angles in isotropic frozen solution (right).

The exchange interaction, J, indicates the energy difference between singlet and triplet states
∆EST . Defining

∆EST = J(r) = ET − ES (9.9)

so that the singlet state lies below the triplet states if J > 0, the following sign rule

Γ = µ · sign(J) (9.10)

can be used to determine the sign of J. The factor µ is equal to +1 for a singlet precursor and
−1 for a triplet precursor, and Γ equals +1 for a/e polarisation and −1 for e/a polarisation [238].
It shall be noted here that the definition of the factors µ and Γ depends on the definition of
∆EST and therefore the exchange coupling Hamiltonian. Different variations are encountered in
the literature and so only the relative order of the singlet and triplet states should be compared
which must be equal for any particular case. An example of an application of Equation (9.10) shall
be given here: Assuming a low field e, high field a polarisation pattern was observed for a radical
pair formed from a singlet precursor molecule, we have µ = +1 and Γ = −1, indicating J < 0 and
therefore that the triplet state is lower in energy as compared to the singlet state, ES > ET .

For charged radical pairs, the singlet-triplet energy gap, ∆EST , and therefore also the sign of
J has been proposed to depend on the reaction free energy, ∆G0, and the reorganisation energy,
λ [239, 240] and both cases, ES ≷ ET , have been encountered depending on the studied radical
pair system and the properties of the reaction medium.



Chapter 10

Chemical Compass Behaviour of a Carotenoid−
Porphyrin−Fullerene Triad

In Chapter 9 it was argued that the results from behavioural studies on birds are in good agreement
with the radical pair hypothesis. However, to date, it has not yet been shown convincingly that
fields as small as the Earth’s magnetic field can have a sufficiently significant effect on a chemical
reaction so as to account for the avian compass behaviour. In order to provide experimental support
for the involvement of the RPM in birds’ navigation, it therefore needs to be demonstrated that
a model system can act as a chemical compass. Such a chemical compass system is required
to (i) be sensitive to fields as weak as the Earth’s magnetic field and (ii) additionally exhibit an
orientation-dependent magnetic field response.

The system we chose for the experimental investigations is a molecular triad system, composed
of a carotenoid (C), a porphyrin (P) and a fullerene (F) moiety, which has been synthesised in the
laboratories of Prof. Devens Gust (Arizona State University, USA). The chemical structure of the
molecule, henceforth referred to as CPF, is shown in Figure 10.1.
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Figure 10.1: Chemical structure of the investigated CPF triad.

Previous studies revealed that this system fulfills all the necessary requirements of a suitable
model system for the detection of hyperfine-driven magnetic field effects [209, 241] and MFEs at
very small fields have indeed been detected. However, so far, no orientation-dependence of these
effects could be shown in the low field region, relevant to avian magnetoreception. In the only
published study reporting anisotropic magnetic field effects, magnetic fields about 100 times larger
than the Earth’s magnetic field were employed.

The mechanism underlying the magnetic field dependence is known to be considerably different in
the low field region [171, 172] as compared to higher fields. Consequently, in order to demonstrate



162 Chapter 10 Chemical Compass Behaviour of a Carotenoid−Porphyrin−Fullerene Triad

convincingly that the radical pair model can be at the origin of the avian magnetic compass, it
needs to be shown that anisotropic MFEs can be observed in the low field region.

Similar triad systems to that investigated in this study, possessing different side groups and
linkers, have been synthesised in the last decades for the study of artificial photosynthesis and
their photophysics were thoroughly characterised both by optical studies [242–244] and transient
EPR [104, 245]. In general, it is found that the overall excited state reaction scheme is similar
for these molecules, although the time constants for charge separation and charge recombina-
tion can be considerably influenced by small structural changes. The properties of a variety of
cartenoid−porphyrin−fullerene triad molecules are compared in reference [246], also including a
photophysical characterisation of the investigated CPF triad in MTHF at room temperature.

Based on the available data, a (simplified) photoscheme can be proposed for triad CPF as
shown in Figure 10.2. Photoexcitation of the triad molecule mainly yields the first excited state
of the porphyrin and is followed by energy and electron transfer to generate the primary radical
pair 1[C - 2P•+ - 2F•−]. The long-lived singlet state radical pair 1[2C•+ -P - 2F•−] is then formed
upon further charge separation and can undergo hyperfine-driven singlet-triplet interconversion. A
small fraction of the radical pairs (∼7 %) have also been shown to be initially formed in the triplet
state [241]. Charge recombination from the singlet state mainly regenerates the ground state,
whereas the triplet radical pairs recombine to yield the low-lying triplet state of the carotenoid.
Some of the kinetic time constants of the involved processes and spectral features of the reaction
intermediates are known from the studies at room temperature.
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RADICAL PAIR

Figure 10.2: Simplified photoscheme postulated for the CPF triad. EnT : energy transfer; ET : electron
transfer; CS : charge separation.

However, as mentioned in the preceding chapter, to optimise the properties of the medium (η,
εr ) for the observation of anisotropic magnetic field effects, the MFE experiments in this study are
performed in frozenMTHF at 120K and it is therefore also desirable to carry out the photophysical
characterisation of the triad system under the same conditions. The corresponding experiments
will be presented in the following section.

At 120K, the charge recombination from the singlet state was found to be faster for CPF
as compared to recombination from the triplet state, kS > kT [241]. Furthermore, it has been
established that the charge recombination reactions from the singlet and triplet states in this
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system proceed in the Marcus inverted and Marcus normal regions, respectively [246]. Therefore,
kS should dominate in high polarity solvents, whereas kT should be favoured at lower polarities,
in agreement with the experimental observations at 120K (εr ∼ 19).

10.1 Characterisation by Optical Spectroscopy and Transient EPR

To validate the proposed excited state reaction scheme for CPF at 120K, a basic photophysical
characterisation of the triad was carried out. All optical experiments in this section were performed
in the laboratories of Prof. M. R. Wasielewski (Northwestern University, USA) under the supervision
of Prof. Ryan Young and with help from Claire Miller, Brian Phelan and Dr. Ma Lin. The data
analysis was performed at Oxford using home-written MATLAB routines. Further details on the
sample preparation, experimental setup and data treatment are given in Appendix A (cf. Sections
A.1 and A.6).

10.1.1 Absorption and Fluorescence

Figure 10.3 (left) shows a comparison of the UV-vis spectra recorded for CPF at room temperature
and 120K. It can be observed that the absorption bands are considerably sharpened at lower
temperature. The porphyrin Soret and Q-bands (peaks at ∼420 nm, 550 nm, 590 nm, 650 nm) are
observed roughly at the same wavelengths in both spectra, whereas the three prominent absorption
bands of the carotenoid between 450 and 540 nm are red-shifted at 120K as compared to room
temperature. In the MFE experiments carried out at 120K, the molecule can thus be excited
at 532 nm. In Figure 10.3 (right) the room temperature fluorescence spectrum of the triad is
displayed, which coincides with the fluorescence spectrum of a typical free-base porphyrin with
intensity maxima at 650 and 720 nm.
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Figure 10.3: Comparison of the UV-vis absorption spectra at 120K and room temperature (left) and
steady state fluorescence spectrum recorded at room temperature (right) of the CPF triad in
MTHF. The dotted line indicates the excitation wavelength chosen for the MFE experiments.

The time-resolved fluorescence traces recorded for CPF in MTHF at room temperature using
a streak camera are shown in Figure 10.4. Different time windows were used for different time
resolution. The time-resolution using a time window of 1 ns amounts to roughly 40 ps. The kinetics



164 Chapter 10 Chemical Compass Behaviour of a Carotenoid−Porphyrin−Fullerene Triad

of the fluorescence decay does not markedly depend on the chosen emission wavelength and is at
least bi-exponential. About 80% of the intensity has decayed after 200 ps, suggesting a lifetime of
the shortest component of less than 100 ps, in good agreement with the results presented in [246],
where a value of 34 ps was determined.
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Figure 10.4: Fluorescence decay traces recorded at different emission wavelengths (as indicated) for CPF
after excitation at 415 nm. The time window of the streak camera was set to either 1 ns
(left) or 50 ns (right).

10.1.2 Transient Absorption Spectroscopy

In reference [246], the results from transient absorption studies are presented for CPF in MTHF
at room temperature. It is suggested that the primary radical pair 1[C - 2P•+ - 2F•−] is formed
from C - 1P -F in 34 ps, following generation of 1[2C•+ -P - 2F•−] in 120 ps. The radical pair
lifetime of 57 ns is found to correlate with the rise of the absorption of 3C -P -F, which decays
with a lifetime of 4.9µs.

In the present work, transient absorption spectra from the femtosecond to the millisecond time
regime were acquired for CPF in MTHF at different temperatures to elucidate the spectral char-
acteristics of the reaction intermediates and the approximate kinetics at the temperature chosen
for the MFE experiments. The corresponding data recorded in the visible and near infrared regions
are shown in Figure 10.5 for temperatures of 95K, 120K, 160K, and room temperature, corre-
sponding to dielectric constants of 2.7, 19, 13, and 7.0, respectively. As discussed in the previous
chapter, the polarity of the medium should considerably influence the radical pair formation yield
and recombination kinetics. In the figure, the TA spectra are shown at selected time delays (as
indicated).

In agreement with previous literature results and Figure 10.2, it is observed at all temperatures
that the excited state absorption of the porphyrin (∼550−800 nm), present at early times (<10 ps),
decays at the same time as the absorption of the carotenoid radical cation rises in the near infrared
(bands at ∼1000 nm and 1450 nm). The decay of the C•+ ion band is correlated with the formation
of the carotenoid triplet state (∼550 nm). By visual inspection, the involved reaction steps appear
to be the same at different temperatures, while the time constants of the different processes and
the relative reaction yields vary significantly. The spectral position of some absorption bands -
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Figure 10.5: Transient absorption spectra at selected time delays (as indicated) recorded in MTHF so-
lution after photoexcitation of CPF at 415 nm. The spectra were taken at four different
temperatures of 95K, 120K, 160K, and room temperature (top to bottom). The dotted
line indicates the probe wavelength chosen in the MFE experiments.
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especially of those corresponding to carotenoid features - appears to be strongly dependent on the
properties of the medium.

Looking in particular at the TA spectra recorded at 120K, the ground state bleach (∆A < 0) can
be observed (mainly) below 550 nm at early times. During the same time window, the excited state
absorption (∆A > 0) of the porphyrin is observed between 550 and 800 nm, with superimposed
stimulated emission bands (∆A < 0) at 650 and 720 nm. In the near infrared, we can see the rise
of the carotenoid radical cation bands with peaks around 1050 and 1450 nm, which considerably
blue-shift with time, and finally, after decay of the ion band, a peak at 560 nm, characteristic for
the carotenoid triplet state, appears and later decays.

In Figure 10.6, the absorption and fluorescence spectra of the triad are displayed on the same
wavelength scale as the TA spectra for better illustration of the contributions of ground state
bleach and stimulated emission to the shape of the TA spectra.
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Figure 10.6: Absorption and fluorescence spectra of CPF depicted on the same wavelength axis as the
TA data for better comparison as well as illustration of the contributions of ground state
bleach and stimulated emission to the shape of the TA spectra.

The TA spectra at 120K and room temperature were also subjected to a kinetic analysis. The
species associated spectra obtained from global target analysis following the sequential model
A→ B → C → D → E are shown in Figure 10.7 together with the corresponding time constants.
Since the time constants for the different steps are sufficiently different, the spectral separation
works well. For 120K it is found that the excited state of the porphyrin (species A) decays in
about 15 ps to form the radical pair (species B) which has a lifetime of roughly 100 ns and finally
the carotenoid triplet state (species D) is found to decay with a lifetime of about 6µs to the
ground state (species E).∗ At room temperature, all of these processes seem to be slightly faster
(as also indicated in the figure) and the relative amplitudes of the individual species associated
spectra are clearly different. Judged by the relative spectral intensities, the relative formation yield
of the carotenoid triplet state appears to be increased at room temperature as compared to 120K,
suggesting that recombination from the triplet state is preferred at room temperature, while the
opposite seems to be the case at 120K.
∗The fifth species, species C in the sequential model, is needed to account for the pronounced blue-shift of the
ion absorption band at 120K. The data at room temperature might be fit with only three time constants (four
species), but was nevertheless fit with four time constants here for better comparability.
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Figure 10.7: Species associated difference spectra calculated for the TA data of CPF recorded at 120K
(left) and room temperature (right). A sequential reaction scheme, as shown in the figure,
was assumed and the time constants are indicated.

The spectral features of the reaction intermediates and their time behaviour at 120K are also
shown in form of a TA contour plot in Figure 10.8. The solvent-induced pronounced blue shift
of the carotenoid radical cation absorption band can clearly be seen in this representation of the
data.

Figure 10.8: Contour plot of the TA data recorded for CPF inMTHF solution at 120K in the visible (left)
and near infrared (right) regions. The dotted line indicates the probe wavelength chosen in
the MFE experiments. GS: ground state; ESA: excited state absorption.

In Figure 10.9 the solvent shift of the C•+ ion band is illustrated at different temperatures. It
is interesting to note how strongly the position of the ion band is influenced by the polarity of
the medium. In apolar environment, encountered for instance at 95K and room temperature (cf.
Figure 10.5), the position of the band does not change markedly with time, while both at 120K
and 160K the ion band shifts towards the blue by about 50 nm (albeit at different rates), from
1050 to 1000 nm.

Based on the results from TA experiments and the wavelength characteristics of the available
NIR laser diodes, a probe wavelength of 980 nm was chosen to detect the absorbance of the
carotenoid radical cation in the MFE experiments.
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Figure 10.9: Illustration of the temperature dependence of the characteristic C•+ absorption band in the
near infrared. Contour plots are shown for three temperatures of 95K, 120K, and 160K,
corresponding to relative permittivities εr of about 2.7, 18.5, and 13.0, respectively.

10.1.3 Transient cw EPR

Some of the excited state intermediates postulated to be present in the studied system, like 3F or
F•−, cannot easily be detected optically, mainly due to their small excited state extinction coeffi-
cients. Transient EPR spectroscopy was thus employed to get some complementary information.
By EPR we expect to be able to see all intermediates with unpaired electron spins, i.e. the radical
pair and any formed triplet states. The EPR spectra shown in Figure 10.10 were performed at
90K.† In the central part of the spectrum, the radical pair, with its narrow antiphase spectral
feature and a comparatively short lifetime, can clearly be identified. Additionally, two different
triplet states with different time behaviour are detected, which can be attributed to the fullerene
and the carotenoid [104, 247]. EPR thus allows the detection of the fullerene triplet state, which
could not be observed optically.
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Figure 10.10: Transient cw EPR spectra of CPF recorded in frozen MTHF at 90K averaged for different
delay times after laser excitation (as indicated). Scans over a wider (left) and narrower
(right) field range are shown.

†At 120K, the high dielectric constant of the solvent leads to increased losses in the cavity and critical coupling
of the EPR resonator becomes challenging. Experiments were also performed at 120K, but are not shown here.
The reaction kinetics differ between 90K and 120K, but the relative spectral intensities and spectral shapes
were found to be virtually identical.
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In Figure 10.10 (right) the EPR spectrum is shown in a narrower field range, only covering the
features of the radical ion pair. The radical pair EPR spectra recorded at different times after laser
excitation reveal the time evolution of the signal. A two dimensional background correction was
applied to remove the sloping background stemming from the superimposed triplet signals. The
spin polarisation of the radical pair, e/a, is consistent with a singlet precursor (cf. Figure 9.12).
By comparison of the spin polarisation of the observed fullerene triplet spectrum with that of
a model fullerene triplet, it could be shown [247] that the fullerene triplet is formed by normal
intersystem crossing. On the contrary, the carotenoid triplet state seems to be formed by radical
pair recombination, based on its spin polarisation, eaaeea, which cannot arise from intersystem
crossing and is characteristic for a triplet with D < 0 populated exclusively in the |T0〉 high field
sublevel.

Combining the results from UV-vis, fluorescence, transient absorption and transient EPR spec-
troscopies, the validity of the proposed reaction scheme for CPF (cf. Figure 10.2) could be
confirmed.

10.2 Magnetic Field Effects in the Low Field Region

In the magnetic field effect experiments, using the setup presented in detail in the preceding
chapter, the porphyrin moiety is excited at 532 nm and the absorbance of the carotenoid radical
cation is probed in the near infrared at 980 nm. The sample preparation is outlined in Appendix
A (cf. Section A.1) and the results presented in the following sections have been obtained in
collaboration with Dr. Christian Kerpal.
Figure 10.11 shows exemplary kinetics of the CPF triad recorded at 15G in comparison with

the reference data taken at zero field. The presence of a magnetic field changes the relative
concentrations of the singlet and triplet radical pairs and therefore the relative amplitudes of kS
and kT contributing to the overall kinetics detected by transient absorption. The two transient
absorption signals in the presence and absence of a magnetic field are then subtracted from each
other to obtain the signal labelled ∆∆A, referred to as the so-called subtraction signal and defined
according to

∆∆A(t) = ∆A(t,B0)−∆A(t,B0 = 0) (10.1)

When dividing the subtraction signal by the transient absorption signal in the absence of any field,
the time dependent magnetic field effect is obtained, indicating the relative variation of the change
in product yield.

When looking at the time-dependence of the subtraction signal in Figure 10.11, a biphasic
behaviour is observed, suggesting a complex interplay of radical pair recombination and spin re-
laxation rates. The recombination rates kS and kT for any particular system should only depend
on the solvent properties and should therefore be constant at a chosen temperature, whereas spin
relaxation may be field dependent. At a magnetic field of 15G, we are outside the low field region
of this system. Compared to B0 = 0, the singlet population should therefore be increased at a
field of 15G. If kS � kT , recombination is expected to be enhanced in the presence of a mag-
netic field as compared to its absence, leading to a decrease in the overall radical population and
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Figure 10.11: Illustration of the magnetic field sensitivity of the radical pair recombination kinetics of
CPF probed at 980 nm in MTHF solution at 120K.

consequently a negative ∆∆A signal. A negative subtraction signal is indeed observed at 15G for
early times. The unusual phase inversion at times beyond 500 ns could be simulated and explained
considering additionally that about 7% of all radical pairs are initially born in their triplet state
[241]. A corresponding inversion of the cw EPR polarisation pattern from e/a for a singlet-born
radical pair to a/e for a triplet-born radical pair could also be observed in the cited work. In the
spectra shown in Figure 10.10 (right) for 90K, only the onset of this inversion can be seen from
the spectrum shown in dark blue (1.8µs).

According to the considerations outlined in Chapter 9, the time-dependence of the subtraction
signal of this system is expected to be inverted in the low field region. The width of the low
field region depends on the magnitude of the effective hyperfine coupling constant and extends
to roughly 7G for CPF as illustrated in Figure 10.12. In this figure, three MARY curves are
shown, averaged for time windows of 20 ns centred around the indicated times. As expected
from the subtraction curve for 15G discussed above, it can be seen that the MARY curve flips
between early and later times. In Figure 10.12 (right) the subtraction curves obtained at magnetic
field strengths of 2 G and 15G are compared. The time-dependence of the subtraction curve
corresponding to the low field region (2G) is inverted as compared to that for higher fields. The
times after laser excitation corresponding to the MARY curves are indicated.

Considering the field-dependence of the MFE for CPF, it is noted that the detection of a field
effect becomes increasingly difficult as we go to fields lower than 2G, but measurements at fields
comparable to the Earth’s magnetic field were motivated by the aim of validating the radical pair
hypothesis for avian magnetoreception.

10.2.1 Earth’s Field Effect

Compared to the subtraction signal obtained at 15G, the field effect at Earth’s field (0.5 G) is
almost invisible as shown in Figure 10.13 (left), but optimisation of the signal-to-noise eventually
allowed the detection of a reasonable signal at 0.5 G. The subtraction curve has the expected time
dependence, confirming that the CPF triad indeed shows a magnetic field effect at Earth’s field.
The displayed subtraction signal corresponds to a MFE of +0.4% at 80 ns and −0.6% at 0.6µs.
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Figure 10.12: Magnetic field effect as a function of field at three different characteristic times of 0.08µs,
0.28µs, and 0.71µs after laser excitation (left) and subtraction signal ∆∆A as a function
of time for two different field strengths of 2G and 15G (right) for the CPF triad measured
in frozen MTHF at 120K.
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Figure 10.13: Subtraction signal ∆∆A as a function of time measured at 0.5 G for CPF in frozen MTHF
at 120K.

10.2.2 Isotope Effect

To prove that the MFEs in this system are hyperfine-driven, complementary experiments were
performed on a partially deuterated analogue of the CPF triad. In the partially deuterated molecule
shown in Figure 10.14, some of the hydrogens on the carotenoid backbone have been replaced by
deuterium.

N

N N

NNH

O H
H

NCD3 CD3

CD3 CD3

Carotenoid

Fullerene

Porphyrin

D

D D D D

D D D D D

D

Figure 10.14: Chemical structure of the partially deuterated analogue of the CPF triad.



172 Chapter 10 Chemical Compass Behaviour of a Carotenoid−Porphyrin−Fullerene Triad

Deuteration decreases the proton hyperfine couplings by a factor of roughly 6.5 according to the
ratio of the respective nuclear g -factors (gn,H

gn,D
= 5.586

0.857). Consequently, the effective hyperfine field
created by the radicals is expected to be smaller in the case of (partial) deuteration, which should
influence the magnetic field dependence of the MFE. In Figure 10.15 (left) MARY curves recorded
for a field range from −5G to +5G are shown for the protonated and partially deuterated CPF
triad at different time delays after laser excitation. When comparing the results, it is observed
that the field-dependence of the MARY curve is altered for the deuterated analogue, showing that
the effect indeed depends on the hyperfine coupling constants of the system. In particular, the
low field region is narrower for the deuterated triad, seen most clearly from the curves recorded
at 0.71µs after laser excitation, as it would be expected in case of a smaller effective hyperfine
coupling.‡ Within experimental error, the kinetics of the molecule in the absence of any field do
not seem to be affected by deuteration as shown in Figure 10.15 (right).
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Figure 10.15: Isotope effect on the magnetic field effect of CPF recorded in MTHF solution at 120K.
Comparison of the MARY curves of the protonated and partially deuterated triad (left)
and the corresponding kinetics in the absence of any external magnetic field (right). The
hyperfine coupling tensors of the protons on the carotenoid backbone which were replaced
by deuterium in the partially deuterated triad are marked in dark blue.

The figure also shows a visualisation of the proton hyperfine coupling tensors on the carotenoid
moiety calculated for the molecular triplet state of the triad. For the charge separated state,
geometry optimisation was unfortunately not successful. However, the structural changes and
therefore the effect on the electronic structure as well as the hyperfine couplings are expected to
be small. The DFT (B3LYP/EPRII) calculations were performed by Dr. Christian Kerpal and
‡Considering a molecule with n nuclei, characterised by a hyperfine coupling constant, a, and spin I , the effective

hyperfine coupling aeff is formally defined as aeff =

√
1

Im(Im+1)

n∑
i=1

a2
i Ii (Ii + 1), where Im is the spin of the chosen

model nucleus.
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the results are in good agreement with the data presented in reference [209]. In the figure, the
hyperfine tensors of the protons replaced by deuterium in the deuterated triad are highlighted in
dark blue.

10.3 Orientation Dependent Magnetic Field Effects

As already discussed, only one case can be found in the literature where hyperfine-driven anisotropic
magnetic field effects have been reported [209]. However, these experiments were performed at
comparatively high fields of >30G, well outside the low field region. Since the design of the
experimental setup used for the detection of anisotropic MFEs was considerably improved in this
work, leading to better signal stabilities and a higher signal-to-noise ratio, anisotropy measurements
in the low field region could be attempted.

The sample geometry was illustrated in the preceding chapter. All the anisotropy curves pre-
sented in this section have been recorded at horizontal laser polarisation with respect to the surface
of the laser table for both pump and probe beams. This polarisation is referred to as h/h. The
λ/2 plates used to adjust the polarisations were both precisely calibrated. The electric field of the
laser beam is thus parallel to the x axis of the laboratory frame. In the anisotropy experiments, the
field angle θ is varied in the xz plane, where θ = 0◦ corresponds to a field applied in −z direction
of the laboratory frame. Both laser beams propagate along the y axis.

It has been proposed that the transition dipole moment of CPF is approximately aligned along
the long axis of the molecule based on DFT calculations [227]. Consequently, using h/h polari-
sation, we should expect to excite molecules preferentially with their long axis aligned along ±x .
The orientation of the hyperfine coupling tensors visualised in the molecular frame in Figure 10.16

suggests that the effective hyperfine field in CPF is also approximately aligned along the long axis
of the molecule, which should facilitate the data analysis. Furthermore, it may be concluded that
the large anisotropic hyperfine couplings responsible for the anisotropic effect correspond to pro-
tons directly attached to the carotenoid backbone, whereas the methyl protons on the carotenoid
moiety contribute with large isotropic hyperfine couplings and are thus somewhat unfavourable for
the detection of anisotropic effects.§

The dependence of the magnetic field effect on the angle θ between the magnetic field direction
and the −z axis of the laboratory frame is expected to respect the symmetry relationship [209]

MFE(θ) = MFE(θ + π) (10.2)

For a more precise evaluation of the effect, the following function [209] is fitted to the experimental
data

MFE(θ) = A · cos
(
2(θ − φ)

)
(10.3)

where A is a constant MFE offset value and φ characterises the phase.

§Also in view of the fast rotation of the methyl groups, the presence of these functional groups might hinder the
detection of anisotropic effects.
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Figure 10.16: Visualisation of the hyperfine coupling tensors of the CPF triad calculated in ORCA using
DFT (B3LYP/EPRII) for the triplet state as mentioned in the section above. The length
of the whole molecule amounts to roughly 5.6 nm.

For the magnetic field effect anisotropy measurements, magnetic field strengths of 1 G and
2G were chosen. Figure 10.17 shows the corresponding MFE subtraction curves for CPF. The
centre values of the two time windows with a width of 20 ns, over which the magnetic field effect
anisotropy was averaged, are indicated in the figure and correspond to delay times of 0.08 and
0.28µs after laser excitation.
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Figure 10.17: Magnetic field effect subtraction signal ∆∆A of CPF as a function of time for two field
strengths of 1 G and 2G. The centre values of the time windows for which the anisotropy
curves were averaged are indicated by dotted lines.

In Figure 10.18 the MARY curves for the CPF triad are shown for magnetic fields up to
5G together with the corresponding anisotropy curves recorded at 1G and 2G. In all cases a
sinusoidal variation of the magnetic field effect with θ could clearly be observed. The good fit
of Equation (10.3) to the data (black lines) shows that the data follow the expected functional
dependence. Representative error bars are shown in grey and indicate that the observed anisotropy
is significant.

Looking back at the MARY curves (Figure 10.18, left), averaged over the same time windows as
the anisotropy data, we can see again that the MARY curve flips between early (0.08µs) and later
(0.28µs) times. We should thus expect to see a corresponding phase flip also in the anisotropy
data, which is indeed observed in the data for both field strengths. Phenomenologically, this phase
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Figure 10.18: MARY curves recorded at two different times of 0.08µs (red) and 0.28µs (green) after
laser excitation (left) and corresponding MFE anisotropy curves measured at two different
magnetic field strengths of 1G (centre) and 2G (right) for triad CPF. Fits to the data
are shown in black and representative error bars are indicated in grey. The averaging time
window around the indicated centre values had a width of 20 ns.

flip can be explained as follows: To a first approximation it can be assumed that the phase of the
anisotropy is related to the slope of the corresponding MARY curve. The effective field experienced
by the radicals is the vector sum of the external and hyperfine fields. If the effective field, at a
particular orientation of the molecule, is bigger than the external field (plotted on the x axis of
the MARY curve), we would expect an increased signal intensity in case of a positive slope, while
a negative slope of the MARY curve should result in a smaller signal. Consequently, whenever
the relative orientation between the molecules and the external magnetic field changes, we are
effectively moving up and down the respective MARY curve, leading to the sinusoidal dependence
of the MFE signal detected in the anisotropy experiments.

In Figure 10.19 the phase flip in the anisotropy data is additionally illustrated in form of a polar
plot for the two field strengths of 1 G and 2G. The colour-coding is the same as in previous figures.

Validation of the Results

The results from the anisotropy measurements presented above indicate that a hyperfine-driven
orientation-dependent magnetic field effect is observed for CPF at fields comparable to the Earth’s
and thus provide strong experimental support for the radical pair hypothesis of avian magnetore-
ception. However, considering the way the anisotropy data are acquired in the experiment, it is
crucial to confirm the authenticity of the anisotropic effect: Let us assume the field calibration
was slightly off and we had a bigger external field in one axis as compared to the other one. If the
magnetic field angle θ was turned in such a situation, an artificial sinusoidal dependence of the
magnetic field effect as a function of the angle would result.

Two ways of verifying that the orientation-dependent response is caused by the molecule rather
than a calibration artifact are presented below. Since we make use of photoselection to choose
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Figure 10.19: Polar plots of the MFE anisotropy curves of triad CPF recorded in MTHF (120K) at 1G
(left) and 2G (right). The colour-coding is the same as in previous figures.

the subset of molecular orientations probed in the experiment, one way of verifying whether the
anisotropic response originates from the sample itself is to leave the magnetic field setup unchanged
and repeat the experiment after only turning the laser polarisation of both laser beams by a certain
angle. In this way, a different subset of molecular orientations is probed and the maximum of the
anisotropy curve is expected to shift by the same angle. The results presented in Figure 10.20

confirm that this is indeed the case. In the anisotropy data recorded at a field of 2 G for the
partially deuterated triad, a 45◦ phase shift is observed when turning the laser polarisations of
both pump and probe beams by 45◦.

Another proof that the orientation-dependence of the field effect is a molecular property rather
than an artifact, is provided by the dependence of the signal phase on the slope of the MARY
curve at two magnetic field strengths corresponding to opposite sides of the maximum low field
effect. Figure 10.21 shows the MARY curves for the partially deuterated analogue of CPF for
up to 5G averaged for two time windows centred at 0.08 and 0.28µs after laser excitation and
the corresponding anisotropy curves for magnetic field strengths of 2G and 4G. From the slope
of the MARY curves we would anticipate to observe a phase flip between early and later times in
the anisotropy data for 2 G, while the phase of the anisotropy data recorded at 4G should remain
unchanged. It can be seen from the figure that the phase of the anisotropy data exactly follows
these predictions, confirming the authenticity of the orientation-dependent data. The results of
the two experiments presented in Figures 10.20 and 10.21 provide unambiguous evidence that the
anisotropic effect is indeed of molecular origin and therefore caused by the presence of anisotropic
hyperfine coupling tensors in CPF.
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Figure 10.20: Magnetic field effect anisotropy curves of the partially deuterated analogue of triad CPF
measured at 2G inMTHF (120K). The results obtained for two different laser polarisations
shifted by 45◦ with respect to each other are compared. The polarisations of pump and
probe beams are collinear in each individual experiment and x/x corresponds to both laser
beams being horizontally polarised.
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Figure 10.21: MARY curves recorded at two different times of 0.08µs (red) and 0.28µs (green) after
laser excitation (left) and corresponding MFE anisotropy curves measured at two different
magnetic field strengths of 2 G (centre) and 4G (right) for the partially deuterated analogue
of triad CPF in MTHF at 120K. Fits to the data are shown in black. The time window
used for data averaging was 20 ns.

10.4 Conclusions

Although it has long been known that magnetic fields can influence the yields of chemical reactions,
no convincing experimental evidence was presented up to now that fields as weak as the Earth’s
can have a sufficiently significant effect on product yields as to account for the avian compass
behaviour.
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In this work, the chosen triad model system, CPF, was characterised by optical spectroscopic
techniques to identify the reaction intermediates and determine the kinetics of the processes occur-
ring after photoexcitation. Results obtained at room temperature could be compared to published
data, whereas no information on the low temperature behaviour of this particular triad molecule
was available beforehand. The photophysics of the triad were thus studied in MTHF at different
temperatures, including 120K, by UV-vis and transient absorption spectroscopy to assure compa-
rability of the photophysical characterisation with the results from MFE experiments. The validity
of the photocycle, suggested in the literature for similar triad molecules with different linkers and
side groups, could be corroborated.

The MFE experiments confirmed that CPF is indeed an ideal model compound for these type
of investigations. A magnetic field effect was detected at Earth’s field and could be shown to be
hyperfine-driven by comparison of the results for the partially deuterated and non-deuterated CPF
triad analogues.

A dependence of the MFE response on the orientation of the molecule with respect to the
external magnetic field direction could be demonstrated at magnetic field strengths comparable to
the Earth’s. This study presents the first observation of anisotropic magnetic field effects in the
low field region and therefore underlines the feasibility of a chemical compass for bird navigation.

Although there is strong experimental support for the radical pair model, many open questions
still remain. Future challenges to be overcome certainly include showing an anisotropic mag-
netic field response in a biological environment and elucidating the processes involved in signal
transduction on a molecular level.



Appendix A: Experimental Details

A.1 Sample Preparation

Copper Porphyrin and Triplet State EPR

For the preparation of the EPR samples, the porphyrin oligomers were dissolved in the respective
solvent (toluene, toluene-d8, or 2-methyltetrahydrofuran) and the concentration (∼0.2mM for
copper samples, ∼0.1mM for triplet samples) and nature of the samples was verified by UV-vis
spectroscopy. The solutions were degassed by the freeze-pump-thaw method (several cycles) and
backfilled with argon. The deoxygenated solutions were then transferred into an EPR tube and
the EPR tube closed with a subaseal. For storage in a liquid nitrogen dewar the subaseal was
removed. The frozen samples were directly inserted into the EPR resonator for the measurements
at 15 or 20K.

Radical Pair EPR

The triad solutions were prepared in a glass vial using purified solvents (toluene or MTHF, passed
over a column of activated aluminium oxide) and transferred into an EPR tube. The solutions
were then degassed by the freeze-pump-thaw method (several cycles) and the tube flame sealed
under vacuum. The EPR measurements were typically performed at 90K and the samples stored
in a −80◦C freezer.

Magnetic Field Effect Experiments

In all magnetic field effect experiments, performed at 120K, 2-methyltetrahydrofuran was used
as the solvent. The inhibitor-free solvent (Sigma-Aldrich, anhydrous, ≥99 %) was passed over a
column of activated aluminum oxide to remove any traces of water and possibly formed peroxides
prior to sample preparation. A solution of the CPF triad in MTHF was prepared at an OD of ca.
0.4 (@3mm) at the excitation wavelength and transferred into a custom made rectangular optical
cell with an optical path length of about 3mm. Oxygen was removed by several freeze-pump-thaw
cycles and the cell was subsequently flame sealed under vacuum.

Transient Absorption (Northwestern University)

The solvent, MTHF, was distilled, deoxygenated and stored in a glove box. For experiments at low
temperatures using a cryostat, the sample solutions were prepared from solid triad compound in the
glove box. The sample cell, composed of two quartz windows separated by a teflon spacer (∼2mm),
was filled with the solution and assembled under oxygen exclusion in the glove box. The sample
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concentration was adjusted to yield an OD of about 0.3−0.5 at the excitation wavelength in the
sample cuvette. For the room temperature experiments, the solid sample was dissolved in MTHF
(from the glove box) and transferred into Schlenk cuvettes with an optical path length of 2mm.
The sample solution was then degassed applying several freeze-pump-thaw cycles immediately
before the measurements.

The UV-vis spectra at low temperatures were recorded using the same sample and cryostat as
for the transient absorption measurements.

A.2 Continuous Wave EPR

The continuous wave EPR spectra of copper porphyrin oligomers were recorded on a Bruker
EMX spectrometer equipped with an ER 4122SHQE resonator and a liquid nitrogen flow cryostat.
The measurements were performed in frozen toluene-d8 or regular toluene at a temperature of
100K as specified in the main part. The modulation frequency was set to 100 kHz and the
modulation amplitude to 0.5mT at a microwave power of 0.5mW (26 dB). After data acquisition,
the individual spectra were baseline-corrected, using the spectrum of the corresponding pure solvent
as a reference, to compensate for resonator background signals, normalised and frequency-corrected
to a common value of 9.39GHz for direct comparison.

A.3 Pulse EPR

A.3.1 Copper Porphyrin EPR

The experimental details in this subsection refer to the EPR data acquired on linear and cyclic
copper porphyrin oligomers presented in Chapters 2 to 4.

Field-swept EPR Spectra

Field-swept echo-detected EPR spectra were recorded at 15K using the same pulse lengths as
applied in the DEER experiments (12 or 16 ns) and a τ value corresponding to τ1 as used for
DEER (160 or 400 ns). A two-step phase cycle was applied and integration was performed over
the whole echo. Typically two scans were recorded with 50 shots per point at a shot-repetition-rate
of 2µs.

Davies ENDOR

Davies ENDOR measurements at 15K were carried out at Q-band frequencies (34.0 GHz) on a
Bruker ELEXSYS E580 pulse EPR spectrometer equipped with a Bruker EN 5107D2 resonator
and an Oxford Instruments liquid helium flow cryostat (CF935) in order to determine the nitrogen
hyperfine and nuclear quadrupole couplings. All experimental ENDOR spectra were obtained using
the pulse sequence π−T −π/2− τ −π− τ − echo with π/2 and π pulse lengths of 20 and 40 ns,
respectively, and an evolution period T of 27µs during which a 25µs RF π pulse was applied.
The inter-pulse delay τ in the detection sequence was chosen to be 220 ns. The whole echo signal
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was integrated and recorded as a function of the RF frequency in stochastic mode with an RF
increment of 0.1MHz. The RF power was adjusted based on a nutation experiment.

Relaxation Measurements

Measurements of T1 of the copper porphyrin compounds (15K) by echo-detected saturation re-
covery were carried out at X- and Q-band frequencies by making use of the Picket fence method
[12, 13]. The saturation pulse was composed of a train of 28 π pulses with a length of 32 ns each
and an inter-pulse delay, t, of 128 ns between the individual π pulses. The magnetisation was
detected after a delay T with a Hahn echo sequence with pulse lengths of 16 ns and 32 ns for π

2

and π pulses, respectively, and an inter-pulse delay τ of 400 ns. The delay T between the last π
pulse of the Picket train and the echo detection sequence was incremented in logarithmic steps,
such that Tn+1 = Tn + n∆tstep. A relaxation curve with n = 128 points was then recorded with
a time step ∆tstep of 12304 ns corresponding to a maximum T value of 100ms. Unwanted echoes
were averaged out making use of a four-step phase cycle.

DEER

Four-pulse DEER experiments were performed at 15K and Q-band frequencies on a Bruker
ELEXSYS E580 spectrometer equipped with a Bruker EN 5107D2 resonator and a liquid helium
flow cryostat using the sequence π/2− τ1−π− τ1− τ2−π− τ2− echo at the detection frequency
νdet while applying a single π pulse at the pump frequency νpump during the interval τ1 − τ2. The
pump π pulse position was varied step-wise starting at a time t0 < τ1 after the first detection π
pulse up to a time t < τ1 + τ2, shortly before the second π pulse at νdet.

A pulse length of 12 ns was chosen for the pump pulse, whereas all detection pulses had a length
of 16 ns. A 16-step phase cycle needed to be employed to remove unwanted echos (AWG, coherent
source). Deuterium nuclear modulations were averaged out by increasing τ1 in eight steps of 16 ns,
typically starting at τ1 = 160 or τ1 = 400 ns. To record the traces shown in the main text, the
pump frequency was set to the maximum of the field-swept EPR spectrum (xy) and the detection
frequency was νdet = νpump + 100MHz. The positions of the pump and detection pulses in the
resonator were symmetric with respect to the resonator dip. The pump pulse position was varied
in steps of either 4 ns, 8 ns, 12 ns, or 16 ns depending on the length of the trace (between 2µs and
4.5µs) and data were collected at a repetition rate of 2µs or 3µs.

The experimental DEER data were then phase-corrected and in most cases also background-
corrected using an exponential background function with a dimensionality of d = 3.

The DEER measurements at X-band frequencies (Bruker ELEXSYS E580, ER 4118X-MS3 res-
onator) were performed using the same pulse sequence, temperature and shot repetition rate as
employed for the measurements at Q-band. Since the pump pulse was applied using an incoherent
microwave source, a two-step phase cycle on the first observer pulse was sufficient to remove any
unwanted echos. Deuterium nuclear modulations were averaged out by increasing τ1 in eight steps
of 56 ns, typically starting at τ1 = 400 ns. Pulse lengths of 16 ns and 32 ns were chosen for the
pump and detection pulses, respectively, and the detection frequency was νdet = νpump +100MHz.
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HYSCORE

HYSCORE experiments at 15K were performed at X-band frequencies (Bruker ELEXSYS E680,
ER 4118X-MS3 resonator) using the pulse sequence π/2− τ −π/2− t1−π− t2−π/2− τ − echo.
The π/2 and π microwave pulses had a length of 16 ns. t1 and t2 were incremented in steps
of dt = 8 ns starting at t1 = t2 = 64 ns and a data matrix of 400× 400 points was collected.
For every sample, three data sets with τ values of 140 ns, 216 ns, and 284 ns, respectively, were
recorded (and added after data treatment) to compensate for blind-spots. A four-step phase cycle
was applied to remove unwanted echos [248]. The HYSCORE spectra were recorded at a field
position corresponding to the maximum of the field-swept EPR spectrum (330mT =̂ xy).

After data collection, the spectra were analysed in MATLAB. A third-order polynomial baseline
correction was applied to all time traces, which were then subjected to apodisation with a Hamming
window and zero-filled to 1024 points before a 2D Fourier transformation was carried out. The
experimental spectra shown in the main part correspond to the absolute-value spectra obtained
after Fourier transformation.

Since the deuterium modulations strongly dominated the ESEEM time traces when working with
samples in deuterated toluene, all HYSCORE experiments were carried out on samples in regular
toluene.

A.3.2 Triplet EPR Studies

The experimental details in this subsection refer to the EPR data acquired on the triplet states of
linear zinc porphyrin oligomers presented in Chapters 6 to 8.

Transient cw EPR

All transient cw EPR measurements were carried out at X-band frequencies (9.75GHz) on a Bruker
ELEXSYS E680 spectrometer using a Bruker EN 4118X-MD4 resonator. The temperature was held
constant at 20K using a helium gas-flow cryostat. Typically, the samples were photo-excited with
1−5mJ pulses of 5 ns duration at 532 nm using a Nd:YAG laser operated at a repetition rate of
either 10 or 20Hz. Before reaching the sample, the excitation light was depolarised.

The transient cw EPR spectra were acquired in direct detection mode using the transient recorder
and a microwave power of 0.2mW (30 dB). Typically, for every field value, a time trace with 4096
points was recorded using a time base of 4 ns. Considering a background of about 800 ns before
the laser pulse, these settings result in a time window of about 15µs. After data acquisition, the
2D spectra were baseline-corrected in both dimensions using a home-written MATLAB routine.
The spectra shown in the main part were typically averaged over a time window from 0.2µs to
1µs after laser excitation and the spectral shape was generally found not to change significantly
with time.
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Mims ENDOR

Proton Mims ENDOR spectra at X-band frequencies were acquired using the same resonator as
for the transient cw EPR experiments and applying the pulse sequence π

2 −τ − π
2 −T − π

2 −τ with
microwave pulse lengths of 16 ns. Between the second and third pulse of the stimulated echo pulse
sequence (i.e. during the delay T ) a 15µs RF pulse was applied. The RF power was adjusted
based on a nutation experiment such that the flip angle corresponded to π. The integrated echo
intensity was then monitored as a function of the RF frequency, in stochastic acquisition mode, in
a range centred about the 1H Larmor frequency at the respective field position. For every chosen
field position, three spectra with different τ values of 120 ns, 180 ns, and 240 ns were recorded to
compensate for blind spots and added to yield the spectra shown in the main part. For better
visualisation of the hyperfine coupling constants, the proton Larmor frequency was subtracted from
the frequency axis in all cases.

A.4 Transient EPR Laser Setup

The laser used as the excitation source in the experiments was either a Nd:YAG (Continuum
Surelite) operated at 10Hz or an optical parametric oscillator (OPO, Opotek Opolette 355) seeded
by the third harmonic of a Nd:YAG operated at 20Hz. For all standard experiments the samples
were excited at 532 nm, whereas the OPO was employed whenever tunability of the excitation
wavelength was required. Generally, it was found that no more than 1mJ of energy is needed to
excite the sample. In some cases it has been observed that higher laser energies than 1mJ lead to
sample degradation; in other cases the signal intensity, and therefore also the quality of the spectra,
could be improved considerably by using higher laser powers of up to 80mW (4mJ@20Hz).

The laser was operated at its optimum Q-switch value and the laser power was adjusted using
a combination of a λ/2 waveplate followed by a polariser. Two or three turning mirrors were used
after the polariser to slightly adapt the beam height and direct the laser beam straight through
the optical window of the cryostat into the resonator. To adapt the beam size to the size of
the optical window of the resonator, and therefore also the sample size, and to correct for beam
divergence, a plano-convex lens (N-BK7, FL 500mm) was placed between the last mirror and the
resonator. The focal point of the lens was chosen to be located well before the resonator so that
the divergent beam entering the cryostat had just the right dimensions so as to illuminate the
entire optically accessible sample area. Either broad-band dielectric mirrors with a coating for the
visible range (400− 750 nm) or aluminium mirrors (∼500 nm− NIR) were used as turning mirrors.
If linearly polarised light was required, an additional polariser was placed after the last mirror.∗ An
achromatic depolariser was used to generate depolarised light whenever needed.†

∗The use of this additional polariser just before the sample is preferred because the polarisation of the light exiting
the first polariser (used to adjust the laser power) might have been turned slightly after reflection at the mirrors
since small height differences needed to be compensated in most cases.

†Although achromatic, the depolariser still needs to be realigned slightly for different wavelengths if high precision
is required and *complete* depolarisation of the light is likely not achievable. An alternative would be to use a
λ/4 waveplate to generate circularly polarised light.



VI Appendix A Experimental Details

A.5 DFT Calculations

A.5.1 Geometry Optimisations

The linear copper or zinc porphyrin oligomer structures were first optimised in Turbomole V6.1
[249, 250] under C1 symmetry using DFT/B3LYP in combination with the TZVP basis set [251] and
RI-approximation [252]. Vibrational frequency calculations confirmed that the obtained structures
corresponded to minima of the potential energy surface.

A.5.2 Hyperfine Coupling Calculations

Triplet States of Linear Zinc Porphyrin Oligomers

The hyperfine interaction tensors and their orientation were calculated for the optimised structures
using the program package ORCA V3.0 [253]. The ORCA DFT calculations with the B3LYP
functional were performed using the EPR II basis set [254] for H, C, and N and the 6-31G(d) basis
on zinc.

The triplet spin densities were plotted with Chimera [255] using a contour level of 0.001. The
hyperfine coupling tensors were visualised from the ORCA ∗.out file using a home-written MATLAB
routine. The tensor orientations were checked against the programme orca_euler implemented in
ORCA.

Copper Porphyrins

The hyperfine and nuclear quadrupole interaction tensors and their orientations were calculated
for the optimised structures of P1Cu and P1Cu· py using the program package ORCA V3.0. DFT
calculations with the B3LYP functional were performed using the EPR II basis set for H, C, and N
and the Wachters basis [256] on copper. This combination of functional and basis sets was chosen
since it was previously shown to yield computational results that are reasonably close to the corre-
sponding experimental values in a series of detailed theoretical investigations on hyperfine coupling
parameters for comparable copper compounds with and without axial ligands [257–259]. For the
calculation of core properties, the choice of the basis set can be crucial. Generally, specialised
basis sets are required, which allow for additional flexibility in the core region. Hybrid functionals,
such as B3LYP, include a certain percentage of exact Hartree-Fock exchange, which often leads
to a better agreement with the experiment as compared to generalised gradient functionals.

Although the B3LYP functional is known to overestimate the nitrogen couplings [257], the
trends and relative variations in the individual values are informative since the computational error
on these properties seems to be fairly systematic. For the copper hyperfine couplings, DFT/B3LYP
was shown to perform well [258], however the A⊥ value is generally predicted to be much smaller
than experimentally observed even if relativistic and spin-orbit contributions are considered. The
error on the calculated g -values is normally large, since DFT generally overestimates the covalence
in Cu(II) complexes, but trends can safely be predicted. The overestimation of covalence is also
the reason why the metal hyperfine couplings (especially A⊥) are normally predicted to be too
small, while the opposite is true for the ligand hyperfine couplings.
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A.6 Transient Absorption Setup and Data Analysis

The transient absorption measurements were performed in the laboratories of Prof. M. R. Wasielew-
ski (Northwestern University, USA). Pulses of about 90 fs duration, centred at 827 nm are provided
by an amplified Ti:Sapphire system (Spitfire, Spectra Physics) at a repetition rate of 1 kHz. The
fundamental beam at 827 nm is split into two parts. A small fraction is used for probe white light
generation, the other part is either frequency doubled for excitation at 414 nm or guided through
an optical parametric amplifier if excitation wavelength tunability is required.

The commercially available Helios and EOS spectrometers (Ultrafast Systems) were used for data
acquisition in combination with a slightly modified optical layout. For femtosecond to nanosecond
measurements, the probe beam is delayed on an optical stage prior to white light generation in a
sapphire plate and is then split in a signal and reference beam for signal detection and compensation
of intensity fluctuations, respectively. An external white light source (Nd:YAG pumped photonic
crystal fibre) is used for the sub-nanosecond to millisecond TA experiments using the EOS system.
The delay between pump and probe beams is generated electronically and the probe light is again
divided into a reference and signal beam.

To obtain the transient absorption difference signal, ∆A, the absorption needs to be recorded in
the absence and presence of the pump beam. For fs to ns experiments, this is achieved by chopping
the pump beam. In the sub-ns to ms experiments the pump beam is not chopped, but instead the
electronically triggered supercontinuum probe source is operated at 2 kHz. The excitation beam
is in both cases provided by the amplified femtosecond laser system.

To limit the electronic jitter between the pump and probe beams in the sub-ns to ms experiments,
which could adversely affect the time-resolution of the experiment, the data are acquired using
single photon timing electronics. Similar as in a single-photon timing experiment, the data are
built up as a histogram. The time delay is measured rather than initially set and the acquired
spectra are sorted according to this delay.

The white light used for the sub-ns to ms experiments has an unexpectedly large chirp of about
600 ps originating from the photonic crystal fibre (self-phase-modulation broadening). This chirp,
as well as the chirp in the fs experiments of about 2 ps, needs to be corrected for during data
treatment.

During the TA measurements, the room temperature samples were constantly stirred (magnetic
stirrer) to assure that a fresh sample volume was probed at all times. To acquire the low tem-
perature data, several scans needed to be averaged until an acceptable signal-to-noise ratio was
obtained. Between individual scans, the cryostat was laterally displaced, whenever necessary, to
minimise the effects of sample degradation on the acquired spectra. All TA spectra were acquired
using an excitation energy of 1µJ at 414 nm.

The TA data were analysed using home-written MATLAB routines. After background subtrac-
tion, the data were chirp-corrected by interpolation in the time domain using a function of the
form f (x) = p1 + p2

x2 + p3

x4 with parameters pn determined from suitable background solvent spectra
(i.e. fit of f (x) to the background data as a function of wavelength). The wavelength region was
truncated, if necessary. To merge the data sets obtained from the two different measurements with
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fs to ns and sub-ns to ms time resolution for every sample, a (wavelength-dependent) intensity
scaling factor was applied to the kinetics of one of the data sets to assure a satisfactory overlap
of the kinetics in the region from 6 to 8 ns. The complete data set was then obtained by stitching
the two amplitude-matched sets, usually by down-sampling of the femtosecond data in the kinetic
overlap region.

Finally, to analyse the kinetics, global target analysis was performed using a sequential reaction
scheme as detailed in Chapter 10.



Appendix B: Additional EPR Data on Copper

Porphyrins

B.1 Pulse EPR Data of Linear Bis-Copper Porphyrin Oligomers

A series of linear porphyrin oligomers with three to five porphyrin units containing two copper
centres at the terminal positions were synthesised by Jonathan Cremers (Anderson group, University
of Oxford, UK). The corresponding structures are shown in Figure B.1.
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Figure B.1: Chemical structures of the linear bis-copper porphyrin oligomers P3Cu2, P4Cu2 and P5Cu2.

According to predictions from DFT, the distances between the copper centres amount to 2.7 nm,
4.1 nm, and 5.4 nm, respectively, for P3Cu2, P4Cu2 and P5Cu2 and should therefore lie well within
the range accessible by DEER spectroscopy. In fact, these molecules were originally thought
to be suitable as ‘distance rulers’ for DEER between two copper centres. When investigating
the compounds, it was found, however, that the large flexibility of the structures precludes the
observation of clearly resolved modulations in the dipolar evolution data, in contrast to the results
obtained when nitroxide spin labels are used instead of copper [260]. In addition, it is observed
that also transverse relaxation is considerably accelerated in these linear compounds as compared
to the cyclic and more rigid copper-containing porphyrin structures presented in Chapters 3 and
4. The fast relaxation considerably limits the detection of long distances.

Figure B.2 shows the transverse relaxation behaviour and the 4-pulse DEER traces for the three
linear compounds recorded at Q-band frequencies in frozen toluene-d8 solution (15K). The DEER
traces have been recorded at an xy field position, where the pump pulse was placed at the maximum
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of the field-swept EPR spectrum and the detection pulses had a frequency offset of +100MHz. It
can be seen from the figure that the longest trace that can be recorded for these compounds is
of the order of 3µs. No pronounced modulations are observed for any of the three compounds,
indicating the presence of many different distances, presumably due to a considerable flexibility of
the structures. To a first approximation, rotation of the porphyrin planes about the triple bonds
should only affect the modulation depth but not the dipolar frequencies. It is therefore likely that
bending of the structures needs to be invoked to explain the experimental observations.
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Figure B.2: Phase memory time measurement (left) and 4-pulse DEER traces (right) of the available
linear bis-copper porphyrin oligomers in toluene-d8 recorded at Q-band (15K).

In summary, it is interesting to note that moderate flexibility seems to strongly affect the ob-
servation of dipolar modulations for copper-containing porphyrin structures, while this is not the
case for nitroxides [260], which could have important implications for the design of copper spin
labels for use in distance measurements. Additionally, also the relaxation times of copper porphyrin
oligomers seem to be strongly affected by an increased flexibility of the structure which imposes
severe constraints on the detectable distances.

B.2 Variable Temperature cw EPR of Linear Copper Porphyrin Oligomers

The temperature dependence of the cw EPR spectra of the copper porphyrin monomer (P1Cu)
and dimer (P2Cu2) was investigated in detail in the range from 100K to 300K and compared to
the (known) behaviour of 5,10,15,20-tetraphenyl-21H,23H-porphine copper(II) (CuTPP, Sigma
Aldrich). The corresponding spectra are presented in Figures B.3 to B.5. The frozen solution
spectra of P1Cu and CuTPP are very similar. However, it is found that the presence of bulky
side groups in P1Cu considerably influences the temperature dependence of the spectra. While the
isotropic limit can be reached for CuTPP at room temperature, the room temperature spectrum
of P1Cu rather resembles the spectrum of CuTPP at 200K. Since the isotropic tumbling limit
cannot be reached with P1Cu at room temperature, the influence of isotropic and anisotropic
spin-spin interactions (J and D) on the EPR spectrum cannot be separated easily in P2Cu2 as
discussed in detail in Chapter 2.



Appendix B Additional EPR Data on Copper Porphyrins XI

dχ
”
/
dB

0

B0 / mT

300K

280K

260K

240K

220K

dχ
”
/
dB

0

B0 / mT

200K

180K

160K

140K

100K

CuTPP

Figure B.3: Cw EPR spectra of CuTPP in toluene at various temperatures (as indicated) in the range
from 100K to 300K.
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Figure B.4: Cw EPR spectra of P1Cu with THS side groups in toluene at various temperatures (as
indicated) in the range from 100K to 300K.
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Figure B.5: Cw EPR spectra of P2Cu2 with THS side groups in toluene at various temperatures (as
indicated) in the range from 100K to 300K.
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B.3 EPR Characterisation of c-P6Cu6

The six-membered hexa-copper porphyrin nanoring (c-P6Cu6), synthesised by Martin Peeks (An-
derson group, University of Oxford, UK), was investigated by cw and pulse EPR spectroscopy in the
presence and absence of T6 template. The structures of the molecules are shown in Figure B.6.
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Figure B.6: Chemical structures of the six-membered hexa-copper porphyrin nanoring, c-P6Cu6, with and
without T6 template (Ar = 3,5-bis(tri(hexyl)silyl)phenyl, THS).

The influence of different side groups (tBu, THS) on the low temperature cw EPR spectrum of
c-P6Cu6 in toluene was tested and a comparison is shown in Figure B.7 alongside a comparison
of the spectra of P1Cu with different side groups. No major differences are observed between the
frozen solution EPR spectra of samples with either tBu or THS side groups.
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Figure B.7: Illustration of the effect of different (THS, tBu) porphyrin side groups on the cw EPR spectra
of c-P6Cu6 (left) and P1Cu (right). All spectra were recorded in frozen toluene at 100K.

Compared to the monomer spectrum, the cw EPR spectrum of c-P6Cu6 is significantly broad-
ened due to the presence of dipolar as well as exchange interactions between different copper ions
in the structure. No nitrogen hyperfine structure is resolved. Figure B.8 shows the dependence of
the cw EPR spectrum of c-P6Cu6 on temperature in the range from 100K to 300K.
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Figure B.8: Cw EPR spectra of c-P6Cu6 with THS side groups in toluene at various temperatures (as
indicated) in the range from 100K to 300K.
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As a function of temperature, the overall shape of the spectrum of c-P6Cu6 does not change
significantly. Additional spectra were also recorded at higher temperatures, approaching the boiling
point of the solvent (∼380K). The corresponding spectra are overlaid in Figure B.9 with those
shown before, covering a temperature range from 100K to 360K. Although the highest temperature
is just 20K below the boiling point of the solvent, no major spectral changes are observed. The
isotropic limit cannot be reached in toluene with this compound.
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Figure B.9: Comparison of the cw EPR spectra of c-P6Cu6 with THS side groups in toluene at various
temperatures in the range from 100K to 360K.

In Figure B.10, the frozen solution cw EPR spectrum of c-P6Cu6, recorded at 100K, is directly
compared with those of P1Cu (left) and a linear six-membered hexa-copper porphyrin oligomer
(P6Cu6, right). Even compared to P6Cu6, the spectrum of c-P6Cu6 is significantly broadened
which could indicate enhanced inter-spin coupling in the ring structure as compared to the corre-
sponding linear oligomers, in perfect agreement with the results presented in Chapter 4.
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Figure B.10: Comparison of the frozen solution cw EPR spectrum of c-P6Cu6 recorded at 100K to those
of P1Cu (left) and P6Cu6 (right).

Figure B.11 shows a comparison of the frozen solution 14N Davies ENDOR spectra of c-P6Cu6
recorded at 15K at magnetic field positions corresponding to the xy and z orientations, with those
of P1Cu and P2Cu2. Compared to the spectra of the monomer, the spectra of c-P6Cu6 are slightly
broadened, but no changes in the nitrogen hyperfine coupling constants can be discerned.
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Figure B.11: Comparison of the frozen solution Davies ENDOR spectra of P1Cu, P2Cu2, and c-P6Cu6
recorded at 15K at magnetic field positions corresponding either to xy (left) or z (right).

An increase in intensity is however observed in the low frequency part of the spectrum below
15MHz, which could result from exchange coupling: Strong exchange coupling, bigger in magni-
tude than the hyperfine coupling, should result in the hyperfine coupling constants being halved.
Due to the coupling between the two spin centres, the spin density should be spread evenly over
both centres. Although the exchange coupling in P2Cu2 and c-P6Cu6 is most certainly larger than
58MHz (cf. Chapter 2), corresponding to the biggest nitrogen hyperfine coupling observed in
these systems, the large hyperfine coupling constant of copper (A||) seems to largely prevent the
observation of this effect (i.e. the reduction of the hyperfine couplings by a factor of two might in
this case only be observable for exchange coupling interactions larger than A|| of copper of about
600MHz).

DEER traces were also recorded for c-P6Cu6 for different pump pulse flip angles to judge the
influence of multi-spin effects [261, 262] on the DEER trace. A frequency offset between detection
and pump pulses of 110MHz was chosen in this experiment and the pump pulse was placed on
the maximum of the field-swept echo-detected EPR spectrum as indicated in Figure B.12.

B0 / mT

ccc-P6Cu6

det.
pump

τ / µs

ccc-P6Cu6

Figure B.12: Echo-detected field-swept EPR spectra (Q-band) measured at pump and detection frequen-
cies (left) and transverse relaxation (Tm) measured at xy (right) of c-P6Cu6 in toluene-d8

at 15K.
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The high rigidity of the structure results in a relatively slow transverse relaxation behaviour and
allows for the measurement of DEER traces up to 3.5µs (cf. Figure B.12). Pump pulse flip angles
of π and 2

5π were chosen in the DEER experiment together with pulse lengths of 12 ns for all
pulses and the results are compared in Figure B.13. Applying a reduced flip angle of 2

5π, the
two-spin contribution should be considerably enhanced in a system containing six spins (maximum
expected at 1

5π [261]). When comparing the reduced form factors of the two DEER traces, no
significant differences are observed, indicating that multi-spin effects do not contribute markedly
to the measured time evolution of the trace. This finding is maybe not surprising considering the
low modulation depth generally obtained for copper porphyrins, since three-spin correlation terms
are roughly proportional to the square of λ which becomes vanishingly small for small λ [262]
(here: λ = 0.054).
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Figure B.13: DEER traces recorded for c-P6Cu6 at Q-band (15K, xy orientation) using two different flip
angles of π and 2

5π for the pump pulse. The form factors (left) and reduced form factors
(right) of the two traces are compared.

In general, it is noted that the dampening of the modulation observed in the 4-pulse DEER
trace of c-P6Cu6 is fairly rapid, due to the presence of many different inter-spin couplings with
different frequencies (and possibly large distributions). The main modulation frequency of the
trace corresponds to an apparent distance of 2.1 nm (FWHM of 0.34 nm) when analysed using a
model-free approach and therefore assuming the absence of any exchange coupling contributions.
Given the results from cw EPR spectroscopy, the latter assumption is likely not to hold true in the
present case which considerably complicates any analysis of the time behaviour of the DEER trace.
In this system, three inter-copper distances of 1.3 nm, 2.2 nm and 2.6 nm are expected to be present
with a ratio of 2:2:1, leading to three different dipolar coupling frequencies, the shortest of which is
beyond the distance range accessible by DEER and might not be observable. Furthermore, a range
of different exchange couplings between the six copper centres might contribute to the measured
dipolar evolution, making a more quantitative analysis impractical without any complementary
information.
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Influence of the T6 Template

Measurements on c-P6Cu6 were also carried out in the presence of a molecular T6 template.
Since the binding affinity to axial nitrogen ligands is much lower for copper than for zinc (cf.
Chapter 3), a large excess needed to be used to force the c-P6Cu6 molecules to bind T6. UV-vis
spectroscopy was employed to confirm the binding as is shown in Figure B.14. Upon binding of
T6, the porphyrin Q-band of c-P6Cu6 red-shifts and becomes considerably more structured.
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Figure B.14: Comparison of the room temperature UV-vis spectra (left) and cw EPR spectra recorded at
100K (right) of c-P6Cu6 in toluene-d8 with and without template.

Compared to the structure without template, the frozen solution cw EPR spectrum of c-
P6Cu6 ·T6 is shifted to lower fields (Figure B.14, right), indicating an increase in the principal
g -values. In addition, the separation of the two low-field copper lines corresponding to A|| seems
to be decreased in the spectrum of c-P6Cu6 ·T6. Both of these observations are in excellent
agreement with the changes observed upon binding of an axial ligand to copper porphyrin units as
discussed in Chapter 3.
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Figure B.15: Comparison of the Davies 14N ENDOR spectra of c-P6Cu6 with and without template
recorded at Q-band in frozen toluene-d8 (15K) at field positions corresponding to the xy
(left) and z (right) orientations.

Figure B.15 shows a comparison of the 14N Davies ENDOR spectra of c-P6Cu6 and c-P6Cu6 ·T6
recorded at xy and z orientations. It can be seen that the spectra of c-P6Cu6 ·T6 are shifted to
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lower frequencies as compared to those of c-P6Cu6. The spectral shifts seems to be complete,
indicating quantitative binding of T6.

Finally, a 4-pulse DEER trace was also recorded at Q-band (15K) for the sample with T6 and
is contrasted with that of the sample without template in Figure B.16. Upon coordination to the
central metals of the porphyrin units, the T6 template considerably reduces the conformational
flexibility of the structure. Since the dipolar frequencies should be roughly the same in both
structures,∗ the observed drastic reduction in the modulation frequency can be ascribed to be
caused by exchange coupling. Although a significant exchange interaction is certainly also present
in the sample without T6, its clear visibility in the DEER trace is most likely favoured by the fixed
relative orientation of the porphyrin planes leading to a considerably narrower distribution.
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Figure B.16: Comparison of the form factor of the 4-pulse DEER traces of c-P6Cu6 with and without
template.

∗The template being slightly smaller than the ring, a small reduction in the inter-spin distances is expected from
2.6 nm, 2.2 nm and 1.3 nm to 2.44 nm, 2.11 nm and 1.22 nm, based on DFT calculations for a six-membered
zinc porphyrin nanoring.
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using Spinach

C.1 Simulation of the Exchange Coupling in P2Cu2

The following strategies were employed in order to make the time domain simulation of the dimer
cw EPR spectrum, presented in Chapter 2, manageable. They were implemented in Spinach [68]
and the simulations were performed by Prof. Ilya Kuprov (University of Southampton, UK).

1. System level state space restriction [263]. Correlations between an electron located on one
of the porphyrin units and the nuclei located on the other porphyrin unit were dropped
from the basis set. Nuclei located on different porphyrin units were also assumed to stay
uncorrelated. This reduces the Liouville space dimension from 688747536 to 3359216 since
the biggest order of spin correlation that must be included under these assumptions is seven.
The validity of this assumption may be demonstrated by partitioning the system trajectory
into contributions from different levels of spin coherence and correlation [264]. Even in the
monomer, several coherence orders may in practice be ignored. In the dimer, the population
of the seven-spin correlation sub-space stays below 5% of the total at all times and it may
reasonably be expected that higher levels of spin correlation can be ignored altogether, along
with multiple coherence orders that stay unpopulated to very high accuracy.

2. Full symmetry factorisation [265]. The copper hyperfine coupling constants in this system
are very large and anisotropic, but the 14N hyperfine coupling tensors can be assumed to
be approximately isotropic. Constraining them to be isotropic produces a very reasonable
fit. For the purposes of the simulation this signifies that two groups of nuclei have S4

permutation symmetry each and the full symmetry group of the system is S4 × S4. Spinach
auto-generates character tables for product groups [68] and a full symmetry factorisation is
therefore possible over 576 elements and 25 irreducible representations. Because only the
fully symmetric irreducible representation is required for Liouville space simulations [265],
the state space dimension is reduced further from 3359216 to 253424.

3. Trajectory level state space restriction [266]. Because the initial condition in our time-domain
simulation is very sparse (L+ state on the electrons), and there are multiple hidden con-
servation laws in high-field EPR Hamiltonians of symmetric systems with multiple isotropic
couplings [265], trajectory level basis pruning algorithms in Spinach [265, 266] were able to re-
duce the state space dimension further: The zero track elimination module [266] reports that
the actual trajectory is confined to a 1916-dimensional sub-space of the 253424-dimensional
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space produced at the previous stage. Matrix-matrix and matrix-vector operations involving
arrays of dimension 1916 are realistic, but rather slow.

4. Sparse GPU processing. A workstation with two Tesla K40c coprocessor cards was used for
the simulations. Spinach supports sparse CUDA exponentiation, which, in this case, results
in an about ten-fold acceleration relative to a 32-core CPU simulation. This brings the
simulation time for a single spin system orientation down to several seconds.

With all of these measures in place, a simulation involving a 10-point conformational grid (spanning
a quadrant of the full circle) and an 800-point spherical averaging grid (a two-angle REPULSION
set [267] spanning an octant of the full sphere) takes a few hours on a 32-core workstation with
256GB of memory and two Tesla K40c coprocessor cards.

C.2 Derivation of the Analytic Expression for DEER Including D and J

The following derivation of the analytic expression for DEER including D and J, used for the
simulations presented and discussed in Chapter 4, was carried out by Prof. Ilya Kuprov (University
of Southampton, UK):

A two electron system with dipole-dipole and exchange couplings has the the following Hamil-
tonian:

H(Ω) = ω1L(1)
Z + ω2L(2)
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where Ω represents a set of three Euler angles, D(2)
m,0(Ω) are second-rank Wigner D functions, J

is defined in the NMR convention in angular frequency units and the irreducible spherical tensor
operators are:
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Applying the rotating frame with respect to the Zeeman Hamiltonian

H0 = ω1L(1)
Z + ω2L(2)

Z (C.3)
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and relying on the fact that the spin echo would refocus the g -factor offset variations, we obtain
the following rotating frame Hamiltonian in the limit when |ω1 − ω2| � |D|+ |J| (high field and
weak coupling approximations):

H(Ω) =
µ0

4π

γ1γ2~
r3
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which, when acting on the transverse magnetisation, would produce the following oscillation:

s(θ, t) = cos
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)
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t
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(C.5)

Averaging this over all molecular orientations yields:

f (t) =
1

2

π∫
0

cos

([
ωdd

(
1− 3 cos2 θ

)
+ J
]
t

)
sin θ dθ

=

√
π

6D t

[
cos
(

(D + J) t
)

FrC

(√
6D t

π

)
+ sin

(
(D + J) t

)
FrS

(√
6D t

π

)] (C.6)

with the Fresnel functions defined according to:

FrC(x) =

x∫
0
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)

dt FrS(x) =

x∫
0
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(
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)

dt (C.7)





Appendix D: Characterisation of the

Metal-Ligand Interaction between P1Cu and Pyridine

In the experimental ENDOR spectra of c-P10Cu2 · (T5)2 an additional nitrogen hyperfine coupling
was observed (cf. Chapter 3), as compared to the spectra of c-P10Cu2 without template or c-
P10Cu2 · (T4)2, which was suspected to arise from ligand coordination. To confirm the origin of
this coupling, the influence of the metal-ligand interaction between a copper porphyrin monomer
and an axial pyridine ligand on the EPR properties was characterised. A copper porphyrin monomer
without (P1Cu) and with an axial pyridine ligand bound to the central copper atom (P1Cu· py) were
investigated by EPR and their properties compared. The structures of the two studied compounds
are illustrated in Figure D.1.
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NN
Cu(C6H13)3Si

Ar

Ar

Si(C6H13)3

N

N N

NN
Cu

Ar

Ar

(C6H13)3Si Si(C6H13)3

P1Cu P1Cu • py

Figure D.1: Chemical structures of the two compounds investigated to characterise the influence of the
metal-ligand interaction between copper and an axial nitrogen ligand on the EPR spectra.

The experiments were performed on 0.1mM solutions of P1Cu with tBu side groups in either
toluene or toluene:pyridine 1:1.

D.1 Experimental Results

The experimental X-band cw EPR spectra of P1Cu and P1Cu· py recorded at 100K are compared
in Figure D.2. It can clearly be observed that the coordination of an axial nitrogen ligand to copper
shifts the entire spectrum to lower fields, indicative for an increase in the g -values. Furthermore,
the out-of-plane hyperfine coupling constant of copper, A||, seems to be markedly reduced.

Since changes in the nitrogen hyperfine coupling constants are difficult to discern from the
cw EPR spectra, pulse 14N Davies ENDOR measurements were carried out at 15K at Q-band
frequencies. Only a small fraction of the EPR spectrum can be excited by the microwave pulses
and the Davies ENDOR spectra are therefore governed by orientation selection. Depending on
whether orientations on g|| or g⊥ are excited at a particular field position, different spectra are
obtained as is illustrated in Figure D.3.
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Figure D.2: Comparison of the cw EPR spectra of P1Cu and P1Cu· py recorded at 100K.
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Figure D.3: Field-swept echo-detected EPR spectrum of P1Cu (left) and comparison of the Davies 14N
ENDOR spectra (right) recorded at different field positions as indicated in the spectrum.

For comparison of the properties of P1Cu and P1Cu· py, two representative ENDOR spectra
recorded at field positions corresponding to the parallel (z) and perpendicular (xy) orientations of
the g-tensor are contrasted. The field positions, where the spectra were taken, are indicated for
both samples in Figure D.4, while the ENDOR data are compared in Figure D.5.

It can be observed that the spectra of P1Cu· py are entirely shifted to lower frequencies by about
1.5MHz as compared to those of P1Cu. In the strong coupling regime, the peak positions relative
to the frequency axis indicate the hyperfine couplings (A/2) as shown in Figure D.6, suggesting
that ligand coordination leads to a reduction in the nitrogen hyperfine coupling constants by about
3MHz (in all directions).

D.2 Numerical Simulations of the Spectra

To determine the 14N hyperfine coupling constants, the ENDOR spectra were simulated in MAT-
LAB using EasySpin in combination with a home-written fitting routine. The spectra recorded for
the xy and z orientations were fitted simultaneously in a least-squares sense until the best possible
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Figure D.4: Comparison of the field-swept echo-detected Q-band EPR spectra of P1Cu and P1Cu· py
corrected to a common frequency of 34.0 GHz. The field positions where the ENDOR spectra
were taken are indicated by dotted lines.
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Figure D.5: Comparison of the Davies 14N ENDOR spectra of P1Cu and P1Cu· py recorded at field posi-
tions corresponding to the xy (left) and z (right) orientations of the g-tensor at 15K.
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Figure D.6: Illustration of the connection between the ENDOR peak positions and the hyperfine and
nuclear quadrupole couplings in the strong coupling regime for an S = 1

2 , I = 1 system. The
spectra shown have been recorded for P1Cu in toluene (15K) at field positions corresponding
to the xy (left) and z (right) orientations.
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agreement between simulation and experimental data was obtained. The results for both samples
are shown in Figure D.7.
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Figure D.7: Davies ENDOR spectra of P1Cu (top) and P1Cu· py (bottom) recorded at field positions
corresponding to the xy (left) and z (right) orientations together with the corresponding
simulations. The simulation parameters are indicated in the figure.

As could already be anticipated by visual comparison of the spectra, smaller nitrogen hyperfine
coupling constants are obtained for P1Cu· py as compared to P1Cu. The respective values are
indicated in the figure. The nuclear quadrupole couplings could also be quantified for both samples
but trends are less obvious.

When comparing simulation and experimental data for the xy orientation in Figure D.7, it is
noted, especially in the case of P1Cu, that the relative intensities of the individual experimental
ENDOR peaks cannot be reproduced satisfactorily in all cases by the simulation. However, since
all the relevant information is contained in the peak positions, the mismatch in the relative peak
intensities is not crucial for the interpretation of the spectra. The differences could be due to
the neglect of hyperfine enhancement effects in the simulations. The absence of saturation of the
ENDOR lines during the measurement was verified experimentally by recording ENDOR spectra
at a 10-times slower repetition rate and comparing the relative line intensities. Saturation can be
ruled out as a possible cause of the intensity differences, as is shown in Figure D.8, since the two
spectra recorded for shot repetition times of 4µs and 40µs are virtually identical.
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Figure D.8: Comparison of the Davies ENDOR spectra of P1Cu in toluene recorded at two different shot-
to-shot repetition times as indicated. The spectra were taken at 15K at a field position
corresponding to the xy orientation.

Simulations of the cw EPR Spectra

To determine the g -factors and copper hyperfine coupling constants, numerical simulations of the
cw EPR spectra of P1Cu and P1Cu· py were carried out as follows: The nitrogen hyperfine coupling
parameters were taken from the simulations of the corresponding 14N ENDOR spectra and were
kept fixed during the simulations. The g -factors, copper hyperfine couplings and linewidth param-
eters were then varied until an acceptable fit was obtained. The results are shown in Figure D.9

together with the corresponding simulation parameters.
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Figure D.9: Experimental cw EPR spectra of P1Cu (left) and P1Cu· py (right) recorded at 100K together
with the corresponding simulations. The simulation parameters are indicated in the figure.

The experimental spectra can be reproduced reasonably well if an increase in the g -values and
a decrease in the out-of-plane copper hyperfine coupling constant are assumed in the presence
of pyridine. The in-plane copper hyperfine coupling constant, A⊥, cannot be determined reliably
by cw EPR due to a strong overlap of the lines and the absence of any indicative features in
the relevant spectral region. Trends in this parameter shall therefore not be interpreted here.
More precise information about the magnitude of A⊥ could be obtained making use of a recently
developed approach using ultra-wideband excitation with frequency-swept chirp pulses [268].
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Table D.1 gives an overview of the parameters obtained from simulations of the cw EPR and
14N ENDOR spectra for P1Cu and P1Cu· py. Although the differences in the parameters are not
large between the two samples, the changes in the experimental spectra occurring upon ligand
coordination are remarkable, illustrating the power of EPR to detect subtile changes in the lo-
cal coordination environment of the paramagnetic centre. The absolute values of the hyperfine
coupling constants are thus a very sensitive measure of the strength of the metal-ligand interaction.

Table D.1: Overview of the hyperfine coupling parameters and g -values obtained from a numerical simu-
lation of the experimental ENDOR and cw EPR spectra of P1Cu and P1Cu· py.

AN
[x, y, z] / MHz ACu

|| / MHz [g⊥, g||]

P1CuCuCu [54.2, 42, 43] -612 [2.050, 2.195]
P1Cu·Cu·Cu· py [50.9, 39.6, 40.3] -570 [2.056, 2.218]



Appendix E: Orientation Selective DEER on

c-P10Cu2

Already at X-band, the EPR spectrum of copper porphyrins has a spectral width of almost 2GHz
owing to a large g- (and A)-tensor anisotropy. At Q-band, the field positions of g⊥ and g|| are
split apart even further, resulting in a spectral width of about 3.4 GHz.

A 16 ns pump pulse, for example, only has an excitation bandwidth of about 75MHz and can
therefore only excite a very small fraction of the experimental spectrum. Depending on the field
position where the pump pulse is applied in the DEER experiment, a different (small) subset
of orientations is excited and we should thus be able to observe effects of orientation selection
[42, 269].

In general, such effects should be more pronounced at higher spectrometer frequencies, since
the different orientations are more spread out, however the resonator bandwidth strongly limits
the maximum frequency separation between pump and detection pulses, so that it becomes more
difficult to pump and detect truly different orientations at higher frequencies. To get a maximum
amount of information and therefore constraints for the analysis, it would for example be desirable
to be able to pump on g⊥ and detect on g|| and vice versa, in addition to pumping and detecting
on either g⊥ or g||. While this could still be imagined to work at X-band, the bandwidth of the
available Q-band resonator (∼130MHz) precludes such an experiment.

The orientations excited when pumping or detecting at selected field positions in the X-band
and Q-band spectra of c-P10Cu2 are indicated on unit spheres in Figure E.1 and Figure E.2,
respectively. Excited orientations are shown in red. The orientations have been calculated using
the MATLAB package EasySpin using the spin Hamiltonian parameters obtained from a simulation
of the corresponding cw EPR spectrum. While at X-band prominent features corresponding to g⊥
and g|| still overlap, parallel and perpendicular orientations are completely separated at Q-band.

Orientation selective effects on the DEER time traces were simulated using the program described
in reference [43]. To specify the relative orientations of the A and B spins, the parameter definitions
illustrated in Figure 1.22 were used. The g-tensor frame of the A spins is taken as the reference
frame. The position of the second spin is defined by the inter-spin distance rAB , the polar angle
θ and the azimuthal angle ϕ. The orientation of the second spin with respect to the reference
frame is given by the three Euler angles α, β, and γ, where the zyz-convention was adopted. For
every unique molecular orientation of the spin system, a vector p = [θ, ϕ, rAB , α, β, γ] is built
up, which serves as an input for the program.

The microwave frequencies and pulse lengths of detection and pump pulses being known as well
as the spectrum of the sample and the magnetic field position where the DEER trace was acquired,
the pulse profiles and therefore the fractions of spins excited by the detection and pump pulses
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Figure E.1: Illustration of the orientations excited at different field positions within the X-band spectrum
of c-P10Cu2. Excited orientations are shown in red.
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Figure E.2: Illustration of the orientations excited at different field positions within the Q-band spectrum
of c-P10Cu2. Excited orientations are shown in red.

and their weights can be calculated. To account for powder averaging, the program then loops
over all possible (unique) orientations of the magnetic field with respect to the reference frame.
For every field orientation corresponding to a part of the spectrum excited by the detection pulses,
the pump spin spectrum and modulation depth are calculated followed by the dipolar frequencies.
The dipolar frequencies are weighted by the excitation fractions and added and the final calculated
DEER trace is obtained by inverse Fourier transformation of the frequency spectrum.

For comparison with the experimental data, a structural model needs to be assumed and the
DEER traces are then calculated for every possible molecular orientation within this model, char-
acterised by a vector p and a weight wp. The simulated DEER trace, VS(t), to be compared with
the experiment, which includes the zero-frequency background, is modeled as

VS(t) =
[
1− λ+ λS(t)

]
exp (−kt) (E.1)

where S(t) is the weighted sum of the reduced form factors of the calculated DEER traces.
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Figure E.3 shows DEER traces acquired at three different field positions within the spectrum
of c-P10Cu2 measured at Q-band (15K). The field positions are indicated in the spectrum. The
blue trace corresponds to a frequency offset of 200MHz, whereas an offset of 100MHz was used
in the case of the green and red traces.
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Figure E.3: Field-swept echo detected EPR spectrum of c-P10Cu2 measured at Q-band at 15K (left) and
DEER traces recorded at different field positions as indicated in the spectrum (right).

Recording data in the g|| (z) part of the spectrum turns out to be more difficult than expected,
since not only the signal intensity is much lower, but also relaxation is faster as can be seen from
Figure E.4. While traces up to 4µs can be recorded in the xy part of the spectrum, the maximum
trace length feasible for z is rather of the order of 2µs.
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Figure E.4: Phase memory time Tm recorded for c-P10Cu2 at two different field positions corresponding
to the xy and z part of the spectrum.

It is observed that the frequency dominating the DEER trace when pump and detection pulses
are both placed on xy is very similar in all cases,∗ while it is clearly different (higher) when the z part
of the spectrum is probed. A model-free analysis using Tikhonov regularisation as implemented in
DeerAnalysis yields the distance distributions shown in Figure E.5 and confirms this observation.

∗More traces than shown here were acquired at various positions on xy and no significant variations in the
modulation frequency were observed.
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Figure E.5: Distance distributions obtained for the three DEER traces shown above applying Tikhonov
regularisation as implemented in DeerAnalysis.

Apart from differences in modulation frequencies, orientation selection also manifests itself in
differences in the modulation depth. However, since modulation depths are generally difficult to
analyse in detail as they are strongly dependent on the experimental setup,† we shall only be
concerned here with the effect of orientation selection on the measured dipolar frequencies.

Before defining a particular geometric model or parameter grid for the simulation of the DEER
traces of c-P10Cu2, the influence of certain input parameters on the simulated trace was tested.
Since the spin system is axial, the number of variable input parameters used to construct the vector
p can be reduced as shown in Table E.1 [42, 84]. For a definition of the angles see Figure 1.22. It
was confirmed by simulations that the azimuthal angle ϕ and one of the Euler angles, α, do not
have any influence on the simulated time traces. These parameters were therefore set to zero in
all further calculations.

Table E.1: Overview of the parameter range which needs to be considered for an axially symmetric system.
The Euler angles are defined according to the zyz-convention.

θ ϕ α β γ

0 - π2 − − 0 - π2 0 -π

Considering the structure of the molecule, no large variations from 0◦ are expected for γ due
to geometric constraints. To begin with, the angle γ was therefore set to zero, so that the only
fitting parameters were thus rAB, θ, β and their distributions, where β describes the rotation of
the porphyrin plane about the connecting triple bonds. All parameter distributions were assumed
to be Gaussian, with the Gaussian function G (x) parametrised as follows

G (x) = exp

(
− (x − xc)2

2σ2
x

)
(E.2)

†For a valid comparison of the modulation depths of different traces, at least the pump frequency, pulse length
and resonator position of the pump pulse should be the same, which is very often not the case when comparing
data acquired on different measurement days.
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where xc is the centre of the distribution and σx characterises its width.‡ To be able to fit
distributions in the parameters listed above (rAB, θ, β), a grid of traces accounting for all possible
variations within a certain parameter space was calculated. The chosen parameter space includes
variations in rAB from 3.7 nm to 4.8 nm in steps of 0.02 nm, variations in θ from 0◦ to 90◦ in steps
of 2◦, and variations in β from 0◦ to 90◦ in steps of 2◦, resulting in >105 traces.

For comparison of experimental and calculated DEER traces, no background correction was
applied beforehand to the experimental data. Instead, an exponential background was added to
the calculated traces, as evident from Equation (E.1), and fitted alongside the other parameters,
resulting in a total of eight variable parameters, namely, k , λ, rc , σr , θc , σθ, βc , and σβ . Trying to
fit eight freely variable parameters at once is not very sensible; therefore the fitting was performed
step-wise in an iterative manner.

To reduce the parameter space, the values for rc and σr were determined beforehand from
a model-free analysis of the DEER traces recorded at xy using DeerAnalysis. Values of rc =

4.30 nm and σr = 0.21 nm were obtained and agree well with those obtained from a fit accounting
for orientation selection where (ϕc , σϕ,) θc , σθ and the Euler angles were set to zero. These
values were thus kept fixed in any further simulations. In the course of the analysis it was also
found that the width of the distribution in θ has no marked influence on the appearance of the
resulting weighted trace, possibly due to the high symmetry of the system. The parameter σθ
was consequently kept fixed at 3◦ in all simulations. Furthermore, given the expected geometry of
c-P10Cu2, it seems reasonable to assume that the distribution in β is centred at 0◦.
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θc: 20
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V
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)/
V
0

t / µs

rc : 4.3 nm, σr: 0.2 nm
θc: 70

◦, σθ: 3
◦

βc: 0
◦, σβ: 180

◦

Figure E.6: Comparison of experimental and simulated DEER time traces for c-P10Cu2 when only con-
sidering the data recorded at xy . Two local minima are obtained for θc = 20◦ (left), and
θc = 70◦ (right).

For every value of θ, σβ and the background parameters were then optimised using a least-
squares fitting routine. At first, only the two traces recorded on xy were considered. It is observed
that for θc smaller than 20◦, no good agreement with the experimental data can be obtained. For
θc between 20◦ and 27◦, a rather good fit is obtained with relatively narrow distributions σβ of
around 5◦ for θ = 20◦ and roughly 18◦ for θc = 27◦. The optimum value for σβ then increases

‡The parameter σ describing the width of the distribution is sometimes also expressed in terms of the full width
at half maximum (FWHM) given as: FWHM = 2σ

√
2ln2.
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further with increasing θc , however between θc = 30◦ and 60◦ the agreement between experiment
and simulation is significantly worse. A good fit is again obtained for θc between 70◦ and 75◦

when very broad distributions in β (almost equal weighting) are assumed, while the fit is worse for
θc = 90◦. Two local minima at θc = 20◦ and θc = 70◦ thus result from this analysis, with either
a narrow or a very broad distribution in β, respectively, when considering only the xy traces.

The corresponding simulations are compared with the experimental data in Figure E.6. A broad
distribution in β could be feasible since the barrier to rotation about the triple bond is only of
the order of 0.5 kcalmol−1 at room temperature and 0.8 kcalmol−1 at the freezing point of the
solvent (toluene, 180K) [69], while kBT amounts to 0.6 kcalmol−1 and 0.4 kcalmol−1 at room
temperature and 180K, respectively. However, within experimental error, both of the fits have
to be considered satisfactory and a narrower distribution in β is also plausible under the applied
conditions. It is therefore not possible to exclude either local minimum with certainty unless other
constraints can be applied.

In summary, in the present case, the distance distributions obtained by using Tikhonov regu-
larisation agree closely with the results of the simulations including orientation selective effects.
Regarding orientational selectivity, it was noticed that, due to the high symmetry of the system,
any particular change in the weighted calculated curve can often be achieved in two different ways,
e.g. going to lower values of θc and a narrower distribution in β has a similar effect as going to high
values of θc and choosing a wider distribution in β, which makes it difficult to draw any definite
conclusions. The experimentally recorded DEER traces at different field positions on xy at X- and
Q-band are very similar; only variations in the modulation depth are observed. Consequently, to
exclude one of the two local minima found when analysing the xy traces, further constraints are
necessary.

It was found that including the DEER trace recorded at z orientation is sufficient for this purpose.
When including this trace in the analysis, only one clear minimum is obtained with θc = 20◦ as
demonstated in Figure E.7. The early onset of the modulation in the z trace cannot be reproduced
when θc = 70◦.
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θc = 0◦

θc = 20◦

θc = 70◦

Figure E.7: Comparison of experimental and simulated DEER time traces for c-P10Cu2 including the data
recorded at z . The best fit is obtained for θc = 20◦ (left), while the agreement for other
values of θc (0◦, 70◦) is clearly worse (right).
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So far, in this analysis, any variations in γ were neglected. However, the influence of σγ on
the outcome of the analysis was tested in retrospective. As for β, it is reasonable to assume that
the distribution is centred around 0◦. Small variations in the width of the distribution in γ (0◦

up to 30◦) were found not to influence the calculated trace for the two considered local minima
significantly. Since large variations can be excluded due to geometric constraints, the neglect of γ
in the optimisation procedure seems justified.

The results of this orientation selective analysis of the DEER traces of c-P10Cu2, recorded at
field positions corresponding to the xy and z orientations of the electronic g-tensor, suggest that
the ring structure is fairly shape persistent in solution. The porphyrin planes of two opposite units
at a distance of 4.3 nm seem to be mostly parallel, but with a slight offset of about 20◦ with
respect to the out-of-plane axis of the first porphyrin unit.





Appendix F: Additional Triplet EPR Data on

Zinc Porphyrin Oligomers

F.1 Butadiyne-Linked Oligomers

Figure F.1 shows a comparison of the echo-detected field-swept triplet EPR spectra of the linear
zinc porphyrin oligomers P1 to P4 investigated in Chapter 6. The data were recorded with and
without DABCO in frozen toluene solution at 20K. No major changes in the spectra are observed
upon addition of DABCO. As mentioned in Chapter 6, the ENDOR spectra were recorded at field
positions corresponding to the − spin manifold, since the echo intensities were found to be larger.

Z+ X− Y−

Y+ X+ Z−

B0 / mT

P1
P1 + DABCO (2:1)

Z− X+ Y+

Y−

X− Z+

B0 / mT

P2
(P2)2 · (DABCO)2

Z− X+
Y+

Y−

X−
Z+

B0 / mT

P3
(P3)2 · (DABCO)3

Z− X+
Y+

Y− X−Z+

B0 / mT

P4
(P4)2 · (DABCO)4

Figure F.1: Comparison of the field-swept echo-detected triplet EPR spectra recorded in frozen toluene
(20K) in the absence and presence of DABCO for P1 (top left), P2 (top right), P3 (bottom
left) and P4 (bottom right).

In Figure F.2 the 1H Mims ENDOR spectra recorded at different field positions corresponding
to the X , Y and Z orientations of the ZFS tensor are compared for P1 and P2. It can be seen
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that the largest and most prominent coupling is observed in the Y direction. This coupling was
compared between the different oligomers to determine the extent of triplet spin delocalisation in
Chapter 6.

νRF - ν1H / MHz

X−
Y−
Z−

P1

νRF - ν1H / MHz

X−
Y−
Z−

P2

Figure F.2: Comparison of the 1H Mims ENDOR spectra of P1 (left) and P2 (right) recorded at different
canonical orientations in frozen toluene (20K).

F.2 Ethyne-Linked Oligomers

The field-swept echo-detected triplet EPR spectra of the linear meso-to-meso ethyne-linked zinc
porphyrin oligomers investigated in Chapter 7 are shown in Figure F.3 for reference. Figures F.4

to F.8 show the 1H Mims ENDOR spectra recorded at different canonical orientations for the
monomers and dimers together with a visualisation of the calculated proton hyperfine coupling
tensors. The relative size of the tensors reflects the magnitude of the coupling. The couplings of
the terminal meso-protons present in P1e, P2 and P2e, neglected for clarity in Figure 7.9, are also
illustrated and Table F.1 summarises the largest couplings calculated by DFT for the Y direction.
The orientation of the ZFS tensor as obtained from DFT is indicated by arrows.
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Figure F.3: Field-swept echo-detected triplet EPR spectra of the investigated monomers (left) and longer
oligomers (right) recorded in frozen MTHF at 20K.
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νRF - ν1H / MHz

X−
Y−
Z−

P1e

Figure F.4: Comparison of the 1H Mims ENDOR spectra recorded at different canonical orientations in
frozen MTHF (left) and visualisation of the proton hyperfine coupling tensors calculated by
DFT (right) for P1e.
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Figure F.5: Comparison of the 1H Mims ENDOR spectra recorded at different canonical orientations in
frozen MTHF (left) and visualisation of the proton hyperfine coupling tensors calculated by
DFT (right) for P1ee.

Table F.1: Projection of the largest hyperfine coupling tensors, calculated for the monomers and dimers,
onto the Y ZFS tensor axis.

Position P1e P1ee P2 P2e P2ee

Ameso / MHz −20.5 - −12.5 (x2) −5.21 -
Aouter / MHz −4.18 (x2) −4.18 (x4) −2.30 (x4) −3.71 (x2); −0.90 (x2) −2.37 (x4)
Ainner / MHz −4.47 (x2) - −1.24 (x4) −3.15 (x2); −0.35 (x2) −1.20 (x4)



XLII Appendix F Additional Triplet EPR Data on Zinc Porphyrin Oligomers

νRF - ν1H / MHz
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∗ ∗

Figure F.6: Comparison of the 1H Mims ENDOR spectra recorded at different canonical orientations in
frozen MTHF (left) and visualisation of the proton hyperfine coupling tensors calculated by
DFT (right) for P2. The couplings marked with ∗ might be due to the terminal meso-proton.
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Y−
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∗

Figure F.7: Comparison of the 1H Mims ENDOR spectra recorded at different canonical orientations in
frozen MTHF (left) and visualisation of the proton hyperfine coupling tensors calculated by
DFT (right) for P2e. The coupling marked with ∗ might be due to the terminal meso-proton.
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Figure F.8: Comparison of the 1H Mims ENDOR spectra recorded at different canonical orientations in
frozen MTHF (left) and visualisation of the proton hyperfine coupling tensors calculated by
DFT (right) for P2ee.
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