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Abstract

The biological function of macromolecules such as protein, DNA, and RNA depends on their

folding and on the relative movements of domains with dimensions of a few nanometers. This

length scale can be accessed by distance measurements between paramagnetic spin centers em-

ploying Electron Paramagnetic Resonance (EPR) pulsed dipolar spectroscopy (PDS) techniques.

In order to use this spectroscopic methods, the biomolecule has to contain either stable or tran-

sient paramagnetic centers, which can be metal ions or clusters, amino acid radicals, or organic

cofactor radicals. If the biomolecule is diamagnetic, it can be spin-labeled with nitroxides or

a diamagnetic metal may be substituted with a paramagnetic one. Nitroxides are the most em-

ployed spin probes in PDS, especially for structural studies in proteins were they can be attached

to specific sites following a protocol of mutagenesis and site-directed spin labeling (SDSL) on

cysteine residues. However, the introduction of a spin label can modify the structure around the

labeling site and in some regions it may even interfere with the correct folding. For this reason,

exploiting endogenous probes i.e. paramagnetic centers which are naturally present in the pro-

tein, represents an primary task in PDS. Indeed, PSD has been tentatively performed on various

classes of proteins naturally containing metal base-prosthetic groups such as and low-spin fer-

ric heme centers, iron-sulfur cluster, Mn clusters for which mainly the ∆mS = ±1/2 transition

can be selected. Utilizing endogenous probes for EPR detection only causes minimal functional

perturbation to the macromolecules. Another advantage is that they are firmly anchored in the

protein and, therefore, are not fraught with the problem of flexible linkers as the commonly used

spin labels.

In recent years photoexcited triplet state of porphyrin has been introduced in the selection of

spin labels for PDS applications. In their ground state, these chromophores are diamagnetic and

thus EPR-silent, but, upon laser photoexcitation, their triplet state can be populated via inter-

system crossing from the lowest excited singlet state, generating in this way the paramagnetic

center. The inter-system crossing mechanism makes the population of the triplet sublevels dif-

ferent from the Boltzmann distribution, significantly enhancing the intensity of their EPR signals.

Moreover porphyrin-derivative groups are suitable to be exploited as endogenous probes be-

cause are present in numerous systems such as heme-protein and photosynthetic proteins. The

orthogonal labeling method, based on the use of spectroscopically nonidentical labels which can

be addressed selectively in the EPR experiment, is attracting increasing interest in the spectro-

scopic community. Triplet states work very efficiently as orthogonal labels, adding to the spec-

troscopic selectivity the advantage of behaving as photoinduced spin probes. This feature allows

to perform PDS in the presence of light excitation to measure intramolecular triplet-nitroxide
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distances or in the absence of light excitation revealing intermolecular nitroxide-nitroxide inter-

actions.

While the feasibility of the PDS experiment had already been demonstrated for a photoexcited

porphyrin moiety interacting with a nitroxide radical [Di Valentin, M.; Albertini, M.; Zurlo, E.;

Gobbo, M. and Carbonera, D. J. Am. Chem. Soc., 2014, 136, 6582 -6585], the accuracy of the new

labeling approach for distance determination, and the theoretical frame describing the behavior

of polarized high-spin systems for application in dipolar techniques were still laking. In this the-

sis work a complete spectroscopic and theoretical characterization of photoexcited triplet state

probes has been carried out. The reliability and versatility of such spin labels has been tested

employing different dipolar pulse schemes and exploiting diverse chromophores for the pho-

togeneration of the paramagnetic center, both in peptide-based model systems and in protein

belonging to different classes. The study has been completed with an exhaustive theoretical de-

scription.

The reliability and the accuracy of the new labeling approach has been demonstrated by measur-

ing the dipolar traces of a spectroscopic ruler composed by α-helix peptides of increasing length,

labeled with a porphyrin chromophore, that upon photoexcitation gives the EPR-active species,

and a nitroxide artificial amino acid. The good correlation between the distances obtained by ex-

perimental PDS data and calculation, is used to asses the accuracy of the new labeling approach.

In PDS, there are different pulse sequences that exploits diverse mechanisms to induce the dipo-

lar oscillations. Such pulse schemes have been tested on the triplet state in order to classify the

performances of the various PDS techniques with the novel labeling approach. The availability

of different light-induced PDS sequences increases the versatility of triplet state probes allowing

to select case by case the pulse scheme that guarantees the best signal-to-noise ratio.

The new labeling approach has been extended to two paradigmatic proteins: the light-harvesting

complex Peridinin-Chlorophyll a-Protein from Amphidinium Cartarae and the human Neuroglo-

bin belonging to the globins family where the endogenous prosthetic groups have been exploited

to photo-generated the triplet state. In the photosynthetic protein the dipolar trace arising from

the interaction between the triplet state of one of the carotenoids in the photoactive site and a

nitroxide, introduced via site-directed spin labeling, have been measured. This allowed to iden-

tify the pigment involved in the photoprotective mechanism and demonstrated that, not only

porphyrin-derivatives, but also other chromophores can be used as spin probes. In human neu-

roglobin the Zn-substitution of the heme has allowed to populate the triplet state of the Zn pro-

toporphyrin IX and successfully measure the dipolar trace proving the applicability of this label-

ing procedure on the class of hemeproteins.

The full characterization of triplet state probes has been completed with a theoretical study

based on the density matrix formalism. First, the analytic formula describing the modulation

of the dipolar trace for a simplified radical-triplet state system has been obtained, highlighting

a time an analogous dependence to the radical-radical case. Subsequently, a program for time-

domain numerical calculation of radical-triplet state dipolar traces has been implemented and

employed for a quantitative characterization of triplet state probes in PDS.

vi



Sommario

Il ruolo di molte macromolecole di interesse biologico come ad esempio proteine ed acidi nucle-

ici, dipende dalla loro struttura tridimensionale e da movimenti di domini dell’ordine di pochi

nanometri. La spettroscopia paramagnetica elettronica (EPR) ed in particolare le tecniche di

spettroscopia impulsata dipolare (PDS) costituiscono lo strumento ideale per studiare sistemi

di quest’ordine di grandezza. Tuttavia, per poter utilizzare tecniche PDS nella caratterizzazione

di bio-macromolecole, queste devono contenere centri paramagnetici come ad esempio ioni o

cluster metallici, oppure centri radicalici. Nel caso in cui il sistema sia diamagnetico è neces-

sario quindi inserire delle sonde paramagnetiche o sostituire eventuali metalli diamagnetici con

altri metalli EPR-attivi. I radicali nitrossidi sono le sonde di spin più comunemente impiegate

nella spettroscopia dipolare, soprattutto per studi in proteina in cui, per introdurre di tali sonde,

è possibile seguire un protocollo di mutagenesi sito-specifica seguita da spin labeling diretto

alle cisteine. L’inserimento di sonde di spin tuttavia può causare forti modifiche strutturali alla

macromolecola o addirittura interferire con il suo corretto folding. Per questo motivo, quando

possibile si tenta di sfruttare centri paramagnetici che siano naturalmente presenti in proteina.

Sono stati infatti effettuati diversi studi di spettroscopia dipolare in metallo-proteine sfruttando

la transizione ∆mS =±1/2 del gruppo prostetico contenente il centro metallico. L’utilizzo di tali

gruppi prostetici non causa alcuna alterazione strutturale alla molecola, inoltre, diversamente

da molte sonde endogene, questi sono strettamente ancorati all’intorno proteico e forniscono

quindi informazioni strutturali più accurate.

La porfirina in stato di tripletto fotoeccitato è stata di recente introdotta tra la collezione di sonde

di spin utilizzabili nelle tecniche PDS. Nel loro stato fondamentale le porfirine sono diamag-

netiche e pertanto EPR silenti, ma in seguito a fotoeccitazione laser possono popolare tramite

inter-system crossing lo stato di tripletto eccitato a più bassa energia, divetando in tal modo

EPR-attive. Il popolamento tramite inter-system crossing fa si che la popolazione dei sottoliv-

elli di tripletto devii dalla distribuzione di Boltzmann, aumentando enormemente l’intensità del

segnale EPR di tale specie che vengono per questo motivo definite "polarizzate". Inoltre derivati

porfirinici sono presenti in numerosi sistemi naturali, come ad esempio le emoproteine o le pro-

teine conivolte in processi fotosintetici, e ciò li rende particolarmente interessanti per l’utilizzo in

spettroscopia dipolare in quanto possono essere sfruttati come sonde endogene. Il labeling or-

togonale, basato sull’impiego di sonde di spin spettroscopicalmente distinte che possono essere

eccitate selettivamente durante un esperimento EPR, rappresenta un approccio particolarmente

vantaggioso nelle tecniche PDS. Gli stati di tripletto fotoeccitato hanno un valore aggiunto come

sonde ortogonali perchè aggiungono alla selezione spettrale il fatto di essere sonde foto-indotte.
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Questa caratteristica fa si che sia possibile misurare distanze intarmolecolari tripletto-nitrossido,

applicando la fotoeccitazione laser, e distanze intermolecolari nitrossido-nitrossido spegnedo in-

vece la fotoeccitazione.

Mentre la fattibilità di esperimenti di spettroscopia dipolare applicati a stati di tripletto fotoecc-

itati era già stata dimostrata precedentemente a questo lavoro di tesi [Di Valentin, M.; Albertini,

M.; Zurlo, E.; Gobbo, M. and Carbonera, D. J. Am. Chem. Soc., 2014, 136, 6582 -6585], mancavano

completemente indagini in grado di stabilire l’affidabilità e l’accuratezza del nuovo sistema di

labeling e un inquadramento teorico in grado di descrivere il comportamento di tali sistemi po-

larzzati ad alto spin durante l’esperimento PDS. Il lavoro alla base della presente tesi è consistito

nella completa caratterizzazione spettroscopica e teorica di questi sistemi di spin. Per verificare

l’affidabilità del nuovo approccio, le sonde di tripletto sono state testate con diverse tecniche

PDS, e sono stati inoltre utilizzati vari cromofori per la foto-generazione del centro paramag-

netico, effettuando l’analisi sia su sistemi modello che in proteina. Lo studio è stato completato

con un esaustivo trattamento teorico dei sistemi tripletto-radicale in spettroscopia dipolare.

La precisione e l’accuratezza del metodo sono state verificate misurando le tracce dipolari di

un righello spettroscopico costituito da una serie di perptidi in α-elica di lunghezza crescente,

ognuno marcato con un cromoforo porfirinico e un radicale nitrossido. L’ottima correlazione

trovata tra le distanze ottenute analizzando le tracce sperimentali e i dati strutturali derivanti dai

calcoli ha permesso di dimostrare l’affidabilità delle sonde di tripletto nelle tecniche PDS.

Attualmente sono disponibili diverse sequenze PDS che sfruttano diversi meccanismi per in-

durre l’oscillazione dipolare nelle tracce sperimentali. Molte di queste sequenze sono state quindi

testate sulla sonda di tripletto in modo da verificarne le prestazioni con le diverse tecniche.

La disponibilità di molteplici sequenze PDS e il loro buon funzionamento su sistemi fotoin-

dotti permette di selezionare, a seconda dei casi, lo schema di impulsi che garantisce le migliori

prestazioni in termini di rapporto segnale-rumore e ciò dimostra la versitilità delle sonde di

tripletto.

La nuova metodologia è stata estesa anche a studi in proteina utilizzando come sistemi mod-

ello la Peridinin-Chlorophyill a-Protein, appartenente alla classe delle proteine fotosintetiche,

e neuroglobina umana, facente parte della famiglia dellle globine. In Peridinin-Chlorophyill

a-Protein è stata misurata l’interazione dipolare tra uno dei carotenoidi presenti nel sito at-

tivo e un nitrossido inserito tramite spin labeling, permettendo non solo l’individuazione del

pigmento coinvolto nel meccanismo di fotoprotezione, ma espendendo anche l’applicabilità

dell’esperimento a cromofori diversi dai derivati porfirinici. Nella neuroglobina umana invece

la zinco-sostituzione dell’eme ha permesso di popolare lo stato di tripletto nel gruppo endogeno

e dimostrando che la tecnica dipolare fotoindotta può essere utilizzata anche nello studio strut-

turale di proteine (macromolecole) apparteneneti alla classe delle emoproteine.

Infine è stata effettuata anche un’esaustiva caratterizzazione teorica delle sonde di tripletto basata

sul formalismo della matrice densità. E’ stata ricavata l’espressione che descrive la modulazione

delle tracce dipolari in sistemi tripletto-radicale, che è risultata essere analoga a quella ottenuta

per sistemi di due radicali interagenti. Successivamente è stato implementato un programma

per il calcolo numerico di tracce dipolari che ha permesso una descrizione quantitativa di di-
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versi sistemi tripletto-radicale.
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Thesis Outline

This thesis is organized in two parts: the first gives an overview on the theoretical background

concerning the EPR spectroscopy and the physics triplet states; the second is devoted to the pre-

sentation of the experimental results.

The introduction is divided in three chapters regarding: (i) the fundamental concepts at the basis

of the resonance phenomenon in EPR and the magnetic interactions investigated with this tech-

nique; (ii) the physics of the triplet state and the mechanisms that induce electron spin polariza-

tion; (iii) the EPR instrumentation and the spectroscopic experiments that have been employed

in the studies presented this thesis.

The second part, where the results are presented, is divided in seven chapters edited with a

scientific-paper layout. These works are the result of many different collaborations, both in-

side and outside the University of Padova. The EPR experiments have been performed partly in

the EPR laboratory of the Dipartimento di Scienze Chimiche (Università degli studi di Padova)

and partly at the Centre for Advanced Electron Spin Resonance (CAESR - University of Oxford),

in collaboration with Prof. Christiane Timmel’s group. The experimental data have been col-

lected both on porphyrin-based model peptides, and on protein samples. The model peptides

have been synthesized in Prof. Marina Gobbo’s group at the Dipartimento di Scienze Chimiche

(Università degli studi di Padova). The protein samples studied in this thesis are the Peridinin

Chlorophyll a-Protein, that has provided by Professor Eckhard Hofmann at Department of Bi-

ology and Biotechnology (Ruhr-University, Bochum), and the Human Neuroglobin prepared by

Caterina Martin in the group of Prof. Elisabetta Bergantino at the Dipartimento di Biologia (Uni-

versità degli studi di Padova).

Besides the experimental spectroscopic work, a theoretical study, accomplished with the imple-

mentation routine for the numerical calculation of radical-triplet state dipolar traces, has been

carried out, in collaboration with Dr. Claudia E. Tait and Prof. Stefan Stoll, at the University of

Washington, Seattle. The calculations presented in this thesis have been partly performed on the

Hyak supercomputer system (University of Washington) and partly on the C3P clusters (Diparti-

mento di Scienze Chimiche, Università di Padova).

DFT calculations on the model peptides series have been performed by Prof. Laura Orian at the

Dipartimento di Scienze Chimiche (Università degli studi di Padova).
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CHAPTER 1
EPR spectroscopy and Magnetic Interaction





1.1. THE RESONANCE PHENOMENON

1.1 The Resonance Phenomenon

EPR (Electron Paramagnetic Resonance) or ESR (Electron Spin Resonance) spectroscopy is a

technique that allows to study the characteristics of paramagnetic centers. The magnetic mo-

ment associated to an electron is proportional to its angular momentum Ĵ :

µ̂=−g
e~

2me
Ĵ (1.1)

where e and me are the charge and the mass of the electron and ~= h
/

2π is the reduced Planck

constant. g is a pure number whose value depends on the relative contributions of the orbit and

spin to the total angular momentum. If only the angular momentum l̂ is present g is unity, apart

from small corrections due to diamagnetic and relativistic effects that most of the times can be

neglected [1]. If instead only the spin angular momentum ŝ is present, a quantum electrody-

namical correction has to be introduced and g = ge and ge is the g -value for the free electron

corresponding to 2.00231930436082(52) [2]. When both orbital and spin momentum are present

the value of g depends on the nature of the coupling between them.

In the presence of a static magnetic field B0, the magnetic moment experience a torque and the

equation of motion is:

~
d Ŝ

d t
= µ̂×B0 (1.2)

The behavior of an ensemble of spins can be described in term of the total magnetization defined

as the net magnetic moment per unit volume M̂ = 1

V

∑
i µ̂i . Equation 1.2 therefore becomes:

~
d M̂

d t
=−geµB

~
M̂ ×B0 (1.3)

where µB = e~
2me

is the Bohr magneton. Only when the macroscopic magnetization is aligned

along the magnetic field direction (i.e. the z-axis in the following description) it is invariant.

When this is not the case, there is a torque, perpendicular to M̂ that causes the magnetization to

precess about the field direction at a characteristic frequency ωL called the Larmor frequency:

ωL = gµB

~
B0 (1.4)

If a circularly polarized magnetic field, rotating at the microwave frequency ωmw, with compo-

nents B1x = B1 cos[ωmwt ], B1y = B1 sin[ωmwt ] and B1z = 0, is applied on the sample, the motion

of the magnetization is described by the Bloch equations [3, 4, 5]:

d M̂x

d t
= geµB

~
(B0M̂y −B1 sin[ωmwt ]M̂z )

d M̂y

d t
= geµB

~
(B1 cos[ωmwt ]M̂z −B0M̂x )

d M̂z

d t
= geµB

~
(B1 sin[ωmwt ]M̂x −B1 cos[ωmwt ]M̂y )

(1.5)
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CHAPTER 1. EPR SPECTROSCOPY AND MAGNETIC INTERACTION

Equations 1.5 can be simplified if the description is done in the so-called rotating frame, that

rotates at the frequency of the microwave radiation and in which B1 is time-independent:

d M̂x

d t
=−ΩM̂y

d M̂y

d t
=ΩM̂x −ω1M̂z

d M̂z

d t
=ω1M̂y

(1.6)

whereΩ= (ωL−ωmw) and ω1 = geµBB1

~
. The magnetization therefore precesses about an effective

field which is tilted by an angle θ = arctan[ω1/Ω] with respect to the static field direction. At reso-

nance conditions ωL =ωmw and Ω= 0 thus, the magnetization, precesses only about the field B1.

The description above did not include relaxations but these are always present in any real spin

system. Relaxations can be described as exponential decays that restore the equilibrium values

of the magnetization components: zero for the x,y-plane and a quantity M0, that depends on

the Boltzmann population of the spin sublevels, for the z-direction. If relaxations are included

in the description, the steady-state solution of the Bloch equations yield the Lorentzian function

describing the EPR lineshape.

During an EPR experiment, a time-dependent linearly polarized magnetic filed, is applied to the

sample, either continuously or in the form of microwave pulses. This linearly polarized field

can be considered as the superposition of a right-hand and a left-hand circularly polarized ra-

diations. The left-hand component, after the transformation to the rotating frame, is 2ωmw off-

resonance and can therefore be neglected. In this situation the motion of the magnetization can

still be described by Equations 1.5 and 1.6.

Bloch-equations are particularly useful not only in the explanation of the magnetic resonance

phenomenon during a continuous microwave irradiation, but also in the description a pulse EPR

experiment. At the resonance condition, the integration of Equations 1.6, for a B1 field, applied

for a time tp, gives:

M̂x = 0; M̂y =−M0 sin[ω1tp] M̂z = M0 cos[ω1tp] (1.7)

The magnetization is therefore described by a vector whose components are determined by the

angle β=ω1tp. By using the vector model description, the effect of a microwave pulse sequence

is represented as a series of successive rotations of the magnetization vector. During the nutation

periods, when the pulses are applied, the rotation is about the B1 direction, whereas in the free-

precession periods between the pulses, the magnetization precesses about B0. In the simplest

pulse EPR experiment a single π/2-pulse, that tilts the magnetization in the x,y-plane, is applied

and the return of the magnetization to its equilibrium position is recorded. In Figure 1.1, the ef-

fect of a π/2-pulse, and the subsequent return of the magnetization at the equilibrium position,

is shown both in the rotating frame and in the laboratory frame. In the rotating frame, when all

the spins are perfectly on resonance, the relaxation of the magnetization is simply a rotation in

the y,z-plane. In the laboratory frame instead the magnetization precesses about the z-axis while
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1.1. THE RESONANCE PHENOMENON

the x and y components exponentially decay.

The vector model is an easy and intuitive way for describing the motion of the magnetization,

however it is strictly valid only for a two levels spin system or for experiments in which two levels

of a larger spin system are involved. For the description of more sophisticated experiments the

use of the density matrix formalism is required.

x y

z
Lab

Frame

x y

z
Rotating

Frame

π/2

x y

z

x y

z

π/2

FID

Figure 1.1: Representation of the free-induction decay experiment: at equilibrium the magnetization vector lies along
the z-axis, after the application of a π/2 pulse along the x-axis the magnetization is rotated along -y. The return to the
equilibrium position observed from the rotating frame is simply a motion in the y,z-plane, whereas in the laboratory
frame the precession toward equilibrium is a spiral motion.
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1.2 The spin Hamiltonian

The fundamental tool for the interpretation of an EPR experiment is the spin Hamiltonian whose

parameters represent a bridge between the physical observables and the molecular geometry

and electronic structure [1]. The spin Hamiltonian is a sum of terms that describe the interac-

tions among electronic and nuclear spins and between the spins and the applied magnetic. This

should not be confused with the total Hamiltonian of the system governing the many-particles

Schrödinger equation that allows to calculate the real energy levels of a molecule in the presence

of a magnetic field [6]. The spin Hamiltonian is built with effective spin operators (fictitious

angular momentum operators) that, nonetheless, allow a correct interpretation of the EPR spec-

trum. The advantage of using the spin Hamiltonian is that it simplifies the theoretical treatment

allowing to work in a reduced Hilbert space of dimension:

nH =
n∏

k=1
(2Sk +1)

m∏
k=1

(1Ik +1) (1.8)

where n and m are the number of electron spin S and nuclear spin I [4].

The Spin Hamiltonian is in general written as a sum of different contributions:

Ĥ0 = ĤEZ + ĤNZ + ĤZFS + ĤHFI + ĤEE + ĤNQI (1.9)

respectively the electron Zeeman interaction, the nuclear Zeeman interaction, the zero-field split-

ting (ZFS), the hyperfine coupling between electron and nuclei, the electron––electron coupling

and nuclear quadrupole interaction.

1.2.1 The Zeeman interaction

At the beginning of this Chapter, the expression describing the electronic magnetic moment of

a free atom or ion has been introduced. In a more composite molecular system, due to the

presence of other ions or bound atoms, we can no longer assume that the paramagnetic center

is free. In such a situation the Zeeman interaction does not depend only on the angle between

the external magnetic field and the spin vector, but also on the angle with certain symmetry axes

of the magnetic complex [3]. Therefore, a convenient expression for the Zeeman interaction,

which takes into account the anisotropy of the molecular system, is:

ĤEZ = µB

~
B0 ·g · Ŝ (1.10)

g is usually called g -tensor. Strictly speaking g is a matrix but most of the time, if the symmetry

of the paramagnetic substance is not too low, it behaves like a tensor and even when this is not

the case, the experimentally observed g-value for a given transition depends on the tensor g g T:

∆ν= µB

~
B0{n ·g ·g T ·n}1/2 (1.11)
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1.2. THE SPIN HAMILTONIAN

where n is the versor along the static magnetic filed direction. The superscript "T" indicates the

transpose operation, for simplicity this is neglected when referred to vectors.

In its principal axes system, g is diagonal with principal values gx , g y and gz . If the three values

are all different, the g-tensor is rhombic and the EPR spectrum of a powder sample has three

turning points corresponding to molecular orientations in which the magnetic field is parallel

to the principal axes. If instead there is at least a threefold symmetry rotation about a unique

axis, two principal values coincide while the third is different. In this situation the g-tensor is

axial and two turning points are present in the spectrum. For a cubic g-tensor no anisotropy of

the Zeeman interaction is observed and the powder EPR spectrum is a single line. These three

situations are depicted in Figure 1.2.

Field

isotropic

giso

Field

axial

g⊥ g||

Field

rhombic

gx gy gz

Figure 1.2: Calculated powder EPR spectra, with indicated the corresponding turning points, for three different g-
tensors: isotropic (left), axial (center) and rhombic (right).

Provided that the numbers of protons and neutrons are not both even, nuclei also have spins

angular momentum Î . The magnetic moment associated to the nuclear spin is:

µ̂N =µNgN Î (1.12)

where µN = e~
/

2M is the nuclear magneton and M mass of the proton. Consequently, the nu-

clear Zeeman Hamiltonian is:

ĤNZ =−µN

~
gNB0 · Î (1.13)

The Larmor frequency of a nuclear spin is ωL =−µN

~
gNB0. Due to the much bigger mass of nuclei

compared to that of electrons, the nuclear Larmor frequency is much smaller than that of the

electron, even though strong differences exist among the various nuclei. As an example, with

a field of about 0.34 T, the resonance frequency of the electron falls in the microwave region

whereas that of a proton is in the radio frequency region.

The above spin Hamiltonians have been expressed in angular frequency units, this will be the

unit of measurement of all the spin Hamiltonians in this thesis.
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1.2.2 The hyperfine interaction

The hyperfine coupling is the interaction between the electron the nuclear spins and is described

by the Hamiltonian:

ĤHFI = Ŝ · A · Î (1.14)

where A is the hyperfine tensor. The hyperfine interaction arises from the dipolar interaction

between the nuclear and the electron magnetic moments [7]:

ĤT = µ0

4π~
geµBgNµN

[
3(Ŝ · r )(r · Î )

r 5 − Ŝ · Î

r 3

]
(1.15)

where µ0 is the vacuum permeability. The position of the electron is determined by the elec-

tronic wave function ψ0 thus, the terms of the Hamiltonian 1.15, are obtained integrating over

the electron spatial coordinates. For spin only contribution to the magnetic moment, the inte-

grals are:

Tij = µ0

4π
geµBgNµN

〈
ψ0

∣∣∣∣3rirj

r 5 − δij

r 3

∣∣∣∣ψ0

〉
(1.16)

These are nonzero for all orbitals except for the s-orbital and hence there is no through-space

dipolar coupling between an unpaired electron in a pure s-orbital and the nuclear spin of the

same atom.

For an electron in the s-orbital, the integral of the dipolar field at the nucleus position is given

by a delta function
4π

3
δ(r ). This expression, that constitutes the isotropic contribution to the

hyperfine coupling, was first derived by Fermi and is called Fermi contact interaction:

ĤF = aisoŜ · Î with aiso = 2µ0

3~
geµBgNµN

∣∣ψ0(r = 0)
∣∣2 (1.17)

The hyperfine Hamiltonian is usually written as a sum of the two contributions:

ĤHFI = Ŝ · (aiso1+T ) · Î (1.18)

where 1 is the identity matrix.

In the presence of a magnetic field, when no quadrupole interaction is present, the complete

spin Hamiltonian Ĥ0 is:

Ĥ0 =−µB

~
B0 ·g · Ŝ +∑

i
(−µN

~
gNB · Îi + Ŝ · Âi · Îi ) (1.19)

where the sum runs over all the coupled nuclei. In solution, because of the rapid tumbling of

the molecules, only the average value of A- and g-tensors are accessible. In this case the EPR

spectrum of a S=1/2 system occurs in its simplest form, with a number of peaks given by
∑

i [2ni ·
Ii +1] where ni is the number of nuclei, characterized by Ii spin, coupled to the electron. The

EPR spectrum of a powder sample instead appears more structured since it holds information

about the anisotropy of A- and g-tensors.

As an example, the calculated spectra of a nitroxide radical, both in liquid and in solid phase, are

8



1.2. THE SPIN HAMILTONIAN

depicted in Figure 4. The two spectra present a hyperfine structure due to the coupling between

the unpaired electron and the 14N nucleus (I=1). In liquid solution, the spectrum is dominated

by the isotropic hyperfine interaction and shows three well resolved peaks (displayed in Figure

4 as the derivative of the absorption signals) corresponding to the different values of mI . The

powder spectrum instead includes the information if the anisotropy of the A- and g-tensors..

335 340 345

Field

335 340 345

Field

S = 1/2

mS = +1/2

mS = -1/2

mI = -1

mI = +1

mI = 0

mI = -1

mI = +1

mI = 0

Electron

Zeeman

Hyperfine

Interaction

Nuclear

Zeeman

Figure 1.3: Left: Schematic representation of the splitting of the spin sublevels in a nitroxide radical. Right: calculated
powder EPR spectrum (top) and EPR spectrum in the fast motion regime, displayed as the derivative of the absorption
signal (bottom), of a nitroxide radical. The spectra have been calculated with EasySpin [8]. The parameters of the
simulations are [gx ,g y ,gz ] = [2.01,2.01,2.008] and [Ax ,Ay ,Az ] = [12,12,100] MHz.

1.2.3 Nuclear quadrupole interaction

If the nuclear spin quantum number is bigger than 1/2, the electric quadrupole moment of the

nucleus strongly interacts with the electric field gradients generated by the surrounding electrons

and nuclei. The quadrupole Hamiltonian can be written as:

ĤNQ = Î ·Q · Î (1.20)

where Q is the quadrupole tensor. Q is a symmetric and traceless tensor and thus it averages

out to zero in liquid samples. When it is smaller than the nuclear Zeeman and the hyperfine

coupling, the quadrupole interaction, in solid samples, only shifts the energy levels according to

the nuclear states mI [9].

9
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1.2.4 Zero-field splitting interaction

When two or more unpaired electrons are present in a paramagnetic center and they are strongly

interacting, the description of the system is conveniently carried out in the coupled representa-

tion by using the total spin angular momentum. In such a system the dipolar interaction be-

tween the electrons, or, in the presence of heavy metal centers, the spin-orbit coupling, cause

the so-called zero-field splitting (ZFS). This interaction is responsible for the removal of the de-

generation of the spin sublevels that take place also in the absence of an applied magnetic field.

The ZFS Hamiltonian is [5]:

ĤZFS = Ŝ ·D · Ŝ (1.21)

where D is the ZFS tensor. In its principal axes system, the ZFS tensor is diagonal and the Hamil-

tonian 1.21 can be written as a function of the three principal values X ,Y , Z :

ĤZFS = DX X Ŝ2
x +DY Y Ŝ2

y +DZ Z Ŝ2
z (1.22)

A more detailed description of the ZFS interaction is given in Chapter 2.

1.2.5 Week coupling interaction between electron spins

Weekly coupled electron spins are usually described by their individual spins rather then by the

total spin angular momentum. These spins interact via exchange and dipolar interaction. For

the sake of simplicity, the description of such interactions in the next sections is limited to the

case of two unpaired electrons.

Exchange interaction

The exchange interaction Coulomb interaction that originates from the overlap of the spatial

wavefunctions of the coupled electrons. This is responsible of the energy splitting between the

triplet and the singlet state and is described by the following Hamiltonian:

Ĥexc = Ŝ1 · J · Ŝ2 (1.23)

where J is a 3x3 matrix that takes into account the Coulomb interaction between the unpaired

electrons indicated by the subscripts 1 and 2 [10]. The anisotropic contribution to the exchange

coupling is mainly due to spin-orbit coupling but for organic radicals this is generally very small

and can be neglected. The isotropic part of the exchange interaction is:

(Ĥexc)iso = J0Ŝ1 · Ŝ2 (1.24)

where J0 is the exchange integral. Whether the singlet or the triplet state lies lower in energy

depends on the sign of J0: if J0 > 0 the singlet state lower in energy compared to the triplet while

the opposite is true for J0 < 0. The magnitude of J0 decrease exponentially with the distance

between the two electrons and in solids 1.5 nm is usually accepted as the limit value beyond

10
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which the exchange interaction can be neglected with respect to the other spin-spin interactions

[11].

Dipole––dipole interaction

The dipole––dipole coupling between two electron spins can be derived from the classical ana-

logue of two interacting magnetic dipoles, substituting the in the expression the proper opera-

tors:

Ĥdip = µ0µ
2
B g 2

e

4π~r 3
12

(
Ŝ1 · Ŝ2 −3(Ŝ1 ·n12)(Ŝ2 ·n12)

)
(1.25)

where n12 is the versor along the direction connecting the two electrons.The scalar products in

Equation 1.25 can be expanded to give six terms [12]:

Ĥdip = µ0µ
2
B g 2

e

4π~r 3
12

[Â+ B̂ + Ĉ + D̂ + Ê + F̂ ] (1.26)

The explicit form of the terms is:

Â = Ŝ1z Ŝ2z (1−3cos2θ)

B̂ =−1

4
[Ŝ1+Ŝ2−+ Ŝ1−Ŝ2+](1−3cos2θ)

Ĉ =−3

2
[Ŝ1z Ŝ2++ Ŝ1+Ŝ2z ]sinθcosθe−iφ

D̂ =−3

2
[Ŝ1z Ŝ2−+ Ŝ1−Ŝ2z ]sinθcosθ sinθcosθe iφ

Ê =−3

4
Ŝ1+Ŝ2+ sin2θe−2iφ

F̂ =−3

4
Ŝ1−Ŝ2− sin2θe2iφ

(1.27)

where Ŝ± are the raising and the lowering operators of the two electrons and θ is the angle

between the inter-spin vector and the external field B0. In the high field approximation, i.e.

Ĥ 1
ZE, Ĥ 2

ZE >> Ĥdip, the non-secular terms, C-F, can be neglected. Moreover in the case of weak

coupling, when the difference between the resonance frequencies of the two electrons is much

greater than the dipolar frequency (∆ω1−2 >>ωdd), also the pseudosecular term B drops and the

dipolar Hamiltonian becomes:

Ĥdip =ωdd(3cos2θ−1)Ŝ1z Ŝ2z (1.28)

with:

ωdd = µ0µ
2
B g 2

e

4π~r 3
12

(1.29)

1.3 Relaxations

Relaxation is a fundamental phenomenon in EPR that causes the loss of polarization and coher-

ence of the spin system. At Boltzmann equilibrium, at the fields that are commonly used in EPR,
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the difference of population between the spin sublevels is very small (for example, in a field of

0.34 mT, for a S=1/2 spin system, is about 0.1%), thus, the excitation of even a small fraction of

the spins can approximately equalize the populations of the sublevels, with the results that no

net EPR signal can be observed. Therefore in designing and interpreting EPR experiments, relax-

ations processes must be taken into account [13].

Relaxation in EPR is describe in term of two processes: spin-lattice relaxation, described by the

time constant T1, and spin-spin relaxation, characterized by the constant T2.

1.3.1 Spin––lattice relaxation

During an EPR experiment the spin system is perturbed by the microwave radiation that moves

the magnetization from its equilibrium position along the magnetic field direction. Spin––lattice

relaxation, also called longitudinal relaxation, determines how quickly the magnetization re-

aligns to the magnetic field. During this process the magnetic quantum number changes and

the spin system exchanges energy with its surrounding. The energy transfer between the spins

and the lattice is mediated by fluctuating magnetic fields at the Larmor frequency. In solids these

are mainly caused by modulation of the spin-orbit coupling induced by lattice vibrations. In liq-

uids the fluctuating fields are generated by molecular motion.

Longitudinal relaxation time is a crucial parameter in pulse EPR because it determines the rep-

etition time and thus the duration of the experiment. T1 can be experimentally measured by an

inversion-recovery experiment in which the magnetization is inverted by a π-pulse and its return

to equilibrium is recorded typically by a primary echo detection sequence.

1.3.2 Spin––spin relaxation

Spin––spin relaxation, also called transverse relaxation, is the process that causes the loss of co-

herence of the spin system in the x,y-plane. The main mechanism that contributes to spin––spin

relaxation is the flip-flop mechanism which, in a two levels system, it can be described as a

change of the spin A from the α to the β state accompanied by the flip of the spin B from β to

α without the transfer of energy to the surroundings. Also longitudinal relaxation contributes in

destroying the phase coherence of the spin system, but this process is slower then the flip-flop

mechanism. Transverse relaxation is determined by the coupling with both nuclear and elec-

tronic spins in the surrounding. In liquid solutions T2 depends on the spectral density of the

thermal motion process at zero frequency.

In solids, where a virtually infinite network of coupled spins is present, T2 is not well defined.

Instead, the description of the loss of in-plane coherence is usually described in term of an em-

pirical parameter Tm called phase-memory time. Tm can be quantified as the decay of the pri-

mary echo when the inter-pulse delay is increased. This is usually an exponential or a stretched

exponential decay.

There are many processes that in an EPR experiment contribute to decreasing the phase-memory

time. One of this is for example the longitudinal or spin-spin relaxations of non resonant nu-

clear or electron spins which are coupled to the observed spins. These cause fluctuating fields

12
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that enhance the loss of coherence of the magnetization. Such a process is particularly strong in

systems with many protons and the phase-memory time can indeed be increased by deuterating

the sample.

Another contribution derives from spectral diffusion in which the relaxation of an off-resonance

spin B changes the local field at the A spin position moving its magnetization to portions of the

spectrum that are not detected. At the same time, due to relaxation of A spins, the equilibrium

magnetization of some B spins may be transferred to parts of the spectrum that are detected.

Overall, this process appears like a relaxation of the spin A. Instantaneous diffusion instead oc-

curs because samples cannot be considered as magnetically diluted and the spins interact via

dipole––dipole interaction. Hence, the flip of one spin changes the local field experienced by all

the coupled spins interfering with the refocusing. Even in the absence of additional pulses, dipo-

lar coupling between two spins mixes their polarization and the effect is called spin diffusion [4].
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CHAPTER 2
The Photoexcited Triplet State





2.1. THE TRIPLET STATE

2.1 The Triplet State

Although the spin of the electron is invariably 1/2, the total spin of paramagnetic species can

reach plenty of integer values depending on the number of unpaired electrons and the coupling

scheme. The magnitude of the spin––spin interaction determines whether the description of the

system is better done in the coupled or the uncoupled representation. For a paramagnetic center

with two unpaired electrons, if the exchange interaction is much bigger than the dipolar interac-

tion, the coupled representation is much more appropriate and the system in a triplet state [1].

The electronic wavefunction can be described as the product of a spatial function Φ acting only

on the spatial coordinates and a spin function Ξ acting on the spin coordinates:

Ψ=Φ∗Ξ (2.1)

According to the Pauli’s principles the wavefunction must be antisymmetric with respect to the

electronic exchange operation. Considering the first excited state obtained by promoting one

electron from the HOMO to the LUMO, the system can be either in a singlet (2S + 1 = 1) or in

a triplet (2S +1 = 3) state. While the excited singlet state is described by an antisymmetric spin

function and a symmetric spatial function:

Ψ1,S = 1p
2

[φA(1)φB (2)+φA(2)φB (1)][α(1)β(2)−α(2)β(1)] (2.2)

the three triplet wavefunctions are the product of a symmetric spatial function and an antisym-

metric spin function:

Ψ1,T−1 = [φA(1)φB (2)+φA(2)φB (1)][β(1)β(2)]

Ψ1,T0 =
1p
2

[φA(1)φB (2)+φA(2)φB (1)][α(1)β(2)+α(2)β(1)]

Ψ1,T+1 = [φA(1)φB (2)+φA(2)φB (1)][α(1)α(2)]

(2.3)

φA/B are the spatial wavefunctions acting on the spatial coordinates of the electrons 1 and 2,

while α/β are the spin wavefunctions acting on the spin coordinates. Whether the triplet or the

singlet lies lower in energy is defined by the sign of the exchange interaction: if J0 > 0 the singlet

state lower in energy compared to the triplet while the opposite is true for J0 < 0 [2].

For the interpretation of EPR properties of the triplet state it is useful to define the triplet func-

tions in term of only the spin coordinates as:

|−1〉 =β(1)β(2)

|0〉 = 1p
2

(
α(1)β(2)+α(2)β(1)

)
|+1〉 =α(1)α(2)

(2.4)

These are eigenfunctions of Ŝ2 and Ŝz operators and are indicated by the ket |MS〉.
Unless the molecule has cubic or higher symmetry, the three triplet sublevels, even in the ab-
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CHAPTER 2. THE PHOTOEXCITED TRIPLET STATE

sence of an applied magnetic field, are split apart in energy due to the ZFS interaction. The

ZFS interaction arises from two contributions: the spin-orbit coupling (SOC), which is the inter-

action between the spin angular momentum of the electron with its orbit angular momentum,

and the dipole––dipole coupling. The general form of the ZFS Hamiltonian has already been in-

troduced in Chapter 1, here a more detailed description of the ZFS tensor is given. In organic

chromophores, such as those investigated in this thesis, the SOC is negligible and the main con-

tribution to the ZFS Hamiltonian derives from the dipolar interaction:

ĤZFS = Ŝ ·D · Ŝ with D = µ0µ
2
B g 2

e

4π~



〈
r 2 −3x2

r 5

〉 〈−3x y

r 5

〉 〈−3xz

r 5

〉
〈−3x y

r 5

〉 〈
r 2 −3y2

r 5

〉 〈−3y z

r 5

〉
〈−3xz

r 5

〉 〈−3y z

r 5

〉 〈
r 2 −3z2

r 5

〉

 (2.5)

The element of the D are averaged over the electronic wave function therefore the parameters of

the ZFS tensor are representatives of the spin density distribution.

In term of the principal values DX X ,DY Y ,DZ Z of the dipolar tensor, the ZSF Hamiltonian is:

ĤZFS = DX X Ŝ2
x +DY Y Ŝ2

y +DZ Z Ŝ2
z (2.6)

D is not necessarily traceless, but only the symmetric and traceless tensor is accessible by EPR

experiments [3]. Subtracting a constant value 2
(
DX X +DZ Z +DZ Z

)
3

to each diagonal term, three princi-

pal values X , Y and Z that sum to zero are obtained thus, the ZFS Hamiltonian, can be written

as a function of just two independent parameters called D and E :

ĤZFS = D

(
Ŝ2

z −
1

3
S(S +1)1̂

)
+E(Ŝ2

x − Ŝ2
y ) (2.7)

where 1̂ is the identity operator.

By convention the principal ZFS axes are chosen in order to have |D| ≥ 3|E |. The relations be-

tween X ,Y , Z and D,E therefore are:

X = 1

3
(D −E) Y = 1

3
(D +E) Z =−2

3
D

D =−3

2
Z E = 1

2
(X −Y )

(2.8)

The sign of D depends on the shape of the spin density distribution: for a flat system such as a

porphyrin the z-axis is perpendicular to the molecular plane and D is positive (oblate distribu-

tion); for an elongated molecule, such as a carotenoid, the z-axis lies along the molecular axis

and D is negative (prolate distribution) [4]. The sign of E is related to the assignment of the X

and Y axes of the ZFS tensor.

As an example, the ZFS-axes and the zero-field energy levels, for a carotenoid and a chlorophyll

are depicted in Figure 2.1.

18



2.1. THE TRIPLET STATE

Z

Y
X

Z
X

Y
En

0

D>0, E>0

X
Y

Z

En

0

D<0, E<0

X

Z

Y

Y
X

D>0, E<0 D<0, E<0

Figure 2.1: ZFS-axes orientation and triplet sublevels for a chlorophyll a (left) and a peridinin (right).

The eigenfunctions of the ZFS Hamiltonian can be expressed as a linear combinations of the

triplet functions introduced in Equation 2.4:

|TX 〉 = 1p
2

(|−1〉− |+1〉)

|TY 〉 = 1p
2

(|−1〉+ |+1〉)

|TZ 〉 = |0〉

(2.9)

In the presence of an external magnetic field, the spin Hamiltonian of a triplet state, neglecting

any hyperfine contribution, is the sum of the Zeeman and the ZFS interaction:

Ĥ0 = µB

~
B0 ·g · Ŝ +D

(
Ŝ2

z −
1

3
S(S +1)1̂

)
+E(Ŝ2

x − Ŝ2
y ) (2.10)

Due to the presence of the Zeeman interaction, |TX 〉, |TY 〉 and |TZ 〉 are not eigenfunctions of

the Hamiltonian 2.10. Its eigenfunctions and eigenvalues depend on the relative orientation of

the g and the ZFS principal frames and on the orientation of the whole system with respect to

the static magnetic field B0. For this reasons they do not have a clean analytical form. Simple

solutions however can be found, in the absence of a significant g-anisotropy (as is usually the

case for organic chromophores), for some particular directions of the external magnetic field

with respect to the ZFS system. These correspond to orientations in which B0 is parallel either

to X, to Y or to Z axes of ZFS. As an example, we consider the case with B0 parallel to the Z-axis.

In this situation, the energy of |TZ 〉 is independent on the filed intensity and the function is the

same also at high field. The |TX 〉 and |TY 〉 levels instead are split apart in energy proportionally

to the field intensity and the two zero-field eigenfunctions are mixed by the Zeeman interaction:

|T+1〉 = cos[θ]|αα〉+ sin[θ]|ββ〉
|T0〉 = |TZ〉
|T−1〉 =−sin[θ]|αα〉+ sin[θ]|ββ〉

E = (1/3)D + (µBg B0/~)
√

1+ tan[2θ]2

E =−(2/3)D

E = (1/3)D − (µBg B0/~)
√

1+ tan[2θ]2

(2.11)

where θ = (1/2)arctan
[
~E/(µBg B0)

]
. As it is possible to notice in Equation 2.11, in the high field

limit (µBg B0/~) >> D,E , therefore the -1, 0 and +1 becomes good quantum numbers. In this
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CHAPTER 2. THE PHOTOEXCITED TRIPLET STATE

situation there are two possible EPR transitions that, according to the selection rule ∆mS = ±1,

are: |T+1〉↔ |T0〉 and |T−1〉↔ |T0〉. The intensity of such transitions depends on the difference of

populations between the levels involved. At thermal equilibrium this is simply determined by the

Boltzmann distribution. The same is true for any other orientation of the ZFS frame with respect

to the external magnetic field: always two transitions are present: |T+1〉↔ |T0〉 and |T−1〉↔ |T0〉.
The schemes of the energy levels for the static magnetic field parallel to the ZFS canonical axes

and the EPR spectrum of a triplet at thermal equilibrium are depicted in Figure 2.2

The magnitude of the ZFS interaction ranges from MHz to THz but, at least for the system stud-

ied in this thesis, it is usually smaller than Zeeman interaction.
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3000 3500 4000

Field [G]

Figure 2.2: Schemes of the triplet energy levels for B0 parallel to the three ZFS canonical orientations and powder
EPR spectrum of a triplet at thermal equilibrium. The “+” and “––” signs refer to the triplet transitions that take place
between the levels |T0> - |T+1> and |T0> - |T––1>, respectively. The spectrum has been calculated with EasySpin [5]
and the ZFS parameters used for the simulation are: [D E ] = [1175 -239] MHz.

2.2 Spin Polarization

The equilibrium populations of the spin sublevels of a paramagnetic species in the presence of

a static magnetic field is determined by the Boltzmann distribution. However, there are param-

agnetic centers that, due to the mechanism of formation or to some specific reactions, have a

population that deviates from the the Boltzmann distribution. This phenomenon is called spin

polarization. In this section some of the mechanisms that generate spin polarized states are

presented.

2.2.1 Inter-system crossing

The photoexcitation of a chromophore induces a series of photophysical processes that are con-

veniently summarized in the Jablonski diagram (Figure 2.3). For a chromophore in the singlet

ground state, photoexcitation at the proper wavelength, can populate one of the singlet excited

states. There are many possible relaxation paths, whose probabilities depend on the relative

kinetic constants of the different processes. Most of the times, if a Sn with n>1 is excited, the

system relaxes to the S1 via consecutive vibrational relaxation and internal conversion steps. In

some systems the lowest excited triplet state may be populated via inter-system crossing (ISC).
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Figure 2.3: Schematic representation of the Jablonski diagram.

This is a spin-prohibited process that becomes partially allowed due to the SOC that causes a

mixing of the singlet and the triplet wavefunctions [2]. Triplet states that are populated in this

way are in a polarized state because SOC is different for the three sublevels:

〈Ψ1,S | ĤSO |Ψ1,TX 〉 6= 〈Ψ1,S | ĤSO |Ψ1,TY 〉 6= 〈Ψ1,S | ĤSO |Ψ1,TZ 〉 (2.12)

In Equation 2.12 Ψ1,TX , Ψ1,TY and Ψ1,TZ are the triplet wave functions and ĤSO is the spin-orbit

Hamiltonian. The triplet sublevels’ populations are proportional to the square of the matrix ele-

ments:

u j ∝|〈Ψ1,S | ĤSO |Ψ1,T j 〉 |2 (2.13)

with j = X ,Y , Z principal directions of the ZFS tensor.

Analogously, the rate of the depopulation of the triplet sublevels w j is proportional to the square

of the matrix elements | 〈Ψ1,T j | ĤSO |Ψ0,S〉 |2, where Ψ0,S is the ground state wavefunction.

Without taking into account any relaxation process, the population of the triplet state in the

presence of an applied magnetic field, can be obtained as linear combination of the zero-field

populations (pX, pY, pZ):

pl =
∑

j
|clj|2p j (2.14)

clj indicates the extent of the j-th zero-field eigenfunction in the l-th eigenfunction of the Hamil-

tonian containing also the Zeeman interaction (see Equation 2.10).

In the high field limit (µBg B0/~) >> D,E , for B0 parallel to a generic ZFS-axis, the populations

are:

p0 = pj p±1 = 1

2
(pj’ +pj”) (2.15)
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The intensities of the EPR transitions are proportional to the difference of population between

the levels involved, scaled by the probability of the transition:

Ill’ =
[

pj − 1

2
(pj’ +pj”)

]∣∣(Ŝx )l l ′
∣∣2

(2.16)

For each direction of the magnetic field there are two transitions, one in enhanced absorption

and one in emission and the powder EPR spectrum of a photoexcited triplet state has indeed

absorptive and emissive transitions (Figure 2.4).

B0

T

YT
X

TZ

E

B0||X

T+1

T0

T-1

3000 3500 4000

2|D|

|D|-3|E|

|D|+3|E|

Field [G]

A

E

Z−
Z+ Y− Y+X− X+

B0

E

T

YT
X

TZ

T+1

T0

T-1

B0||Y

B0

E

T

YT
X

TZ

T+1

T0

T-1B0||Z

Figure 2.4: Schemes of the triplet energy levels for B0 parallel to the three ZFS canonical orientations and powder
EPR spectrum of a polarized triplet state. The “+” and “––” signs refer to the triplet transitions that take place between
the levels |T0> - |T+1> and |T0> - |T––1>, respectively. The spectrum has been calculated with EasySpin [5] and the ZFS
parameters used for the simulation are: [D E ] = [1175 -239] MHz, [px py pz ] = [0.31 0.58 0.11].

Although the SOC is the principal interaction that causes ISC from the excited singlet state S1 to

the triplet state T1, another mechanism has been reported for those triplets that form in prox-
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2.2. SPIN POLARIZATION

imity to a paramagnetic center such as a radical. In such systems, the exchange interaction be-

tween the excited singlet state of the chromophore and the unpaired electron of the radical can

promote ISC. This mechanism, called J-ISC, is more likely to take place if the triplet precursor

and the radical are close enough to interact when exited singlet state is formed [6, 7].

2.2.2 Triplet-Triplet Energy Transfer

Beyond ISC, several other population paths are possible for triplet states. Among these, the

Triplet-Triplet Energy Transfer (TTET) is of particular interest, especially when dealing with pho-

tosynthetic systems where this process is at the basis of the photoprotective mechanism from

singlet oxygen formation, in numerous light harvesting complexes. TTET implies the simulta-

neous exchange of two electrons between a donor (D) and an acceptor (A) and takes place with

conservation of the total spin angular momentum. This process is based on the Dexter mecha-

nism depicted in Figure 2.5.

D* A A* D

Figure 2.5: Dexter exchange mechanism describing the triplet-triplet energy transfer.

The probability of energy transfer between a triplet state sublevel of the donor and a triplet state

sublevel of the acceptor can be expressed as a two-centers two-electron exchange integral [8]:

P j
t ∝

∣∣∣∣∣∑1,2

〈∑
k
φASA

0φ
D*T D*

j

∣∣∣∣ 1

r12

∣∣∣∣φDSD
0 φ

A*T A*
k

〉∣∣∣∣∣
2

= ∣∣〈SA
0

∣∣SD
0

〉∣∣2

∣∣∣∣∣
〈∑

k
T D*

j

∣∣∣∣∣T A*
k

〉∣∣∣∣∣
2

×
∣∣∣∣∣∑1,2

〈
φAφD*

∣∣∣∣ 1

r12

∣∣∣∣φDφA*
〉∣∣∣∣∣

2

=C

∣∣∣∣∣∑
k

〈
T D*

j T A*
k cos(θjk)

〉∣∣∣∣∣
2

(2.17)

where C is constant for donor-acceptor configuration, φ and φ∗ are the spatial wavefunctions of

the singlet ground state and the triplet excited state respectively, S0 are the singlet ground state

spin functions, T are the excited triplet state spin functions at zero field.

Equation 2.17 shows that the spin angular momentum, along the generic j direction of the donor

triplet state, is conserved in the TTET process. This conservation results from the fact that: (1)

the spin and orbit motions are assumed independent from one another both in the donor and

the acceptor; and (2) the transfer results from an electrostatic exchange mechanism and not from

a magnetic-type interaction. In systems where either of these assumptions becomes invalid, e.g.

molecules with heavy nuclei, is possible that the conservation of the spin direction in the TTET
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process would fail.

The direct consequence of Equations 2.17 is that the populations of the acceptor (pA
k ) are inher-

ited from the donor (pD
j ) and depend on the relative orientation of the ZFS frames of the two

moieties:

pA
k =∑

j
cos[θjk]2pD

j (2.18)

where θjk is the angle between the j-ZFS axis of the donor and the k-ZFS axis of the acceptor.

In the presence of an applied magnetic field, the populations of the triplet sublevels can be ex-

pressed in term of the zero-field populations and Equation 2.18 can be rewritten as:

pA
i =∑

j

∑
l

∣∣clj
∣∣2 cos[θli]

2pD
j (2.19)

where i indicates the T−1, T0, T+1 eigenfunctions of the the acceptor, and j those of the donor.

The dependence of the acceptor’s sublevels population on the direction cosines holds the struc-

tural information on the donor-acceptor ZFS axes orientation and can be exploited for structural

studies in systems where these processes take place such as in antenna complexes.

2.2.3 Chemically Induced Dynamic Electron Polarization

Chemically Induced Dynamic Electron Polarization (CIDEP) has been widely studied by TREPR,

leading to the evolution of the CIDEP generation mechanisms. CIDEP identifies a series of phe-

nomena that lead to the observation of anomalous intensities of EPR transitions due to photo-

chemical processes. Analyses of CIDEP provide valuable information about the structures, ki-

netics, and spin relaxations of reaction precursory excited states, intermediate radical pairs, and

radicals [9].

The earliest observations of these phenomena involved polarizations of pair of radicals and they

was mainly interpreted by two mechanisms: the triplet mechanism (TM) [10] and the radical

pair mechanism (RPM) [11]. TM was introduced to explain the electron spin polarization pro-

duced in radicals generated from a triplet precursor. Photoexcited triplets are usually generated

in a spin polarized state because of the selectivity of the ISC from the excited singlet state to the

three triplet sublevels, therefore, if the chemical reaction that creates the two radicals is faster

than the triplet relaxation, the spin polarization is transferred to the radical pair.

RPM instead accounts for the polarization observed in pairs of radicals originated by homolytic

scission, by reaction of an excited molecule (such as the extraction of H.) or by random en-

counter of the two partners. At short inter-radical distances, when there is a strong exchange

interaction, the radicals are either in a singlet or in a triplet state depending on the sign of the

exchange constant. At longer distances the singlet functions are mixed with the |T0〉 and, to a

minor extent, with the |T−1〉 triplet functions. Such mixing generates the polarization of the spin

sublevels.

Many cases of CIDEP concerning systems with more then two unpaired electrons have been re-

ported in literature [12, 13, 14]. Most of them involves the formation of a triplet state close to a

radical. The spin polarized EPR signals observed in such systems are generally explained in the
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context of two theories: Radical-Triplet Pair Mechanism (RTPM)[15] and Electron-Spin Polariza-

tion Transfer (ESPT)[16, 17].

RTPM has been introduced to explain the polarization observed in radicals when they are close

to photoexcited triplet molecules either because they are diffusing in solution between each

other or because they are bound together. Strongly interacting triplet and radical states can

generate, according to the Clebsh-Gordan series, a quartet state with eigenfunctions |Q+3/2〉,
|Q+1/2〉, |Q−1/2〉, |Q−3/2〉, or a doublet state with eigenfunctions |D−1/2〉, |D+1/2〉. Provided that

the g-anisotropy is negligible, these states are eigenfunctions of the Zeeman and the exchange

Hamiltonian and are separated in energy by the exchange interaction. The sign of the exchange

constant determines whether the quartet or the doublet lies lower in energy (e.g. if the coupling

constant J0 is negative, the doublet state is lower in energy).

If the states were pure quartet and doublet, the decay from |Q±3/2,±1/2〉 to the ground state would

be spin-forbidden and could not take place. On the other hand the decay from |D±1/2〉 would

not induce any polarization of the ground state radical. However, |Q±3/2,±1/2〉 and |D±1/2〉 are

not eigenfunctions of the ZFS Hamiltonian and the dipolar interaction causes a mixing of these

states. The new eigenfunctions, resulting from the mixing, will be indicated as: |Q±3/2〉′, |Q±1/2〉′,
|D±1/2〉′. The decay rate from the |D±1/2〉′ states is the same for the two spin sublevels and gen-

erates polarization only if |D−1/2〉′ and |D+1/2〉′ are differently populated. The decay form the

|Q±1/2〉′ does not produce polarization of the ground state because they decay at the same rate

and are equally populated. The |Q±3/2〉′ instead, decay with different rates and, depending on

the sign of the J0, they can produce positive or negative polarization on the ground state radical

(Figure 2.6).

Although ZFS is the largest interaction that causes the mixing of the quartet and the doublet

functions, there are other terms, such as the hyperfine coupling, that could in principle con-

tribute to this process. This is less common because the hyperfine coupling is usually two orders

of magnitude smaller than the ZFS, however it can lead to the observation of radical signals with

hyperfine-dependent intensities (multiplet effect) [18].

Another mechanism, reported to explain the polarization of radicals mediated by exchange in-

teraction with photoexcited triplet states, is ESPT. In the ESPT mechanism, the polarization is

transferred from the triplet to the radical by spin exchange, resulting in quenching of the triplet

state to the ground singlet state. The polarization generated on the stable radical is the same

as that of the excited triplet state, in particular this is absorptive if the T−1 level in the triplet

manifolds has more populations than the T+1 end emissive when T+1 is more populated than

T−1. ESPT has not been completely contextualized in a comprehensive theory, nonetheless there

are many examples of studies that successfully interpret experimental results on the basis of the

kinetic equations of such a mechanism [16, 9].
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Figure 2.6: Schematic representation of the main CIDEP mechanism: TM (left), RPM (center), RTPM (right).
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3.1. EXPERIMENTAL SETUP

3.1 Experimental setup

EPR is an extremely heterogeneous spectroscopy which allows to perform a great number of

diverse experiments. The different EPR techniques can be divided into three main categories:

continuous wave (CW) EPR, pulse EPR and Time–Resolved EPR (TREPR). In the first part of this

chapter, a general description of the basic EPR instrumentation is given while, in the second

part, the theoretical background of some pulse techniques is introduced.

3.1.1 CW-EPR

Due to the Zeeman interaction, the spin sublevels of a paramagnetic sample, in the presence of

a static magnetic field, are split apart in energy. The resonance phenomenon at the basis of EPR,

takes place when a quantum hν matches the energy separation between the spin sublevels. The

standard EPR instruments are X-band spectrometers that work at about 9.5 GHz and in which

the resonance condition for a spices with g = 2 is fulfilled at ∼340 mT. More powerful but com-

mercially available instruments are: Q-band (∼33 GHz) and W-band (∼95 GHz) spectrometers.

The firsts are now widespread because represent a good compromise between sensitivity and

costs, while the second ones are less common due to the maintenance work related to the su-

perconducting magnet [1].

In a classical CW experiment, the magnetic field that causes the split of the spin sublevels is var-

ied while a constant microwave radiation is applied on the sample. The typical outlay of an EPR

spectrometer is shown in Figure 3.1.

Magnet

Microwave

Bridge

Cavity

Computer

Console

Figure 3.1: Schematic representation of an EPR spectrometer.

The heart of the instrument is the microwave bridge that houses both the microwave source and

the detector. The microwave source of modern spectrometers is a Gunn diode electronic oscilla-

tor, that supplies a relatively low power constant radiation. The power of the microwave is tuned,

immediately after the source, by an attenuator. EPR spectrometers normally work in reflection

mode rather than in transmission, measuring the change in the amount of radiation reflected

back from the microwave cavity containing the sample. The microwaves travel from the source

along a hollow metal waveguide and reach the sample located into the resonator. The same path

is then followed by the radiation reflected back from the resonator to the detector. The path of

the microwaves is regulated by a circulator, a device that directs the microwaves from one port

into the next one in a one-way rotation. The detector is a Schottky barrier diode which converts

the microwaves reflected back from the cavity into an electrical current. To ensure the detec-
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tor enough power to work in the linear region, where the diode current is proportional to the

square root of the microwave power, the radiation reflected from the cavity is mixed with the

microwaves coming from the reference arm which is supplied directly by the Gunn diode.

The magnetic field is supplied by an electromagnet which can sweep from 0 to ca. 1.7 T. The

stability of the magnetic field is regulated by the field controller, which adjusts the amount of

current flowing from the magnet power supply, combining the information of the Hall probe

and the reference voltage.

The EPR cavity which is the metal box where the sample is stored. Cavities are specifically de-

signed to accommodate electromagnetic radiation from the waveguide and store a considerable

amount of energy as a standing wave at the fundamental resonance frequency. Their shape is

also optimized to maximize the magnetic field in the position of the sample and consequently

minimize the electric field which causes dissipative phenomena. The efficiency of the cavity in

storing the microwave energy is quantified by its quality factor Q defined as:

Q = νres

∆ν
(3.1)

where νres is the resonance frequency of the cavity and ∆ν is the width at half height of the res-

onance. The matching between the impedance of the cavity and the waveguides is regulated

through a hole called iris whose opening determines how much microwaves enters the cavity.

When the impedances are perfectly matched the resonator is said to be "critically coupled".

In order to obtain an enhancement of the signal-to-noise phase-sensitive detection is used. Briefly,

the magnetic field intensity is modulated at a frequency (usually 100 kHz) therefore the ampli-

tude of the EPR signal also is modulated at the same frequency. The modulated signal is com-

pared with a reference that have the same frequency and any signal which is not modulated at

the same frequency is cut out. Being the amplitude of the modulated signal proportional to the

slope of the absorption spectrum, the EPR spectrum in phase-sensitive detection is shown in

derivative [2].

3.1.2 TREPR

TREPR is the main technique for studying the time-evolution of paramagnetic species generated

or modified by a perturbation. In a TREPR experiment, the time evolution of the EPR signal per-

turbed by a specific trigger, is studied at a fixed magnetic field and under constant microwave

irradiation (Figure 3.2). A sweep of the magnetic field allows the reconstruction of the 2D time-

dependent EPR spectrum. The perturbation is typically a laser pulse that generate or modifies

the paramagnetic species and induces a series of dynamic processes that are recorded in the

spectrum.

Since lock-in detection eliminates all the frequencies that do not match the frequency of the

field modulation, it cannot be used in TREPR and the spectra, for this reason, are in absorption

and not in derivative. Two different detection modes are typically possible on a standard Bruker

spectrometer: direct detection or transient mode detection. In direct detection the signal is col-
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Figure 3.2: Schematic representation of a TREPR experiment.

lected from the preamplifier immediately after the microwave diode detector. In transient mode

instead, quadrature phase detection is used: the signal from the resonator is downconverted,

amplified by the video amplifier (bandwidth of 200 MHz) and digitized [3, 4]. In this mode, the

microwave frequency must be locked using the DC-AFC instead of the AC-AFC. Direct detection

is generally more sensitive than quadrature phase detection, but its time resolution may be lim-

ited by the bandwidth of the preamplifier.

Time-resolution is a crucial parameter in TREPR and it is determined by the bandwidths of the

various components of the instrument. One of the main factors that influences the responses of

the instrument, is the resonator bandwidth. This is determined by the ratio between the reso-

nance frequency of the resonator (νres) and its quality factor Q. In TREPR therefore, cavities with

low Q values should be used in order to avoid an excessive loss in time resolution. The TREPR

spectra shown in this thesis have been collected on an X-band dielectric cavity with a nominal

Q-value of 4000. At a frequency of ∼10 GHz the cavity bandwidth is 2.5 MHz and, as a conse-

quence, the maximum time resolution achievable is about Q
/

(νres) ' 400 ns. The bandwidth of

the preamplifier instead is 6.5 MHz, meaning that the limiting factor in our setup is the cavity

bandwidth.

Light photoexcitation is usually performed with a pulsed laser that is synchronized with detec-

tion system. For the measurements presented in this thesis a Nd:YAG pulsed lasers (Quantel

Brilliant) with λ= 532 nm equipped with second and third harmonic modules and an optical

parametric oscillators (OPOTECH) for tunable irradiation in the visible, has been used. The laser

works at a maximum repetition rate of 10 Hz and typical pulse lengths are 5 ns.

TREPR data are processed by subtracting the background contribution that is usually superim-

posed on the desired signal owing to dielectric heating of the microwave resonator or the sample

from optical excitation. For this purpose, a time profile recorded at an off-resonance magnetic

field position is collected and subtracted from all transients of the two-dimensional data set.

The field-domain TREPR spectrum is obtained by extracting the signal amplitude at a certain

time after the laser pulse or by integrating it over a time window.
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3.1.3 Pulse EPR

Even if the general outlay of a pulse EPR spectrometer is, for some aspects, similar to that shown

in Figure 3.1 and modern spectrometers can work both in continuous wave and in pulse mode,

many differences exist between the two setups. Typically, in a pulse EPR experiment, a discon-

tinuous microwave irradiation is employed in the form of short and intense pulses (length of the

order usually of nanoseconds and power of about kilowatts). Similarly to CW EPR, pulse EPR em-

ploys resonators to amplify the microwave fields at the sample, but the resonators have different

bandwidths: for CW EPR narrow-band resonators are used, whereas for pulse EPR resonators

with wider bandwidths are required [5].

The schematic representation of a pulse EPR, instrument is shown in Figure 3.3. Low power mi-

crowaves (in the order of mW) are generated by a continuous source, such as a Gunn diode. The

pulses are then generated in the microwave pulse-former unit which consist of several channels

each equipped with individual attenuators and phase shifters to adjust the relative amplitudes,

phases and lengths of the pulses. In addition to the main source, many spectrometers have a

second independent microwave source for double resonance experiments usually called ELDOR

source. The pulses are then amplified in the traveling wave tube (TWT) amplifier. Powers of

about 1kW are used in X-band spectrometers while 100-150 W are used at Q-band. After the

TWT amplifier, the microwaves encounter the high power pulse attenuator that allows to regu-

late the B1 applied to the sample.

In a pulse EPR experiment, the emission from the sample, which is of the order of nanowatts

or microwatts, is measured. This very low signal before reaching the detector passes through a

preamplifier which is protected from possible reflected power of the pulses by a defense diode.

The amplified signal then goes to the quadrature detector where is mixed with the reference mi-

crowaves from the source and split in two arms with a 90° shift with respect to each other and

provide the real and the imaginary component of the signal [6].

Most of the systems investigated in this thesis are species that in their ground state are EPR-silent

and the paramagnetic species is generated by the laser excitation. Therefore, the measurement

of their pulse EPR signal requires coupling the standard instrument with a pulsed laser. In our

setup the pulse generator (PatternJet) of the spectrometer is synchronized with the laser via an

out trigger coming from the laser. The delay between the laser pulse and the microwave pulse

sequence is generally referred to as delay after flash (DAF) and is typically adjusted to maximize

the EPR signal. The shot repetition time of pulse EPR experiments with laser excitation is typi-

cally determined by the repetition rate of the laser.
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Figure 3.3: Block representation of the microwave bridge with indicated the signal path in a pulse EPR experiment
(this image has been taken from Elexsys E580 - Pulse EPR Spectrometer User’s Manual).

3.2 Pulse EPR techniques

Many pulse EPR experiments can be designed to separate or correlate interactions in the spin

Hamiltonian. Most of them are based on the detection of a spin echo rather than an FID (free-

induction decay) because the latter is usually inaccessible due to fast relaxations and long in-

strumental dead-times. The two fundamental pulse schemes for obtaining an electron spin echo

are the 2-pulse sequence, that generate a primary echo, also called Hahn echo, and the 3-pulse

sequence that give rise to a stimulated echo (Figure 3.4).

τ τT Stimulated

echo

π/2 π/2 π/2

τ τ Hahn

echo

π/2 π

Figure 3.4: Schematic representation of a TREPR experiment.

In the primary echo sequence, the π/2(x)-pulse rotates the magnetization along −y-axis and the

various spin packets start to precess at different frequencies. The defocusing of the magnetiza-

tion lasts for all the duration τ of the free-precession period. The π(x)-pulse, rotate the magne-

tization vectors of all the spin packets by 180°, leaving their precession frequencies unchanged.

After a period τ from the second pulse the spin packets refocus along the +y-axis forming in this

way an electron spin echo. This sequence allows to recover the loss of magnetization related to

local field inhomogeneity, but does not permit to recover the irreversible loss of magnetization

caused by transverse relaxation processes.
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3.2.1 Pulse dipolar spectroscopy

Pulsed dipolar EPR spectroscopy is a well-established technique to determine precise distance

distributions between paramagnetic centers. In combination to site-directed spin labeling, it is

ideally suited for structural characterizations of macromolecules and complexes and has emerged

as valuable tool in structural biology [7]. The structural information is enclosed in the dipolar in-

teraction between two or more paramagnetic centers. For the sake of simplicity, in this section,

the description is limited to the case of doubly labeled objects.

The expression describing the dipolar interaction between two paramagnetic centers has been

introduced in Chapter 1 (Equation 1.25). In the high field approximation, when the two spin

magnetic moments are quantized along the static magnetic filed direction, assuming that the

difference between the resonance frequencies of the two electrons is much bigger than the dipo-

lar frequency, the coupling is 2πνdd(3cos2θ−1) where νdd =ωdd
/

2π.

Typically in a pulse dipolar experiment the signal of one spin called the detection spin is observed

while a change of the pump spin modifies the dipolar coupling between the two species. This

change can be either the inversion by a π-pulse such as in DEER (Double Electron-Electron Res-

onance) [8], longitudinal relaxation such as in RIDME (Relaxation-Induced Dipolar Modulation

Enhancement)[9] or even the instantaneous generation of the pump spin such as in LaserIMD

(Laser-Induced Modulation Dipolar Spectroscopy)[10]. Whatever the nature of the change is, the

key event is that a variation of the precession frequency of the detection spin is generated and

this causes a modification of its echo intensity. A dipolar time trace can therefore be obtained by

varying the time of the pump spin alteration with respect to the initial time of the sequence.

Pulse dipolar experiments are usually performed on powder samples, in which the molecules are

randomly oriented and the dipolar frequencies contributing to the time trace are determined by

the statistical distribution of the inter-spin vectors with respect to the external magnetic field.

If θ is the angle between the inter-spin vector and the field direction, the probability associ-

ated to the corresponding dipolar frequency, in the absence of orientation selection effects, is

proportional to sinθ. Hence, the plot of the probability associated to each dipolar frequency

contributing to the trace yield a pake pattern (Figure 3.5). The pake pattern has turning points at

the frequencies ν|| = 2νdd corresponding to θ = 0◦ and ν⊥ = νdd corresponding to θ = 90◦ and its

shape is determined by the statistical distribution of the molecules with respect to the external

magnetic field. The mean distance between the two interacting spins can be calculated from ν⊥
as:

r = 3

√
g 2

eµ
2
Bµ0

4πhν⊥
(3.2)

When the point dipole approximation cannot be assumed for the two paramagnetic centers, be-

cause the unpaired electrons are delocalized over many atoms, the expression for the dipolar

Hamiltonian has to be corrected to take into account the spin population ρ over each atom:

Ĥdip = µ0µ
2
e g 2

e

4π~

{∑
j

∑
k
ρ1 jρ2k

(3cos2θ1 j ,2k −1)

r 3
1 j ,2k

}
Ŝ1z Ŝ2z (3.3)
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Figure 3.5: Schematic representation of a dipolar experiment: the modification of the dipolar field, induced by the
pump spin, at the observer position makes the observer echo to be modulated at the coupling frequency and a os-
cillating time trace can be obtained integrating the echo. In a powder sample the frequencies corresponding to all
the possible orientations of the molecular system with respect to the static magnetic field direction contributes to the
time trace and hence the Fourier transform of the time trace yields a Pake pattern with singularities at ν|| and ν⊥.

DEER

The most commonly employed dipolar spectroscopy is DEER. In this double resonance tech-

nique the echo of the detection spin is monitored while the pump spin is selectively inverted by

a π-pulse [8]. Although many variations of the DEER sequence have been reported in literature,

the two primary pulse schemes are the 3-pulse and the 4-pulse DEER (3P-DEER and 4P-DEER)

[8, 11, 12]. A schematic representation of the 3P-DEER and the 4P-DEER sequences is presented

in Figure 3.6.

The three-pulse DEER consists of a shorter pulse sequence and is therefore suitable for fast

relaxing systems for which a longer sequence duration would implicate a considerable loss of

signal. Moreover, since each microwave pulses enhances relaxation processes in the system, the

use of three instead of four pulses constitutes another advantage in this sense. On the other

hand the direct overlap of the first detection pulse and the pump pulse at zero-time prevents the

complete reconstruction of the first modulation making much harder the data analysis and the

extraction of a correct distance distribution between the two probes. The four pulse sequence in-

stead is not affected by this problem because the pump pulse scans through the refocused echo
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Figure 3.6: 4P-DEER and 3PDEER sequences and corresponding dipolar traces.

of the detection spin, allowing the measurement of dead-time free traces [13]. The DEER data

presented in this thesis have been collected by using the 4-pulse sequence, therefore hereafter

the discussion will be focused on this variant that will be simply called DEER.

The time trace recorded in a DEER experiment includes the contributions of all the intermolecu-

lar and intramolecular dipolar interactions between paramagnetic centers which are close enough

to feel each other. Assuming that the sample is sufficiently dilute so that typical distances be-

tween spins in different molecules are much longer than distances within the same molecules,

the expression of for the modulation of the DEER trace can be written as the product of a back-

ground factor B(t ) due to intermolecular interactions and a form factor F (t ) due to intramolec-

ular interactions:

D(t ) = B(t )F (t ) (3.4)

The structural information is enclosed in the form factor. Considering a sample in which (i) the

molecules are doubly labeled, (ii) one spin is the detection and the other is the pump and (iii)

they are selectively addressed by the corresponding pulses, the form factor is:

F (t ) =V0 (1−λ(1−cos[ωddT ])) (3.5)

where V0 is the intensity of the detection spin echo, λ is the modulation depth and T = t −τ1.

λ represents the inversion efficiency of the pump spin and its value depends on the pulse pa-

rameters, on the orientation of the object with respect to the external magnetic field and on the

relative orientation of the magnetic tensors of the pump and the detection. Also the intensity of

the detection echo V0 is affected by the same parameters and this orientational dependence can

potentially complicate the data analysis. The question of orientation selection in DEER requires
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a separate discussion because an ad hoc data analysis procedures have to be introduced, there-

fore, for the moment, we assume that the orientational dependence of both λ and V0 can be

neglected. The form factor then is obtained simply integrating Equation 3.5 over all the possible

orientations of the inter-spin vector with respect to the magnetic field direction:

〈F (t )〉 =V0

(
1−λ+λ

∫ 1

0
cos[(3x2 −1)ωddT ]d x

)
(3.6)

where x = cos(θ).

In order to isolate the form factor, that holds the structural information, the background contri-

bution has to be removed from the experimental DEER trace. The background function is often

approximated by a stretched exponential function:

B(t ) = exp[−kt d/3] (3.7)

where k is a coefficient proportional to the concentration of the paramagnetic species and d is

the dimensionality of the background. For homogeneously distributed molecules, with a size

much smaller than their typical distance, d = 3, whereas for peptides or membrane proteins d

should be about 2 [14]. Actually, since short distances are underrepresented by this model, d

may be slightly larger than the expected values. [15]

There are several routines implemented for carrying out the data processing, one of the most

widespread is DeerAnalysis [16]. The analysis of experimental DEER data is usually made of

four steps: (i) fitting of the background, (ii) extraction of the form factor F (t ) = D(t )
/

B(t ), (iii)

calculation of the reduced form factor f (t ) = (〈F (t )〉−λ)
/

(1−λ), (iv) fitting of the reduced form

factor to extract a distance distribution between the two spin probes.

The extraction of the distance distribution requires solving the following equation:

f (t ) = K (t ,r )P (r ) (3.8)

where K is the kernel function:

K (t ,r ) =
∫ 1

0
cos[(3x2 −1)ωdd(r )t ]d x (3.9)

Due to the fact that the kernel function K (t ,r ) has a condition number significantly smaller than

1, the computation of the distance distribution is an ill-posed problem and a least-square fiting

cannot be used to this scope. The least biased method for stabilizing the solution of the ill-posed

problem is Tikhonov regularization[15]. This approach imposes a smoothness condition on P (r )

so that the best distance distribution is found minimizing the error function Gα for a given value

of the regularization parameter α:

Gα = ∥∥ f (t )−K P (r )
∥∥2 +α

∥∥∥∥d2 P (r )

dr 2

∥∥∥∥2

= ρ+αη (3.10)
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Small values of the regularization parameter over-estimate the term η, giving an under-smoothed

distance distribution and introducing artifacts due to fitting of the noise. On the contrary, for

large values of α less noise artifacts are introduced, but the peaks in the distance distribution are

artificially broadened. The optimum value of α is not known beforehand, but the L-curve crite-

rion may be helpful in this sense. The L-curve is a plot of logη against logρ for different values

of α. For data with relative low noise levels and narrow peaks in the distance distribution, this

log-log plot should have an "L" shape. The best value of α is the one that gives the optimum

compromise between goodness of the fitting and smoothness of the distance distribution. Deer-

Analysis provides several tools for helping in the identification of the best value of the regular-

ization parameter. The "L-curve corner" selects α at the corner of the L-curve, but this tends to

over-broaden the distance distributions. Alternatively two other procedures are available these

are the Akaike (AIC) and the generalized-cross validation (GCV) method [17]. AIC treats the so-

lutions determined with different values for α as different models and determines the value that

corresponds to the most parsimonious model. GCV drops one point from the dataset at a time

and determines the α value that generates a fit from the remaining points that best recovers this

dropped point. This procedure is repeated for every point in the DEER time trace. These auto-

matic methods can fail in determining the best α and their use should be decided on the basis

of the quality of the experimental data.

The distance distribution obtained in this way is of course affected by errors. However, the re-

lation between error in the dipolar evolution function and error in the distance distribution is

nonlinear. Hence, no analytical theory exists for predicting uncertainty of features in the distance

distribution. An approach to numerically estimate the error consists in systematically varying the

the parameters that may be source of uncertainties, such as the background fit, the background

dimensionality and the noise level, and repeating the Tikhonov regularization for all these pa-

rameters evaluating which peaks of the distance distribution are modified or deleted by this tri-

als. This procedure is called "validation".

The ill-posed problem can be circumvented if some preliminary information on the structure

of the investigated molecule are available and a distance distribution that conform to a simple

model with only few parameters can be used. In this case a least-square fitting is carried out and

the plausibility of the parameters obtained can be used as a criterion for judging the goodness

of the fitting.

An important parameter that must be taken into account to assess the reliability of the distance

distribution is the length of the time domain data. The distances accessible with good accu-

racy are strongly related to the length of the time trace. The longest reliable mean distance

obtainable from a time trace of length tmax is rmax = 5 3
√

tmax/2(µs) while the width of the dis-

tance distribution, which depends on the decay rate of the dipolar oscillations, is limited to

rmax σ = 4 3
√

tmax/2(µs) [7].

Orientation selection

There are cases in which the orientational dependence of V0 and λ cannot be neglected [18].

This happens for example when the pump (detection) pulse excites only part of the pump (de-
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tection) spectrum selecting only molecules in a certain orientation with respect to the static mag-

netic field. Orientation selection can be particularly effective for those systems that have strongly

anisotropic EPR spectra due to large Zeeman, hyperfine or ZFS interactions [19, 20]. However,

strongly anisotropic interaction are not necessary because orientation selection is present also

when conventional nitroxide probes are used at Q- or W-band [21, 22]. The effect is enhanced if

the pump and the detection spins are in a limited number of relative orientations, such as when

the molecule is particularly rigid or for example in proteins where only few conformations of

the spin probes are possible due to steric hindrance. In such situations some of the dipolar ten-

sor orientations do not contribute to the DEER trace. This can be seen in the time-domain data

where some feature that look like extra modulations appear in the trace, but is even more evident

in the frequency-domain spectrum where the biased sampling of inter-spin vectors orientation

erodes portions of the Pake pattern (see Figure 3.7).
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Figure 3.7: Effect of the orientation selection on a model dipolar trace. Top row: form factor and the correspond-
ing Fourier transform in the absence of orientational effects. Bottom row: form factor and corresponding Fourier
transform, on the same compound, collected reducing the excitation bandwidth of the detection pulse.

When orientation selection is present, the DEER trace holds information not only concerning

the distance between the two spin probes, but also on the relative orientation of the magnetic

tensors that have produced the orientational selectivity. This information is potentially very valu-

able for a 3D structure determination but at the same time make the processing of the experi-

mental data more complicated and requires the use of ad hoc algorithms for the analysis. The

standard procedure for extracting the distance distribution with DeerAnalysis may give spurious

peaks due to the fitting of these extra features and should therefore be avoided. The theoretical

description of the orientation selection in the DEER experiment has been extensively treated in
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literature, and several algorithms for the analysis of the data are reported. Many of them start

form a geometrical model of the system obtained for example from DFT calculations or molecu-

lar dynamics and vary the geometrical parameters until the simulated DEER traces matches the

experimental one [19, 23]. Other, model the molecular geometry using as a constrain the fitting

of the experimental data [24]. Alternatively several model-free approaches have been proposed

[25]. Their fitting algorithm reconstructs an experimental data-set by searching for an optimal

combination of pre-simulated DEER time traces of all relative orientations and inter-spin dis-

tances in the experimentally accessible range.

RIDME

The building block of the RIDME sequence is the stimulated echo sequence and indeed the first

version of the experiment was simply a 3 pulse sequence π/2 - t - π/2 - T π/2 - t - echo in which

the interpulse delay t was progressively increased (Figure 3.8) [9].

t tT

π/2 π/2 π/2
3P-RIDME

τ τ t T

π/2 π π/2 π/2 π

PE RSE RVE

SE

T0

5P-RIDME

Figure 3.8: 3P-RIDME (top) and 4P-RIDME (bottom) pulse sequences.

In RIDME the event that causes the modulation of the detection echo is the longitudinal relax-

ation of the coupled spin. In a biradical sample in which the observed spin A is excited by the

microwave pulses while the coupled spin B is not, if during the time interval T , the B spin flips

under the effect of the T1 relaxation, the local dipolar field experienced by the A spin varies.

Therefore, the stimulated echo, for increasing interpulse delay t will be modulated at the dipolar

frequency. For this to happen, an odd number of flips of the B spin must take place in the T

interval and this is described by the relation:

fodd = 1

2
(1−exp−T /T1) (3.11)

The 3-pulse RIDME sequence suffers from the dead-time problem, mainly due to two reasons: (i)

the overlap of the first and the second pulses for short τ values causes distortions of the RIDME

trace analogously to what happen with 3P-DEER; (ii) the resonator ringing prevents the echo de-

tection immediately after the third pulse. In order to remove the dead-time problem in RIDME,

a 5-pulse version (5P-RIDME) has been introduced (Figure 3.8) [26]. In 5P-RIDME, the positions

of the third and the fourth pulse are simultaneously incremented, keeping the time T between
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them constant. The detection can be performed both on the refocused stimulated echo (RSE)

or on the refocused virtual echo (RVE) because are both modulated at the dipolar frequency.

However, the RVE is usually employed because the detection of RSE, for t close to zero, has still

dead-time problem related to the resonator ringing. In order to avoid the overlap between the

last two pulses, the condition T0 > T + tdip + td, where tdip is the length of the dipolar trace and

td is the minimum interpulse delay, must be fulfilled [26].

Thanks to the fact that no pump pulse is employed and that relaxation could ideally flip all

spins, the maximum inversion efficiency in RIDME is 0.5. Metal centers that usually have largely

anisotropic spectra and short relaxations times are particularly suited to be used as pump spins

in RIDME [27, 28, 29]. When using high spin systems as the pump in RIDME, relaxations in-

volving transitions with ∆mS > 1 introduce higher harmonics of the dipolar frequency in the

time trace that, if not properly treated, are fitted as shorter distances in the analysis. A specific

procedure to treat the problem of overtones in RIDME is described in [30] and a free-available

software, for the distance analysis, called OvertonesAnalysis, is available.

3.3 Light-induced dipolar techniques

Nitroxide and metal-based paramagnetic centers such as Cu(II), Gd(III) and Fe(III) are have been

widely studied in dipolar spectroscopy. Recently he photoexcited triplet state of porphyrin, cou-

pled to a conventional nitroxide label, has been proposed as a spin probe in for dipolar spec-

troscopy application [31]. Porphyrin chromophores in their ground state are EPR silent, but upon

photoexcitation can undergo to ISC from the lowest excited singlet state S1 to the lowest excited

triplet state T1, creating in this way the paramagnetic center.

Light-induced DEER

The first dipolar experiment exploiting a photoexcited triplet probe was the light-induced 4P-

DEER (LiDEER) experiment proposed by Di Valentin et al. [31]. In LiDEER the laser photoexcita-

tion is introduced before the classic 4-pulse sequence to generate the triplet state (Figure 3.9).

τ1 τ2τ1 τ2
π/2 π

t

LiDEER

π

π
t

Figure 3.9: LiDEER pulse sequence.

The triplet state is instantaneously generated and, since its T1 and the decay to the ground state
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are long compared to the duration of the sequence, it can be exploited as the detection spin. The

porphyrin triplet is re-generated at each accumulation of the sequence and the shot-repetition

time of the experiment is determined by the repetition rate of the laser.

In a proof-of-concept experiment, the measurement the dipolar trace was performed on a model

α-helix peptide, made of alternating alanine and α-aminoisobutyric acid residues, labeled at one

end with a porphyrin residue and at a specific position of the helix with a nitroxide probe (4-

amino-1-oxyl-2,2,6,6-tetramethylpiperidine- 4-carboxylic acid). The obtained LiDEER trace was

characterized by a good modulation depth (' 40%) and well defined oscillations.

The full spectroscopic and theoretical characterization of triplet state probes has been the object

of investigation of this thesis work and the results can be found in Part II.

LaserIMD

The interesting peculiarities of the triplet states spin labels such as being switchable by light,

or the occurrence of their chromophore precursors in numerous classes of proteins, where the

triplet state could be potentially exploited as endogenous probes, have attracted the interest of

many research groups. Recently a new technique, called laser-induced magnetic dipole spec-

troscopy (LaserIMD), based on optical switching of the dipole––dipole coupling between a triplet

state and a radical, has been introduced by M. Drescher et al. [10]. The pulse scheme is pre-

sented in Figure 3.10.

τ τ

π/2 π

ttmax

t

Figure 3.10: LaserIMD pulse sequence.

In LaserIMD, the change in the precession frequency of the radical observer spin is induced in-

troducing the dipole––dipole coupling by instantaneous photo-generation the triplet probe. The

experiment is performed by applying a 2-pulse sequence to the radical, to record its primary

echo, while the position of the whole sequence relative to the (constant) position of the laser

flash, is incremented. When the laser flash occurs at a time t before the refocusing of the echo of

the radical, the dipolar interaction between the two spins creates a phase offset mSωddt , (where

mS is the magnetic quantum number of the triplet) at the time of echo formation. This induces

the echo of the radical to be modulated as a cosine function of the dipolar frequency.
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3.4 Spin labels in dipolar spectroscopy

Nitroxides are the most common spin probes in dipolar spectroscopy, especially for structural

studies in proteins were they can be attached to specific sites, through site-directed spin label-

ing (SDSL), on cysteine residues. SDSL has enormously increased the scope of dipolar spec-

troscopy studies of proteins [32] and now several different nitroxide labels such as MTS-4-oxyl,

3-Carboxy-PROXYL and MTSSL (methanethiosulfonate spin label) are available and can be use

in many diverse conditions. MTSSL is the most commonly used spin label in SDSL, due to its

sulfhydryl specificity and its small molecular volume, similar to that of a tryptophane side chain

[33]. This spin label reacts selectively with the thiol group of cysteines forming a disulfide bridge

and the resulting spin label side chain is commonly abbreviated as R1 (Figure 3.11).

Figure 3.11: Reaction of MTSSL with the sulfhydryl group of a cysteine side chain, generating the spin label side chain
R1. Flexible bonds within the R1 side chain are indicated. This image has been taken from [32].

The multiple tether bond, that links the nitroxide in R1 to the protein backbone, makes the spin

labels particularly flexible, minimizing the perturbation of the native fold. The drawback is that

the radical can sample substantial space around the point of attachment, broadening the dis-

tance distribution that is obtained with the dipolar measurement. Moreover, the large confor-

mational space accessible to R1, does not allow to directly relate the spectroscopic data to the

properties of the native side chain replaced by R1. [32]

A useful tool for examining the possible conformations of spin labels, once they have been at-

tached in protein, is the free-available software called Multiscale Modeling of Macromolecules

(MMM) [34]. Starting from the crystallographic structure of the protein, MMM allows to predict

the distance distribution between nitroxides and the corresponding dipolar trace, and it is par-

ticularly helpful for making predictions and evaluating the best residues to label. The esteem

of the possible conformations of the two nitroxide labels is based on a pre-computed library of

rotamers of the free spin label obtained by long molecular dynamic trajectories. The probability

of each rotamer, is evaluated on the basis of its internal energy, and of its interaction with the

protein backbone evaluated as a sum of pairwise Lennard-Jones interactions between atoms be-
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low a cutoff distance.

SDLS usually requires that the target protein possesses only cysteine residues at the desired sites

and that, additional cysteines present in the protein, can be replaced by serines or alanines via

site-directed mutagenesis. The disadvantages of using this approach is that each spin––spin dis-

tance to be determined requires a new protein mutant to be generated and the introduction of a

spin label.

An alternative approach, that is used more in the study of small peptides, is the spin labeling

synthesis either on a solid support or in solution. The paramagnetic α-amino acid TOAC (4-

amino-1-oxyl- 2,2,6,6,-tetramethyl-piperidine-4-carboxylic acid) is the most popular probe that

can be chemically inserted. It is characterized by only one degree of freedom, the conforma-

tion of the six-membered ring, because the nitroxide is rigidly coupled to the peptide backbone,

thereby providing the possibility to obtain direct information about the orientation of secondary

structure elements. Although the synthesis of polypeptides has become possible through im-

provements in peptide chemistry, the incorporation of spin-labeled amino acids is still challeng-

ing due to the delicate nature of the nitroxide moiety. As, for instance, the nitroxide can be

readily protonated under acidic conditions, synthesis conditions have to be identified which are

chemically compatible in terms of retaining the oxidation state of the nitroxide group. [32]

Despite the numerous advantages of the different spin labeling procedures, the introduction of

a spin probe causes some modifications around the labeling site, and in some regions it may

even interfere with the correct folding of the protein. For this reason, the possibility of exploiting

endogenous probes, i.e. paramagnetic centers which are naturally present in the protein, repre-

sents an highly attractive option for this kind of applications. Indeed, DEER has been tentatively

performed on various classes of metalloproteins and proteins with metal-based spin tags at spe-

cific sites. These are S = 1/2 systems or high-spin systems for which mainly the ΔmS = ±1/2

transition can be selected, i.e., Cu(II), iron-sulfur centers, Gd(III), Mn(II), Mn clusters and low-

spin ferric heme centers. [35, 36, 20, 37, 38] Moreover, the orthogonal labeling method, based

on the use of spectroscopically nonidentical labels, which can be addressed selectively in the

EPR experiment, is attracting increasing interest in the spectroscopic community and numer-

ous efforts are devoted to the development of new spin labels to be coupled to conventional ni-

troxide probes [39, 40].For this purpose, the photoexcited triplet state of organic chromophores

has been introduced in the selection of spin labels for dipolar spectroscopy applications. [31]

Chromophores that can efficiently populate the triplet state such as porphyrins, carotenoids and

flavins are present as prosthetic groups in a number of natural systems namely photosynthetic

proteins, heme-proteins and flavoproteins, [41, 42, 43] and are therefore suitable probes for ap-

plication in pulse dipolar spectroscopy.
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Abstract: We present a novel pulsed electron paramagnetic
resonance (EPR) spectroscopic ruler to test the performance
of a recently developed spin-labeling method based on the
photoexcited triplet state (S = 1). Four-pulse electron double
resonance (PELDOR) experiments are carried out on a series
of helical peptides, labeled at the N-terminal end with the
porphyrin moiety, which can be excited to the triplet state,
and with the nitroxide at various sequence positions, span-
ning distances in the range 1.8–8 nm. The PELDOR traces
provide accurate distance measurements for all the ruler
series, showing deep envelope modulations at frequencies

varying in a progressive way according to the increasing dis-
tance between the spin labels. The upper limit is evaluated
and found to be around 8 nm. The PELDOR-derived distan-
ces are in excellent agreement with theoretical predictions.
We demonstrate that high sensitivity is acquired using the
triplet state as a spin label by comparison with Cu(II)–por-
phyrin analogues. The new labeling approach has a high po-
tential for measuring nanometer distances in more complex
biological systems due to the properties of the porphyrin
triplet state.

Introduction

Pulsed electron-electron double resonance (PELDOR)/double
electron-electron resonance (DEER) spectroscopy is a pulsed
EPR (electron paramagnetic resonance) method that measures,
through the dipolar electron–electron coupling between two
paramagnetic species, distances in the range of 1.5–8 nm.[1–6]

This technique is characterized by high precision and reliability,
although accessing distances above 7 nm is a significant chal-
lenge. Beyond mere mean distances, PELDOR yields relevant
distance distributions, which provide access to conformational
distributions and dynamics.

Conventionally, PELDOR measurements are performed be-
tween two nitroxide spin labels that have been attached to
biological molecules either by site-directed spin labeling or by

chemical modification. For proteins, the most commonly used
spin label is MTSSL [(1-oxyl-2,2,5,5-tetramethylpyrroline-3-
methyl)methanethiosulfonate] , which specifically reacts with
the thiol group of cysteine residues, forming a disulfide bridge.
By introducing cysteine residues to sites of interest by muta-
genesis and subsequently allowing them to react with MTSSL,
the nitroxide spin label can be positioned with high specificity
and ease.[7]

Alternatively, researchers have tried to exploit endogenously
bound paramagnetic metal ions in order to determine structur-
al information in metalloproteins.[8] Utilizing these endoge-
nously bound paramagnetic metal ions as spin probes for EPR
detection causes only minimal functional perturbation to bio-
molecules. A limited number of examples have been reported
to date, restricted to S = 1/2 metal centers or high-spin systems
for which the ms = ⌃1/2 transition can be selected, mainly
copper, iron-sulfur, and manganese centers.[9–16] For the majori-
ty of metal ions, fractional excitation of the spectrum and/or
short relaxation times either severely limit the sensitivity or
makes the application of the method impossible.

High sensitivity and accuracy are main issues regarding
PELDOR spectroscopy, which is emerging as a powerful pulsed
EPR technique, complementary to the methods of X-ray crys-
tallography, NMR, and FRET for structural determination of bio-
molecules. They become a task of primary importance particu-
larly in the field of large membrane proteins that pose a consid-
erable challenge for crystallography and NMR spectroscopy.
The use of perdeuterated proteins, application of shaped
pulses, and increasing the spectrometer frequency to the Q-
band, for which the conventional nitroxide labels still perform
well, are the strategies adopted to broaden the applicability of
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this methodology.[17, 18] Alternatively, many efforts are devoted
to the development of new labeling approaches to circumvent
the problems emerged in the use of the nitroxide labels.[6]

Gd(III) (S = 7/2) spin labels have been suggested as a valid al-
ternative to nitroxide for Q- and W-band PELDOR distance
measurements. Several characteristics of Gd(III) make it a candi-
date for PELDOR at high field delivering enhanced sensitivity,
as has been demonstrated on model systems, proteins, pep-
tides, and DNA.[19] In parallel, the orthogonal labeling ap-
proach, based on the use of spectroscopically nonidentical
labels, which can be addressed selectively, has proved to be
very promising for the Gd(III)–nitroxide pair on the same bio-
molecules.[20–22] In spite of this, the drawbacks of the X-band
experiment must be solved in a different way as the Gd(III) tag
is a high-performance label the benefits of which are effective
specifically at higher microwave bands.

Recently, we have demonstrated the feasibility of applying
PELDOR to determine the interspin distance between a photo-
excited porphyrin triplet state (S = 1) and a nitroxide spin label
chemically incorporated into a small helical peptide.[23] This
new labeling approach provides high sensitivity due to the
characteristics of the triplet state. Triplet states have a distinc-
tive property compared to other spin labels : they are charac-
terized by spin polarization enhancement of the EPR signal, re-
sulting from a non-Boltzmann population of the triplet-state
sublevels by intersystem crossing from the corresponding ex-
cited singlet state.[24] They work very efficiently as orthogonal
labels, adding to the spectroscopic selectivity the advantage of
behaving as photoinduced spin probes. This feature allows the
intermolecular interactions and oligomerization states to be re-
vealed in the same sample by performing PELDOR in the ab-

sence of light excitation to measure intermolecular nitroxide–
nitroxide distances.

Among organic chromophores, we have selected porphyrins
as they have been widely studied by EPR spectroscopy, based
on their high triplet yields, strong spin polarization, and non-
extreme relaxation times.[25, 26] The well-characterized optical
properties of the porphyrin chromophore can be also exploit-
ed to combine PELDOR to the complementary FRET spectro-
scopic method using a label that is fluorescent and paramag-
netic at the same time. Moreover, porphyrin derivatives are fre-
quently present as endogenous probes in several classes of
proteins, that is, photosynthetic and heme proteins.[27–29] In the
present work, we have developed a porphyrin-based molecular
ruler to further improve the methodology for distance meas-
urements based on the novel photoexcited triplet state spin-la-
beling scheme. A series of peptides, consisting of alternating l-
alanine (Ala) and a-aminoisobutyric acid (Aib) residues, were
synthesized and covalently linked at the N-terminus with 5-(4-
carboxyphenyl)-10,15,20-triphenylporphyrin (TPP). The nitro-
xide label was inserted at various sequence positions, spanning
distances in the range of 1.8–8.0 nm (for details see Figure 1),
replacing the original Aib amino acid with the structurally
comparable 4-amino-1-oxyl-2,2,6,6-tetramethyl-piperidine-4-
carboxylic acid (TOAC) residue, in which the nitroxyl radical is
fixed on a rigid heterocyclic structure. Aib residues are strong
promoters of helical conformations[30] and consequently ensure
a well-defined geometry in terms of distance, relative orienta-
tion, and restricted conformational flexibility, as already dem-
onstrated for the parent compound.[23]

The spectroscopic ruler, designed to cover the complete
range of applicability of PELDOR spectroscopy, provides the re-

Figure 1. Amino acid sequences and structures of the components of the distance ruler series (1–8). The center-to-center distances between the spin labels
are shown, as computed at PBE1PBE/6-31G(d) (1–3) or PBE1PBE/6-31G(d): PM3 (4–8) level of theory.
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quired constraints to test the accuracy of the interspin distance
determination and the range of applicability of the novel or-
thogonal spin-label approach. The accuracy will be assessed by
comparison with modeled distance distributions based on
hybrid computational (QM/QM) methods. In this systematic ap-
proach, the effects arising from the higher multiplicity of this
spin system will also be analyzed using the density matrix for-
malism.

Experimental Section

Synthesis

Full experimental details for the synthesis and characterization of
all the members from the “distance-ruler” series of porphyrin-
based peptides are provided in the Supporting Information. The
synthesis of 3 has been reported previously.[23]

EPR samples

The overall series of bis-labeled model peptides were dissolved in
a mixture of 98 % deuterated methanol MeOD (Sigma Aldrich) and
2 % D2O (Cambridge Isotopes) to reach a final concentration of ca.
200 mm. Peptide 4 was also dissolved in perdeuterated 2,2,2-tri-
fluoroethanol ([D3]TFE) (Sigma Aldrich) to give ca. the same final
concentration. The quartz EPR tubes, partially filled with the solu-
tions, were sealed after several freeze–thaw cycles. Removal of
oxygen, although not required, assures long-term stability of the
porphyrin label.

EPR and PELDOR spectroscopy

Pulsed EPR was performed on a Bruker Elexsys E580 pulse EPR
spectrometer equipped with a Bruker split-ring resonator ER4118X-
MS3 (microwave frequency = 9.55 GHz) and an Oxford CF935 cryo-
stat. The measurements were performed at a temperature of 20 K.
The sample was photoexcited with the second harmonic of
a pulsed Nd:YAG laser (532 nm) with an average power of 5 mW
and a repetition rate of 10 Hz.

For the electron spin-echo experiments a standard Hahn echo se-
quence (laser flash-DAF-p/2-t-p-t-echo) was employed with a nomi-
nal length of 16 ns for the p/2 pulse, a delay after the laser flash
(DAF) value of 50 ns and a t value of 180 ns. Data were collected
with a single scan and 20 shots per point. For the Cu(II) analogue
of 3, data were collected without laser excitation, with a repetition
rate of 330 Hz, a single scan and 100 shots per points.

For the PELDOR experiments a standard four-pulse sequence (laser
flash-DAF-p/2-t1-p-t-ppump-(t1 +t2ˇt)-p-t2-echo) was applied at
a delay after the laser flash (DAF) of 50 ns; the microwave power
was adjusted to obtain an observer sequence of 16/32/32 ns and
a pump pulse of 12 ns. The difference between the pump (nitro-
xide) and observer (porphyrin triplet state) frequency was set to
240 MHz, whereas for the copper analogue the difference between
the pump (nitroxide) and observer (Cu(II)–porphyrin) frequency
was set to 210 MHz. A two-step phase cycle was applied to
remove receiver offsets while deuterium nuclear modulations were
suppressed using an 8 step t1 cycle from a 180 ns starting value
with 56 ns increment steps. Data were collected with 5–10 scan
and 50 shots per point. Typical acquisition time varied in the range
from ~4 up to ~24 h at a repetition frequency of 10 Hz. For the
copper analogue data were collected without laser excitation, with
a repetition rate of 330 Hz, 20 scans, and 300 shots per points.

Theory

The analytical expression describing the echo modulation for a 4-
pulse PELDOR experiment for a system composed by a photoexcit-
ed triplet state interacting with a radical was derived in Mathemati-
ca, based on the density matrix formalism, first introduced for the
analysis of ESEEM by Rowan, Hahn, and Mims[31] and later general-
ized and described in detail by Mims.[32]

The spin Hamiltonian for the weakly coupled triplet–radical pair in
angular frequency units is :

bHS à wT
bST;z á wR

bSR;z á D ÖbS2

T;z ˇ
1
3
bS2

TÜ á wdd
bST;z

bSR;z Ö1Ü

in which the different terms stand for the electron Zeeman interac-
tion (wT and wR are the Larmor frequency in the rotating frame of
the triplet state and the radical), the zero-field splitting (ZFS) inter-
action within the triplet state, for B0 parallel to the Z-ZFS principal
axis (D is the ZFS parameter), and the dipole–dipole interaction of
the spins in the pair.

In the point-dipole approximation, the dipolar coupling frequency
wdd is :

wdd à
m0 m2

e

4p �h
gT gR

1ˇ 3 cos2qTR

r3
TR

Ö2Ü

in which rTR is the interspin distance and qTR is the angle between
the interspin vector and the direction of the external magnetic
field B0.

Alternatively, considering the spin density delocalization on the
porphyrin ring, the dipolar frequency becomes:

wdd à
m0 m2

e

4p �h
gT gR

X

j

1j
T

Ö1ˇ 3 cos2qj
TRÜ

rj
TR

ˇ �3 Ö3Ü

in which the j index runs on all the spin-bearing atoms on the por-
phyrin triplet state and 1j

T is their respective spin density. The inter-
spin distance rj

TR and the angle qj
TR between the interspin vector

and the direction of the external magnetic field B0 refer to each
spin-bearing atom. From the radical point of view, the unpaired
electron is localized in the midpoint of the NˇO bond of the nitro-
xide moiety since DFT calculations show that 45 % of the spin den-
sity is localized at the nitrogen and 50 % at the oxygen atom (see
the Results and Discussion Section).

A series of simplifying assumptions was necessary to derive the an-
alytical expression for the echo modulation of a dipolarly coupled
triplet-radical pair spin system. First of all, the derivation was based
on an isotropic Zeeman interaction, no resolved hyperfine cou-
plings were considered and the calculation was carried out in the
high-field approximation, that is, ignoring the nonsecular terms of
the ZFS. Only the secular term of the dipolar Hamiltonian was con-
sidered in the condition, which is usually fulfilled, that the differ-
ence of the Larmor frequencies of the two interacting spin systems
is much larger than the weak dipolar coupling. The Heisenberg ex-
change coupling between the radical and the triplet state was ne-
glected as our ruler, in line with most systems suitable for PELDOR
studies, involve spins separated by r>1.5 nm.

All pulses were assumed to be ideal, that is, they excite only the
pump or the observer without any spectral overlap and they
rotate the magnetization by exactly the nominal angle p or p/2.
Furthermore, since the spacing of the triplet state sublevels due to
ZFS is generally such that the microwave frequency cannot simul-
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taneously excite transitions that share a common sublevel, transi-
tion selective microwave pulses were considered.

Examining the four-pulse PELDOR sequence, laser flash-DAF-p/2-t1-
p-t-ppump-(t1 +t2ˇt)-p-t2-echo, and denoting the pulse propagators
for the p/2 or p pulses by bRp

2
p

2
and bRp, and the time evolution oper-

ators by bRt, bRt1
, and bRt2

, the echo amplitude is given by:

Echo t; t1; t2Ö Ü à hbSxi à

Tr
bRt2
� bRp � bRt1át2ˇt � bRppump

� bRt � bRp � bRt1
� bRp

2
� b10�

bRyp
2
� bRyt1
� bRyp � bR

y
t � bR

y
ppump
� bRyt1át2ˇt � bR

y
p � bR

y
t2
� bSx

8
<

:

9
=

;

Ö4Ü

in which b10 is the initial density operator and bSx is the detection
operator. Considering quadrature detection both hbSxi and hbSyi
were evaluated.

The initial state of the system after the laser flash is described by
the diagonal elements (populations) of the density matrix in the ei-
genbasis of the spin Hamiltonian, no coherences evolve during the
DAF interval.[33] The pump spins are in the S = 1/2 state while the
detection spins are in the S = 1 state, according to the setting of
PELDOR experiment on the series of bis-labeled peptides.

The analytical result of the echo, normalized to the intensity at t =
t1, for the weakly coupled triplet–radical pair spin system applying
the four-pulse PELDOR sequence is:

EchoÖtÜ à cosâwddÖtˇt1Üä Ö5Ü

in which t indicates the variable time position of the pump pulse
in between the second and fourth pulses. No out-of-phase echo is
present for this sequence.

Quantum mechanical calculations

All calculations were performed using Gaussian 09.[34] The initial ge-
ometries were built using a tetraphenylporphyrin and the motif
Ala-Aib, extracted from the Cambridge Structural Database[35] and
repeated many times as required to build the helix of adequate
length; then the TOAC was attached in the chosen position. Two
different optimization procedures were followed, suitably tailored
to the length of the peptide. In all cases, the spin multiplicity was
set to 2. For the shorter peptides (from 1 to 3) a purely DFT ap-
proach was used: PBE1PBE functional was used together with 6-
31G(d) basis set for all atoms (level of theory: PBE1PBE/6-
31G(d)).[36–38] In contrast, a quantum mechanics/quantum mechan-
ics (QM/QM) protocol was set up for full geometry optimization of
the longer components (from 4 to 8). The ONIOM (Our own N-lay-
ered Integrated molecular Orbital and molecular Mechanics)
scheme was adopted.[39] The inner layer was described at the
PBE1PBE/6-31G(d) level of theory, while the PM3 Hamiltonian[40–43]

was used for the outer layer (PBE1PBE/6-31G(d):PM3). The former
layer includes the two spin probes, that is, the TTP and the TOAC,
whereas the latter one contains the rest of the peptide. All geome-
try optimizations were carried out in vacuo. Subsequently, for all
the optimized geometries, the spin density of the interacting trip-
let-state–radical system (quartet state) was computed at the
PBE1PBE/6-311G(d,p) level of theory. For all the systems, the calcu-
lations were carried out with the pyrrolic protons of the porphyrin
ring in the two different positions.

The geometry of the Cu(II)TTP-peptide analogue of 3 was fully op-
timized in vacuo using the same functional (PBE1PBE) and basis
set 6-31G(d) for C,O,N,H; Stuttgart RSC 1997 ECP was used for Cu;

the spin density was computed at PBE1PBE/6-311G(d,p),RSC1997
ECP.

The alpha-helix conformation of the peptides is rather rigid, but
the two single bonds of the para-substituted benzoyl group with
respect to the C1

phenyľ CO and the C4
phenyl–tetrapyrrole ring can in-

troduce rotational degrees of freedom between the porphyrin and
the nitroxide. In order to explore all the possible orientations and
to measure the associated distances between the spin probes, a re-
laxed scan over 3608 in 108 steps was performed for each of the
two angles using a simplified model compound (to save computa-
tional time) consisting of the TTP and the first five amino acids of
the helix. The two monodimensional scans were used to determine
the accessible angles, that is, those with energy below kBT calculat-
ed at the freezing temperature of the solvent (for methanol the
freezing-point temperature is T = 175.6 K; thus kBT is 0.349 kcal
molˇ1). A set of rotamers, for each peptide of the ruler, was calcu-
lated by rotating about these single bonds. These sets of conform-
ers have been subsequently used for the spectral simulations, as
described in the next section.

PELDOR data analysis

PELDOR time traces as obtained from the spectrometer were treat-
ed using the DeerAnalysis2013 routine.[44] Primary data from ex-
periments were background corrected by fitting an exponential or
a stretched exponential decay function. The dipolar spectra were
obtained by Fourier transformation of the time domain data, apo-
dized and zero filled. The form factors were processed by Tikhonov
regularization, using the L curve as the criterion for determining
the optimum regularization parameter. Alternatively distance distri-
butions were obtained by a two-Gaussian or warm-like model fit.

For the calculation of the PELDOR time traces and dipolar spectra,
a program which evaluates the dipolar interaction between the
triplet state and the radical spin system was implemented in
MATLAB, based on the analytical expression describing the echo
modulation for a 4-pulse PELDOR experiment [Eq. (5)] . The routine
accounts for the effects of spin delocalization on the porphyrin
moiety, calculating the dipolar frequency according to Equation (3).
The PELDOR powder pattern was calculated by a uniform sampling
of the B0 orientations in the unit sphere. The set of angles q and f
for this average was taken from a spherical grid computed by the
EasySpin function sphgrid.[45]

The full set of molecular conformers generated by quantum me-
chanical calculations was considered in the calculation, summing
the PELDOR frequencies over the conformation distribution and
considering also the presence of the NH tautomers.

The calculation of the four-pulse PELDOR traces in the time
domain was followed by Fourier transformation to give the corre-
sponding dipolar spectrum.

Results and Discussion

Synthesis

To test the accuracy of the interspin distance determination
and the range of applicability of the nitroxide–porphyrin trip-
let-state orthogonal spin-label approach, we have designed
and developed a distance ruler, consisting of a series of bis-la-
beled model peptides with well-defined, predictable separa-
tions between the paramagnetic sites. The peptides are la-
beled at the N-terminal end with the TPP moiety and with the
unnatural amino acid TOAC at selected sequence positions,
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spanning distances from 1.8 to 8 nm. The peptide sequences
and the calculated distances between the two labels are re-
ported in Figure 1.

Peptides 1–6 were assembled by standard solid-phase syn-
thesis, following a protocol previously optimized for TOAC con-
taining peptides.[46] TPP was covalently linked to the N-termi-
nus of the TOAC-containing peptide, still attached to the solid
support, in the presence of N,N’-diisopropylcarbodiimide/1-hy-
droxybenzotriazole in CH2Cl2/DMF. Peptides 7 and 8 were syn-
thesized by fragment condensation of the TOAC-containing C-
terminal segment, still attached to the solid support, with the
remaining TPP-N-terminal segment, in the presence of diiso-
propylcarbodiimide/1-hydroxy-7-azabenzotriazole as coupling
reagents. For the cleavage of the porphyrin–peptide conjugate
from the resin, a very mild acidic treatment was performed, to
prevent the loss of the free radical character of the TOAC resi-
due by protonation. A metallated analogue of 3 was also pre-
pared, in which Cu(II) was inserted in the free-base porphyrin
by the acetate method,[47] in order to estimate the per-
formance of the novel triplet-state spin label compared to
a conventional S = 1/2 label introduced in the same peptide.

Triplet state versus Cu(II)-based-PELDOR

In Figure 2, top panel on the left, the photoexcited field-swept
electron-spin echo spectrum of the TPP-conjugated peptide 3
is depicted, which shows the narrow central absorption signal
due to the nitroxide spin label and the broad contribution, ex-
tending between 300 and 380 mT, due to the TPP triplet state
(3TPP). In the same panel on the right, the field-swept electron-
spin echo spectrum of the Cu(II)TPP-peptide analogue of 3 is
reported, with the Cu(II) and nitroxide Boltzmann signal contri-
butions. The triplet-state spectrum displays turning points cor-
responding to the canonical orientations of the anisotropic
ZFS tensor and a specific spin-polarization pattern composed
by enhanced absorptive (A) and emissive lines (E), as a result
of a non-Boltzmann population of the triplet-state sublevels.
The Cu(II) spectrum is characterized by an approximately axial-
ly symmetric g-tensor and hyperfine coupling to the copper
and with the pyrrole nitrogen atoms.

Figure 2, bottom panel on the left, depicts the four-pulse
PELDOR time trace, obtained by applying the pump pulse at
the maximum of the nitroxide spectrum, in order to optimize

Figure 2. Top panel : X-band field-swept electron-spin echo spectrum recorded under photoexcitation for the TPP-conjugated model peptide 3 (left) and with-
out photoexcitation for the Cu(II)TPP–peptide analogue of 3 (right) at 20 K. The arrows indicate the positions of the pump (nitroxide) and the detection spin
(3TPP triplet state for 3 and Cu(II)TPP for the Cu(II) analogue of 3) in the PELDOR experiments shown in the bottom panel. Bottom panel : X-band four-pulse
PELDOR traces after background correction (left) and corresponding Fourier transform (right) recorded at 20 K under photoexcitation for peptide 3 (black
trace) and without photoexcitation for the Cu(II) analogue of 3 (blue trace). The experimental conditions are indicated in the Experimental Section. The inset
depicts the four-pulse PELDOR sequence in the presence of laser photoexcitation. A = enhanced absorption, E = enhanced emission
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the pump efficiency, and the observer sequence in correspond-
ence to the most intense emissive ZFS canonical transition of
the polarized TPP triplet-state spectrum, generated by pulsed
laser excitation. The PELDOR trace reveals a well-resolved and
pronounced dipolar modulation and a weak damping, up to at
least five complete periods. The modulation stems from dipo-
lar coupling of spin pairs with a single dominating distance.
The PELDOR trace obtained for the Cu(II) analogue, setting the
pump pulse again on the maximum of the nitroxide spectrum
and the observer pulses at the g? region of the Cu(II) signal,
shows three clear modulation periods corresponding to the
same dipolar frequency. This behavior is characteristic of re-
stricted conformational flexibility and distance distribution of
the spin probes in both model compounds. Optimization of
the time trace in terms of signal-to-noise ratio was achieved by
reducing by a hundred times the number of scans for the trip-
let state-nitroxide PELDOR experiments. The significantly in-
creased sensitivity is due to the intrinsic spin polarization of
the triplet state, which is only partially lost in the broad fea-
tures of the corresponding spectrum. Moreover, under the con-
ditions commonly adopted for PELDOR measurements, the
phase memory time of the triplet state at cryogenic tempera-
ture is comparable to that of nitroxide spin labels, whereas for
Cu(II) the signal is significantly shorter.

After removal of the background decay from the envelope
modulation, Fourier transformation of the signals provides the
frequency spectra reported in Figure 2 (bottom panel on the
right), in which the maximum intensity is observed at the dipo-
lar frequency wdd = 4.8 MHz. Although a significant extent of
orientation selection is expected in both the relatively broad
porphyrin triplet and Cu(II) spectra, the effect is not visible in
the PELDOR spectra, which are described by complete Pake
patterns.

The orientation selectivity is washed out because at the ob-
server position almost all the possible molecular orientations
with the tetrapyrrole plane parallel to the magnetic field are
detected for both the triplet-state and the Cu(II) spin
system[48–50] and to a lesser extent by the small degree of rota-
tional freedom of the para-substituted benzoyl group with re-
spect to the C1

phenyľ CO and the C4
phenyl–tetrapyrrole ring

bonds. In the case of the triplet state, the orientation selection
is further compromised by the lack of collinearity between the
ZFS principal axes and the spin–spin distance vector and by
the presence of the NH tautomers of the free-base porphyrin.
In PELDOR studies on Cu(II)–nitroxide and Cu(II)–Cu(II) model
systems, excitation in the g? region of the copper spectrum
led to negligible orientation selection due to effects of the ni-
trogen hyperfine coupling in the g-region, which causes orien-
tation smearing;[9, 11, 12] in these cases a reasonable analysis of
the distance distribution is allowed.

The close correspondence between the dipolar spectra of
the two analogues is by itself clear evidence that the orienta-
tional effects are suppressed since some difference should be
expected in the selection of the molecular orientations. They
can, therefore, be neglected in the spectral analysis described
in the following sections.

The correspondence between the dipolar spectra of peptide
3 and the Cu(II) analogue can be also used to demonstrate
that the point-dipole model is still valid despite the considera-
ble delocalization of spin density in the porphyrin ring. A dif-
ferent spin-density distribution, as calculated for the two por-
phyrin moieties (reported in the next section), would cause dif-
ferences in the dipolar frequency.

Theoretical and computational results

The explicit analytical expression for the echo modulation due
to the dipole–dipole interaction of a S = 1 paramagnetic center
with a S = 1/2 center has been derived by following Mims’ den-
sity matrix formalism. The echo is modulated with the dipolar
frequency wdd, as described in Equation (5). This relation allows
the characteristic features of the triplet-state experiment to be
determined. The PELDOR formula takes a fairly simple form
analogous to that for the conventional S = 1/2–S = 1/2 case
with a sinusoidal dependence on the dipolar frequency. This
result has, therefore, opened the possibility of implementing
a computational approach for the simulation of the PELDOR di-
polar spectra for the triplet–radical pair spin system.

A program has been written, as described in detail in the Ex-
perimental Section, which calculates the PELDOR trace and the
corresponding dipolar spectrum, related to the time-domain
echo modulation signal through Fourier transformation. The
influence of conformational flexibility and spin-density distribu-
tion has also been analyzed. Simulations were guided by quan-
tum mechanical calculations of the optimized structure of the
bis-labeled peptide and the structures of the accessible con-
formers obtained by rotation of the para-substituted benzoyl
group with respect to the C1

phenyľ CO and the C4
phenyl–tetrapyr-

role ring bonds (for details see Figure S1 in the Supporting In-
formation). The computational results are shown for the model
peptide 3 compared with those for the Cu(II) analogue in
Figure 3; they have been reported in Figure 4 for all the mem-
bers of the distance ruler series.

A rodlike behavior of the a-helical peptides can be assessed
for the first four members of the series while the longer pep-
tides, starting from 5, show a slight chain bending, which is
gradually becoming more marked to the end of the series.
Mulliken atomic-spin densities have also been computed on
the optimized structures for the triplet–radical pair and for the
Cu(II)–radical spin system and they are shown in Figure 3.
These values are in very good agreement with results previous-
ly reported in the literature.[14, 48, 51] The overall series of free-
base peptides conserves the spin-density distribution found
for compound 3 (comparison in Figure S3, Supporting Informa-
tion, with representative members of the series).

The form factor was calculated for the ensemble of conform-
ers belonging to each bis-labelled peptide, as generated by
computation. A powder average distribution of the selected
conformers has been considered although taking orientation
selection into account produces similar results, in agreement
with the considerations reported in the previous section. In
case of extensive spin-density delocalization, the point-dipole
approximation might break down and for this reason the dipo-
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lar coupling has been calculated treating all spin-bearing
atoms explicitly, according to Equation (3). Figure 5 shows the
frequency spectra for both the free-base porphyrin peptide 3
and the Cu(II) analogue and demonstrates that the rather large
spin-density distribution on the porphyrin spin label has only

a marginal effect on the simulated PELDOR spectra. This is also
in agreement with the correspondence between the modula-
tion frequency of the free-base and that of the Cu(II)–porphy-
rin system, despite the difference in the spin-density distribu-
tion on the two macrocycles, as pointed out in the previous
section. The reason for this behavior derives from the concen-
tric distribution of the spin density in the porphyrin macrocy-
cle resulting only in a small orthorhombic contribution to the
dipolar tensor.[52] For both model compounds, the maximum
intensity is observed at the same dipolar frequency wdd =
4.8 MHz, demonstrating that the triplet state is equivalent to
the Cu(II) center, when used in the orthogonal spin-label strat-
egy, but it has the significant advantage of featuring higher
sensitivity due to the intrinsic spin polarization compared to
the S = 1/2 metal centers. The computed dipolar frequencies
are in agreement with those extracted from the experimental
PELDOR spectra, reported in Figure 2,within the approximation
of the adopted computational approach.

PELDOR spectroscopic ruler

The appearance of the echo and its modulation in the triplet–
radical system is readily explained by the theory presented in
this study. We have demonstrated that the time-dependence is
the same as for two dipolar coupled S = 1/2 species. Orienta-
tion selectivity and spin-density distribution effects can also be
neglected and for this reason the PELDOR data can be ana-
lyzed with the standard software developed for the S = 1/2 in-
teracting systems.

An overview of the experimental background-corrected and
simulated time domain signals and of the distance distribu-
tions obtained by Tikhonov regularization are shown in
Figure 6 for the complete series of porphyrin-based peptides
(1–8). Details of the background correction procedure and
data analysis are available in the Supporting Information. The
dipolar spectra, obtained after removal of the background

Figure 3. Top panel : Ground-state optimized structure of the TPP-conjugat-
ed peptide 3 (PBE1PBE/6-31G(d)) and relative spin density after excitation to
the triplet state (PBE1PBE/6-311G(d,p)). Bottom panel : Ground-state-opti-
mized structure of the Cu(II)TPP-peptide analogue of 3 (PBE1PBE/6-
31G(d),RSC1997 ECP) and relative spin density ((PBE1PBE/6-311G(d,p),
RSC1997 ECP).

Figure 4. Ground-state optimized geometries (1–3 : PBE1PBE/6-31G(d); 4–8 :
PBE1PBE/6-31G(d):PM3) of all the members of the distance ruler series.

Figure 5. Fourier transformed PELDOR spectrum calculated for the TPP-con-
jugated model peptide 3 and for the Cu(II)TPP-peptide analogue of 3 : ac-
counting for the spin-density delocalization (black and blue, respectively)
and in the point dipole approximation (gray and light-blue lines, respective-
ly).
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decay from the envelope modulation and Fourier transforma-
tion of the signals, are also shown in the Supporting Informa-
tion for some representative members of the ruler series and
are characterized by a Pake pattern shape (see Figure S5).

It can be clearly seen that the time traces of all the bis-la-
beled peptides show oscillations and that the period of the os-
cillations increases with increasing distance between the spin-
labels. Dipolar evolution functions with a good signal-to-noise
ratio and modulation depth was observed for all the series.
Visible dipolar oscillations allow well-defined distances to be
defined by Tikhonov regularization in the overall range of dis-
tances explored by the spectroscopic ruler. To inspect the ca-
pability of the novel label to work on a wide range of distan-
ces, design criteria have included the bis-labeled peptide 1 at
the lower limit of the distance range and more importantly
peptide 8, which represents the upper limit expected to be
around 8 nm.

As shown in Figure 6, the properties of the triplet-state
probe have permitted us to measure interspin distances up to
8 nm with a conventional X-band setup. However, extraction
of distance and distributions is not faithful in this case because
of possible errors in background removal. Furthermore, a high-
frequency component is also present due to nuclear modula-
tion, which is responsible for distance artifacts. It can be fore-
seen that a higher sensitivity of the experimental setup when
combined with the properties of the porphyrin label would
permit interspin distances of 8 nm to be accurately measured.

In the overall range explored, the model-free analysis of the
traces gives a clear main peak but the main distance compo-
nent is broken into a collection of individual small peaks. To
assess the accuracy of the distance measurement afforded by

the novel PELDOR experiment, we modeled the distance distri-
bution for all the members from the distance ruler series alter-
natively with two-Gaussian functions. Fitting with two-Gaussi-
an functions yielded a peak maximum very close to that ob-
tained by Tikhonov regularization, illustrating the robustness
of the distance reported by the main peak (Figure S6).[53]

Applying the design criteria of the distance ruler presuppos-
es the introduction of the spin-label functionalities in highly
defined and rigid structures. The width of the distribution can
be used to characterize the degree of flexibility of the peptide.
Although the widths of the obtained distance distributions in-
crease progressively with increasing separation between the
spin labels, overall they remain quite narrow in the examined
range up to 8 nm. This is a clear indication of the stiffness of
the peptide bridge, further supported by the absence of the
characteristic asymmetric shape of shape-persistent oligomers,
with a steeper decay towards shorter rather than longer dis-
tances, as predicted by the wormlike chain model.[54] Indeed,
the dipolar evolution data cannot be fit satisfactorily using the
wormlike chain model fit, implemented in DeerAnalysis (Fig-
ure S6).

To investigate this further, PELDOR experiments have been
performed on peptide 4 dissolved in TFE, exploiting the stabi-
lizing effect of TFE on helicity (Figure S7). No difference has
been detected in the time domain signals and distance distri-
butions. This corroborates the evidence that the bis-labeled
peptides have a high degree of rigidity not only in TFE but
also in methanol and are, therefore, appropriate molecular
rulers for the purpose of testing the accuracy and practical
limits of the new labeling strategy. To illustrate the overall per-
formance and consistency of the combined experimental/theo-

Figure 6. Left : time domain four-pulse PELDOR data after background correction (black) and relative DeerAnalysis fittings of the form factors (blue) for the
distance ruler series (1–8). Right: experimental label-to-label distance obtained from the PELDOR data by Tikhonov regularization. Inset : enlargement of the
PELDOR time traces and relative fittings for model peptides 1, 2, and 3. The experimental conditions are indicated in the Experimental Section.

Chem. Eur. J. 2016, 22, 17204 – 17214 www.chemeurj.org ⌫ 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim17211

Full Paper

CHAPTER 4. THE SPECTROSCOPIC RULER

60



retical approach, Figure 7 shows a comparison of the mean
distance obtained by DeerAnalysis and DFT calculations, re-
spectively. Table 1 summarizes PELDOR and calculated distance
parameters for the overall set of peptides: main and average
distances, together with the widths of the distributions (details
on these parameters are reported in the Experimental Section).

The results on peptide 8, corresponding to the limit of the dis-
tance ruler, have not been plotted since the distance analysis,
as already pointed out, is not as accurate as for the other
members of the series. The linear fit to the data, corresponding
to the measured average distances as a function of the calcu-
lated mean distances, has a slope of almost unity, an offset
that is negligible compared to the distances measured and the
correlation coefficient is 0.999 (r̄PELDOR =ˇ0.02 + 0.96r̄MODEL).

This analysis shows that the correlation between the data
sets is very good and confirms the high degree of rigidity of
the bis-labeled peptides, which maintain the a-helical structure
along the series with only a slight bending for the longer
members, as demonstrated by computations. In the plot the
standard deviation of the distribution function is reported to-
gether with the average distance as derived by DeerAnalysis.
The flexibility of the molecular rods can be characterized by
this parameter:[55] the standard deviation is in the range of
0.1–0.24 nm, further proving the stiffness of the a-helical poly-
peptides. For the purpose of our study, peptides with well-de-
fined features, that is, a definite conformational preference and
sufficient stiffness, are required. These properties are collective-
ly possessed by the selected series of peptides as demonstrat-
ed by the computational results. A very precise PELDOR-based
nanometer distance ruler is established and it is used to test
the performance of the novel spin-labeling strategy based on
the porphyrin triplet state. The excellent agreement between
PELDOR-derived distances and computational results validates
the approach used for the distance analysis for the radical–trip-
let state system, based on the DeerAnalysis software using the
standard expressions of two S = 1/2 spins and neglecting ori-
entation and spin delocalization effects, owing to the specific
properties of the porphyrin triplet-state label.

Conclusion

This work demonstrates the potentiality of the PELDOR tech-
nique to determine the interspin distance when combined to
the orthogonal spin-labeling strategy based on the porphyrin
triplet-state nitroxide pair. It also provides the appropriate the-
oretical background to the simulation approach to adopt for
this system.

We have explored the practical limits of the distance deter-
mination based on the four-pulse PELDOR experiment com-
bined to the novel orthogonal spin-labeling method: we have
constructed a porphyrin-based molecular ruler for which the
nitroxide spin label is attached to different positions along the
peptide sequence in the range of 1.8 to 8 nm. The time traces
provide accurate distance measurements for all the ruler series,
showing deep-envelope modulations at frequencies varying in
a progressive way according to the increasing distance be-
tween the spin labels. The distance analysis highlights the stiff-
ness of the peptide bridge, connecting the porphyrin and ni-
troxide spin labels, which is an important requisite for a molec-
ular ruler designed to test the accuracy and practical limits of
the triplet-state labeling strategy. The accuracy is assessed by
comparing the PELDOR spin–spin distances with theoretical
predictions. There is excellent agreement in the overall range
of distances, up to the limit of 8 nm. The close correspondence
between the computed and the experimentally measured dis-
tances reinforces the potentiality of the novel spin label as a re-
liable tool for establishing the structure and conformation of
biological macromolecular assemblies. A corresponding Cu(II)–
porphyrin-based system has also been investigated in order to
estimate the performance of the triplet-state spin label com-
pared to conventional S = 1/2 systems. We have demonstrated

Figure 7. Correlation of the mean label-to-label distances obtained by
PELDOR experiments and computations for the distance ruler series (1–7).
The vertical bars indicate standard deviations of the principal peak in the
PELDOR distance distribution. The solid line represents the linear fit.

Table 1. Distance parameters for the spectroscopic ruler are given by Ti-
khonov regularization and compared to computational results.

PELDOR MODEL
a[a] r̄[b] [nm] sr

[c] [nm] rmp
[d] [nm] f.w.h.m.[e] [nm] r̄[f] [nm]

1 0.1 1.71 0.14 1.59 0.30 1.76
2 0.1 2.05 0.16 1.89 0.19 2.13
3 1 2.31 0.10 2.16 0.14 2.28
4 10 3.11 0.16 2.83 0.23 3.09
5 10 3.53 0.24 3.47 0.36 3.81
6 10 4.20 0.16 4.10 0.33 4.32
7 10 5.94 0.18 5.95 0.58 6.21

a] Regularization parameter of Tikhonov regularization. [b] Mean distance.
[c] Standard deviation of the main peak in the distance analysis. [d] Most
probable distance. [e] Full width half maximum. [f] The variation is below
0.02 nm for each compound.
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that accuracy is accompanied by high sensitivity due the spin
polarization of the photoexcited triplet state.

The influence of the anisotropy of the triplet state ZFS
tensor on the dipolar spectra and the effect of the spin distri-
bution on the porphyrin system, bearing an extended p-conju-
gation, have been analyzed proving that orientation selection
is not effective and the point-dipole model is still valid for the
porphyrin triplet state. The effects arising from the higher di-
mensionality of the spin system have also been considered.
The analytical expression for the echo modulation due to the
dipole–dipole interaction of a S = 1 paramagnetic center with
a S = 1/2 center in the four-pulse PELDOR experiment shows
a cosine dependence on the dipolar frequency, analogous to
that for the conventional S = 1/2–S = 1/2 case.[56] These proper-
ties all together allow a straightforward data analysis and
make the porphyrin in the triplet state an attractive spin label
for high sensitivity distance measurements in biomolecules.
Combined with the possibility of an accurate prediction of the
distances by modeling, this new approach presents an out-
standing tool for establishing the structure and conformation
of biological macromolecular assemblies.

Porphyrin centers occur in different classes of proteins: pho-
tosynthetic proteins, with the chlorophyll chromophores and
heme proteins, in which the heme group can be Zn-substitut-
ed in order to populate the Zn(II) protoporphyrin IX triplet
state. The methodology will be extended from the peptide
model system to paradigmatic proteins, for which the porphy-
rin derivative probe is endogenously bound, to prove that this
labeling approach has a high potential for measuring nanome-
ter distances in more complex biological systems.
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Triplet-triplet energy transfer from chlorophylls to carotenoids is themechanismunderlying the photoprotective
role played by carotenoids in many light harvesting complexes, during photosynthesis. The peridinin–
chlorophyll-a protein (PCP) is awater-soluble light harvesting protein of the dinoflagellate Amphidinium carterae,
employing peridinin as the main carotenoid to fulfil this function.
The dipolar coupling of the triplet state of peridinin, populated under light excitation in isolated PCP, to the
MTSSL nitroxide, introduced in the protein by site-directedmutagenesis followed by spin labeling, has beenmea-
sured by Pulse ELectron-electron DOuble Resonance (PELDOR) spectroscopy. The triplet-nitroxide distance de-
rived by this kind of experiments, performed for the first time in a protein system, allowed the assignment of
the triplet state to a specific peridinin molecule belonging to the pigment cluster. The analysis strongly suggests
that this peridinin is the one in close contact with thewater ligand to the chlorophyll a, thus supporting previous
evidences based on ENDOR and time resolved-EPR.

© 2016 Published by Elsevier B.V.
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1. Introduction

Carotenoids (Car) are found in light-harvesting complexes and reac-
tion centers of natural photosystems where they act as both light-
harvesting pigments and photoprotective agents. Their role as antenna
pigments is fulfilled by absorbing light in the blue-green region,
where chlorophylls (Chl) and bacteriochlorophylls (BChl) absorbweak-
ly, and by delivering excitation energy to (B)Chl pigments. Moreover,
Car play an important photoprotective role under high light conditions,
by quenching (B)Chl triplet states via triplet-triplet energy transfer [1],
thus preventing the formation of singlet oxygen, a potentially harmful
oxidizing species.

Antenna complexes exhibit large structural and spectral variability,
depending on the photosynthetic organisms. Marine algae possess an
efficient light-harvesting systemoptimized for light-harvesting capacity
especially in the blue-green spectral region becausewater functions as a
filter of light in the red. Peridinin–chlorophyll-a proteins (PCP) are

water-soluble light harvesting proteins of dinoflagellates, which belong
to the group ofmarine eukaryotic algae and usually employ peridinin as
main pigment to perform the light-harvesting function. Most PCP forms
contain only peridinin and Chl a in a stoichiometric ratio of 4:1. The
crystal structure of the main form of PCP (MFPCP) from A. carterae has
been determined to a resolution of 2.0 Å, revealing a ship-like structure
with an outer shell composed of α-helices that shields the internally co-
ordinated pigments from the outer solvent [2]. This ship-like structure is
formed by two pseudo-identical subdomains, which have 58% identical
residues on the primary sequence level. Each of the two subdomains
harbours four peridinin molecules that are arranged around a central
Chl a (Fig. 1). The distances between peridinins within a single domain
range from 4 to 11 Å, and their conjugated regions are in van derWaals
contact (3.3–3.8 Å) with the tetrapyrrole ring of Chl a.

A reconstitution system has been established in which the isolated
pigments are refolded with the polypeptide of the amino-terminal
MFPCP domain (N-MFPCP) that is heterologously produced in E. coli
[3]. The crystal structure of refolded PCP (RFPCP) has been determined
to a resolution of 1.4 Å, and revealed that two identical N-MFPCP do-
mains assemble into a homo-dimer, that is virtually identical to the
structure of native MFPCP [4].

While most of the effort has been devoted to study singlet excitation
and migration within the protein, there are still open questions
concerning triplet-triplet energy transfer in PCP. The subject is highly
relevant since it is related to the photoprotective role played by Car in
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different light-harvesting systems. When MFPCP gets photo-excited,
the Chls a cannot transfer the excitation energy to other antenna
complexes and de-excitation mainly proceeds through either fluores-
cence or intersystem crossing with triplet formation. Triplet states are
also formed in vivo under excess light conditions. However, photo-
protective carotenoids prevent the formation of harmful singlet oxygen
by quenching these TChl triplet states. In the past, we have employed
time-resolved and pulse electron paramagnetic resonance (EPR) tech-
niques to study the peridinin triplet state (TPer) through its magnetic
properties such as zero-field splitting (ZFS) parameters, electron spin
polarization (ESP) and time-evolution of the ESP [5]. The ESP, shown
by TPer in the time resolved EPR spectrum detected immediately after
the laser flash, is inherited from the Chl triplet (TChl) according to spin
angular momentum conservation taking place during triplet-triplet en-
ergy transfer [6–9], depending on the relative geometrical arrangement
of the donor-acceptor couple. The concept of spin angular momentum
conservation was exploited in the past to investigate the pathway of
triplet transfer in isolated MFPCP [5]. During the TChl a lifetime in
isolated PCP, a triplet state is formed on one of the circumferential
peridinins and decays through radiationless intersystem crossing with
a lifetime of about 10 μs [10]. Starting from the relative populations of
TChl sublevels and taking into account the relative positions among
Chls and peridinins, as determined by the X-ray structure of PCP [2],
the expected triplet state polarization of each of the peridinins in the
complex was calculated. Comparison with the experimental data
allowed suggesting that the chlorophyll-peridinin pair directly involved
in the triplet-triplet energy transfer process, coincideswith the onehav-
ing the shortest center-to-center distance (Chl601/602 and Per614/624
according to the nomenclature used in [2] and adopted in Fig. 1 [5]).

Further informationwere obtained by pulse EPR and electron nucle-
ar double resonance (ENDOR) spectroscopies combined with theoreti-
cal calculations, which provided details concerning the electronic
structure of the excited triplet state in PCP, strongly supporting the lo-
calization of the triplet state on one specific peridinin [11]. In the back-
bone of TPer614, a high spin density was found at the carbon atom
positionwhich is in close contact with thewater ligand to Chl a. This re-
sult suggested that the water ligand may work has a super-exchange
bridge in the triplet-triplet energy transfer [11–13].

Other groups applied time-resolved step-scan FTIR difference spec-
troscopy to investigate triplet formation in MFPCP from A. carterae
[14–16]. The spectral analysis of the 298 K FTIR spectra obtained from
MFPCP revealed two components with different decay kinetics, leading
to the conclusion that two different TPer are produced [14]. Moreover,
beside signals arising from TPer, also putative bands reflecting the pres-
ence of TChl awere identified implying that in PCP there is a significant
involvement of Chl a in triplet delocalization [14]. The fact that the time-
resolved FTIR difference spectra depend on the excitationwavelength of
the triggering laser flash suggested the hypothesis that TPer formation
can proceed via different pathways [14,16]. On the other hand step-
scan FTIR spectra recorded at 100 K indicated that, at low temperature,
just one Per conformer is involved in triplet formation [15]. Thus, while
the IR results, suggest a shared triplet state between Chl and Per, the
above mentioned data obtained by advanced EPR techniques point to-
wards a localization of the triplet state in Per614(624). These discrepan-
cies are still under discussion, although, Mezzetti and Spezia suggested
that some spectral features in the step-scan FTIR spectra from MFPCP
from A. carterae may be due to a photo-thermal effect caused by too
high laser power conditions [12,14,15].

In order to work towards clarification of the problem of triplet as-
signment and (de)localization in PCP, we have applied a new approach,
that is based on Pulse Electron-Electron Double Resonance (PELDOR)
measurements. PELDOR is a well-established technique for measuring
nanometer distances in spin-labeled systems [17–21]. Conventionally,
PELDOR is performed on proteins, measuring distances between couple
of nitroxide spin labels, introduced in the system by site directed spin
labeling. In a recent work, on a model system, we have shown that
PELDOR can be used also to measure distances between a photoexcited
triplet state and a nitroxide radical [22]. Due to the sensitivity acquired
from the spin polarization of the photoexcited triplet state spectrum the
method can be applied also in complex biological systems. Thus, in this
work we applied the technique for the first time in a protein system, to
measure the distance between the triplet populated under photoexcita-
tion in isolated PCP and a nitroxide suitably introduced in the protein by
site directed spin labeling.

2. Materials and methods

2.1. Mutagenesis, protein expression, and purification

RFPCP has an additional Alanine residue at the amino-terminus (Ala-
0) compared to native N-MFPCP. This additional Alanine residue was
mutated to Cysteine using QuikChange site-directed mutagenesis kit
(Stratagene). The proteinswere expressed heterologously in Escherichia
coli JM109, purified and reconstituted with pigments, as previously de-
scribed [4]. However, the final size exclusion stepwas skipped, since the
purity of the reconstituted protein obtained from the anion exchange
step is sufficient for spectral analysis. For all experiments, RFPCP was
dissolved in 5 mM Tricine, 2 mM MgCl, pH 7.6. Prior labeling, the
functional availability of the thiol group was assessed using thiol-
biotinylation (Biotin-HPDP (Thermo Scientific)) of A0C–RFPC and sub-
sequent binding to Streptavidin agarose beads (Novagen).

2.2. Labeling

Labeling of A0C–RFPCP, used for EPR experiments, was obtained by
adding a fivefold molar excess of MTSSL (SIGMA, dissolved in DMSO)
to the purified protein at a homodimer concentration of 50 μM and in-
cubating the protein overnight in the dark at 4 °C. The sample was
then concentrated and exchanged five times with deuterated buffer
by centrifugal filters; this procedure was also useful to remove the ex-
cess of non-ligated spin label. The introduction of the nitroxide led to
an estimated yield N90% of doubly labeled dimers at the zero position
of each monomer. Oxygen was removed from the samples by flushing
argon in the EPR tube before freezing. Deuterated glycerol (60% v/v)

Fig. 1. Top: The pigment cluster structure of MFPCP from A. carterae (PDB: 1ppr) and
scheme of the molecular structure of peridinin showing the X,Y,Z directions of ZFS axes,
corresponding to the canonical field positions in the Field-swept ESE spectrum of the
triplet state. Bottom: Field-swept ESE spectra of spin labeled RFPCP A0C mutant in
frozen solution, detected in the dark (black) and 50 ns after laser flash (red). A =
absorption, E = emission. For experimental conditions see Material and Methods.
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was added before freezing. The final concentration of labeled protein
was 150 μM.

2.3. Pulse EPR and PELDOR measurements

Pulse EPR and PELDOR were performed on a Bruker Elexsys E580
pulse EPR spectrometer equipped with a Bruker ER4118X-MS3 split-
ring PELDOR resonator. Laser excitation at 532 nm (10 mJ per pulse
and repetition rate of 10 Hz) was provided by the second harmonic of
a Nd:YAG laser (Quantel Brilliant) in the optically transparent resonator.

Field-swept electron spin echo (ESE) spectra of the triplet state were
recorded using a 2-pulse (flash-DAF-π/2-τ-π-τ-echo) ESE sequence
with a DAF of 50 ns, between the laser flash and the first microwave
(MW) pulse. The π/2-pulse was of 16 ns and the delay τ was set at
200 ns.

Conventional PELDOR experiments tomeasure intra-dimer nitroxide-
nitroxide dipolar interaction (NO-NO PELDOR) were done at a tempera-
ture of 50 K. A standard four-pulse sequencewas applied; themicrowave
power was adjusted to obtain an observer sequence of 16/32/32 ns and a
pump pulse of 16 ns. The difference between the pump and observer
frequency was set to 70 MHz. Pump frequency, 9.21 GHz; observer fre-
quency, 9.28 GHz; center of the resonator (with the sample), 9.21 GHz.
A two-step phase cycle was applied for baseline correctionwhile deuteri-
um nuclear modulations were suppressed varying the tau value in an
eight-step cycle starting from a value of 180 ns and using a 56 ns step.

The PELDOR experiments under laser excitation to measure the di-
polar interaction between the nitroxide and photoexcited triplet state
(triplet-NO PELDOR), were performed at 20 K. The pulse sequence,
mentioned above, was preceded, in this case, by a laser pulse, with a
delay after the flash (DAF) of 50 ns. The difference between the pump
(nitroxide) and observer (peridinin triplet state) frequency was set to
500 MHz. Pump frequency, 9.21 GHz; observer frequency, 9.71 GHz;
center of the resonator (with the sample), 9.21 GHz. Datawere collected
for 24 h.

2.4. Spectral analysis

The crystallographic structure used for all the simulations is thehomo-
dimer of the RFPCP (PDB: 3IIS) that, compared to the native protein, has
an extra alanine residue at the N-ter of the sequence (0 position). The
structure of the spin labeled protein was created by using the program
MMM2013 (Multiscale Modelling of Macromolecular Systems) [23]
which allows also to calculate the set of possible rotamers of the spin
label, with the relative populations, within the protein. MMM2013 has
also been employed for the prediction of the nitroxide-nitroxide distance
distribution.

The simulations of the light-induced time domain triplet-NO PELDOR
traces were carried out by considering the dipolar interaction between
TPer on onemonomer (single excitations only, i.e. one triplet state excited
in a protein dimer) and each of the two symmetry related nitroxides of
the dimer, in a way that the final trace results as the sum of the two dipo-
lar interactions (neglecting multiple spins effect). All the nitroxide
rotamers, computed by MMM2013 were taken into account with their
proper weight. Simulations were performed with a home-written rou-
tine, implemented in MATLAB, based on the analytical form of the Echo
modulation in the four-pulse PELDOR experiment, for a weakly coupled
triplet-radical pair spin system, as derived by Di Valentin et al. and de-
scribed in detail elsewhere [24]. The simulation routine calculates the
dipolar frequency between the triplet state and the radical spin system
(and the corresponding time trace), taking into account the effects of
spin delocalization on the carotenoid moiety. The spin distribution of
the carotenoid triplet state used in the calculationswas that derived be-
fore by DFT and validated on the basis of the good agreement of the cal-
culated hyperfine couplings with the ones measured by ENDOR in PCP
[11]. The frequency of the dipolar interaction, depending on the
interspin distance and the angle between the interspin vector and the

direction of the external magnetic field B0, refers to each spin-bearing
atom of the molecule(s) carrying the triplet state. Concerning the
nitroxide radical, the unpaired electron is localized in the midpoint of
the N\\O bond of the nitroxide moiety.

Only the secular term of the dipole Hamiltonian was considered in
the condition that the difference of the Larmor frequencies of the two
spins ismuch larger than theweak dipolar coupling. The Heisenberg ex-
change coupling was neglected as our system involves localized spins
separated by r N 15 Å.

The input parameters needed for the calculations are:

(i) The structure of the spin labeled protein;
(ii) The spin density of the peridinin in its triplet state [25].

The PELDOR powder pattern is calculated by a uniform sampling of
the magnetic field orientations in the unit sphere. The set of angles θ
and φ for this average is taken from a spherical grid computed by the
EasySpin function sphgrid [26]. The full set of nitroxide rotamers, gener-
ated by MMM2013, has been considered in the simulation, summing
the simulated traces over the conformation distribution. The frequency
spectra were obtained by Fourier Transform of the calculated time do-
main traces, after apodization.

3. Results

The field-swept ESE spectra of the spin labeled A0C–RFPCP mutant
detected in the dark corresponds to a typical field-swept ESE nitroxide
spectrum, as expected because of the presence of the MTSSL spin
probe (Fig. 1).

The spectrum recorded immediately after the light pulse is com-
posed of two contributions: a) a component due to the TPer, character-
ized by a eaeaea spin polarization pattern and ZFS parameters |D | =
449.7 × 10−4 cm−1, |E | = 43.9 × 10−4 cm−1, in agreement with previ-
ously reported triplet-state EPR data on PCP proteins [5]; b) the
nitroxide component detected also in the dark spectrum (Fig. 1). The
TPer spin polarization pattern is inherited from TChl a donor during
triplet-triplet energy transfer, as extensively discussed in Ref. [5]. The
Z axis of the ZFS tensor corresponds to the long molecular direction of
peridinin, the X axis is along the C\\H bonds in the conjugated chain
and the Y axis is perpendicular to the conjugated XZ molecular plane
(scheme in Fig. 1) [11]. The magnetic field positions corresponding to
the canonical directions are indicated in the spectrum.

The time domain NO-NO PELDOR trace detected in the dark (after
background correction) and the corresponding dipolar frequency spec-
trum are shown in Fig. 2. Tikhonov-derived distance distribution,
obtained by DeerAnalysis2013 [27] provides a maximum peak at a dis-
tance of about 42 Å (Fig. 2B), which is in good agreement with the esti-
mated intra-dimer nitroxide-nitroxide distance, based on the crystal
structure of RFPCP (Fig. 2). Moreover, the distance distribution reflects
the large number of conformations predicted by the MMM simulation
[24], since the spin probe is characterized by a certain conformational
freedom due to the ligation at the N-ter of the protein. The distance
distribution predicted by MMM (see Supplementary information) is
in good general agreement with the experimental one reported in
Fig. 2B, although the latter results to be broader.

The triplet-NO PELDOR results obtained under photoexcitation are
shown in Fig. 3. In this kind of experiment the laser pulse populates
the TPer and the dipolar triplet-doublet interaction is then measured,
as modulation of the echo intensity generated by the observer pulse
sequence.

The four-pulse sequence is performed by applying the pumppulse at
the maximum of the nitroxide spectrum in order to optimize the pump
efficiency, while applying the observer sequence in correspondence to
the most intense emissive X canonical transition of the polarized TPer
spectrum. After removal of the background decay from the envelope
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modulation, the triplet-NO PELDOR time trace reveals clear dipolar
modulations. The background was subtracted using a exponential (3d)
background correction in DeerAnalysis2016 (the PELDOR traces before
and after different background corrections are reported in Fig. S2 of Sup-
plementary Data). In Fig. 3 the PELDOR trace reported is that resulting
from a background correction fitted in themore extended time interval
starting from 248 ns.

Fourier transformation of the signal provides the frequency spec-
trum. Although some orientation selection due to the broad triplet spec-
trum was expected, the frequency spectrum, seems to have a Pake
pattern shape. This likely derives from the fact that the measurements
were performed at the X canonical position of the triplet state, for
which the orientation selection is expected to be relatively small.

The DeerAnalysis software was developed for doublet-doublet
interacting spin systems assuming point dipole interactions. However,
the triplet-doublet interaction in the spin-labeled A0C–RFPCP system
comprises a delocalized spin density in the carotenoid triplet state.
Therefore, we have developed a novel program for the spectral analysis,
which is described in detail in Materials and methods. The theoretical
time traces and frequency spectra were calculated for each single
peridinin of the pigment cluster and compared to the experimental
ones. Although the signal to noise ratio of the experimental traces is
low, a satisfactory agreement is unambiguously found only for Per614
(Fig. 4).

4. Discussion

It is well known that in isolated PCP proteins, TChls populated by
photoexcitation via ISC, are quenched by peridinins with an efficiency
of ~100% [4]. Recently Z. Kvíčalová et al. [28] showed that TPer is formed
with the same intrinsic ~5 ns lifetime of TChl. A kinetic model indicated

that triplet–triplet transfer time is expected to be 0.1 ns or even faster in
this system, preventing any accumulation of TChl. This is in agreement
with the results reported in Fig. 1, showing the absence of features
due to TChl in the pulse EPR spectrum detected 50 ns after the laser
flash. As alreadymentioned, a differentmodel accordingwhich the pho-
toexcited triplet state is partially delocalized over the Chl a molecule
leading, to the mixing of TChl character in TPer, was proposed by
Alexandre et al. to interpret step-scan Fourier transform infrared spec-
troscopy data on PCP from A. carterae [14]. The effect was quantified
in terms of 25% and 40% contribution of Chl in triplet sharing, in
MFPCP and in the high salt form PCP (HSPCP) respectively [29]. HSPCP
is a minor component isolated from A. carterae, which is eluted from
an anion exchange column at high-salt concentration. This form pre-
sents 31% identity in amino acid sequence with MFPCP. It contains
only six peridinins and two Chl a molecules. It was found that HSPCP
and MFPCP share most of the properties relatively to the triplet forma-
tion pathway and to the triplet localization in specific peridinins [30].
The comparison of triplet ENDOR spectra of MFPCP and HSPCP did not
support the conclusion on a 25%/40% contribution of Chl in triplet shar-
ing in the two different proteins, since a decrease of all the measured
TPer hyperfine constants in HSPCP, as expected for a higher level of trip-
let sharing, was not observed [30]. Moreover, DFT calculations of the
electronic structure of the triplet states in PCP, ruled out the possibility
of a Per-Chl a delocalization because of the large difference in the triplet
state energy of the two pigments [11].

Since itwas suggested that the delocalization of the triplet on the Chl
moleculemay have a physiological important role in dragging the ener-
gy of the shared triplet below that of singlet oxygen,with a resultant de-
crease in the probability of production of singlet oxygen, we used
PELDOR spectroscopy to gain additional information. The experiments
allow measuring the distance between the photo-excited triplet state

Fig. 2.A)Background-subtractedNO-NOPELDOR trace of spin labeledRFPCPA0Cmutant detected in the dark at 50K (left, black), and dipolar spectrumafter Fourier transformation (right,
black), with a corresponding model-free Tikhonov fitting obtained by DeerAnalysis2013, with the regularization parameter α=100 (red). For experimental conditions see Material and
Methods. B) Distance distribution obtained by DeerAnalysis2013 and graphical representation of some representative MTSSL conformers MMM-generated using the crystal structure of
the protein.
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and a spin probe (nitroxide). This, together with crystallographic infor-
mation and data analysis may help to get insight into the nature of the
triplet state in PCP.

The position of the MTSSL spin label in the protein was chosen such
that distances between the nitroxide and each of the peridinin mole-
cules inside a protein monomer were sufficiently different from each
other to be discriminated in the experiment, and also fell in a distance
range (20–40 Å) that assures high sensitivity for PELDOR experiments.
Spin labeling of a Cysteine at the amino-terminus of A0C–RFPCP result-
ed in theoretical nitroxide-Per center-to-center mean distances of 20 Å,
23.4 Å, 27.5 Å and 30 Å for Per-614, Per-613, Per-611 and Per-612,
respectively.

Our NO-NO PELDOR experiments conducted in the dark show that
the refolded protein, adopts a dimeric structure in solution, in line
with the available crystal structural data of RFPCP. The direct compari-
son of the resolved X-ray structure of RFPCP and MFPCP showed that
they are identical in terms of pigment arrangement [4]. Thus, inter-
monomer distances were also expected to contribute to the triplet-NO
PELDOR traces. These interspin distances are expected to contribute to
the lower frequencies of the PELDOR spectrum and they resulted
more difficult to be estimated with high precision since the low signal
to noise ratio of the inverted echo limited the reliable detectionwindow

to 1.5 μs, a duration not sufficient to resolve distances in the order of
40 Å. However these signals affect the time traces and have to be includ-
ed in the calculations to reach a good agreement with the experimental
data.

The comparison of the experimental and calculated PELDOR traces
(Fig. 4) clearly indicates that only Per614(624) may be responsible for
the observed sharp initial drop of the PELDOR time trace, due to its
shortest intra-monomer distance (20 Å) to the nitroxide in the cluster.
It is interesting to note that the PELDOR results rule out a possible in-
volvement of Per612 in the triplet-triplet energy transfer pathway of
PCP. Per612 gives an expected polarization pattern of the time-
resolved EPR spectrum, which is very similar to that of Per614 [5]. Its
role in Chl triplet quenching was considered to be negligible before
only for analogy with HSPCP, where Per612 is missing [30].

The PELDOR results show a dominant localization of the triplet state
in Per614, since adding even small contribution fromother peridinins to
the calculated time traces reduces the agreement between theoretical
and experimental traces.

It is worth mentioning, that the PELDOR spectra derived from the
triplet-nitroxide interactions were calculated under the following as-
sumptions 1) single triplet excitation for protein dimer, 2) negligible ef-
fects deriving from multi spin interactions, 3) random distribution of

Fig. 3. Top: Center-to-center mean distances between each peridinin and the nitroxide labels in the dimer of the RFPCP A0C mutant, as calculated from the crystal structure remodelled
with the MMM-generated MTSSL conformers (represented by the grey clouds). Bottom: Pulse sequence for the 4-pulse triplet- NO PELDOR experiment recorded under photoexcitation,
and corresponding field-swept ESE spectrum showing the pump (nitroxide) and observer (triplet state) field positions. For experimental details see Material and methods. (A) PELDOR
trace after background removal and (B) Fourier transform of the time domain trace after background removal.
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peridinin-nitroxides distances for all conformerswith respect to themag-
neticfield direction. However these assumptions seemappropriate,when
applied to the system, for the following reasons. (1) The laser excitation
power is maintained lower than the saturation level of the signal,
(2) the small number of triplet-doublet dipolar interactions (two) within
the dimeric protein is expected to limit the presence of possible artefacts
present inmulti-spin systems, and (3) the nitroxides may assume a large
number of conformations, as shown by the number of MMM predicted

rotamers. In this respect, it is worth noting that, taking into account the
orientation selection in the calculated spectra, the agreementwith exper-
imental data did not improve for any of the four peridinins (not shown).

Due to the extended molecular structure, the spin density distribu-
tion of the triplet state along the conjugated chain of the peridinin
was taken into account. Neglecting this factor in the calculations gave
a worse fitting of the experimental data. This is the reason why a
home-written program was used for the calculation of the PELDOR

Fig. 4. Comparison of background-corrected experimental (black) and calculated (coloured) PELDOR time traces, and their corresponding Fourier transformed frequency spectra, for the
triplet state localized on Per611 (magenta), Per612 (green), Per613 (blue) and Per614 (red) respectively. The calculations were performed as described in Materials and methods.
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traces, instead of the commonly used DeerAnalysis software [27]. Actu-
ally, we observed that, the effect of introducing the spin distribution in
the dipolar interaction calculation introduces some different combina-
tion of the oscillations at the different frequencies in the PELDOR traces.

Compared to the calculated ones, the experimental traces show less
defined modulations. This is likely due not only to the low signal to
noise ratio, but also to the restricted range of nitroxide conformations
used for the calculations, as revealed by the comparison between the
NO-NO PELDOR and the MMM calculated distance distribution (see
Fig. S1 in Supplementary Data).

Calculationswere performed also by considering a 25%–40%Chl trip-
let sharing. An influence in the calculated PELDOR traces appeared espe-
cially when assuming a high Chl contribution, (see Supplementary data,
Fig. S3). The largest influence is found for Per611/612/613 while for
Per614, due to the similar center to center distance of Per and Chl to
the nitroxide, the PELDOR time trace is less affected, at least in the
time interval spanned by our experiments. However, it appears that in-
cluding in the calculations a 25–40% of Chl participation to the triplet
delocalization decreases the agreement with the experimental time
traces, in particular in the time region of the shoulder around 2.6 μs. It
is worth noting that subtraction of different backgrounds to the detect-
ed PELDOR traces while does not influence the assignment to Per614,
leads on the other hand to even worse agreements of the experimental
traces with those calculated by considering the Car/Chl sharing of the
triplet (results are reported in Figs. S3 and S4 of Supplementary Data).
In summary, although the low signal to noise ratio and the restricted
time window of the detected traces of the present triplet-NO PELDOR
experiments do not allow to rule out thepresence of small contributions
of Chl to triplet sharing in PCP, it has been demonstrated that the meth-
od is suitable to address this kind of questions.

5. Conclusions

In this work we exploited, for the first time in a protein system, the
potentiality of PELDOR spectroscopy formeasuring distances between a
photoexcited triplet state and a nitroxide spin label inserted into the
protein. The results corroborate our previous assessment based on
time resolved EPR, pulse ENDOR and ESEEM experiments, of the central
role of Per614(624) in the mechanism of chlorophyll triplet quenching
in PCP proteins. As pointed out before, Per 614(624) possesses unique
features among all the peridinins bound to the protein, namely the
shortest center to center distance to the Chl molecule and an interfacial
water molecule acting as a bridge in triplet-triplet energy transfer.
Thus, Per614 has to be considered the most active carotenoid in the
photoprotection process taking place in the Peridinin Chlorophyll Pro-
tein complex of A. carterae.

As a final remark, it is worth noting that the PELDOR method suc-
cessfully applied here to measure the distance between the peridinin
triplet state and a nitroxide inserted into the protein at suitable position,
will open the unique possibility to identify the specific Car and/or Chl
pigments involved in the triplet state formation and quenching in
other light harvesting complexes of known atomic structure. This is an
important starting point to find out the structural and electronic strate-
gies adopted by the different light harvesting complexes for reaching an
efficient mechanism of TChl deactivation.

Transparency document

The Transparency document associated with this article can be
found, in the online version.

Acknowledgements

This work was supported by the Italian Ministry for University and
Research (PRIN2010 prot.2010FM38P_004).

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbabio.2016.09.008.

References

[1] H.A. Frank, R.J. Cogdell, Carotenoids in photosynthesis, Photochem. Photobiol. 63
(1996) 257–264.

[2] E. Hofmann, P.M. Wrench, F.P. Sharples, R.G. Hiller, W. Welte, K. Diederichs, Struc-
tural basis of light harvesting by carotenoids: peridinin-chlorophyll-protein from
Amphidinium carterae, Science 272 (1996) 1788–1791.

[3] D.J. Miller, J. Catmull, R. Puskeiler, H. Tweedale, F.P. Sharples, R.G. Hiller, Reconstitu-
tion of the peridinin-chlorophyll a-protein (PCP): evidence for functional flexibility
in chlorophyll binding, Photosynth. Res. 86 (2005) 229–240.

[4] T. Schulte, D.M. Niedzwiedzki, R.R. Birge, R.G. Hiller, T. Polívka, E. Hofmann, Identifi-
cation of a single peridinin sensing Chl-a excitation in reconstituted PCP by crystal-
lography and spectroscopy, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 20764–20769.

[5] M. Di Valentin, S. Ceola, E. Salvadori, G. Agostini, D. Carbonera, Identification by
time-resolved EPR of the peridinins directly involved in chlorophyll triplet
quenching in the peridinin-chlorophyll a-protein from Amphidinium carterae,
Biochim. Biophys. Acta Bioenerg. 777 (2008) 186–195.

[6] D. Carbonera, M. Di Valentin, G. Agostini, G. Giacometti, P.A. Liddell, D. Gust, A.L.
Moore, T.A. Moore, Energy transfer and spin polarization of the carotenoid triplet
state in synthetic carotenoporphyrin dyads and in natural antenna complexes,
Appl. Magn. Reson. 13 (1997) 487–504.

[7] D. Carbonera, M. diValentin, C. Corvaja, G. Giacometti, G. Agostini, P.A. Liddell, A.L.
Moore, T.A. Moore, D. Gust, Carotenoid triplet detection by time-resolved EPR spec-
troscopy in carotenopyropheophorbide dyads, J. Photochem. Photobiol. A Chem.
105 (1997) 329–335.

[8] M.A. El-Sayed, D.E. Tinti, E.M. Yee, Conservation of spin direction and production of spin
alignment in triplet–triplet energy transfer, J. Chem. Phys. 51 (1969) 5721–5723.

[9] K. Akiyama, S. Terokubota, T. Ikoma, Y. Ikegami, Spin polarization conservation dur-
ing intramolecular triplet-triplet energy-transfer studied by time-resolved EPR
spectroscopy, J. Am. Chem. Soc. 116 (1994) 5324–5327.

[10] J.A. Bautista, R.G. Hiller, F.P. Sharples, D. Gosztola, M. Wasielewski, H.A. Frank, Singlet
and triplet energy transfer in the peridinin - chlorophyll a— protein from Amphidinium
carterae, J. Phys. Chem. A 103 (1999) 2267–2273.

[11] M. Di Valentin, S. Ceola, G. Agostini, G.M. Giacometti, A. Angerhofer, O. Crescenzi, V.
Barone, D. Carbonera, Pulse ENDOR and density functional theory on the peridinin trip-
let state involved in the photo-protective mechanism in the peridinin-chlorophyll a-
protein from Amphidinium carterae, Biochim. Biophys. Acta Bioenerg. 1777 (2008)
295–307.

[12] D. Carbonera, M. Di Valentin, R. Spezia, A. Mezzetti, The unique photophysical proper-
ties of the peridinin-chlorophyll-a-protein, Curr. Protein Pept. Sci. 15 (2014) 332–350.

[13] M. Di Valentin, E. Salvadori, V. Barone, D. Carbonera, Unravelling electronic and
structural requisites of triplet–triplet energy transfer by advanced electron para-
magnetic resonance and density functional theory,Mol. Phys. 111 (2013) 2914-293.

[14] M.T.A. Alexandre, D.C. Luhrs, I.H.M. van Stokkum, R. Hiller, M.L. Groot, J.T.M. Kennis,
R. van Grondelle, Triplet state dynamics in peridinin-chlorophyll-a-protein: a new
pathway of photoprotection in LHCs? Biophys. J. 93 (2007) 2118–2128.

[15] A. Mezzetti, R. Spezia, Time-resolved step scan FTIR spectroscopy and DFT investiga-
tion on triplet formation in peridinin-chlorophyll-a-protein from Amphidinium
carterae at low temperature, Spectrosc. Int. J. 22 (2008) 235–250.

[16] M. Alexandre, R. van Grondelle, Time-Resolved FTIR Difference Spectroscopy Re-
veals the Structure and Dynamicsof Carotenoid and Chlorophyll Triplets in Photo-
synthetic Light-Harvesting Complexes, Infrared Spectroscopy - Life and Biomedical
Sciences Edited by Prof. Theophanides T, InTech pen 2012, pp. 231–256.

[17] G. Jeschke,M. Pannier, H.W. Spiess, L.J. Berliner, S.S. Eaton, G.R. Eaton (Eds.),Distance
Measurements in Biological Systems by EPR, 19, Kluwer Academic, New York 2000,
pp. 493–512.

[18] O. Schiemann, T.F. Prisner, Long-range distance determination in biomacromolecules
by EPR spectroscopy, Q. Rev. Biophys. 40 (2007) 1–53.

[19] Y.D. Tsvetkov, A.D. Milov, A.G. Maryasov, Pulsed electron-electron double resonance
(PELDOR) as EPR spectroscopy in nanometer range Russ, Chem. Rev. 77 (2008)
487–520.

[20] G.W. Reginsson, O. Schiemann, Pulsed electron-electron double resonance: beyond
nanometre distance measurements on biomacromolecules, Biochem. J. 434 (2011)
353–363.

[21] G. Jeschke, DEER distance measurements on proteins, Annu. Rev. Phys. Chem. 63
(2012) 419–446.

[22] M. Di Valentin, M. Albertini, E. Zurlo, M. Gobbo, D. Carbonera, Porphyrin triplet state
as a potential spin label for nanometer distancemeasurements by PELDOR spectros-
copy, J. Am. Chem. Soc. 136 (2014) 6582–6585.

[23] Y. Polyhach, E. Bordignon, G. Jeschke, Rotamer libraries of spin labelled cysteines for
protein studies, Phys. Chem. Chem. Phys. 13 (2011) 2356–2366.

[24] M. Di Valentin, M. Albertini, M.G. Dal Farra, E. Zurlo, L. Orian, A. Polimeno, M. Gobbo,
D. Carbonera, 2016 Light-induced porphyrin-based spectroscopic ruler for nanome-
ter distance measurements, Unpublished results – submitted for publication.

[25] M. Di Valentin, C.E. Tait, E. Salvador, L. Orian, A. Polimeno, D. Carbonera, Evidence for
water-mediated triplet-triplet energy transfer in the photoprotective site of the
peridinin-chlorophyll a-protein, Biochim. Biophys. Acta 1837 (2014) 85–97.

[26] S. Stoll, A. Schweiger EasySpin, A comprehensive software package for spectral sim-
ulation and analysis in EPR, J. Magn. Reson. 178 (2006) 42–55.

1915M. Di Valentin et al. / Biochimica et Biophysica Acta 1857 (2016) 1909–1916

5. CONCLUSIONS

73



[27] G. Jeschke, V. Chechik, P. Ionita, A. Godt, H. Zimmermann, J. Banham, C.R. Timmel, D.
Hilger, H. Jung, DeerAnalysis2006 — a comprehensive software package for analyz-
ing pulsed ELDOR data, Appl. Magn. Reson. 30 (2006) 473–498.

[28] Z. Kvíčalová, J. Alster, E. Hofmann, P. Khoroshyy, R. Litvín, D. Bína, T. Polívka, J.
Pšenčík, Triplet–triplet energy transfer from chlorophylls to carotenoids in two an-
tenna complexes from dinoflagellate Amphidinium carterae, Biochim. Biophys. Acta
Bioenerg. 1857 (2016) 341–349.

[29] A. Gall, R. Berera, M.T.A. Alexandre, A.A. Pascal, L. Bordes, M.M. Mendes-Pinto, S.
Andrianambinintsoa, K.V. Stoitchkova, A. Marin, L. Valkunas, P. Horton, J.T.M. Kennis,

R. van Grondelle, A. Ruban, B. Robert, Molecular adaptation of photoprotection: triplet
states in light-harvesting proteins, Biophys. J. 101 (2011) 934–942.

[30] M. Di Valentin, S. Ceola, E. Salvadori, G. Agostini, G.M. Giacometti, D. Carbonera,
Spectroscopic properties of the peridinins involved in chlorophyll triplet quenching
in high-salt peridinin-chlorophyll a-protein from Amphidinium carterae as revealed
by optically detected magnetic resonance, pulse EPR and pulse ENDOR spectros-
copies, Biochim. Biophys. Acta Bioenerg. 1777 (2008) 1355–1363.

1916 M. Di Valentin et al. / Biochimica et Biophysica Acta 1857 (2016) 1909–1916

CHAPTER 5. PERIDININ-CHLOROPHYLL A-PROTEIN

74



CHAPTER 6
Triplet-State Spin Labels for Highly Sensitive

Pulsed Dipolar Spectroscopy





MOLECULAR PHYSICS
https://doi.org/10.1080/00268976.2018.1503749

SPIN CHEMISTRY MEETING 2017

Triplet-state spin labels for highly sensitive pulsed dipolar spectroscopy

M. G. Dal Farra, S. Ciuti, M. Gobbo, D. Carbonera and M. Di Valentin

Dipartimento di Scienze Chimiche, Università degli studi di Padova, Padova, Italy

ABSTRACT
Pulsed dipolar spectroscopic methods allow nanometer distance measurements between pairs of
spin labels. We have proposed a new spin labelling approach, based on the population of a chro-
mophore triplet under light excitation, testing it on a peptide-based spectroscopic ruler and a
photosynthetic protein. We have applied a modified Pulsed Electron DOuble Resonance (PELDOR)
sequence where the photogeneration of the triplet spin precedes the conventional 4-pulse PELDOR
sequence. In this experiment, the triplet-state serves asdetection spinwhile the stablenitroxide is the
pump spin. Alternatively, a new method, Laser-Induced Magnetic Dipole spectroscopy (LaserIMD),
has been proposed: the nitroxide signal is detected while a time varying laser pulse acts as a pump
to generate the triplet state [C. Hintze, D. Bücker, S. Domingo Köhler, G. Jeschke and M. Drescher,
J. Phys. Chem. Lett. 7 (12), 2204 (2016)]. For the first time, in this work, we compare the two dipo-
lar techniques performing X-band experiments in the same experimental conditions and deriving
analytical expressions for the echo modulation by the density matrix formalism.
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1. Introduction

Pulsed Electron DOuble Resonance (PELDOR)/Double
Electron–Electron Resonance (DEER) spectroscopy is a
pulsed EPR (electron paramagnetic resonance) method
that measures, via the dipolar electron–electron coupling
between two paramagnetic species, distances in the range
1.5–8 nm [1–4]. This technique is characterised by high
precision and reliability, although accessing distances
above 8 nm is significantly challenging. It was shown
that the limit can be overcome (ca. 12 nm) only using
fully deuterated samples [5,6]. Beyond mere mean dis-
tances, PELDOR yields relevant distance distributions,
which provide access to conformational distributions and
dynamics.

Other EPR techniques for measuring electron–
electron couplings include the Double-Quantum Coher-
ence (DQC) [7] and relaxation-induced dipolar modu-
lation enhancement (RIDME) [8]. Under suitable con-
ditions and for distances less than ca. 2 nm for S = 1/2

CONTACT M. Di Valentin marilena.divalentin@unipd.it. Dipartimento di Scienze Chimiche, Università degli studi di Padova, via Marzolo 1, Padova
I-35131, Italy

spin systems, the dipolar interaction can be estimated by
continuous wave EPR [9].

Conventionally, PELDOR measurements are per-
formed between two nitroxide spin labels which have
been attached to biological molecules either by site-
directed spin labelling or by chemical modification.
For proteins, the most commonly used spin label is
MTSSL [(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)-
methanethiosulfonate], which specifically reacts with the
thiol group of cysteine residues, forming a disulphide
bridge. By introducing cysteine residues to sites of inter-
est via mutagenesis and subsequently allowing them to
react with MTSSL, the nitroxide spin label can be posi-
tioned with high specificity and ease [10,11].

High sensitivity and accuracy are main issues in dipo-
lar spectroscopy, which is emerging as a powerful pulsed
EPR technique, complementary to the methods of X-ray
crystallography, NMR and FRET for structural deter-
mination of biomolecules. These issues become a task
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of primary importance particularly in the field of large
membrane proteins which pose a considerable challenge
for crystallography and NMR spectroscopy. The use of
perdeuterated proteins, application of shaped pulses, and
increasing the spectrometer frequency to Q-band, where
the conventional nitroxide labels still perform well, are
the strategies adopted to broaden the applicability of
this methodology. Numerous efforts have been devoted
also in the direction of developing alternative spin labels,
featuring more attractive properties than conventional
nitroxide radicals, despite their widespread employment
for distance measurements.

Gd(III) (S = 7/2) spin labels have been suggested as
a valid alternative to nitroxide for Q-band and W-band
PELDORdistancemeasurements [12]. Several character-
istics of Gd(III) make it a candidate for PELDOR specif-
ically at high-field delivering enhanced sensitivity, as it
has been demonstrated for different systems [13]. In par-
allel, combining the nitroxide and the Gd(III) probes in
an orthogonal labelling approach has proven to be very
effective since the probes can be selectively excited in the
pulsed dipolar EPR experiment [13,14].

As a contribution to the development of alterna-
tive spin labels, we have demonstrated the feasibility of
applying PELDOR to determine the interspin distance
between a photoexcited porphyrin triplet state (S = 1)
and a nitroxide spin label chemically incorporated into
a peptide-based molecular ruler, designed to cover the
complete range of applicability of PELDOR spectroscopy
[15]. This new labelling approach provides high sensitiv-
ity because it fully exploits important characteristics of
the triplet state [16].

Triplet states have a distinctive property compared to
other spin labels: they are characterised by a spin polar-
isation enhancement of the EPR signal, resulting from a
non-Boltzmann population of the triplet-state sublevels
by intersystem crossing from the corresponding excited
singlet state [17]. They work very efficiently as orthog-
onal labels, adding to the spectroscopic selectivity the
advantage of behaving as photoinduced spin probes. This
feature allows to reveal intermolecular interactions and
oligomerization states in the same sample by perform-
ing PELDOR in the absence of light excitationmeasuring
intermolecular nitroxide–nitroxide distances.

Among organic chromophores, we have selected por-
phyrins as they have been widely studied by EPR spec-
troscopy, because of their high triplet yields, strong spin
polarisation and non-extreme relaxation times [18–20].
The well-characterised optical properties of the por-
phyrin chromophore can be also exploited to com-
bine PELDOR to the complementary FRET spectro-
scopic method using a label which is both fluorescent
and paramagnetic. Porphyrin derivatives can be used

as endogenous probes because of their presence in sev-
eral classes of proteins., i.e. photosynthetic and heme
proteins.

Researchers in the field of spin labelling EPRhave used
paramagnetic prosthetic groups as spin probes to deter-
mine structural constraints in proteins [21]. Employ-
ing endogenous probes for EPR detection only causes
minimal functional perturbation to the biomolecules.
Another advantage of such centres is that they are firmly
anchored in the protein and, therefore, are not fraught
with the problem of flexible linkers as the commonly
used spin labels. For all these reasons, the methodol-
ogy is becoming increasingly attractive but at the same
time PELDOR experiments involving prosthetic group
are very limited and restricted to S = 1/2 or high-spin
metal centres for which the mS = ±1/2 transition can
be selected, mainly copper, iron-sulphur and manganese
centres [22–25].

Recently, we have been able to measure the triplet–
nitroxide distance using for the first time an endogeneous
probe in a protein system: the peridinin-chlorophyll a
protein (PCP), a water soluble light-harvesting protein
of the dinoflagellate Amphidinium carterae [26]. MTSSL
was introduced in the protein by site-directed mutage-
nesis followed by spin labelling, while the triplet state
is an endogenous carotenoid probe, populated under
light excitation in isolated PCP by triplet–triplet energy
transfer from the chlorophyll triplet state. This proves
that not only porphyrin-derivatives but also other chro-
mophores can be used as spin labels in the pulsed dipolar
experiment.

In the meantime, the new technique of laser-induced
magnetic dipole (LaserIMD) spectroscopy, based on
optical switching of the dipole–dipole coupling, has been
proposed [27]. In a proof of concept experiment, Laser-
IMD was applied to one of the model peptides belonging
to the spectroscopic ruler series, and the same distance
between the porphyrin and nitroxide probes was eval-
uated with the new methodology. Tentatively, the heme
protein cytochrome C, spin labelled with MTSSL at the
free cysteine position, was also investigated in order to
demonstrate that LaserIMD could provide distance mea-
surements between an endogenous prosthetic group and
a nitroxide label. However, no triplet state was observed
by EPR spectroscopy, as it should have been expected for
a low-spin ferric heme. Zn-substitution of the heme is
necessary in order to populate the Zn(II) protoporphyrin
IX triplet state and perform the triplet–nitroxide dipolar
spectroscopy on this class of proteins.

In this paper, we review the pulsed dipolar spec-
troscopy experiments exploiting photogenerated triplet
state for distance measurements, outlining the main
advantages of the novel spin label. We compare the two
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different methods experimentally in order to quantify
the signal-to-noise ratio (S/N) in the same measure-
ment conditions and from a theoretical point of view in
order to obtain analytical expressions in the frame of the
density matrix formalism. Future perspectives are also
presented.

2. Experimental details

2.1. Synthesis and EPR samples

The synthesis of the peptide was performed by standard
solid-phase synthesis, following a protocol previously
optimised for spin label-containing peptides [28]. 5-
(4-Carboxyphenyl)-10,15,20-triphenylporphyrin (TPP)
was covalently linked to the N-terminus of the 4-amino-
1-oxyl-2,2,6,6-tetramethyl-piperidine-4-carboxylic acid
(TOAC) containing peptide, still attached to the solid
support, in the presence ofN,N′-diisopropylcarbodiimide
/1-hydroxybenzotriazole in CH2Cl2/DMF. Cleavage of
the porphyrin-peptide conjugate from the resin was
achieved by a mild acidic treatment that prevents the
loss of the spin label by protonation. Further details
on the synthesis can be found in [16]. The pep-
tide was dissolved in 98% deuterated methanol MeOD
(Sigma Aldrich) to reach a final concentration of ca.
200 μM. The quartz EPR tubes, partially filled with
the solutions, were sealed after several freeze-thaw
cycles.

2.2. EPRmeasurements

Pulsed EPR was performed on a Bruker Elexsys E580
pulse EPR spectrometer equipped with a Bruker split-
ring resonator ER4118X- MS3 (microwave frequency =
9.55GHz) and an Oxford CF935 cryostat. The measure-
ments were performed at 20K. The sample was photoex-
cited with the second harmonic of a pulsed Nd:YAG laser
(532 nm)with an average power of 5mWand a repetition
rate of 10Hz.

For the PELDOR experiments a standard 4-pulse
sequence (laser−DAF−τ1−π−t−πpump−(τ1 + τ2 −
t)−π−τ2−echo) was applied at a delay after the laser
flash (DAF) of 50 ns; the microwave power was adjusted
to obtain an observer sequence of 16/32/32 ns and a
pump pulse of 8 ns. The difference between the pump
(nitroxide) and observer (porphyrin triplet state) fre-
quency was set to 250MHz. A two-step phase cycle
was applied to remove receiver offsets while deuterium
nuclear modulations were suppressed using an 8-step
τ1 cycle from a 180 ns starting value with 56 ns incre-
ment steps. Data were collected with 2 scans and 100
shots-per-point.

The LaserIMD trace was acquired with a Hahn
echo pulse sequence in which the laser pulse was
inserted at variable position during the second evolu-
tion period: π/2 − τ − π − t − laser − (τ − t) − echo.
The laser pulse was moved also after the standing echo
in order to acquire a sufficient baseline. The synchro-
nisation of the laser and the instrument was obtained
triggering the EPR instrument with the flash-lamp of
the laser. The number of shots-per-point and scans was
regulated in order to be comparable with the PELDOR
experiment: 100 shots-per-pointwith a 2-step phase cycle
and 16 scans were used.

2.3. Data analysis and theory

The experimental time traces for the comparative study
between PELDOR and LaserIMD were analysed using
the DeerAnalysis2016 routine [29]. Primary data were
background corrected by a polynomial decay func-
tion. The form factors were processed by Tikhonov
regularisation.

The analytical calculations were performed in Mathe-
matica.

The triplet sublevel populations were calculated in
Matlab computing the static Hamiltonian of the por-
phyrin triplet state for a grid of molecular orientations
with respect to the external magnetic field and express-
ing the population matrix, derived from the simula-
tion of the triplet EPR spectrum, in the corresponding
eigensystem. The integral over the whole set of orien-
tations was then calculated for each of the three triplet
sublevel populations.

3. Result and discussion

3.1. PELDOR on the porphyrin triplet-state spin
label in a peptide-based spectroscopic ruler

To test the accuracy of the interspin distance determi-
nation and the range of applicability of the orthogonal
spin labelling approach based on the nitroxide-porphyrin
triplet-state pair, we designed and developed a distance
ruler, consisting of a series of bis-labelled model pep-
tides with well defined, predictable separations between
the paramagnetic sites [15]. The peptides are labelled at
the N-terminal end with the TPP moiety and with the
unnatural amino acid TOAC at selected sequence posi-
tions, spanning distances from 1.8 to 8 nm. To inspect the
capability of the novel label to work on a wide range of
distances, design criteria have included the bis-labelled
peptide 1 at the lower limit of the distance range and
more importantly peptide 8 which represents the upper
limit, which is expected to be around 8 nm. The peptide
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Figure 1. Amino acid sequences and structures of the components of the distance ruler series (1–8). The centre to centre distances
between the spin labels are shown, as derived in [15].

sequences and the calculated distances between the two
labels are reported in Figure 1.

An overview of the experimental background-correc-
ted and simulated time domain signals and of the
distance distributions obtained byTikhonov regularisation

are shown in Figure 2 for the complete series of
porphyrin-based peptides (1–8). In the same Figure 2
also the pulse sequence is reported, based on a 4-pulse
scheme where the first observer pulse is preceded by
the laser flash at the minimum delay compatible with

Figure 2. Left: X-band 4-pulse PELDOR traces after background correction and relative DeerAnalysis fittings of the form factors for the
distance ruler series (1–8). Right: experimental label-to-label distance distributions obtained from the PELDOR data by Tikhonov regular-
isation. Inset: 4-pulse PELDOR sequence in presence of laser photoexcitation (left) and X-band field-swept electron-spin echo spectrum
recordedunder photoexcitation for the TPP-conjugatedmodel peptide3 (right). The arrows indicate thepositions of thepump (nitroxide)
and the detection spin (porphyrin triplet state). The figure is based on data from [15], experimental conditions are reported therein.
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the set-up. The PELDOR time traces were obtained by
applying the pump pulse at the maximum of the nitrox-
ide spectrum, in order to optimise the pump efficiency,
and the observer sequence in correspondence to themost
intense emissive zero-field splitting (ZFS) canonical tran-
sition of the polarised TPP triplet-state spectrum, gen-
erated via pulsed laser excitation (see the top panel of
Figure 2). The time traces of all the bis-labelled peptides
show deep envelope modulations at frequencies varying
in a progressive way according to the increasing distance
between the spin labels.Well-defined distances have been
derived byTikhonov regularisation in the overall range of
distances explored by the spectroscopic ruler. Details of
the background correction procedure and data analysis
are available in Di Valentin et al [15].

The work has proven the feasibility of the PELDOR
experiment combined with the orthogonal spin labelling
strategy based on the porphyrin triplet-nitroxide pair.We
have then explored the practical limits of the distance
determination based on the 4-pulse PELDOR experi-
ment: the triplet state properties allow to measure inter-
spin distances up to 8 nm with a conventional X-band
set-up. The accuracy has been assessed by comparing
the PELDOR spin–spin distanceswith theoretical predic-
tions: there is an excellent agreement in the overall range
of distances. A corresponding Cu(II) porphyrin-based
system has also been investigated in order to estimate the
performance of the triplet-state spin label compared to
conventional S = 1/2 systems [15,16]. Figure 3 depicts
the 4-pulse PELDOR time trace of peptide 3 and the
Cu(II) analogue obtained by applying the pump pulse at
the maximum of the nitroxide spectrum in both cases
and in the presence or absence of the laser pulse in

Figure 3. X-band 4-pulse PELDOR traces after background cor-
rection, recorded at 20 Kunder photoexcitation for peptide3 (bot-
tom trace) and without photoexcitation for the Cu(II) analogue
of 3 (top trace). The figure is based on data from [15], experi-
mental conditions are reported therein. The number of scans was
reduced by a hundred times for the triplet-state nitroxide PELDOR
experiments.

order to excite the triplet state or the Cu(II) spin label,
at the corresponding appropriate field positions.We have
demonstrated that accuracy is accompanied by high sen-
sitivity: optimisation of the time trace in terms of signal-
to-noise ratio was achieved by reducing a hundred times
the number of scans for the triplet-state nitroxide PEL-
DOR experiments. The significantly increased sensitivity
is due to the intrinsic spin polarisation of the triplet
state, which is only partially lost in the broad features
of the corresponding spectrum. Moreover, in the con-
ditions commonly adopted for PELDOR measurements,
the phase memory time of the triplet state is comparable
to that of nitroxide spin labels whereas for Cu(II) signal
is significantly shorter.

The close correspondence between the dipolar traces
of the two species, which are characterised by different
principal tensor orientations, spin distribution on the
macrocycle and different spin multiplicity, is a clear evi-
dence that orientation selection is not effective, that the
point-dipole model is still valid for the porphyrin triplet
state, despite the extended π-conjugation on the por-
phyrin ring, and that the effects arising from the higher
dimensionality of the spin system can be neglected. These
properties all together allow a straightforward data anal-
ysis and make the porphyrin in the triplet state an attrac-
tive and reliable spin label for high sensitivity distance
measurements in biomolecules.

3.2. PELDOR on the carotenoid triplet-state spin
label in the protein PCP

As a further step, the technique was applied for the first
time to a protein system, PCP from Amphidinium car-
tarae, tomeasure the distance between the chromophore,
whose triplet is populated under photoexcitation, and
a nitroxide suitably introduced in the protein by site
directed spin labelling [26,30].

PCP is the peripheral, water soluble light-harvesting
complex of dinoflagellate algae, containing only chloro-
phyll a and the carotenoid named peridinin in a
ratio of 1:4. The N- and C-terminal domains of the
monomers are related by a pseudo-twofold symmetry
and each of them contains a cluster of pigments with
the central chlorophyll a surrounded by four peridinin
molecules [30]. The protein arrangement is reported in
Figure 4.

A reconstitution system has been established in which
the isolated pigments are refolded with the polypeptide
of the amino-terminal of the main fold PCP [31]. The
crystal structure of refolded PCP (RFPCP) reveals that
two identical domains assemble into a homo-dimer, that
is virtually identical to the structure of the native PCP
[32]. The RFPCP has an additional alanine residue at
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Figure 4. Top panel left: X-band field-swept electron-spin echo spectrum recorded under photoexcitation for spin labelled refolded
PCP. The arrows indicate the positions of the pump (nitroxide) and the detection spin (peridinin triplet state). Top panel right: structure
of the pigments associated with the monomeric basic unit of the PCP complex from Amphidinium Cartarae (pdb 1ppr). Bottom panel:
Comparison of background-corrected experimental and calculated 4-pulse PELDOR time traces for the triplet state localised on each of
the four Peridinin. Nomenclature for the peridinins is reported in [26] and Per614 is highlighted. Mean distances between each peridinin
and the nitroxide labels in the dimer of the refolded PCP A0C mutant, are indicated. The figure is based on data from [26], experimental
conditions and computational details are reported therein.

the N-terminal (Ala-0) compared to the main form of
PCP. The alanine residue was mutated to a cysteine and
then labelled with a MTSSL in A0C-RFPCP (for details
see [30]). This specific labelling position was selected
in a way that the distances between the nitroxide and
each of the carotenoids present in the protein can be
discriminated in the experiment.

The field-swept electron-spin echo spectrum of the
spin labelled A0C-RFPCP mutant recorded immediately

after the light pulse is composed of two contributions:
a component due to the peridinin triplet state and the
nitroxide signal, as shown in Figure 4. The peridinin
triplet spin polarisation is inherited from the chlorophyll
a triplet donor during triplet–triplet energy transfer, as
extensively discussed in [33]. The 4-pulse sequence was
performed by applying the pump pulse at the maximum
of the nitroxide spectrum and the observer sequence in
correspondence to the most polarised transition of the
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triplet spectrum. After removal of the background decay,
the PELDOR time trace reveals clear dipolarmodulations
(see Figure 4). In order to identify the peridinin involved
in triplet–triplet energy transfer, calculations of the PEL-
DOR traces were carried out by considering the dipolar
interaction between the triplet state on onemonomer and
both symmetry-related nitroxides of the dimer. The com-
parison between the experimental and calculated PEL-
DOR traces shows that only one specific peridinin, in this
carotenoid-rich protein, can satisfactory reproduce the
PELDOR time trace, confirming previous spectroscopic
results [33,34].

In this work, we have demonstrated that PELDOR can
be used also tomeasure distances between a photoexcited
triplet state and a nitroxide radical in a protein system
and that the chromophore, in which the triplet state is
populated, can also be different from a porphyrin deriva-
tive. This type of orthogonal approach can be extended
to chromophores whose triplet state is highly polarised
and, due to the sensitivity acquired from the spin polari-
sation of the photoexcited triplet state, themethod can be
applied to complex biological systems. Triplet states char-
acterised by smaller ZFS parameters aremore suitable for
this application due to the limited bandwidth of the EPR
resonator.

We have also identified which are the specific pig-
ments involved in the triplet–triplet energy transfer
showing that the spectroscopicmethodology for distance
determination, complemented by the X-ray structural
information, can provide valuable details on the struc-
ture–function relationship.

3.3. LaserIMD on the porphyrin triplet-state spin
label

The porphyrin triplet-state spin label pair has proven to
be advantageous compared to the orthogonal approach
based on S = 1/2 spin labels. Furthermore, application to
proteins, where the photoexcited probe is endogenously
bound, was an important step further in the spread of
the novel methodology. Once the novel spin label was
established, a new pulsed dipolar EPR technique, exploit-
ing the same triplet-state probe, was proposed by the
group of M. Drescher [27]. This new technique is based
on the switching of the dipole-dipole coupling by opti-
cal excitation of the chromophore into its triplet state,
instead of pumping the spin species by addressing it
with a second microwave frequency; for this reason, it
is called LaserIMD. The corresponding pulse sequence
is shown in Figure 5 and compared to the 4-pulse PEL-
DOR sequence. In the PELDOR experiment photoexci-
tation comes at the very beginning of the pulse sequence
and after the photoexcited triplet-state species is excited,

Figure 5. 4-pulse PELDOR sequence (top) and LaserIMD pulse
sequence (bottom) with a representation of the corresponding
dipolar modulation traces.

both the radical and triplet state are addressed by two
microwave frequencies (pulse and observer). For Laser-
IMD, a radical spin label is used as the observed species,
whereas the photogenerated triplet state, produced by
a laser flash moving across the complete microwave
sequence, replaces the pumped spin label species. A sim-
ple two-pulse Hahn echo sequence is sufficient to obtain
dead-time free data. The modulated time trace corre-
sponding to the LaserIMDsequence is symmetric around
tmax where the refocusing microwave pulse occurs. This
symmetry can be used to determine the correct zero time.

When the LaserIMD sequence was proposed, in a
proof of concept experiment, the synthesis of a member
of the spectroscopic ruler series, peptide 3, was repro-
duced in order to perform the LaserIMD experiment
[27]. While in the PELDOR experiment, the porphyrin
was excited in the spectral region corresponding to the
Q optical bands using the second harmonic of the YAG
laser (532 nm), the LaserIMD sequence was applied in
correspondence to the Soret band (351 nm). In Figure 6,
the time domain signal obtained with LaserIMD in Q-
band is shown as raw data and after processing. After
background subtraction, a modulation depth λ � 6%,
has been estimated. The Fourier transforms of the form
factors lead to the dipolar coupling spectra in frequency
domain and fitting via Tikhonov regularisation yields
the distance distribution with a mean interspin distance
which is perfectly in agreement with previous results
obtained by 4-pulse PELDOR spectroscopy. The only
drawback of the experiment is the lowmodulation depth,
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Figure 6. LaserIMD experiment on peptide 3: (A) Raw data of the
time domain signal, the top and bottom traces correspond to the
real and imaginary parts of the quadrature signal, respectively.
(B) Comparison of both branches of the LaserIMD raw data. (C)
Corresponding form factor after experimental background correc-
tion obtained by Tikhonov regularisation. (D) Fourier-transformed
dipolar coupling spectra with fit. (E) Corresponding distance dis-
tribution. Reprinted with permission from [27]. Copyrigth 2016
American Chemical Society.

which has been ascribed to the intrinsic triplet quan-
tum yield of the porphyrin chromophore corresponding
to the specific excitation of the Soret band in the Laser-
IMD experiment. A different excitation, according to the
authors, might lead to an increase in the triplet quantum
yield.

In order to prove the effectiveness of the triplet spin
labelling method combined to the new dipolar sequence
the pophyrin triplet–nitroxide LaserIMD experiment,
performed on peptide 3, has been compared to the
nitroxide–nitroxide PELDOR, performed on a nitroxide
variant of peptide 3. The signal-to-noise ratio S/N was
similar under the same conditions.

The feasibility of the LaserIMD experiment under
photoexcitation of an endogenous prosthetic group in
protein, the low-spin ferric hememoiety, was also investi-
gated. The Cytochrome C from Saccharomyces cerevisiae
labelled with MTSSL on the free cysteine 102 was used
as a paradigmatic protein. In this case, the modulation of
the LaserIMD trace, which corresponds to the distance
between the nitroxide spin label and the heme group, can-
not be ascribed to the dipolar interaction between the
radical and the triplet state produced by photoexcitation

since no triplet-state signal was detected. The presence
of the Fe(III) coordinated to the heme moiety compli-
cates the photoexcitation pathways in the protein. Zn-
substitution of the heme is necessary in order to populate
the Zn(II) protoporphyrin IX triplet state and unambigu-
ously prove the feasibility the triplet–nitroxide LaserIMD
experiment using endogenous spin probes like heme.

3.4. Comparison between photoexcited PELDOR
and LaserIMD X-band experiments on the
spectroscopic ruler

As pointed out in the previous section, the distance
distribution obtained applying LaserIMD on the same
porphyrin-nitroxide spin labelled peptide came out to be
in good agreement to those of the corresponding 4-pulse
PELDOR experiment. However, comparison in the per-
formance of the two dipolar pulse sequences was limited
to the nitroxide–nitroxide PELDOR (using a nitroxide
variant of peptide 3). The photoexcited PELDOR exper-
iment on peptide 3 was performed in X-band and it
cannot be directly compared to the Q-band LaserIMD.

It is therefore important to apply exactly the same
experimental conditions and use the same porphyrin-
nitroxide spin labels in order to asses the performance
of the two techniques in term of signal-to-noise ratio
(see Experimental details). The corresponding X-band
experiments on peptide 3 are reported in Figure 7, where
they are shown after background removal. Since the two
data sets differ considerably in their modulation depth
λ, the time traces have also been scaled on the modu-
lation depth. The same main modulation frequency is
visible in both traces and the same distances are derived
by the Tikhonov regularisation procedure, although in
the LaserIMD experiment the low S/N precludes to see
the details of the modulated trace. The main difference
between the two form factors is the modulation depth:
λ-LaserIMD is �6% while λ-PELDOR is �40% (see
the normalised traces reported in the central panel of
Figure 7). The noise level, calculated as the standard
deviation of the experimental data to the Tikhonov reg-
ularised fit, is �0.006 a.u. for LaserIMD and �0.014
a.u. for PELDOR. A significant improvement of the S/N,
determined as the ratio between the modulation depth
and the noise level of the background corrected and
normalised form factors according to [35], has been
obtained. Altogether a S/N enhancement of 2.8 times has
been quantified for PELDOR, which corresponds to a
reduction in measuring time of more than 8 times. This
is the reason why LaserIMD, which has a worse sensi-
tivity in X-band compared to the Q-band, does not give
satisfactory results, as already pointed out in [27], where,
however, the spectra are not shown.
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Figure 7. Left panel: X-band background-corrected experimental data F(t)/F(0) applying the LaserIMD sequence and the 4-pulse PEL-
DOR sequence and best fits as calculated by DeerAnalysis2016. Central panel: modulation depth scaled experimental form factors and
best fits as calculated by DeerAnalysis2016. Right panel: distance distributions P(r)/P(rmax) obtained by Tikhonov regularisation. Light
blue indicates the LaserIMD data and blue indicates the PELDOR data.

Both experiments exploit the triplet spin label but in
a different way, taking advantage of different characteris-
tics of this paramagnetic state. To understand the physics
underneath the different performance of the two tech-
niques, a detailed theoretical description of the pulse
sequences is provided in the next section.

3.5. Theory

The analytical expression describing the echo modula-
tion for the 4-pulse PELDOR and the LaserIMD experi-
ment, considering a system composed by a photoexcited
triplet state weakly interacting with a radical, was derived
by using the densitymatrix formalism, described in detail
byMims [36]. The spin Hamiltonian for a generic system
can be written as the sum of a time independent con-
tribution Ĥ0 and a time-dependent contribution Ĥ1(t)
accounting for the interactionwith themicrowave pulses:

Ĥ(t) = Ĥ0 + Ĥ1(t) (1)

where Ĥ1(t) is present only during the application of the
microwave pulses.

When the spin Hamiltonian is time-dependent the
integration of the Liouville-von Neuman equation is not
straightforward. Simplification in the description of the
experiment is obtained carrying out the derivation in the
rotating framewhere the time dependence ismoved from
the Hamiltonians to the observables [37].

The details of the derivation are different for the PEL-
DOR and LaserIMD sequences and are described in
separate sections.

3.5.1. PELDOR
A series of simplifying assumptions was necessary to
derive the analytical expressions. First of all, the high-
field approximation is applied: the spins are assumed to
be both quantised along the static magnetic field direc-
tion and only the secular part of the ZFS and of the dipo-
lar interactions are retained. No hyperfine interaction or
g-anisotropy are considered. The Heisenberg exchange
coupling between the triplet state and the radical has also
been neglected. The case where the system is oriented
with the z axis of ZFS tensor parallel to the staticmagnetic
field is considered.

The static Hamiltonian in frequency units, expressed
in the rotating frame, is:

H0 = �tSzt + �rSzr + (S2zt − S2t /3)D + ωddSztSzr (2)

where the labels ‘t’ and ‘r’ indicate the triplet and the rad-
ical, respectively, �t, �r are the resonance frequencies of
the two species, D is the ZFS parameter and ωdd is the
dipolar frequency between the triplet state and the radi-
cal. The corresponding eigenfunctions, which constitute
the basis set used in the derivation, are the products of
the radical and the triplet high-field eigenfunctions.

The free precession operators are expressed as:

Rev = exp{−iH0τ } (3)

where τ is the duration of the free evolution period dur-
ing which no pulses are applied. In analogy to what is
done in the experiment, the calculation has been car-
ried out considering the photoexcited triplet state as the
observer spin and the radical as the pump spin.Wemade
the further assumption that the observer pulses affect
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only the triplet state whereas the pump pulse acts only on
the radical. Ideal nutation operators, in which the static
Hamiltonian has been neglected, are used for both the
observer and the pump spins.

TheHamiltonian describing the interaction of the rad-
ical with the microwave magnetic field in the rotating
frame and the corresponding nutation operator are:

H1p = ωpSxr
Rp = exp{−iH1ptp} (4)

where ωp is the Rabi frequency of the pump spin and tp
is the pump π-pulse length.

For the triplet observer spin, transition selective
microwave pulses are considered since the spacing of
the triplet-state sublevels, due to the ZFS, is generally
such that the microwave frequency cannot simultane-
ously excite transitions that share a common sublevel.
The orientational selectivity of the detection pulses on
the triplet spin is taken into account introducing a sin-
gle transition operator S−1t. This is analogous to the Sxt
matrix, but with zero elements in the levels not involved
in the transition:

H1ob = ωobS−1t

Rob = exp{−iH1obtob} (5)

where ωob is the Rabi frequency of the observer spin and
tob is the detection π /2-pulse.

The density matrix of the system is calculated as the
Kronecker product of the density matrix of the radical
and of the polarised triplet state in the corresponding
high-field eigenbasis:

ρ0 = ρ′
r ⊗ ρ′′

t (6)

In Equation (6), ρ′
r is the radical equilibrium density

matrix, ρ′′
t is the density matrix of the triplet after the

laser flash containing, along the diagonal, the popula-
tions of the triplet sublevels multiplied by the triplet yield
�t. The superscripts indicate that the two density matri-
ces are expressed in the radical and the triplet high-field
eigenbasis, respectively.

Considering the 4-pulse PELDOR sequence, the den-
sity matrix at the time of the echo appearance is obtained
applying the proper sequence of nutation and free preces-
sion operators to the initial density matrix:

ρE =Rev4.R2ob.Rev3.Rp.Rev2.R
2
ob.Rev1.Rob.ρ0.

R†
ob.R

†
ev1.R

2†
ob.R

†
ev2.R

†
p.R

†
ev3.R

2†
ob.R

†
ev4 (7)

The dipolar trace is then calculated as the expectation
value of the operator Sy + iSx on the final density matrix:

V(t) = Tr{(Sy + iSx).ρE} (8)

where Sx,y = Sx,yt + Sx,yr.

The modulation formula for the 4-pulse PELDOR
experiment for a triplet state coupled to a radical is the
following:

V(t) = V0(1 − χ(1 − (((pα + pβ)(�1 + �3)

+ i(pα − pβ)(�2 + �4)) cos [tωdd]

+ (i(pα − pβ)(�1 + �3) − (pα + pβ)

(�2 − �4)) sin [tωdd]))) (9)

where V0 is the echo of the triplet state in the absence
of the pump pulse, pα and pβ are the Boltzmann pop-
ulations of the α and the β radical sublevels, χ is an
empirical modulation depth, which does not take into
account the partial excitation of the radical probe,�1,2,3,4
are the coefficients which determine the relative weight of
the in-phase and out-of phase components. The explicit
expressions for V0, χ and all the coefficients are reported
in the Appendix.

In the simplifying assumption that ideal π/2 and π

pulses have been applied, inserting in the expression the
correct values of the pulse lengths and themicrowave fre-
quency for both the observer and the pump pulses, the
formula becomes:

V(t) = 1√
2
�t(p−1 − p0)((pα + pβ) cos[(t − τ1)ωdd]

+ i(pα − pβ) sin[(t − τ1)ωdd]) (10)

where p1, p0 and p−1 are the non-equilibrium popula-
tions of the triplet-state sublevels. In both cases, an out-of
phase component of the echo is present but its contribu-
tion is negligible considering the ratio (pα + pβ)/(pα −
pβ) � 44 at 20 K at Boltzmann equilibrium [38]. In
the simplified case of π/2 and π pulses, the empirical
modulation depth parameter (χ) disappears in the for-
mula. The χ parameter, when the static Hamiltonian
is neglected in the nutation operators, as in our case,
is solely determined by pump pulses characteristics. It
should resemble the typicalmodulation depth of a nitrox-
ide–nitroxide PELDOR experiment that in the case of
100% labelling, in X-band, has an efficiency correspond-
ing to 50% [39]. There is no effect of the triplet-state
counterpart on the modulation depth: the spin polari-
sation increases the intensity of the observer echo and
therefore influences only the value of V0.

3.5.2. LaserIMD
In the LaserIMD sequence, analogously to what was done
in [27], the generation of the photoexcited triplet is con-
sidered to take place after the first microwave pulse.
Experimentally, the laser flash is moved also beforehand
but this contributes only to the baseline and not to the
dipolar modulation of the radical echo. Also in the case
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of the LaserIMD, the high-field approximation has been
applied and no hyperfine interaction or g-anisotropy are
considered. The basis set used for the calculation before
the generation of the triplet state is the radical high-field
eigenbasis. All the operators expressed in this basis are
indicated by a superscript (e.g. S′

zr). The corresponding
spin Hamiltonian is:

H′
0r = �rS′

zr (11)

This is the only term contributing to the free precession
operators in all the evolution periods. In the nutation
operators, similarly to what was done in the PELDOR
case, the static Hamiltonian H′

0r is neglected.
The initial density matrix is simply the equilibrium

density matrix of the radical, while the density matrix
right before the generation of the triplet is the following:

ρ′
1 = R′

ev1.R
′
ob.ρ

′
r.(R

′
ob)

†.(R′
ev1)

† (12)

The photoexcitation of the triplet state introduces a new
species in the system, therefore, from this point in the
sequence, the calculations are carried on in a new basis
given by the product of the triplet and the radical high-
field eigenfunctions. The density matrix becomes:

ρ1 = ρ′
1 ⊗ ρ′′

t (13)

where ρ′′
t is the triplet-state density matrix which

includes also the triplet yield and the second superscript
indicates the triplet high-field eigenbasis.

After the generation of the triplet state, the dipolar
coupling between the triplet and the radical has to be
included in the static Hamiltonian:

H0 = H0r + ωddSztSzr (14)

where the Zeeman and ZFS of the triplet state has been
neglected because there are no pulses acting on the triplet
state.

The density matrix at the time of the echo appearance
is:

ρE = Rev3.R2ob.Rev2.ρ1.R
†
ev2.R

2†
ob.R

†
ev3 (15)

The modulation formula for the LaserIMD experiment
for a triplet-state coupled to a radical is the following:

V(t) = V0(�tp0 + 1 − λ(1 − �t(p+1 + p−1)

× (�1 cos[tωdd] + i�2 sin[tωdd]))) (16)

whereV0 is the echo of the nitroxide in the absence of the
triplet state, λ is the modulation depth and �1,2 are the
coefficients which indicate direction of themagnetisation
in the x,y-plane. The explicit expressions forV0, λ and the
coefficients are shown in the Appendix.

In the simplifying assumption that ideal π/2 and π

pulses have been applied, the formula becomes:

V(t) = 1
2
(pα − pβ)(�tp0 + �t(p+1 + p−1) cos[tωdd])

(17)

This simplified expression allows to directly compare the
PELDOR and LaserIMD analytical formulas and derive
the relevant differences when comparing the two tech-
niques. While in the PELDOR experiment an out-of
phase component of the echo is present not only for
pulses of generic length and microwave frequency but
also when π/2 and π pulses are applied (Equations 10
and 9), in the LaserIMD this component is lost in the
presence of π/2 and π pulses. Only when the high-field
approximation is not valid an out-of phase component
appears in the dipolar trace.

Equation 17 can be rearranged in terms of the modu-
lation depth according to [27], in this case λ corresponds
to �t(p+1 + p−1). The modulation depth, as already
pointed out in [27], is limited by the triplet yield and
by the amount of triplet population which resides in the
mS = 0 level. For tetraphenylporphyrin�t � 0.8 at room
temperature [40]. In the high-field limit, integrating over
all the molecular orientations with respect to the mag-
netic field, p+1 = p0 = p−1 = 0.33. Considering the
value of� and the triplet sublevel populations, amodula-
tion depth corresponding to ca. 46% should be expected.
The effect of the ZFS interaction on the triplet popu-
lations does not produce a significant effect to explain
the reduction of the modulation depth (details on the
calculation are reported in the Experimental section).

Furthermore, exciting the Q absorption band instead
of the Soret band, has not substantially affected the value
of the modulation depth. This proves that the reason for
the low modulation depth is not related to a variation of
the triplet quantum yield compared to the value reported
in the literature, as it was suggested in [27]. In the Laser-
IMD experiment the modulation depth is probably lim-
ited by the incomplete triplet excitation due to the char-
acteristics of the experimental set-up (EPR tube instead
of a cuvette, typical concentrations of EPR samples, small
optical window). Sample excitation is a critical parameter
which requires optimisation in the LaserIMD experi-
ment. The same problem is not present in the PELDOR
experiment because the triplet state works as the observer
and is therefore not influencing the modulation depth.
In this case, the incomplete excitation affects instead the
intensity of the observer echo. When considering the
overall effect of the pump and the observer pulses on
the S/N, a significant improvement has been obtained
for the PELDOR technique. There are, however, some
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potential advantages of the LaserIMD experiment com-
pared to PELDORwhich derive from the virtually infinite
optical excitation bandwidth characterising LaserIMD
as it is underlined in [27]. An extended range of dis-
tances, which is an important requisite for pulsed dipolar
spectroscopy, becomes accessible to this technique.

4. Conclusions

We have reviewed the recent achievements in pulsed
dipolar EPR using an orthogonal spin labelling approach
in which a chromophore probe, in the photoexcited
triplet state, is combined with the conventional nitrox-
ide spin label. The novel methodology provides high-
sensitive and accurate measurements of interspin dis-
tances and it is applicable to protein complexes where
endogenous photo-probes are present.

In this work we compare the two dipolar spectro-
scopic methods introduced to measure radical–triplet
interspin distances: photoinduced PELDOR and Laser-
IMD. Both an experimental and theoretical approach has
been used for this comparative study. While PELDOR
exploits the spin polarisation properties of the triplet
state, LaserIMD does not take any advantage from this
specific property of the triplet state and, in addition, it
is characterised by a reduced modulation depth due to
lack of contribution of the mS = 0 level to the dipo-
lar interaction. An increase of S/N has been found for
PELDOR when measuring in the same conditions. The
use of LaserIMD provides other advantages, as under-
lined in [27] and in the present paper. For this reason,
the two techniques complement each other and depend-
ing on the specific case they should be used in the most
appropriate way to get the best results. Higher frequency
experiments might give different results since the frac-
tion of excited spins decreases with increasing field, as the
ratio of excitation bandwidth to spectral width decreases.
This affects PELDOR to the square (observer and pump),
but LaserIMD only linearly. The balance between laser
and microwave partial excitation might give different
results. For this reason sensitivity comparison in Q-
band considering various experimental conditions are
underway.

In a general perspective, the triplet-based spin
labelling methodology has the potential to introduce
highly impactful applications in a wide range of dif-
ferent bio-molecular systems, starting from proteins
where the prosthetic group can work as photo-active
spin centre: photosynthetic proteins, heme proteins and
flavoproteins. Appropriate spin labelling protocols can
finally extend this novel strategy to any macromolecular
system with a more general impact in structural
biochemistry.
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Appendix

A.1. PELDOR

χ = (−1 + cos[tpωp])

× (pα + pβ)(k3 − k1/2) + (pα − pβ)(k4 − k2/2)
(pα + pβ)k1 + (pα − pβ)k2

(A1)

V0 = 2�t(p−1 − p0)((pα + pβ)k1 + (pα − pβ)k2) (A2)
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√
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1. INTRODUCTION

Refocused-echo Laser Induced Modulation Dipole Spectro-
scopy for accurate distance determination and orientation
analysis.
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ABSTRACT: In this work, an alternative pulse scheme for Laser-Induced Dipolar Modulation En-

hancement (LaserIMD), based on the refocused-echo detection sequence, is proposed for accu-

rate zero-time determination and reliable distance analysis. We demonstrate that the real modu-

lation depth in LaserIMD experiments is obtained only by using a refocused echo pulse scheme.

When the classic Hahn echo sequence is employed, effects related to the dynamic of the triplet

formation process, artificially increase the modulation depth. By performing field-dependent

experiments with the new pulse scheme on a bis-labeled model peptide, we show that light-

induced pulse dipolar spectroscopy can lead to orientational selectivity which needs to be taken

into account in the analysis of the time traces. Making use of this orientation selection, the

relative orientation of the photoexcited porphyrin chromophore and the nitroxide radical is ob-

tained.

1 Introduction

Electron paramagnetic resonance (EPR) pulsed

dipolar spectroscopy (PDS) is an invaluable

biophysical technique for studying complex

biological assemblies [1, 2, 3, 4]. The dipo-

lar interaction between two moieties with

nonzero electronic spin is measured and the

analysis of the time-trace obtained from the

experiment can reveal the relative distance

(ca. 1.5 to 8 nm) and orientation distribu-

tions of the two moieties [5, 6, 7], provid-

ing information about the structure and con-

formational ensemble of the (bio)molecule(s)

to which these moieties are attached [8, 9].

Typical EPR PDS techniques, such as dou-

ble electron electron resonance (DEER), also

known as pulsed electron double resonance

(PELDOR), allows to study systems containing

stable centers with non-zero electronic spin,

such as radicals or native metal centers and

clusters [10, 11, 12]. Radicals are usually in-

troduced in the form of spin-labels such as

MTSSL ((1-Oxyl-2,2,5,5-tetramethylpyrroline-

3-methyl) methanethiosulfonate) via site di-

rected mutagenesis [13, 14, 15].

Site-directed spin labeling coupled to PDS has

enormously increased the scope of nitroxide
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probes in the structural investigation of pro-

teins [16]. Despite the versatility of nitroxide la-

bels, much effort has been invested to research

alternative probes that could be exploited as

endogenous paramagnetic centers in order to

reduce the risk of structural changes due to

the incorporation of a non-native group in the

macromolecule. Additionally native groups are

rigidly held within protein structures in con-

trast to spin-labels attached at surface acces-

sible sites, leading to more compact distance

and orientation distributions and enabling a

more complete analysis of the molecular prop-

erties. In particular, orientation analysis of PDS

traces can be used to orientate docked proteins

with respect to one another [9].

While traditionally the research of native para-

magnetic probes has been mainly focused on

metal-based centers such as Fe(III), iron sul-

fur clusters and manganese clusters, recently,

the photoexcited triplet state of organic chro-

mophores has been proposed as a probe for

PDS [17, 18]. Many biological molecules, such

as photosynthetic proteins and heme pro-

teins, contain moieties that can act as opti-

cally activated spin centers, such that they are

closed shell in their ground state but form elec-

tron spin-active triplet sates after laser pho-

toexcitation [19]. Next to being switchable

by light, these probes are formed in a spin-

polarized state and thus their EPR signals are

stronger compared to that of Boltzmann popu-

lated paramagnetic centers [20]. Light-induced

DEER (LiDEER) [17] and laser-induced mag-

netic dipole (LaserIMD) spectroscopy [21] are

different PDS that allow the dipolar coupling

between a photo-induced triplet and a stable

radical to be studied. Comparisons between

the two techniques have already been carried

out both at X-band and at Q-band [22, 23]. In

LiDEER, laser photoexcitation is performed at

the beginning of the microwave sequence and

the triplet state acts as the detection spin. For

this reason, the electron spin polarization can

be exploited to enhance the signal. In Laser-

IMD the dipolar modulation is induced opti-

cally switching the triplet state while the signal

of the observer spin is detected using a pri-

mary echo sequence (Figure 1). In this way

laser photoexcitation replaces the pump pulse

at the second microwave frequency and the

pump efficiency depends on the triplet quan-

tum yield, the illumination conditions and not

on the triplet polarization [21, 22]. Since the

dipolar modulation is induced by the laser

flash instead of the microwave pulse, Laser-

IMD is dead-time free. Nonetheless, the shape

of the LaserIMD trace makes the determina-

tion of the zero time not straightforward be-

cause the symmetry of first modulation cannot

be exploited to this scope.

In this work we analyze the effect of the uncer-

tainty of the zero time determination in Laser-

IMD on the distance analysis and we propose

a modification of the experiment based on the

refocused echo sequence called 4PLaserIMD

that allows circumventing this problem (Figure

1). We also investigate the possibility of per-

forming an orientationally selective LaserIMD

experiment in order to gain information on the

relative orientation of the two spin centers.

The measurements have been done on the

α-helix peptide, already used in [17] labeled

at the N-terminal end with a tetraphenyl-

porphyrin moiety and with an unnatural

amino acid TOAC (4-amino-1-oxyl-2,2,6,6-

tetramethylpiperidine- 4-carboxylic acid). The

chemical structure of the model peptide is

shown in Figure 1. The rigidity of this sys-

tem makes it particularly adapt for investigat-

ing orientation selection effects in LaserIMD.
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2 Materials and Methods

Sample preparation

For the sample preparation procedure refer to

[17]. The concentration of the EPR samples

was 100 µM in 98% d-methanol, 2% D2O. EPR

tubes were sealed after several freeze-thaw cy-

cles.

τ1 τ2τ1 τ2

4PLaserIMD

τ τ

LaserIMD

tmax t1t2

tmax t1t3 t2

(a)

(b)

Figure 1: (a) pulse sequences and representation of the
corresponding dipolar traces for LaserIMD (top) and 4P-
LaserIMD (bottom); (b) chemical structure of the model
peptide.

EPR measurements

The pulsed and time-resolved EPR experiments

were conducted on a Bruker ELEXSYS E580

spectrometer fitted with a Spinjet Arbitrary

Waveform Generator (AWG) using a TII res-

onator at Q-band (34 GHz). The temperature

was maintained at 20 K using liquid helium

and a CF935 cryostat with an Oxford Instru-

ments ITC103 temperature controller. Laser

excitation of the samples was performed using

an OPO pumped by the third harmonic of a

Nd:YAG laser (Opotek, Opolette355), operated

at a repetition rate of 20 Hz (5 ns pulses). Laser

pulse energies of 2 mJ were used at an excita-

tion wavelength of 512 nm, and the delay after

the laser flash (DAF) was set to 1600 ns.

For the electron spin-echo experiments a stan-

dard Hahn echo sequence (laser flash-DAF-π/2

- τ - π - τ - echo) was employed with a nominal

length of 28 ns for all the pulses and a τ value

of 200 ns. The data were collected with 5 scans

and 50 shots-per-point.

The LaserIMD experiments were performed

with the pulse sequence proposed in [21] (π/2

- τ - π - t - laser flash - (τ− t ) - echo) with a

τ of 1500 ns and 28 ns pulse lengths. The Re-

LaserIMD experiments were performed with

a pulse scheme: π/2 - τ1 - π - t - laser flash

- (τ1 + τ2 − t ) - π - τ2 - echo with 28 ns pulse

lengths, a τ1 of 1500 ns and a τ2 200 ns. In

both cases a two-step phase cycle was applied

to remove receiver offsets. Data were collected

with 50 scans and 50 shots-per-point.

In all the dipolaar experiments, the time incre-

ment of the dipolar traces was 8 ns.

EPR data analysis

LaserIMD, ReLaserIMD time traces on the

model peptide were analyzed using the Deer-

Analysis2018 routine [24]. The study on the de-

termination of the zero-time in the LaserIMD

and the ReLaserIMD time traces, was carried

out selecting different zero times, for both the

datasets, and repeating the procedure of back-

ground fitting and Tikhonov regularization. For

the LaserIMD, nine different the zero times,

separated by 4 ns, were picked around the

change of slope of the curve. For the ReLaser-

IMD, three different zero times, separated by

4 ns, were selected around the symmetry axis

of the first modulation. The primary data from

the experiments were background corrected by
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fitting an exponential decay function to the

data. In both cases, the portion of the trace,

employed for the background fitting, was kept

constant for all the trials. The regularization

parameters were determined with the GCV cri-

terion [25].

For the analysis or the orientationally selective

ReLaserIMD data, the routine reported in [7],

has been used.

3 Results and Discussion

In order to accurately analyze the dipolar os-

cillations and relate this to an inter-spin dis-

tance distribution, it is vital to accurately pin-

point the zero-time of the experiment. The

zero time determines the start of the first os-

cillation, which is most pronounced and thus

has a major impact on the calculated distance

distribution. The correct determination of the

zero-time is particularly important for small

inter-spin distances which give rise to high fre-

quency dipolar oscillations. While in LaserIMD

the first modulation start as a baseline drop, in

4PLaserIMD, the symmetry of the first modula-

tion, helps determining the correct zero time.

The data collected with the two techniques, on

the porphyrin-based model peptide, are com-

pared in Figure 2. For the LaserIMD data the

left branch of the dipolar trace has been used.

It can be clearly seen that, since the symme-

try about the zero-time is lost in LaserIMD, the

zero point has to be picked in the zone where

the change of slope between the baseline and

the drop of the first modulation occurs. How-

ever, this process is not free from bias and there

is a wide range of points that could inadver-

tently be selected as zero-times.
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Figure 2: Raw dipolar time traces. The selected zero time positions, used in the distance analysis, are indicated in
the inset if the right panel. The form factor together with the corresponding fittings and distance distributions are
displayed in the central and the right panels respectively. The data in the top row have been collected using the
LaserIMD sequence whereas those in the bottom row with the ReLaserIMD sequence.
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In [21], a procedure based on symmetrization

of the two branches of the LaserIMD trace

about the point "tmax" and taking into account

also the length of microwave pulses and the

delays, has been described. However, the two

branches are not always symmetric because

the overlap of the tetraphenylporphyrin triplet

signal with the nitroxide signal is such that

when the laser flash occurs prior to the de-

tection sequence (position (1) in Figure 1) the

triplet signal contributes to the detected echo.

The extent of the triplet contribution is both

time and field dependent further complicat-

ing the previously proposed zero-time sym-

metrization protocol [21] (see Figure S1).

In order to demonstrate that the proposed

4PLaserIMD sequence allows an accurate de-

termination of the zero-time, the distance

analysis of both experimental traces, has been

performed repeating the Tikhonov regulariza-

tion procedure, implemented in DeerAnalysis,

for a set of zero times selected for the two

datasets. As it is possible to notice in the top

left panel of Figure 2, for the Hahn echo-based

trace there are several points that could be

potentially picked as the zero time. Instead,

in 4PLaserIMD the situation is less ambiguous

and the zero times can be reasonably limited to

three options.

Determination of the zero-time affects the

form-factor fitting and consequently the dis-

tance distribution. The different distributions

obtained from the LaserIMD trace have the

maxima spread in a range of distances of 0.1

nm, whereas for the 4PLaserIMD this interval

is limited to 0.01 nm. The goodness of the fit

to the LaserIMD improves when the zero-time

is selected toward the end of the considered

range (yellow lines in Figure 2). At the same

time, the spurious peaks at longer distances

with respect to the main peak disappear in the

corresponding distance distributions. The best

results are obtained selecting the zero time in

a region where the drop of the first modulation

has already initiated and therefore it may not

represent the most obvious choice.

Beyond the differences already highlighted

concerning the exact position of the zero-time,

the traces collected with the two techniques

differ also in terms of modulation depth. In

Figure 3 a comparison between the Hahn echo

and the refocused echo LaserIMD experiments

is shown. As it can be seen, the modulation

depth in the first case is higher. A decrease of

modulation depth is observed also going from

3-pulse to 4-pulse DEER and this has been at-

tributed to a dynamic phase shift induced by

the pump pulse on the detection spins [26, 27,

28]. However, this does not apply to Laser-

IMD because the microwave pump pulse is re-

placed by the optical photoexcitation. One po-

tential explanation is related to the fact that the

formation of the triplet state is not instanta-

neous, for TPP at cryogenic temperatures it oc-

curs on a time scale of 10 ns [29]. The result-

ing time dependent generation of a magnetic

dipole in the TPP moiety as it undergoes inter-

system crossing, generates a time dependent

magnetic field that initiates a torque on the ni-

troxide magnetization.
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Figure 3: Comparison between the intensity of the first
modulation in the LaserIMD (black) and in the ReLaser-
IMD (blue) experiment.
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This alters the direction of the nitroxide spin

vector modifying the signal observed at the

symmetric zero time of the ReLaserIMD com-

pared to that observed when the triplet is gen-

erated after the detection sequences. It has

previously been proposed that the modulation

depth of Hahn echo LaserIMD could be used

as a method to determine the amount of triplet

state formed [21]. However, if formation of

the triplet state causes a change in the pro-

jection of the nitroxide magnetization reducing

the size of the signal observed after the zero

time, this will artificially inflate the modulation

depth measured and casts doubt on the appro-

priateness of this methodology.

We have also analyzed the dependence of the

modulation depth on the illumination condi-

tions. In Figure 4 a comparison between the

two LaserIMD sequences recorded at differ-

ent laser powers, is shown. The dipolar traces

have been normalized to the corresponding

zero times. As expected, the modulation depth,

changes with the laser power in both cases. For

the same reason different illumination setups,

either through the optical window or through

the top of the sample holder using an optical

fiber, are also affecting the modulation depth

(see Figure S2). This proves that illumination

is a critical parameter that has to be optimized

when performing the LaserIMD experiment.

Not only the modulation depth but also the

baseline position varies with the laser power.

In both LaserIMD experiments, the baseline

of the right branch, corresponding to position

"t1" in Figure 1, changes due to two main rea-

sons: one is related to the formation of the

triplet state that, as explained above, induces a

torque on the nitroxide echo, the other is that

the triplet contributes to the detection echo

when laser photoexcitation comes before the

Hahn echo sequence (see Figure S1 and S3).
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Figure 4: LaserIMD (top) and ReLaserIMD (bottom) data
collected at different laser powers: 2 (violet), 1.35 (azure)
and 0.5 (turquoise) mJ. The traces have been normalized
to 1 at the corresponding zero-times.

However, the traces have been collected in a

region in which the contribution of the triplet

state to the detected echo is minimal. In the

case of the ReLaserIMD, in fact, the baselines

of the right branch match. This is a further ev-

idence supporting the fact that the modulation

depth in the Hahn echo based LaserIMD se-

quence cannot be completely ascribed to the

triplet nitroxide dipolar interaction.

Field-dependent ReLaserIMD experiments also

demonstrate significant orientation selection

(see in Figure 5). This allows the relative ori-

entation of the nitroxide and dipolar vector to

be determined by fitting a library of orienta-

tion dependent simulated traces to the exper-

imental data [7]. The results of these simula-

tions agree well with the expected structures,

in which TOAC adopts a conformation with the

backbone carboxylate group axial to the ring
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(pink and blue structures in Figure 5). They

also indicate that a small amount of a 2nd

chair confirmation with the backbone carboxy-

late group equatorial to the ring (taupe struc-

ture Figure 5), may also be present in a lower

proportion. The variation in dipolar frequency

with field position indicates a strong correla-

tion between the nitroxide frame and the dipo-

lar tensor orientation, suggesting that the spin

labeled peptide must be relatively rigid. Indeed

the TOAC moiety keeps the nitroxide at a fixed

position with respect to the peptide backbone

and, in addition, the long axis of the peptide

limits the orientational flexibility of the inter-

spin vector.

The presence of orientation selection in the Re-

LaserIMD experiments implies that analysis of

a single trace using DeerAnalysis [24], that em-

ploys an orientation independent kernel func-

tion, may yield inaccurate distance distribution

results. Instead an ad hoc routine, that takes

into account for the orientational dependence

of the modulated echo intensity, is required for

the correct elaboration of the PDS data and the

extraction of the structural information. As it

has already been shown for other PDS tech-

niques, such as DEER [4, 9], orientation selec-

tion constitutes a powerful tool in PDS.
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Figure 5: (a) Electron-spin echo field sweep in which, the field positions used in the ReLaserIMD experiment, are
indicated. (b) ReLaserIMD traces (black) shown with the orientation dependent simulations. The modulation depth
has been normalized to 1 for ease of analysis. 100 least squares fitting iterations were performed in which the trace
providing the best improvement in fit to experimental data was added to the previous best fits. (c) The least square fit
seen as a function of iteration number, by 100 iterations a self- consistent result has been achieved. (d) Orientations
determined by the fitting procedure plotted as colored spheres relative to the peptide structures in the g-frame of
the nitroxide, represented by the axis system. The color of the spheres relative to the peptide structures in the g-
frame of the nitroxide, represented by the axis system. The color of the sphere represents the number of times an
orientation contributes to the fit (cyan = 1 to pink = 6). The pink and the blue peptide structures show the range of
movement expected for th peptide and are displayed keeping the TOAC group in the conformation determined by
DFT calculation [18]. The taupe structure has the TOAC in a second chair conformation, as predicted by [30].
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In fact is adds further constraints to the equa-

tion describing the dipolar time trace and it

can be exploited for obtaining information not

only on the interspin distance but also on the

reciprocal orientation between the spin cen-

ters.

4 Conclusions

In the present work we have introduced a vari-

ation of the LaserIMD technique based on the

refocused echo sequence that allows an accu-

rate determination of the zero time making the

distance analysis more reproducible and re-

liable. We have also shown that modulation

depth obtained when using the ReLaserIMD

sequence is not affected by the dynamics of

triplet formation as it is the case in LaserIMD

and can therefore be considered more reliable.

Measurements of the dipolar traces at different

field positions highlight a strong orientation

selection deriving from the spectral selectivity

of the detection pulses, that has been corre-

lated to the relative orientation between the

two spin centers. These effects enable orien-

tationally selective PDS studies involving pho-

toexcited triplet probes.
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Figure S1: Inter-pulse delay (left) and field (right) dependence of the right branch of LaserIMD trace.
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Figure S2: Dependence of the modulation depths of ReLaserIMD (top traces) and LaserIMD (bottom traces) on the
illumination conditions: using the same laser power, illumination via fiber guarantees better performance compared
to illumination through the optical window. The small delay in the traces is related to the different paths of the light
before reaching the cavity.
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Figure S3: Field dependence of the right branch of the ReLaserIMD trace.
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ABSTRACT: Light-induced pulsed dipolar spec-

troscopic methods allow to estimate nanometer

distances between orthogonal spin labels, one of

which is a chromophore triplet state. In this work,

accurate distance measurements are reported in

singly labeled human neuroglobin. It is shown that

Zn-substitution of the heme, to populate the Zn(II)

protoporphyrin IX triplet state, makes it possible

to perform light-induced dipolar spectroscopy on

hemeproteins. Three different pulse dipolar tech-

niques, exploiting different properties of the triplet

state, have been employed and are compared in

this work. In addition to double electron electron

resonance (DEER) and to the four-pulse version

of laser-induced magnetic dipolar spectroscopy

(LaserIMD), relaxation-induced dipolar modulation

enhancement (RIDME) is applied, for the first time,

to the photoexcited triplet state.

During the past two decades, distance measure-

ments in spin-labeled biological macromolecules

have become an important application of dipolar

spectroscopy. Pulsed Dipolar Spectroscopy (PDS)

groups a series of pulse electron paramagnetic reso-

nance (EPR) techniques that measure, via the dipo-

lar electron–electron coupling between two para-

magnetic species, distances and distance distribu-

tions in the range 1.5–8 nm with high precision

and reliability [1, 2, 3, 4]. Among PSD techniques,

double electron-electron resonance (DEER), also

known as pulsed electron double resonance (PEL-

DOR), plays the main role [5, 6]. EPR techniques

for measuring electron–electron couplings include

the Double-Quantum Coherence (DQC) [7, 8] and

relaxation-induced dipolar modulation enhance-

ment (RIDME) [9, 10].

Conventionally, PDS measurements are performed

between two nitroxide spin labels which have

been attached to biological molecules either by

site-directed spin labelling (SDSL) or by chem-

ical modification [11]. For proteins, the most

commonly used spin label is (1-oxyl-2,2,5,5-

tetramethylpyrroline-3-methyl)- methanethiosul-

fonate (MTSSL), which specifically reacts with the

thiol group of cysteine residues [12].

As a contribution to the development of alterna-

tive spin labels, which is one main issue in the ap-

plication of PDS, we have demonstrated that the

triplet state of the porphyrin chromophore can

be exploited to determine the interspin distances

when chemically incorporated into a peptide-based

molecular ruler together with a nitroxide probe

[13, 14]. Due to the sensitivity acquired from the

spin polarization of the photoexcited triplet state in

the intersystem crossing process, the method has

been applied not only to model systems working as

molecular rulers but also to a photosynthetic pro-

tein, containing an endogenous carotenoid triplet

state probe [15]. The dipolar measurements were

performed with light induced DEER (LiDEER), a

variation of the conventional 4-pulse DEER se-

quence where a laser flash is used to generate

the triplet state before the application of the mi-

crowave pulses. In the meantime, the new tech-

nique of laser-induced magnetic dipole (LaserIMD)

spectroscopy, based on optical switching of the

109



CHAPTER 8. PULSED DIPOLE SPECTROSCOPY IN HUMAN NEUROGLOBIN

dipole–dipole coupling, was proposed as an alter-

native for triplet-nitroxide dipolar spectroscopy on

the same porphyrin-based model system [16].

Not only photosynthetic proteins, but also proteins

belonging to other classes, like hemeproteins and

flavins, contain a photoactive cofactor, which, in

principle, can be exploited as an endogenous para-

magnetic center [17, 18]. Tentatively, the hemepro-

tein cytochrome C, spin labeled with MTSSL at the

free cysteine position, was investigated in order to

demonstrate that LaserIMD could provide distance

measurements between the endogenous prosthetic

group and a nitroxide label [16]. However, no

triplet state was observed by EPR spectroscopy, as

it should have been expected for a low-spin ferric

heme. Zn-substitution of the heme is necessary

in order to populate the Zn(II) protoporphyrin IX

triplet state and perform the triplet–nitroxide dipo-

lar spectroscopy on this class of proteins.

Recently, as a further step in the development of

the light-induced PSD techniques, a LaserIMD se-

quence based on the refocusing echo instead of the

Hahn echo detection has been proposed. The new

sequence (ReLaserIMD) yields a symmetric zero-

time which enables more accurate extraction of the

dipolar frequencies [19].

In this work, human neuroglobin has been chosen

as a benchmark hemeprotein to demonstrate the

feasibility of the dipolar spectroscopy experiment

between a triplet state, photo-generated on the en-

dogenous porphyrin-derivative group, and a nitrox-

ide probe attached to a one of the native cysteines

of the protein via SDSL. Human neuroglobin is a

good model system in this respect because there are

both high resolution X-ray structure and DEER data

available [17, 20, 21]. In the work by M. Ezhevskaya

et al. [17], the DEER trace was measured exploiting

the low-spin Fe(III) ion of the heme group as an en-

dogenous probe. Here we have replaced the heme

cofactor with the Zn(II) protoporphyrin IX [22] in

order to photo-generate a triplet state spin label.

Following the nomenclature by M. Ezhevskaya et

al. [17] the mutant G19 of neuroglobin has been

prepared (see the Suppelementary information for

detail). The mutant after substitution of the heme

cofactor and SDSL with the MTSSL probe is referred

to as ZnG19 (Figure 1).

Figure 1: Representation of neuroglobin (PDB: 4MPM
[21]) in which the rotamers of the MTSSL spin label is at-
tached at the residue Cys120. The calculation of the ro-
tamers has been done by using the software Multiscale
Modeling of Macromolecules (MMM) [23].

Here we have employed LiDEER and ReLaserIMD

to study the dipolar interaction between the triplet

state of Zn protoporphyrin IX and the nitroxide rad-

ical in ZnG19 and prove the feasibility of the light-

induced PSD experiment on heme proteins. For the

first time, the light-induced RIDME (LiRIDME) se-

quence, in the five-pulse dead-time free version, is

also applied to a triplet state in order to exploit the

longitudinal relaxation properties of this high spin

system.

All three pulse sequences are reported in Figure 2.

The experimental traces and distance distributions

extracted from the dipolar traces by means of the

program DeerAnalysis are shown in Figure 2. The

LiDEER experiment on this system gives a very poor

result, with a high level of noise and a low modula-

tion depth (6%). The signal to noise ratio S/N, cal-

culated as the ratio of these two parameters, is ∼3.7.
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Figure 2: LiDEER, LiRIDME and ReLaserIMD pulse schemes (left panel), form factors (grey) and best fits of the
LiDEER (turquoise), LiRIDME (azure) and ReLaserIMD (violet) data (central panel) and corresponding distances dis-
tributions (right panel). The distance analyses have been performed with DeerAnalysis [24], for LiDEER and Re-
LaserIMD, and with OvertoneAnalysis [25] for LiRIDME in order to remove spurious peaks related to relaxations with
∆mS ±2. The error bars have been obtained using the validation procedure, implemented in both softwares, varying
the starting point for the background fitting between 300 and 500 ns and adding 50% of the original noise.

The LiRIDME experiments is instead character-

ized by a modulation depth of 11% and a S/N

' 18, while for ReLaserIMD the time trace fea-

tures a modulation depth of 18% and a S/N '
49. Note that each method has its own specific

factors influencing the value of the modula-

tion depth. In ReLaserIMD, the improvement

in modulation depth and S/N, allows observ-

ing more than two well-resolved periods of the

dipolar modulation.

The distance analysis has been performed and

for all the three datasets and the same most-

probable distance (2.4 nm) and similar dis-

tance distributions have been obtained. The

excellent agreement with the distance pre-

dicted in the MMM analysis (see Figure 1)

demonstrates that the triplet state, photo-

generated on the endogenous probe after the

Zn-substitution protocol, can be successfully

exploited to determine the inter-spin distance

in the heme-protein. Moreover the availability

of diverse pulse schemes that can be applied in

systems containing photoexcited triplet states

allows one to select, case-by-case, the tech-

nique that warrants the best performance in

term of S/N.

In order to get an estimate of the error in the

distance distributions, the validation analysis

implemented in DeerAnalysis and Overtone-

Analysis has also been performed by check-

ing the influence of the starting point for the

background fitting and the noise level on the

form factor fitting [24, 25]. The parameters

employed for the validation are specified in

the caption of Figure 2. As it could be easily ex-

pected given the poor S/N of the DEER trace,

the distance distribution in this case has a big

error band that partially delete also the main

distance peak. Instead, the validation analysis

performed for both the LiRIDME and the Re-

LaserIMD time traces, modifies very little the

two distance distributions, confirming the re-

liability of the structural information obtained

from these two techniques.

The performance of the three different PSD se-

quences can be rationalized in terms of the re-

laxation behavior of the triplet state and the ni-

troxide probes. For this reason, the triplet state
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kinetics, taken at the canonical triplet positions

indicated in the echo-detected EPR spectrum,

were measured recording the two-pulse Hahn

echo intensity as a function of the delay after

the laser flash (Figure 3). The kinetics depends

on both the triplet sublevels decay rates to the

ground state and on the spin-lattice relaxation

time.
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Figure 3: Top row: field-swept electron spin echo experiment of ZnG19 recorded with pulse parameters optimized
for the triplet. The canonical positions of the triplet are indicated. 2-pulse electron spin echo decay data collected
along the X canonical position of the triplet (blue) and at the maximum of the nitroxide (red). Bottom row: integrated
Hahn-echo intensity, as a function of the delay after the laser flash, recorded along the canonical positions.

The phase memory time for both the radi-

cal and triplet species were measured with

variable interpulse delay Hahn echo pulse se-

quence and are reported in the same figure. All

these sets of experiments were performed at 20

K, as was the PDS. The fits of the traces and the

corresponding parameters can be found in the

Supplementary Information.

The relative phase memory times of the two

species make either DEER or LaserIMD the

more suited experiment in terms of S/N. While

LiDEER depends on the relaxation times of the

triplet observer spin, LaserIMD, based on a

simple two pulse sequence applied to the ni-

troxide spin, is instead influenced by the ni-

troxide phase memory time. This is the reason

why, in the specific case of neuroglobin, where

the phase memory time of Zn protoporphyrin

IX in the triplet state is of the order of only 500

ns, the use of the LiDEER is almost precluded,

despite the favorable spin polarization of the

triplet [26]. Comparison between the two tech-

niques in X-band under equivalent conditions

is showing that LiDEER is characterized by an

increased S/N [27].

The RIDME performance is also satisfactory

since the longitudinal relaxation time of the

triplet state is suited for this technique, in a

similar way as for metal centers. The only

drawback is that the extraction of distance
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distributions using a fast relaxing high spin

paramagnetic center, as is the case for the

triplet state, is affected by the presence of over-

tones of the dipolar frequencies. For this rea-

son, modulations in the dipolar trace are not

clearly distinguishable and distance analysis

must take into account the overtone contribu-

tions.

In conclusion, in this work we prove accurate

determination of distance distributions from

LaserIMD and LiRIDME data, using as endoge-

nous probe the triplet state of Zn protopor-

phyrin IX coupled to a nitroxide spin label in

human neuroglobin. This is the first time that

the feasibility of the dipolar experiment has

been demonstrated for a paradigmatic protein

belonging to the class of the hemeproteins.

We have also demonstrated that LiRIDME

can provide reliable information on the dis-

tance between nitroxides and triplet state chro-

mophores similarly to LaserIMD. Both single-

frequency techniques become advantageous

compared to LiDEER when the chromophore

in the triplet state is characterized by short re-

laxation times.

The availability of different light-induced

PDS techniques is an important requisite to

broaden the applicability of the triplet spin la-

bels in biological macromolecules. These tech-

niques complement each other and, depend-

ing on the nature of the triplet spin label, they

can be used interchangeably to take advantage

of specific properties of the triplet state.
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Supplementary Information

Sample preparation

Human neuroglobin contains three cysteine residues: Cys55 in position 5 of the D helix, Cys120

in position 19 of the G helix and Cys46 in position 7 of the CD loop, and all of them can be

exploited as potential target for SDLS. To avoid multiple labeling, a mutant of neuroglobin, con-

taining a single cysteine residue, has been expressed. The choice of the cysteine to label has

been made on the basis of the X-ray crystallographic structure (PDB: 4MPM1) and of the avail-

able DEER data2. Cys46 was discarded because it is located in a random coil which is a highly

flexible region and this could broaden the distance distribution between the two probes mak-

ing the measurement of the dipolar trace more difficult. Cys55 was also eliminated because it is

located in a buried position and this could diminish the labeling efficiency. As a further confir-

mation of these considerations, the two DEER traces recorded by M. Ezhevskaya et al.2 labeling

Cys55 in one mutant and Cys46 the other gave unsatisfactory signal-to-noise ratios and very poor

modulation depths. For this reason, we expressed a neuroglobin mutant in Escherichia coli, were

only Cys120 was present while Cys55 and Cys46 had been replaced by serine residues. Follow-

ing the nomenclature by M. Ezhevskaya et al.2 the mutant is called G19. After the expression of

G19, the heme group was substituted with the Zn(II) zinc protoporphyrin (ZnPP) following the

denaturation-purification-reconstitution procedure described by Scholler et al.3 Subsequently

the Cys120 was labeled with the nitroxide probe (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)

methanethiosulfonate (MTSSL).

Preparation of the Zn-zubstituted G19 mutant

The expression and purification protocol was performed following the procedure previously imple-

mented1,4. The human neuroglobin DNA coding sequence cloned in the vector pET3a was kindly

donated by Professor T. Burmester (Department of Biology, University of Hamburg). The GE-

NEART® Site-Directed Mutagenesis System kit was used to make the G19 mutant: Cys46Ser/

Cys55Ser. After the mutagenesis, the G19 coding sequence was cloned in pET28a, giving the

plasmid pET28hNGB G19. The latter was finally used to transform the Escherichia coli strain

BL21DE3 Codon Plus RP. The cells were grown at 25°C in TB medium containing 1.2% bac-

totryptone, 2.4% yeast extract, 0.4% glycerol, 72 mM potassium phosphate buffer, pH 7.5. 200

µg/ml ampicillin, 30 µg/ml chloramphenicol and 1 mM d-amino-levulinic acid were added to

the medium. At OD600 = 0.8 the culture was induced by the isopropyl-1-thio-D- galactopyra-

noside to a final 0.4 mM concentration and cells were let growing overnight. The cells were then

harvested, resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.5 mM dithiotre-

1B. G. Guimarães, D. Hamdane, C. Lechauve, M. C. Marden, B. Golinelli-Pimpaneau. Acta Crystallogr. Sect. D Biol.
Crystallogr., 70(4):1005–1014, 2014.

2M. Ezhevskaya, E. Bordignon, Y. Polyhach, L. Moens, S. Dewilde, G. Jeschke, and S. Van Doorslaer. Mol. Phys.,
111(18-19):2855–2864, 2013.

3D. M. Scholler, M.-Y. R. Wang, B. M. Hoffman, Methods Enzymol. 52:487–493, 1978
4S. Dewilde, K. Mees, L. Kiger, C. Lechauve, M. C. Marden, A. Pesce, M. Bolognesi, L Moens, Methods Enzymol.

436:341–357, 2008.
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itol) and exposed to three freeze-thaw cycles. After that, sonication was done until the cells com-

pletely lysed. The extract was clarified by low (10 min at 10,000 g) and high (60 min at 105,000 g)

speed centrifugation. The obtained supernatant was collected and fractionated by 60% ammo-

nium sulphate precipitation. The pellets were dialyzed against 5 mM Tris-HCl pH 8.5 and loaded

onto a DEAE Sepharose fast flow column for ion exchange chromatography. The recombinant

neuroglobin G19 was eluted by 200 mM NaCl from the Sepharose column, concentrated by Am-

icon filtration (PM10) and passed through a Sephacryl S200 column for gel filtration. SDS-PAGE

was done to test the protein purity and the Bradford reagent was used for measuring protein

yield. The ZnPP-substitution was performed following the procedure described by Scholler et

al.1 ZnPP was purchased from Sigma Aldrich. All manipulations were performed in the dark

because of the light sensitivity of ZnPP. In a first step, the original heme group was removed. In

order to prepare the apo-G19, a cold acid acetone solution (50 mL of acetone + 40 µL of HCl

6N) was added drop by drop to G19, constantly stirred at ––20°C. White apo-protein flakes were

centrifuged for 1 min at 1200 g to separate them from the red heme solution. The supernatant

was discarded. The apo-protein was washed with cold acid acetone and again centrifuged. The

sediment was dissolved in a minimum amount of water and dialyzed 24 h in NaHCO3 1 mM,

DTT 0.1 mM and overnight in buffer 5 mM Tris-HCl pH 8.5. The obtained apo-protein was used

to prepare ZnPP-substituted neuroglobin. ZnPP was solubilized in 0.1 M NaOH and dissolved in

buffer 5 mM Tris-HCl pH 8.5. This was added to the apo-neuroglobin solution, which was then

incubated for 4 hours, dialyzed overnight against 5 mM Tris-HCl buffer at pH 8.5 and concen-

trated by Amicon filtration (PM10). The yield of ZnPP-substituted neuroglobin from apo-protein

resulted to be 50% (measured by ZnPP absorbance using ε424= 122 mM-1 cm-1). The residual

apo-protein, remaining denaturated or mis-folded, was easily eliminated by centrifugation.

Spin labeling

Before starting the spin labeling procedure, the protein was incubated for 30 minutes in a 10

mM DTT solution in 5 mM Tris-HCl pH 8.5 buffer. The sample buffer was exchanged with 5

mM Tris-HCl pH 8.5 using a desalting column. Spin labeling was carried out by adding a 10-fold

molar excess of MTSL to the single cysteine G19 mutant. The sample was incubated first for 2

hours at room temperature and then overnight at 4°C. It was then washed in a desalting column

to remove the unbound spin label. The labeling yield, determined by CW-EPR, was 68%. The

buffer for the EPR sample was prepared with deuterated water (Cambridge Isotopes) and oxygen

was removed with the glucose/glucose oxidase/catalase enzymes. 66% v/v of deuterated glycerol

(Sigma Aldrich), previously degassed via freeze-thaw cycles, was added to the solution to obtain

a transparent matrix. The final sample concentration was 400 µM.

EPR measurements

The pulsed and time-resolved EPR experiments were conducted on a Bruker ELEXSYS E580 spec-

trometer fitted with a Spinjet Arbitrary Waveform Generator (AWG) using a TII resonator at Q-

1D. M. Scholler, M.-Y. R. Wang, B. M. Hoffman, Methods Enzymol. 52:487–493, 1978
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band (34 GHz). The temperature was maintained at 20 K using liquid helium and a CF935 cryo-

stat with an Oxford Instruments ITC103 temperature controller. Laser excitation of the samples

was performed using an OPO pumped by the third harmonic of a Nd:YAG laser (Opotek, Opo-

lette355), operated at a repetition rate of 20 Hz (5 ns pulses). Laser pulse energies of 2 mJ were

used at an excitation wavelength of 552 nm while the Delay After Flash (DAF) was set to 1600 ns.

For the electron spin-echo experiments a standard Hahn echo sequence (laser flash-DAF-π/2 -

τ - π - τ - echo) was employed with a nominal length of 28 ns for all the pulses and a τ value of

200 ns. Data were collected with 5 scans and 50 shots-per-point.

For the LiDEER experiments a standard four-pulse sequence (laser flash - DAF - π/2 - τ1 - π - t -

πpump - (τ1+τ2− t ) - π - τ2 - echo) was applied with 28 ns pulses a τ1 of 200 ns and a τ2 of 1300

ns. The difference between the pump (nitroxide maximum) and observer (protoporphyrin triplet

state, at the Y zero-field splitting canonical transition) frequency was set to 440 MHz. A two-step

phase cycle was applied to remove receiver offsets while deuterium nuclear modulations were

suppressed using an 8 step τ1 cycle with 16 ns increment steps.

The ReLaserIMD experiments were performed with a pulse scheme: π/2 - τ1 - π - t - laser flash -

(τ1+τ2− t ) - π - τ2 - echo with 28 ns pulse lengths, a τ1 of 1500 ns and a τ2 200 ns. In both cases

a two-step phase cycle was applied to remove receiver offsets. Data were collected with 50 scans

and 50 shots-per-point.

RIDME experiments were performed with the five-pulse sequence adding the laser photoexcita-

tion as shown in Figure 2: laser flash - DAF - π/2 - τ - π - τ - t - π/2 - T - π/2 - (τ2 − t ) - π - τ2 -

echo with 28 ns pulses and τ1 = 200 ns, τ2 = 1300 ns, T = 80 ns. To eliminate the contribution of

unwanted echoes, an eight-step phase cycle was applied.

In all the experiments, the time increment of the dipolar traces was 8 ns.

The relaxation and decay of the triplet state were measured at the field positions corresponding

to the zero-field splitting canonical orientations, integrating the Hahn echo at increasing values

of the DAF. The data were measured accumulating 50 scans with 1 shot-per-point. A time incre-

ment of 60 µs was used along both the X and Y zero-field splitting canonical transitions, while

an increment of 5 µs was used for the Z transition.

EPR data analysis

LiDEER, ReLaserIMD time traces were analyzed using the DeerAnalysis20181 routine, while Li-

RIDME data were analyzed in OvertoneAnalysis2. The traces were elaborated dividing, from raw

data, the background contribution and processing the form factor by Tikhonov regularization to

extract the distance distributions. For the ReLaserIMD data, a third degree polynomial function

was employed to effectively remove the background contribution, while exponential functions,

with dimensions d = 3 and d = 6.8, were used for the LiDEER and the LiRIDME data, respec-

tively. The distance analysis was performed, in the case of the ReLaserIMD and the LiDEER data,

by Tikhonov regularization, using the GCV criterion for determining the optimum regulariza-

1G. Jeschke, V. Chechik, P. Ionita, A. Godt, H. Zimmermann, J. Banham, C. R. Timmel, D. Hilger, H. Jung. Appl.
Magn. Reson., 30(3-4):473–498, 2006.

2K. Keller, V. Mertens, Mian Qi, A. I. Nalepa, A. Godt, A. Savitsky, G. Jeschke, M. Yulikov. Phys. Chem. Chem. Phys.,
19(27):17856–17876, 2017.
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tion parameter 1. The Tikhonov regularization implemented in OvertoneAnlysis was employed

to analyze the LiRIDME form factor. The value of the first and the second harmonic overtone

coefficients was set to 0.5 while the regularization parameter was selected at the edge of the L-

curve.
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Figure S1: Delay-after flash data recorded along the triplet canonical positions and corresponding fits with a bi-
exponential decay functions.
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Figure S2: 2-pulse echo decay data and corresponding fittings recorded along the Y canonical positions of the triplet
(orange) and at the maximum of the nitroxide spectrum (blue). A mono-exponential decay function was used to fit
the triplet phase memory time, while a bi-exponential decay was used for the radical.
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CHAPTER 9
CIDEP in Human Neuroglobin





1. INTRODUCTION

Electron spin polarization induced by triplet-radical inter-
action in the weakly coupled regime

Maria Giulia Dal Farra, Caterina Martin, Elisabetta Bergantino, Marilena Di Valentin

Dipartimento di Scienze Chimiche, Università degli studi di Padova, Padova, Italy

Abstract: We report the first in-protein observation of the polarized radical signal of a nitrox-

ide probe induced by the weak interaction with the triplet state of a porphyrin-derivative group.

The system investigated is a mutant of human neuroglobin (NGB) in which the iron of the heme

group has been substituted with a Zn(II) ion and a nitroxide spin label has been attached via site-

directed spin labeling on the Cys120 residue. The TREPR spectrum of the NGB sample presents

an absorptive feature at g ' 2.010 which has been attributed to the polarized nitroxide. This

hypothesis is supported by the fact that this signal is missing in the spectra of two negative con-

trol samples in which either of the radical––triplet partners was missing. The presence of the

nitroxide in NGB does not quench the triplet state and the observation of its signal is related to

a combination of spin-selective depopulation and flip-flop relaxation mechanisms.

1 Introduction

Electron spin polarization is an extensively

studied in phenomenon in EPR spectroscopy.

Spin polarization increases the sensitivity of

EPR detection of paramagnetic centers. Partic-

ularly interesting in this sense are photoexcited

triplet state populated by inter-system cross-

ing (ISC) from an excited singlet state. Such

a mechanism is anisotropic for the three spin

sublevels and leads to a non-Boltzmann popu-

lation of the triplet state. [1, 2]

Spin polarization provides detailed informa-

tion about the spin chemistry of radicals, rad-

ical pair and triplet states occurring in pho-

tochemical reactions. Beyond ISC, induced

by the photoexcitation, there are a number of

other mechanisms that generate spin polar-

ization in paramagnetic centers. The polar-

ization of radical products, generated by ho-

molytic bond breaking or by photo-induced

chemical reactions, was at first named CIDEP

(chemically-induced dynamic electron polar-

ization), in analogy to the chemically-induced

dynamic nuclear polarization observed in

NMR [3, 4]. The term CIDEP is now used

to identify a wide range of mechanisms: not

only the polarization of radicals generated by

bond breaking or photo-chemical reactions but

also that induced by the interaction with pho-

toexcited triplet states [5, 6, 7, 8, 9]. To

explain the polarization observed in triplet-

doublet systems two mechanisms have been

proposed: the radical––triplet pair mechanism

(RTPM) and the electron spin polarization

transfer (ESPT) [8, 10]. Quenching of the triplet

state in the presence of free radicals is a well

known phenomenon [9]. This process involves
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the formation of a transient radical––triplet pair

in which anisotropic decays to the ground state

lead to the observation of a polarized radical

signal. RTPM originates by the mixing of ex-

cited doublet and quartet states and, depend-

ing on the interaction that induces this mix-

ing, it can leads to the observation of net or

multiplet effect [11]. This mechanism can take

place in liquid solution where the two partners

are free to diffuse toward each other but also

in samples in which the triplet and the radical

are kept at a fixed distance because covalently

linked or because they are in frozen/highly vis-

cous solutions [12, 13, 14]. In ESPT the polar-

ization of the photoexcited triplet state, gen-

erated by the anisotropic ISC, is transfered to

a stable radical via energy transfer or spin ex-

change interaction. Both these mechanisms

require a strong interaction between the two

paramagnetic species.

While the of case the strongly interacting rad-

ical––triplet pair has been extensively inves-

tigated, to the best of our knowledge, only

one study has been proposed for the weakly-

coupled system [15, 16]. In [15, 16], they inves-

tigated a copper(II) porphyrin––free base por-

phyrin dimer in which they observed a radi-

cal contribution, with anti-phase polarization,

generated by selective relaxations and depop-

ulations of the spin sublevels. Even though

a completely absorptive feature, falling at a g

value compatible with that of a radical, was ob-

served also in [15, 16], this was attributed to a

conformation molecular of the system in which

the copper(II) and the free base porphyrins

were strongly interacting. Instead, a polarized

radical signal, with a completely absorptive po-

larization induced by the weak interaction with

a triplet, has never been reported.

In this paper we investigate the evolution of

spin polarization in a protein system in which

the triplet and the radical partners are weakly

interacting.

Among the numerous organic chromophores

that, upon photoexcitation, populates the

triplet state, porphyrin-derivatives have been

widely investigated in EPR due to their high

triplet yields, strong spin polarization and suit-

able relaxation times. Moreover their presence

in several biological systems make such chro-

mophores highly attractive for application as

endogenous probes [17, 18].

Human neuroglobin (NGB), a protein belong-

ing to the globin family, has been recently em-

ployed in a dipolar spectroscopy study, where

the coupling between the triplet state, gener-

ated on the endogenous porphyrin-derivative

group, and a nitroxide label, attached on a

cysteine residue, has been measured [19]. In

the wild-type NGB, the presence of the heme

group, strongly complicates the photophys-

ical path induced by laser photoexcitation,

therefore in [19] the prosthetic group was re-

placed with a Zn(II) protoporphyrin IX that

it is well known to populate the triplet state

with good yield [20]. As radical counter-

part, the (1-Oxyl-2,2,5,5-tetramethylpyrroline-

3-methyl) methanethiosulfonate (MTSSL) was

attached, via site-directed spin labeling, at the

cysteine in position 120 of the sequence, at a

distance of about 2.4 nm from the center of the

porphyrin. Since the wild-type NGB contains

three cysteine residues, in order to avoid multi-

ple labeling, a mutant called G19, with only the

cysteine at position 19 of helix G (Cys120), was

expressed. The Zn-substituted G19 mutant, la-

beled with MTSSL, in this paper will be referred

to as ZnG19L. Such a system, in which the pro-

toporphyrin and the nitroxide kept at a rela-

tively short distance, is ideal for investigating

the eventual radical polarization in a regime of

weak coupling with the triplet state. A repre-
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sentation of the neuroglobin, in which the ni-

troxide probe has been attached at the Cys120

is shown in Figure 1.

Beside ZnG19L, other two protein variants,

used as negative controls, have been investi-

gated: (i) the Zn-substituted G19 mutant of

NGB in which the Cys120 residue has not

been labeled (ZnG19NL); (ii) the G19 mutant

of NGB, with the native heme prosthetic group,

labeled in position 120 with MTSSL (FeG19L).

Figure 1: Representation of NGB (PDB: 4MPM [21]) in
which the rotamers of the MTSSL spin label is attached
at the residue Cys120 are depicted. The calculation of the
rotamers has been done by the software MMM [22].

2 Materials and Methods

Sample preparation

The details concerning the preparation of the

ZnG19L sample are given in [19]. The nega-

tive controls samples have been prepared in a

similar manner but skipping the spin labeling

procedure in ZnG19NL and the Zn-substitution

of the heme in FeG19L.

The concentration of the EPR samples is ca.

500 µM.

EPR measurements

TR-EPR spectra were recorded on a Bruker

ELEXSYS E580 spectrometer equipped with a

dielectric resonator (ER4118X-MD5(W1)) and

an Oxford CF900 cryostat. The temperature

was controlled in a nitrogen-flow and all the

spectra were recorded at 80 K. The signal com-

ing from the detector (diode) was digitized by a

LeCroy 9300 oscilloscope triggered by the laser

flash. Time resolution has been estimated to

be about 900 ns. No modulation of the mag-

netic field was applied. The triplet spectra were

recorded with a resolution of 1 point every 4

Gauss or 1 point per Guass. Nd:YAG pulsed

lasers (Quantel Brilliant) equipped with both

second and third harmonic modules and an

optical parametric oscillators (OPOTECH) for

tunable irradiation in the visible was used for

samples photoexcitation. Typical parameters

were λ= 544 nm, pulse length = 5 ns, energy =

ca. 3 mJ per shot, repetition rate = 10 Hz.

EPR data processing and simulations

TREPR data were processed by subtracting: (i)

the average baseline before the trigger event

and (ii) a time profile taken at an off-resonance

position. The spectra have been extracted from

the 2D data set by numerically integrating over

an appropriate time window. The simulations

of the EPR spectra were performed using a pro-

gram written in MATLAB with the aid of the

EasySpin routine [23].

3 Experimental results

The TREPR spectrum, taken on the time win-

dow 1.20––1.28 µs after the laser flash is shown

in the top part of Figure 2.

The spectrum is that of a typical Zn-

protoporphyrin(IX): the zero-field splitting

(ZFS) parameters, and the triplet sublevels

populations, obtained from the simulation, are

in agreement with the values already reported

in literature [18, 20]. This means that the pres-
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ence of the nitroxide does not significantly

affect the ISC process in the protoporphyrin

moiety. In the central region of the spectrum

a weak absorptive feature, with a maximum

at g ' 2.010, is present. At initial times, im-

mediately after the laser flash, this is partially

hidden by the intense triplet spectrum, but at

longer times, when the triplet signal decays

under the effect of relaxations, the feature be-

comes more visible.

3000 3200 3400 3600 3800 4000

Field [G]

1.20 - 1.28 μs

9.68 - 9.76 μs

Figure 2: Top: TREPR spectrum of ZnG19L (solid line) in-
tegrated over a time window of 1.20 - 1.28 after the laser
flash and simulation (dotted line) with parameters: [D,E]
= [381 -64] G and [px ;py ;pz ] = [0.07;0.18;0.75]. Bottom:
TREPR spectrum of ZnG19L integrated over a time win-
dow of 9.68 - 9.76 µs after the laser flash overlapped to the
calculated CW spectrum of a nitroxide radical (light gray)
with [gx ;g y ;gz ] = [2.01;2.01;2.008] and A = [12;12;100]
MHz.

In the bottom part of Figure 2 the TREPR spec-

trum, taken in a time window of 9.68––9.76 µs

after the laser flash, is shown together with the

calculated spectrum of a typical nitroxide rad-

ical. The spectral width, and the relative in-

tensities of the powder spectrum, are compat-

ible with those of the nitroxide radical, but the

signal must be due to a spin polarized radical

since the detection of a Boltzmann populated

species is precluded to TREPR. Therefore, we

make the hypothesis that the signal is due to

polarization of the nitroxide induced by th in-

teraction with the photoexcited triplet state.

In order to verify this hypothesis we have

compared the TREPR spectra of the negative

controls, ZnG19NL and FeG19L, with that of

ZnG19L (see Figure 3).

ZnG19L

ZnG19NL

FeG19L

3000 3200 3400 3600 3800 4000

Field [G]

1.20 - 1.28 μs

9.68 - 9.76 μs

Figure 3: Top: TREPR spectra of ZnG19L (violet),
ZnG19NL (azure) and FeG19L (turquoise) integrated over
a time window of 1.20 - 1.28 (top) and 9.68 - 9.76 (bottom)
µs after the laser flash.
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In ZnG19NL, due to the absence of the nitrox-

ide label, only the signal of the photoexcited

triplet state is expected to be present in the

spectrum. In FeG19L, instead, because of the

presence of the paramagnetic iron center, the

triplet state is not be populated and hence the

nitroxide radical should have the Boltzmann

equilibrium population and not be visible in

the TREPR spectrum.

The TREPR spectra of the negative controls

together with that of ZnG19L, have been ex-

tracted at two different time windows after the

laser flash: 1.20––1.28 and 9.68––9.76 µs (Figure

3). FeG19L does not show any triplet feature

even though a small central signal, that might

be due to the excited state contribution of the

heme, is present at both times. ZnG19NL, at

early times, has a strong contribution due to

the Zn-protoporphyrin (IX) (ZnPP) triplet state,

which is similar to that obtained in ZnG19L.

Analogously to ZnG19L, also ZnG19NL has a

central feature but with its maximum slightly

shifted at g ' 2.007. The relative intensities of

the triplet and the radical contributions in the

two spectra are different, with the central fea-

ture being much more intense in ZnG19L. This

suggests that the two radicals may have differ-

ent origins.

In order to better visualize the two radical con-

tributions, the spectra collected in an interval

of 160 G with a resolution of 1 point/G are

shown in Figure 4 together with the calculated

nitroxide spectrum.

Looking at the spectra of the two samples, ex-

tracted in a time widow of 9.68 - 9.76 µs after

the laser flash, the radicals appear to be com-

pletely different one from the other. That radi-

cal in ZnG19NL is narrow and does not present

any feature other than the central absorption.

The radical detected after photoexcitation in

ZnG19NL is broader and has two shoulders be-

side the central absorption: the first more in-

tense at lower fields and a second one, which is

partially hidden by the emissive feature of the

triplet spectrum, at higher fields.

3400 3450 3500

Field [G]

ZnG19L

ZnG19NL

Figure 4: TREPR spectra collected with a resolution of
1 point/Gauss of ZnG19L (violet) and ZnG19NL (azure)
integrated over a time window of 9.68 - 9.76 µs after
the laser flash. overlapped to the calculated CW spec-
trum of a nitroxide radical (light gray) with [gx ;g y ;gz ] =
[2.01;2.01;2.008] and A = [12;12;100] MHz.

The differences between the two radicals are

evident also in the time-domain evolution (Fig-

ure S9).

In Figure 5, the transient signal taken along the

z-ZFS canonical orientation of the ZnPP triplet

is shown together with that extracted at the

maximum of the radical.

5 10 15

time [ s]

Z
LF

NO
.

Figure 5: Transient signals of ZnG19L extracted along the
z-ZFS canonical transition (solid line) and at the maxi-
mum of the radical g ' 2.01 (dotted line).
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The rise time of the triplet signal is determined

by the time-resolution of the TREPR setup,

whereas, the rise of the radical signal, is much

slower and it maximum falls about 1.65 µs after

the laser flash.

In Figure 6 are shown the transient signals

taken along the canonical transitions of the

ZnPP triplet in ZnG19L.

X
LF

X
HF

Y
LF

Y
HF

5 10 15

time [ s]

Z
LF

Z
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Figure 6: Transient signals of ZnG19L extracted along the
x-ZFS (top), y-ZFS (center) and z-ZFS (bottom) canonical
orientations. The low field (LF) transients, for the x-ZFS
and y-ZFS orientations correspond to the T−1 → T0 tran-
sitions while the high field (HF) transients are the T0 ←
T+1. For z-ZFS the low field transition is the T0 → T+1
and the low field transient is the T0 → T−1.

The transient signals along the z-ZFS direction

(ZLF and ZHF) decay much faster than those

taken along the other canonical directions. The

time evolution of the signal extracted along

the x- and y-ZFS directions (X/YLF and X/YHF)

are characterized by a strong asymmetry of the

high field transitions compared to the low field

ones, and a change of sign is observed in both

cases for the T0 ← T+1 transition.

4 Theoretical mechanism

A net absorptive signal of a polarized radical

weakly interacting with a triplet state has never

been reported before. Here we propose a pos-

sible explanation of the mechanism that leads

to the observed experimental data.

The behavior of any coupled system depends

on the strength of the coupling between the

two species. For a triplet state interacting with

a radical there are always six eigenstates. In

the strong coupling regime these are better de-

scribed in term of doublet and quartet eigen-

functions. In a weakly-coupled system instead,

it is more convenient to use the doublet and

the triplet eigenfunctions.

As it has been demonstrated in a previous work

[19], in ZnG19L, the triplet state of ZnPP and

the nitroxide radical are just weakly interact-

ing. The two probes are kept at a mean dis-

tance of about 2.4 nm by the protein back-

bone, the dipolar coupling frequency is about

3.4 MHz while the exchange interaction can

be considered negligible. In this regime, it

is possible to make the assumption that the

quantization axes of the radical and the triplet

spins are not significantly affected by the dipo-

lar coupling. Therefore, the system is better

represented in term of the uncoupled basis,

which is simply the product of the triplet |T+1〉,
|T0〉, |T−1〉 and the radical |α〉, |β〉 eigenfunc-

tions. Here, we call the six resulting states ψi ,

with i = 1,2,3,4,5,6. Such a system can be de-

scribed by a spin Hamiltonian that is the sum

of the Zeeman interaction of the two spins, the

ZFS interaction of the triplet state, the hyper-
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fine coupling with the nitrogen nucleus of the

nitroxide, the quadrupole interaction and the

dipolar coupling between the triplet and the

radical. For the sake of simplicity, we consider

the case in which the static magnetic field lies

along the z-ZFS direction and we assume that

the radical is quantized along the field direc-

tion (i.e. the hyperfine and the quadrupole in-

teractions are negligible compared to the Zee-

man). The detailed expressions of the eigen-

functions and eigenvalues for such a system

are given in Appendix.

In order to describe the TREPR spectrum of

ZnG19L we now consider the radical and the

triplet transitions in the weakly-coupled sys-

tem. These are depicted in the left and the

right diagrams of Figure 7 respectively. Imme-

diately after the laser flash, the populations of

ψ5 and ψ2 are close to that of the |T0〉 triplet

level and, for this particular orientation, they

correspond to the pz zero-field population. ψ6,

ψ3 and ψ1, ψ4 instead are similarly populated

(as the |T−1〉 and |T+1〉 triplet sublevels respec-

tively) but with the first two slightly less than

the latter because of the asymmetry generated

by the ZFS interaction.

There are two pairs of triplet transitions: ψ1 ↔
ψ2, ψ4 ↔ ψ5 which fall at ∼ ωt +D ±ωdd and

ψ2 ↔ψ3, ψ5 ↔ψ6 which fall at ∼ ωr −D ±ωdd

(ωt is the triplet Larmor while ωdd is the

triplet––radical dipolar coupling). The differ-

ence of population between the levels involved

in such transitions is almost equal to that of

a pure triplet. The spectrum therefore should

be analogous to that of an isolated triplet state

but with the features slightly broadened by the

dipolar interaction. Similar considerations can

be done for all the other orientations of the

ZFS-frame with respect to the magnetic field.

In ZnG19L the coupling between the proto-

porphyrin triplet and the nitroxide is 3.4 MHz,

which corresponds roughly to 1.2 G. Such a

broadening is too small visibly modify the

TREPR spectrum. In this situation therefore,

the triplet spectrum, immediately after the

laser flash, does not present any specific fea-

ture due to the presence of the nitroxide, and

corresponds instead to the spectrum of an iso-

lated triplet state.

Radical

Ψ1

Ψ4

Ψ6

Ψ3

Ψ2

Ψ5

Triplet

Ψ1

Ψ4

Ψ6

Ψ3

Ψ2

Ψ5

Figure 7: Diagram of the spin sublevels of the weakly coupled triplet-radical system. The system is assumed to be ori-
ented with the magnetic field parallel to the z-ZFS axis of the triplet and the populations of the levels are represented,
immediately after the laser flash, on a color scale, were the darkest it is the blue the more populated it is the level.
In the left diagram the levels involved in the allowed radical transitions are connected by black lines, but no arrows
are present because the population difference between such levels is almost zero. In the right diagram, the triplet
transitions are indicated by black arrows. The exact expressions of the spin eigenfunctions with the corresponding
energies and populations are reported in Appendix.
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This consideration is in agreement with the

experimental result shown in the top part of

Figure 2.

For the radical counterpart there are 5 possi-

ble transitions: ψ1 ↔ ψ4, ψ2 ↔ ψ5, ψ3 ↔ ψ6,

ψ1 ↔ ψ6, ψ3 ↔ ψ4 but two of them (ψ1 ↔ ψ6,

ψ3 ↔ ψ4) are strongly forbidden, therefore we

will focus only on three allowed ones. These

fall at ∼ωr−ωdd, ∼ωr and ∼ωr+ωdd. Immedi-

ately after the laser flash, the difference in pop-

ulation between the radical sublevels is almost

zero (it is proportional to the Boltzmann popu-

lation but is to low to be detected in TREPR). In

this situation therefore only the triplet signal is

expected to contribute to the TREPR spectrum.

Indeed, the appearance of the radical signal

comes later in time (see Figure 5) and is related

to dynamic processes that take place after the

laser flash in a time scale of few microseconds.

The time evolution of the TREPR spectrum

rely on several competitive processes: T2 re-

laxation that cause a loss of spin coherence in

the xy-plane through flip-flop mechanisms, T1

relaxation that bring the populations to Boltz-

mann equilibrium and the decay of the differ-

ent triplet sublevels to the ground state. The

decay to the ground state is a spin selective

process and, since the ground state is a dou-

blet, the fastest rate of decay is expected for

those levels having a stronger doublet charac-

ter. In the weakly-coupled system, the levels

that have this characteristic are ψ2, ψ5 and, to

a minor extent, also ψ3 and ψ4. At the same

time flip-flop relaxations, which are mainly

due to fluctuation of the dipole-dipole cou-

pling, lead to equalization of the population

between spin states with the same quantum

number mz . In our system, this involves the

pair of levels ψ2–ψ4 and ψ5–ψ6. This combi-

nation of spin selective processes introduces

anisotropies in the time evolution of the differ-

ent sublevels and is probably the reason why

we can observe the signal of the polarized ni-

troxide radical. A pictorial representation of

these phenomena is presented in the top dia-

grams of Figure 8.

A purely qualitative analysis of the effects of

such spin-selective mechanisms allows to as-

sess that both the ψ1 ← ψ2 and the ψ5 → ψ6

transitions are weakened because the two most

populated levels (ψ5 and ψ2) are depleted by

relaxations. Also ψ2 → ψ3 and ψ4 ← ψ5 be-

comes weaker because both the levels involved

in each transition are depopulated.

Analogous considerations can be made on the

radical. Depopulation of ψ4 and ψ3 enhances

the two transitions ψ1 → ψ4 and ψ3 ← ψ6.

Even if these transitions are in antiphase, they

probably do not perfectly compensate each

other, but it is hard to say which one pre-

vails without a quantitative calculation. At the

same time also ψ2 and ψ5 are rapidly depop-

ulated because of their doublet character, but

the flip-flop mechanism tend to equalize their

population to that of ψ4 and ψ3. Since ψ4 is

slightly less populated than ψ3 we can expect

this condition to be true also for ψ2 and ψ5,

with the first being more populated than the

latter. The situation just described creates one

net ψ2 ←ψ5 absorption for the radical which is

indeed what we experimentally observe.

5 Discussion

According to the mechanisms just described

the anisotropic population of the two spin sub-

levels associated to the |T+1〉 state of the triplet

(ψ1 and ψ4 in our representation) compared to

those related to the |T−1〉 state (ψ6 and ψ3 in

our representation) is necessary for the obser-

vation of a net absorptive radical signal. This
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anisotropy, is due to a deviation from the high

field limit induced by the ZFS, which is the

strongest interaction in the spin Hamiltonian

after the Zeeman. However, this is not enough

to cause a population difference between ψ2

and ψ5 levels because, immediately after the

laser flash, they are both populated propor-

tionally to the |T0〉 triplet level. Anisotropic

depopulation and flip-flop relaxations play a

crucial role in creating the disparity of pop-

ulation between these two levels. A diversity

of the time evolution of the |T+1〉− and the

|T−1〉− related levels can be seen also on the

transient signals taken along the triplet canon-

ical transitions in Figure 6. The high field and

the low field transients evolves in very differ-

ent manners especially along the x- and the y-

ZFS canonical orientations where a change of

sign is observed at long delays after flash. In-

deed, the ZnG19L spectrum observed in the

time window 9.68––9.76 µs after the laser flash

has almost completely positive polarization.

Radical polarization in the weakly coupled

regime triplet-doublet pairs has been investi-

gated also in a model α-helix peptide labeled

at one end with a tetraphenyl-porphyrin and in

position 7 of the helix, at a distance of about

1.71 nm, with a nitroxide probe.

Ψ1

Ψ6

Ψ3

Ψ2

Ψ5

Ψ4

Spin-selective

depopulation
Flip-flop

relaxat ion
Ψ1

Ψ6

Ψ3

Ψ2

Ψ5

Ψ4

Radical
Ψ1

Ψ4

Ψ6

Ψ3

Ψ2

Ψ5

Triplet
Ψ1

Ψ4

Ψ6

Ψ3

Ψ2

Ψ5

Figure 8: Top: representation of the spin-selective depopulation (left) and the flip-flop relaxation mechanism (right).
Bottom: radical (left) and triplet (right) transitions after spin-selective depopulation and flip-flop relaxation acted.
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The peptide is the first member of the spectro-

scopic ruler presented in [24]. Its TREPR spec-

trum is shown in Figure S10. In this case, even

though the distance between the radical and

the triplet is shorter than in ZnG19L none dou-

blet signal is present. The reason is related to

the highly isotropic relaxations of the system:

the T0−T+1 and T−1−T0 transitions decay with

almost equal rate constants for all the molec-

ular orientations and indeed a simple decrease

of the intensity of the spectrum is observed in

time. This is a further evidence that supports

the presented mechanism.

6 Conclusions

In case of strongly interacting radical-triplet

species, the formation of excited doublet and

quartet states with subsequent decay to the

ground state (RTPM) or the exchange interac-

tion (ESPT) leads to the observation of polar-

ized radical signals. When the two partners are

too far to form a mixed state, anisotropic relax-

ations may still generate a disparity of popula-

tion between the spin sublevels involved in the

radical transitions causing a net absorptive or

emissive doublet signal.

In this work we have reported the first obser-

vation of a polarized, absorptive radical sig-

nal in the weakly-coupled regime. In this sit-

uation no triplet quenching takes place there-

fore both the triplet and the radical signals

are present in the TREPR spectrum. We have

proposed a mechanisms to explain the ob-

served signal based on anisotropic relaxations

and depopulations of the spin sublevels. The

presence of such anisotropies is experimentally

visible in the transients signals which decay

with different kinetic rates and in the spectrum

taken at late delays after flash. The hypothesis

that are anisotropic relaxations and not simply

spin––spin interaction that make possible the

observation of the radical signal is supported

also by the investigation done on the model

peptide. In such system the inter-spin dis-

tance is shorter and is the dipolar coupling and

exchange interaction are stronger, nonetheless

no polarization is observed in the nitroxide.

Appendix

The spin Hamiltonian for the weakly coupled

triplet––radical system is the sum of the Zee-

man interaction of the two spins, the ZFS in-

teraction of the triplet, the hyperfine coupling

with the nitrogen nucleus of the nitroxide, the

quadrupole coupling and the dipolar interac-

tion between the triplet and the radical. For

a molecular orientation in which the static

magnetic field is parallel to the z-axis of ZFS

and considering the radical spin to be quan-

tized along the field direction, neglecting hy-

perfine and the quadrupole interaction, the

spin Hamiltonian can be written as:

H0 =ωtSzt +ωrSzr +D

(
S2

zt −
1

3
S(S +1)1

)
+

E(S2
xt −S2

yt)+ωddSztSzr

(9.1)

where ωt and ωr Larmor frequencies of the

triplet and the radical respectively, D and E are

the triplet ZFS parameters and ωdd is the dipo-

lar frequency. The corresponding eigenfunc-

tions are:

ψ1 = cos(φ1)|T+1α〉+ sin(φ1)|T−1α〉
ψ2 = |T0α〉
ψ3 =−sin(φ1)|T+1α〉+cos(φ1)|T−1α〉
ψ4 = cos(φ2)|T+1β〉+ sin(φ2)|T−1β〉
ψ5 = |T0β〉
ψ6 =−sin(φ2)|T+1β〉+cos(φ2)|T−1β〉

(9.2)
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while the eigenvalues are:

E1 = 1

6

(
2D +3(2ωt +ωdd)

√
1+ tan[2φ1]2 +3ωr

)
E2 = 1

6

(
−4D +3ωr

)
E3 = 1

6

(
2D −3(2ωt +ωdd)

√
1+ tan[2φ1]2 +3ωr

)
E4 = 1

6

(
2D +3(2ωt +ωdd)

√
1+ tan[2φ2]2 −3

E5 = 1

6

(
−4D −3ωr

)
ωr

)
E6 = 1

6

(
2D −3(2ωt +ωdd)

√
1+ tan[2φ2]2 −3ωr

)
(9.3)

where 2φ1 = arctan
[ 2E

2ωt +ωdd

]
and 2φ2 =

arctan
[ 2E

2ωt −ωdd

]
. The values of φ1 and φ2

define the amount of mixing of the |T+1〉 and

the |T−1〉 triplet eigenfunctions. For this par-

ticular orientation in which the magnetic field

B0 is parallel to the z-axis of ZFS, φ1 and

φ2 are small, but their values increase mov-

ing from away this direction. The populations

of weakly-coupled system are calculated trans-

forming the product of the population matrices

of the triplet and the radical, in the eigenstates

of the Hamiltonian:

P1 = 1

2
pα

(
px +py + sin[2φ1](−px +py )

)
P2 = pαpz

P3 = 1

2
pα

(
px +py + sin[2φ1](px −py )

)
P4 = 1

2
pβ

(
px +py + sin[2φ2](−px +py )

)
P5 = pβpz

P6 = 1

2
pβ

(
px +py + sin[2φ2](px −py )

)

(9.4)

where pα and pβ are the populations of the

radical sublevels, determined by the Boltz-

mann distribution, while the triplet popula-

tion have been expressed in term of the zero-

field populations px , py and pz . The inten-

sities associated to the triplet transitions, im-

mediately after the laser flash, are determined

by the transition dipole moment between the

levels involved (the complete expressions are

shown in Appendix). For small values of ωdd,

φ1 'φ2 =φ these are:

I12 = 1

4
pα

(
cos[φ]+ sin[φ]

)2(
px +py −2pz + sin[2φ]2(−px +py

))
I23 = 1

4
pα

(
cos[φ]− sin[φ]

)2(
px +py −2pz + sin[2φ]2(px −py

))
I45 = 1

4
pβ

(
cos[φ]+ sin[φ]

)2(
px +py −2pz + sin[2φ]2(−px +py

))
I56 = 1

4
pβ

(
cos[φ]− sin[φ]

)2(
px +py −2pz + sin[2φ]2(px −py

))
(9.5)

Since pα and pβ are almost equal, the two tran-

sitions falling at ∼ ωr + D have equal intensi-

ties (I12 ' I45) and in ZnG19L are both in ab-

sorption, whereas the transitions falling at ∼
ωr−D are in emission again with nearly identi-

cal intensities(I23 ' I56). Immediately after the

laser flash, for small values of ωdd, φ1 'φ2 =φ,

the intensities of such transitions are:

I14 = 1

8

(
pα−pβ

)
((

1− sin[2φ]
)
px +

(
1+ sin[2φ]

)
py

)
I25 = 1

4

(
pα−pβ

)
pz

I36 = 1

8

(
pα−pβ

)
((

1+ sin[2φ]
)
px +

(
1− sin[2φ]

)
py

)
(9.6)

Since pα ' pβ, the population difference be-

tween the levels involved in the radical transi-

tions is almost zero.
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The bottom spectrum has been multiplied by a factor of 3.
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Abstract: The photoexcited triplet state of organic chromophores has been recently added to the col-

lection of spin labels for pulsed dipolar EPR spectroscopy. These probes have been demonstrated to

dramatically increase the sensitivity of the dipolar technique thanks to the anisotropic population of the

spin triplet sublevels. In this work, a computational study of photoexcited triplet probes, based on den-

sity matrix simulations, is presented. We characterize quantitatively the effects of triplet polarization and

zero-field splitting (ZFS) on the dipolar traces. We have calculated the traces for different triplet polariza-

tions highlighting how this affects the intensity of the dipolar oscillations and the damping of the traces.

We have also computed the dipolar traces for a set of benchmark systems in which the ZFS interactions

cover the range of values that are commonly encountered for triplet state chromophores used in EPR

spectroscopy, demonstrating that, in this interval, the triplet state is a well behaving tool for distance de-

termination via dipolar spectroscopy.

1 Introduction

The photoexcited triplet state is a well established

spin probe for distance measurement in Double

Electron––Electron Resonance (DEER) [1, 2]. The

first demonstration of the feasibility a pulse dipo-

lar spectroscopy experiment, on a photo-induced

paramagnetic center was performed by Di Valentin

et al. [1]. In [1] it was proposed a variation of

the conventional DEER experiment, in which the

laser photoexcitation was added at the beginning

sequence in order to instantaneously populate the

triplet state. In this proof of concept experiment

the photo-generated species acted as the detection

spin, while the pump spin was a nitroxide radical.

This variation of the DEER technique is called light-

induced DEER (LiDEER) (see Figure 1).

Compared to the conventional nitroxide labels,

photoexcited probes exhibits some interesting fea-

tures that make them particularly appealing for ap-

plication in pulsed EPR dipolar spectroscopy. In

their ground state, these chromophores are dia-

magnetic and thus EPR-silent, but, upon laser pho-

toexcitation, the paramagnetic triplet state can be

populated via inter-system crossing (ISC) from the

lowest excited singlet state.

ISC makes the population of the triplet sublevels

different from the Boltzmann distribution increas-

ing therefore the intensity of its EPR signals that are

in enhanced absorption and emission. This gain

of signal observed for the photoexcited species, has

been reported also dipolar spectroscopy, where, an

improvement of about 10 times in signal-to-noise,

was observed when detecting on a polarized triplet

state compared to the Boltzmann populated radical

[1].

The possibility of optically switching the triplet

state, has been recently exploited to create a new

ad hoc sequence called Laser-Induced Modulation

Dipole spectroscopy (LaserIMD) based on the in-

stantaneous photogeneration of the triplet state

and, as a consequence, of the dipole––dipole cou-

pling, at variable times during an Hahn echo se-

quence on the detection spin [3].
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Figure 1: LiDEER pulse sequence and representation of
the corresponding dipolar time-trace.

While a full spectroscopic characterization of triplet

probes has already been carried out [1, 2], an ex-

haustive theoretical analysis is still lacking. In par-

ticular, it has not been systematically demonstrated

yet, to which extend the characteristics of the pho-

toexcited triplet state, i.e. the spin polarization and

the strong spectral anisotropy, due to the Zero Field

Splitting (ZFS) parameters, affect the DEER trace.

Numerical studies on the influence of the magni-

tude of the ZFS interaction on the DEER trace are

already available for gadolinium probes (S=7/2)[4,

5, 6] thus, in the present work, the attention is fo-

cused on photoexcited triplet states (S=1) of organic

chromophores.

The analytical expression, that has been previously

derived in [2, 7], describing the LiDEER echo mod-

ulation in a triplet––radical system, suffers from

strong approximations that were introduced in the

spin Hamiltonian and in the expression for the mi-

crowave pulses. Thus, the result gives only a qual-

itative insight of the problem, but it does not allow

for a quantitative description of the experiment.

In order to overcome the limitations described

above, a numerical study of the characteristics

of the triplet state probes for LiDEER, based

on the density matrix formalism, is here pre-

sented. The differences between the DEER traces

of triplet––radical systems and radical––radical sys-

tems are investigated, focusing in particular on the

effects of the spin multiplicity, the polarization and

the ZFS parameters on the DEER trace. This is done

calculating the dipolar traces for a series of differ-

ent systems composed either by two radicals or by

a triplet state interacting with a radical. In all the

computed traces, a trityl radical has been used as

the pump spin, while the observer spin has been

varied. A nitroxide label has been employed as de-

tection spin in the radical––radical system whereas

different triplet parameters have been used in the

triplet––radical systems depending on the effect that

had to be investigated.

The investigation on the influence of the polariza-

tion has been performed using the ZFS parameters

of the tetraphenylporphyrin and adopting different

sets of populations of the triplet sublevels.

The effects of the ZFS has been investigated us-

ing the triplet parameters of a series of bench-

mark chromophores: fullerene, porphyrin, flavin

and eosin [8, 9, 10, 11]. These compounds have

been selected because their ZFS parameters cover

the whole range of values commonly encountered

in the photoexcited chromophores that are encoun-

tered in EPR [8, 12, 13, 14]. Porphyrins and flavins

are present in numerous biological systems and this

enables to exploit such groups as switchable en-

dogenous probes [15, 16].

2 Theory

The description of the DEER experiment is carried

out by using the density matrix formalism based on

the Liouville-von Neumann equation [17, 18, 19]:

d ρ̂

d t
=−i[Ĥ(t ), ρ̂] =−i[Ĥ(t )ρ̂− ρ̂Ĥ(t )] (1)

The effect of the pulse sequence can be divided

in nutation periods, during which the microwave

pulses are applied, and free-precession periods,

during which the spin system evolves under the ef-

fect of the static Hamiltonian Ĥ0. The Hamiltonian

Ĥ1, describing the interaction with the magnetic

field of the microwave pulses, is:

Ĥ1(t ) = µB

~
2B1 ·gŜ ·cos(ωmwt )

= µB

~
B1 ·g · Ŝ(eiωmwt +e−iωmwt )

(2)

where µB is the Bohr magneton, ~ is the reduced

Plank constant, g is the g-tensor and ωmwt is the

frequency of the microwave pulse.

In free-precession periods, integration of Equation

1 yields:

ρ̂(t ) = Û ρ̂(t0)Û † (3)
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where the propagator Û is:

Û = exp{−iĤ0t } (4)

During the pulses, the total Hamiltonian Ĥ = Ĥ0 +
Ĥ1(t ) is time-dependent and the analytical integra-

tion of Equation1 is no longer straightforward. The

propagator then becomes:

Û (t ) = T̂ exp{−i
∫ y

0
Ĥ(t ′)d t ′} (5)

T̂ is the Dyson time-ordering operator which

corresponds to the identity operator only when

the Hamiltonians at different times commute

([Ĥ(t1), Ĥ(t2)] = 0)[20].

The solution of the Liouville-von Neumann equa-

tion for time dependent Hamiltonians is in gen-

eral very complicated, for this reason, at least when

an analytical approach is required, the time depen-

dence is usually moved from the Hamiltonian to the

observables through a transformation to the inter-

action frame (see Appendix A). This however impli-

cates that some approximations are introduced in

the equations. Alternatively, especially in numer-

ical approaches, the calculation can be performed

in the laboratory frame where the time dependence

is kept in Ĥ1(t ), and Equation 5 is numerically in-

tegrated. In this case the computational costs grow

because a signal, modulated at high frequency, has

to be detected. However, the problem can be over-

come detecting a down-converted signal. This is

done dividing the sequence in two blocks: the mix-

ing period, in which the pulses are applied, and the

detection period, that starts after the last pulse and

goes through the detection (see Figure 2).

020406080100

0

0.2

0.4

0.6

0.8

1

mixing period detection period

Figure 2: Scheme of the mixing period and the detection
period.

The propagation of the density matrix is done in the

laboratory frame but, during the detection, the sig-

nal is mixed with the reference microwave and the

high frequency component is filtered out (see Ap-

pendix B). At the end of the mixing period the signal

is:

s(t ) = Tr{D̂e−iĤ0t ρ̂mixeiĤ0t } (6)

Operating some basics algebraic transformations, it

is possible to separate the modulated part of the

signal from the intensity component. The modu-

lated part is then mixed with the microwaves and

only the high frequency component is filtered out:

s(t )qp = Re
{ ∑

m=l
Dmmρmm

}
eiωmwt+∑

m>l

[
Re{Dmlρl m}(eiωml t +e−iωml t )−

iIm{Dmlρlm}(e−iωml t −eiωml t )
]
eiωmwt

(7)

= ∑
m>l

[
Re{Dmlρlm}ei(ωmw−ωml )t−

iIm{Dmlρl m}ei(ωmw−iωml )t ]
= ∑

m>l

[
(Re{Dmlρlm}−

iIm{Dmlρl m})ei(ωmw−ωml )t ]
The signal in Equation 7 is modulated at a low fre-

quency (ωmw−ωml ) and a smaller number of points

is required for correctly reconstruct the signal.

3 Method

The spin Hamiltonian (SH) of a system composed

by two weakly interacting paramagnetic centers, in

the presence of a static magnetic field B0, can be

written as the sum of the SHs, Ĥ1 and Ĥ2, of the

two separate spins and the interaction term ĤEEI:

Ĥ0 = Ĥobs + Ĥpump + ĤEEI (8)

We considered here a weakly coupled system in

which the exchange interaction can be neglected

and the spin––spin coupling is simply given by the

dipolar interaction:

ĤEEI = Ĥdd

= µ0µ
2
B g 2

e

4π~r 3
12

[Ŝ1 · Ŝ2 −3(Ŝ1 ·n12)(Ŝ2 ·n12)]
(9)
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where µ0 is the vacuum permeability, ge is the g-

factor of the free electron, r12 is the distance be-

tween the interacting spins and n12 is the versor

along the direction connecting them [21].

The SH, Ĥpump, of the trityl is:

Ĥpump = µB

~
B0 ·g · Ŝ (10)

In the case of the nitroxide observer spin the SH is:

Ĥobs =
µB

~
B0 ·g · Ŝ + Î · A · Ŝ (11)

while for the triplet is:

Ĥobs =
µB

~
B0 ·g · Ŝ + Ŝ ·D · Ŝ (12)

where D and A are the ZFS and the hyperfine ten-

sors respectively.

The initial density matrix of the system is:

ρ̂0 = ρ̂obs ⊗ ρ̂pump (13)

where ρ̂obs and ρ̂pump are the initial density ma-

trix of the detection and the pump spin respec-

tively. The equilibrium density matrix is calculated

according to the Boltzmann distribution:

ρ̂ = 1

Ẑ
exp{−Ĥobs~/kBT } (14)

where Ẑ = Tr{exp{−Ĥobs~/kBT }}.

The density matrix of the photoexcited triplet state

ρ̂T, instead is a function of the zero-field popula-

tions of the triplet sublevels [px , py , pz ] and no co-

herences are assumed to be present at the initial

time [22].

The dipolar traces were calculated propagating the

initial density matrix of the system, in the mixing

period, under the effect of a series of operators de-

scribing the 4-pulse DEER sequence, and detecting

the downconverted signal as shown in Eq.7.

The detection and the pump pulses are assumed

to act exclusively on the detection and the pump

spin respectively. The nutation operators, applied

in the mixing period, are calculated dividing the

pulse length in short time intervals and numerically

integrating Equation 5.

The parameters of the model system used in the

calculations are summarized in Table 1.

The DEER traces were calculated for a 4-pulse se-

quence: π/2 - τ1 - π - t - πpump - (τ1+τ2−t) - π -

τ2 - echo with detection pulse lengths of 8/16/16

ns and a pump pulse length of 8 ns. Given the

small anisotropy of the Zeeman interaction of the

trityl radical, the pump pulse can efficiently ex-

cite the whole spectrum. On the contrary, the ob-

server spins are only partially excited by the detec-

tion pulses. In order to avoid orientation selection

effects in the calculated traces, a set of conform-

ers, with different orientations of the dipolar vector

with respect to the detection frame, has been used

[4].

The parameters of the model systems used in the

calculations are summarized in Table 1.

Table 1: Spin systems parameters.

Spin multiplicity g-observer [gx gy gz] g-pump [gx gy gz] [Tx Ty Tz] (MHz) [Ax Ay Az] (MHz) [D E] (MHz)

S = 1/2––S = 1/2 [2.0062 2.0091 2.0022] [2.0034 2.0032 2.0023] [5 5 -10] [20 20 100] ––

S = 1––S = 1/2 [2.0023 2.0023 2.0023] [2.0034 2.0032 2.0023] [5 5 -10] –– [342 21] - [1175 239] - [1718 492] - [2039 570]

*Zero-field splitting parameters
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A representation of the geometric model is shown

in Figure 3. The set of structures is generated regu-

larly sampling the angles χ and ξ, defining the po-

sition of the dipolar vector relative to the detection

frame, in an interval between 0° and 90°.

The optimum number of conformers of the system

that had to be adopted in order to avoid the ori-

entation selection, has been found increasing the

set of initial structures until the convergence of the

calculated traces has been reached. We found that

about 50 conformers are enough for avoiding arti-

facts in the traces.

Each DEER trace had been powder averaged over a

sphere of orientations of the spin system with re-

spect to the static magnetic field direction.

The average computational time for each trace was

about one day using 16 Xeon E5-2698 cores.

4 Results and Discussion

In order to verify the influence of the spin multiplic-

ity and the triplet polarization on DEER signal, the

calculated traces for (i) a pair of interacting radicals,

(ii) a Boltzmann populated triplet coupled to a rad-

ical and (iii) a photoexcited triplet state coupled to

radical are compared in Figure 4.

The time traces of the three systems are shown both

before and after normalization. The normalized

traces have all the same modulation frequency and

similar amplitudes, with slightly more pronounced

oscillations for the polarized triplet-radical system.

The absolute signal obtained when the detection

spin is the polarized triplet state, is about 30 times

stronger than that of the radical, and about 200

times stronger than that of the Boltzmann popu-

lated triplet state. This result is in agreement with

the experimental data presented by M. Di Valentin

et al. [1] concerning the comparison of the DEER

traces of two homologue peptides: one marked

with a free base porphyrin and a nitroxide (S=1

- S=1/2), in the other a copper (ii) ion was co-

ordinated to the porphyrin (S=1/2 - S = 1/2). In

this work, it was demonstrated that the main dipo-

lar modulation frequency is conserved in the two

traces, while an increase of signal-to-noise of 10

times is observed detecting the photoexcited triplet

state instead of the radical. This implies that, in

order to experimentally achieve similar signal-to-

noise for the two systems, 100 times more accumu-

lations have to be done when detecting the radical.

In order to investigate how the population of the

triplet sublevels influences the amplitude of the

modulations in the dipolar traces, the DEER signals

for three different benchmark polarizations of the

triplet state have been calculated.

rTR (χ,ξ) B0 (θ,φ) 
zdet 

xdet 

ydet 

zpump 

ypump 

xpump 

(α,β,γ) 

Figure 3: Reference frames of the detection spin and the pump spin and angles describing the relative orientations
and the direction of the static magnetic filed.
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Figure 4: Top row: calculated DEER traces for radical-radical system (turquoise), a Boltzmann-populated triplet-
state coupled to a radical (azure) and a polarized triplet-state coupled to a radical (violet). Central row: overlap of
the normalized traces for the three different systems and relative Fourier transforms after apodization with a Hahn
function. Bottom row: frequency-domain EPR spectra of the pump and the detection spin, with the same color code,
calculated with the function pepper of EasySpin, and rectangular pulse profiles (red). The equilibrium populations for
both the Boltzmann triplet-state and the radical were calculated at 175 K, whereas the populations of the polarized
triplet state are: [px ,py ,pz ] = [0.58,0.31,0.11].

In Figure 5, are shown both the normalized and the

absolute dipolar signals, together with their Fourier

transforms. The detection and pump spectra with

the corresponding pulse profiles are represented

in the bottom row of Figure 5. The polarization of

the triplet spectrum influences not only the abso-

lute intensity of the signal, but also the damping of

the dipolar oscillations. The effect on the damping

depends on the weights of the frequencies that con-

tribute to the dipolar trace that are determined by

the polarization of the triplet spectrum. In particu-

lar, if the detection pulse is placed in a position in

which both positive and negative polarizations par-

ticipates to the detection echo, the ratios between

the frequencies that take part to the spectrum may

deviate from the typical Pake pattern distribution.

The effect can be noticed in the Fourier transform

of the trace corresponding to a [px ,py ,pz ] = [0,0,1]

polarization of the detection spin (green). In this

particular case, if the distance analysis is performed

in DeerAnalysis [23] by Tikhonov regularization,

without taking into account the effect of polariza-

tion, spurious peaks appear in the distance distri-

bution. The correct interpretation of the data and

extraction of a distance distribution require there-

fore an ad hoc analysis.
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Figure 5: Top row: absolute DEER signals (left), normalized traces (center) and Fourier transforms of the traces after
apodization with a Hann function (right), calculated for a polarized triplet state coupled to a radical, using differ-
ent polarizations of the triplet state: [px ,py ,pz ] = [1,0,0] (violet), [px ,py ,pz ] = [0,1,0] (azure), [px ,py ,pz ] = [0,0,1]
(turquoise) . Bottom row: frequency-domain EPR spectra, with same color code, calculated with the function pepper
of EasySpin and rectangular pulse profiles (red) for the pump and the detection spins.

In Figure 6 the DEER traces calculated for four dif-

ferent systems, in which ZFS parameters of the de-

tection spins cover the range of values typically en-

countered in triplet state probes (Table 1), are pre-

sented. The traces have been calculated in order

to investigate whether or not, artifacts, related to

the drop of the high field condition, appear in the

dipolar traces. Since pure effects of ZFS had to be

studied, the signals have been computed for Boltz-

mann populated triplets in order to avoid the intro-

duction of effects related to polarization. The EPR

spectra and pump profiles of the different systems

are shown in the bottom row of Figure 6. The dipo-

lar traces of the four systems are all modulated at

the same dipolar frequency, they do not show any

apparent artifact and their Fourier transforms have

a complete Pake pattern shape. Distance analysis

performed in DeerAnalysis gave the same distance

distribution for all the datasets allowing to asses

that in the whole range of ZFS considered, there

are no deviations due to the strong anisotropy of

the spectrum and thus the triplet state is an reliable

spin probe for application in pulse dipolar spec-

troscopy.

5 Conclusions

In this work, a numerical characterization of pho-

toexcited triplet state spin probes, based on time-

domain density matrix simulations, has been pre-

sented. The methodology that has been developed

allowed to carry out laboratory frame calculations,

employing soft pulses and using the complete spin

Hamiltonian of the system, including also non sec-

ular terms. Calculating the DEER traces for a series

of model systems we have explored the effects of

triplet pin polarization and ZFS magnitude on the

dipolar signals.

Comparison of the DEER traces calculated detect-

ing the echo of a radical, a Boltzmann-populated

triplet state and a polarized triplet state shows that

the effect of spin polarization is to increase the sig-

nal of order of magnitudes while conserving the

main modulation frequency.

Investigation on the effects of the spin polariza-

tion on the DEER traces demonstrates how differ-

ent triplet probes, with diverse polarizations, could

be exploited in order to enhance the intensity or the

persistence of the dipolar oscillations.
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Figure 6: Top row: normalized DEER traces (left), Fourier transforms of the traces after apodization with a Hann func-
tion (center) and distance distributions extracted by Tikhonov regularization implemented in DeerAnalysis (right),
calculated for different ZFS parameters: [D , E ] = [342, 21] MHz (violet), [D , E ] = [1175, 239] MHz (azure), [D , E ] =
[1718 492] MHz (turquoise), [D , E ] = [2039 570] MHz (yellow). Bottom row: frequency-domain EPR spectra, with the
same color code, calculated with the function pepper of EasySpin and rectangular pulse profiles for the pump and the
detection spins (red). The EPR spectra have been normalized to 1 at the position of the detection pulse.

Placing the detection pulse in some particular po-

sitions of the spectrum, in which transitions with

opposite polarizations contribute to the detection

echo, causes distortions of the Pake distribution. In

such cases the analysis of the data requires an ad

hoc procedure to extract the correct distance distri-

bution.

Comparison of the set of DEER traces calculated

for triplet systems with ZFS parameters of fullerene,

porphyrin, flavin and eosin chromophores proves

that under no circumstances can be produces arti-

facts related to the drop the high field regime. Since

these values cover the whole range of ZFS parame-

ters commonly encountered in EPR, we can assess

that photoexcited triplet states are reliable probes

for application in light-induced pulsed EPR dipolar

spectroscopy.

Appendix A

The interaction frame

The Liouville-von Neuman equations allows to fol-

low the evolution of the density matrix under the

effect of a specific Hamiltonian Ĥ(t ):

d ρ̂

d t
=−i[Ĥ(t ), ρ̂] =−i[Ĥ(t )ρ̂− ρ̂Ĥ(t )] (A1)

When the Hamiltonian Ĥ(t ) is time dependent the

calculation of the dynamic of the density matrix is

easier if a transformation to the interaction repre-

sentation is operated:

ρ̂ = R̂†ρ̂RR̂ (A2)

where R̂ = exp{iĤcoret } and Ĥcore is a suitable oper-

ator whose form will be discussed in detail later in

this Appendix. Substituting Eq.A2 into Eq.A1:

d(R̂†ρ̂RR̂)

d t
=−i[Ĥ(t )R̂†ρ̂RR̂ − R̂†ρ̂RR̂ Ĥ(t )] (A3)
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The derivative on the left side is:

d(R̂†ρ̂RR̂)

d t
= d R̂†

d t
ρ̂RR̂ + R̂† d ρ̂R

d t
R̂ + R̂†ρ̂R

d R̂

d t

=−iĤcoreR̂†ρ̂RR̂ + R̂† d ρ̂R

d t
R̂ + iR̂†ρ̂RĤcoreR̂

(A4)

Inserting Eq.A4 into Eq.A3 and multiplying both

sides from the left and from the right by R̂ and R̂†

respectively, gives:

− iR̂ ĤcoreR̂†ρ̂RR̂R̂† + R̂R̂† d ρ̂R

d t
R̂R̂† + iR̂R̂†ρ̂RĤcoreR̂R̂†

=−i(R̂ Ĥ(t )R̂†ρ̂RR̂R̂† − R̂R̂†ρ̂RR̂ Ĥ(t )R̂†)

(A5)

Considering that Ĥ0 = Ĥ0 + Ĥ1(t ), Eq.A5 can be re-

arranged in:

d ρ̂R

d t
=−i[R̂(Ĥ0 + Ĥ1(t ))R̂†ρ̂R−

ρ̂RR̂(Ĥ0 + Ĥ1(t ))R̂† − Ĥcoreρ̂R + ρ̂RĤcore]

=−i[(R̂ Ĥ0R̂† + R̂ Ĥ1(t )R̂†)ρ̂R−
ρ̂R(R̂ Ĥ0R̂† + R̂ Ĥ1(t )R̂†)− Ĥcoreρ̂R + ρ̂RĤcore]

=−i[(R̂ Ĥ0R̂† − Ĥcore)ρ̂R − ρ̂R(R̂ Ĥ0R̂† − Ĥcore)+
R̂ Ĥ1(t )R̂†ρ̂R − ρ̂RR̂ Ĥ1(t )R̂†]

(A6)

The general expressions for the static Hamiltonian

and the interaction Hamiltonian in the transformed

frame becomes:

Ĥ0,R = R̂ Ĥ0R̂† − Ĥcore

Ĥ1,R = R̂ Ĥ1(t )R̂†
(A7)

and the nutation and the free-precession operators

are respectively:

Ûnut = exp{−i(Ĥ1,R + Ĥ0,R)tp}

Ûev = exp{−iĤ0,Rτ}
(A8)

When [Ĥ0, Ĥcore] = 0, then also [Ĥ0, R̂] = 0 and

R̂ Ĥ0R̂† = Ĥ0, leading to:

Ĥ0,R = Ĥ0 − Ĥcore (A9)

In this situation, the calculation of the dynamic of

the density matrix is easier if the computation is

carried on in the eigenbasis of Ĥ0 and Ĥcore:

(H0,R)mm = ε0
m −εcore

m (A10)

where ε0
m and εcore

m(n) are the m(n)-th elements of H0

and Hcore respectively. Similarly, H1,R is:

(H1,R)mn = µB

~
(~B T

1g~S)mn
(

exp{i(εcore
m −εcore

n +ωmw)t }

+exp{i(εcore
m −εcore

n −ωmw)t }
)
(A11)

One of the two exponential terms in Eq.A11 is mod-

ulated at high frequency and it is usually neglected,

whereas the other is a low frequency component.

If the resonance condition εcore
m − εcore

n = ωmw is as-

sumed then a time independent form of H1,R is ob-

tained.

(H1,R)mn = µB

~
(B1 ·g ·S)mn (A12)

The above derivation was carried out without ex-

plaining what exactly is Ĥcore. By definition, in

a transformation to the interaction representation

Ĥcore is coincident with the static Hamiltonian [24].

In this situation Ĥ0,R is null and only Ĥ1,R acts dur-

ing the pulses.

In literature the most common case is the transfor-

mation to the standard rotating frame or sometimes

to a partial interaction representation [25, 26, 27].

These transformations can be considered as a par-

ticular case of interaction representation in which

Ĥcore includes only part of the static Hamiltonian

or Ĥcore is equal to ωmwŜz (as in the standard rotat-

ing frame). Depending on the form of Ĥcore, the use

of Eq.A10 and Eq.A12, which are widely employed

in spin dynamic calculations, introduces different

extents of approximation in the equations because

the condition [Ĥ0, Ĥcore] = 0 may no longer be true.

The transformation to the interaction frame re-

quires that also the operator used for the detection

of the signal is consistently transformed. Experi-

mentally the signal is proportional to the electro-

motive force induced in the receiving coil by the os-
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cillating transverse magnetic moment [28]:

s(t ) ∝ d〈x · µ̂〉
d t

= d

d t
Tr{µ̂x ρ̂(t )} = Tr

{
µ̂x

d ρ̂(t )

d t

}
= Tr{iµ̂x ρ̂(t )Ĥ0 − iµ̂x Ĥ0ρ̂(t )}

= Tr{iĤ0µ̂x ρ̂(t )− iµ̂x Ĥ0ρ̂(t )}

= Tr{i[Ĥ0, µ̂x ]ρ̂(t )}

(A13)

where i[Ĥ0, µ̂x ] = D̂ is the detection operator. In the

Ĥ0 eigenbasis:

(DR)mn = (RDR†)mn

= i(µx )mn
(
ε0

m −ε0
n

)
exp{i(εcore

m −εcore
n )t }

= i(µx )mn
(
ε0

m −ε0
n

)
(cos{(εcore

m −εcore
n )t }+

isin{(εcore
m −εcore

n )t })

(A14)

Given the relations (µx )mn = (µx )nm = −i(µy )mn =
i(µy )nm , it is possible to write:

(DR) =−(
ε0

m −ε0
n

)(
(µy )mn cos{(εcore

m −εcore
n )t }+

(µx )mn sin{(εcore
m −εcore

n )t }
)
(A15)

The signal then is obtained calculating the expecta-

tion value of the transformed detection operator on

the density matrix at the end of the pulse sequence.

In most of the pulse experiments the quadrature

detection is used, i.e. the signal is mixed with the

microwave frequency and filtered to eliminate the

fast components:

sR(t ) ∝ Tr{DRρR}eiωmwt

=∑
n

∑
m

−(ρR)nm(ε0
m −ε0

n)(
(µy )mn

(
exp{i(εcore

m −εcore
n )t }+

exp{−i(εcore
m −εcore

n )t }
)−

i(µx )mn
(

exp{i(εcore
m −εcore

n )t }−
exp{−i(εcore

m −εcore
n )t }

))
eiωmwt

(A16)

Neglecting the fast oscillating component, the

quadrature phase detection operator in the interac-

tion frame is:

(Dqp
R )mn =(ε0

n −ε0
m)(

(µy )mn exp{i(ωmw −εcore
m +εcore

n )t }+
i(µx )mn exp{i(ωmw −εcore

m +εcore
n )t }

)
(A17)

The time dependence is now in the observables and

it is determined by the eigenvalues of Ĥcore which

define the reference frame of the calculation. If the

resonance condition εcore
m −εcore

n =ωmw is assumed,

then a time independent form of detection operator

is obtained:

(Dqp
R )mn = (ε0

n −ε0
m)[(µy )mn + i(µx )mn] (A18)

From the point of view of the computational cost,

the use of both Eq.A12 and Eq.A18 allows for a

considerable save of time because (i) the nutation

operator does not include any time dependence

and (ii) a low-frequency modulated signal is de-

tected. However, this introduces some approxi-

mations in the equations due to the fact that the

resonance condition and the commutation condi-

tion ([Ĥ0, Ĥcore] = 0) are assumed at the same time.

Moreover if the calculation is done in a total or a

partial interaction representation, the contempo-

rary use of Eq.A12 and Eq.A18 leads to a loss of in-

formation because the signal is "observed" from a

reference frame always in resonance with the in-

teractions included in Ĥcore. To avoid such a loss

of information Eq.A17 has to be used but on the

other hand there is no more saving of computa-

tional time.

In order to verify how the approximations, intro-

duced in the equations by the transformation to the

interaction frame, affect the quality of the spin dy-

namic computation, the Free-Induction (FID) de-

cay signals were calculated, for a nitroxide spin, in

the different frames. The static Hamiltonian used in

the calculations is the sum of the Zeeman interac-

tion and the hyperfine interaction:

Ĥ0 = µB

~
B0 ·g · Ŝ + Ŝ ·A · Î (A19)

where g and A are the g and the hyperfine-tensor

respectively. The principal values of the two ten-
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sors are [gx , g y , gz ] = [2.0062 2.0091 2.0022] and

[Ax , Ay , Az ] = [12 12 100] MHz. In order to effi-

ciently excite the whole nitroxide spectrum a 0.1 ns

π/2 pulse have been used.

In Figure 7 the Fourier transforms of the FID sig-

nals, computed in the different interaction frames,

are shown together with the continuous wave

spectrum calculated with the function pepper of

EasySpin. The frames used in the density matrix

computations are:

• Total Interaction Frame (TIF):

Ĥcore = µB

~
B0gŜ + ŜAÎ ;

• Partial Interaction Frame (PIF):

Ĥcore = µB

~
B0gŜ

• Standard Rotating Frame (SRF):

Ĥcore =ωmwŜz .

Eq.A10 and Eq.A12 have been used for the static

and the interaction Hamiltonians in the trans-

formed frames. The spectra obtained with the time-

dependent (Eq.A18) and the time-independent

(Eq.A17) forms of detection operators are shown in

the top and bottom panels of Figure 7 respectively.

In the case of the TIF, the time independent form

of detection operator is not shown because none

time-signal is present in that case.
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Figure 7: Top panels: overlap of the Fourier transforms of the FID signals, calculated in the TIF, PIF, SRF frames, and
the frequency-domain EPR spectrum calculated with the function pepper of EasySpin. The signals in the top row have
been detected by using Eq.A17, whereas in the bottom row the signals have been detected with Eq.A18
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Appendix B

The signal in the laboratory frame

The calculation of a pulse EPR experiment in the

laboratory frame is the most accurate spin dynamic

description. This choice however, can be very de-

manding form the computational point of view be-

cause in principle it requires to record a signal

modulated at high frequency. In order to reduce the

computation time the evolution of the density ma-

trix has to be divided into a mixing period, during

which the pulses are applied, and a detection pe-

riod, starting after the application of the last pulse

and going through the detection. The signal then is:

s(t ) = Tr{D̂e−iĤ0t ρ̂mixeiĤ0t } (B1)

where ρ̂mix is the density matrix at the end of the

mixing period obtained propagating the initial den-

sity matrix under the proper sequence of opera-

tors ρ̂mix = Û . . . ρ̂(t0) . . .Û †. Expressing Eq.B1 in the

eigenbasis of Ĥ0:

s(t ) = ∑
m=l

Dmmρmm + ∑
m>l

Dmlρl mei(εm−εl )t+∑
m<l

Dlmρml ei(εl−εm )t
(B2)

Knowing that Dl mρml = (Dmlρlm)∗ and substitut-

ing εm −εl =ωml and εl −εm =ωl m =−ωml :

s(t ) = ∑
m=l

Dmmρmm + ∑
m>l

Dmlρlmeiωml t+∑
m<l

D∗
mlρ

∗
lme−iωml t

(B3)

Taking only the real part of the signal:

s(t ) = Re
{ ∑

m=l
Dmmρmm+

2
∑

m>l
Dmlρlmeiωml t

}
= Re

{ ∑
m=l

Dmmρmm

}
+

2
∑

m>l

[
Re{Dmlρl m}cos(ωml t )−

Im{Dmlρlm}sin(ωml t )
]

(B4)

= Re
{ ∑

m=l
Dmmρmm

}
+∑

m>l

[
Re{Dmlρl m}(eiωml t +e−iωml t )−

iIm{Dmlρlm}(e−iωml t −eiωml t )
]

Analogously to what is done in the experiment, the

signal is mixed with the microwave frequency and

the fast oscillating components are filtered out:

s(t )qp = Re
{ ∑

m=l
Dmmρmm

}
eiωmwt+∑

m>l

[
Re{Dmlρl m}(eiωml t +e−iωml t )−

iIm{Dmlρlm}(e−iωml t −eiωml t )
]
eiωmwt

= ∑
m>l

[
Re{Dmlρl m}ei(ωmw−ωml )t−

iIm{Dmlρl m}ei(ωmw−iωml )t ]
= ∑

m>l

[
(Re{Dmlρl m}−

iIm{Dmlρl m})ei(ωmw−ωml )t ]
(B5)

where sqp(t ) is the quadrature phase signal.

The Free-Induction (FID) decay signal, for a nitrox-

ide spin, computed in the laboratory frame by us-

ing Eq.B5 is shown in Figure B8. In the same fig-

ure, also the continuous wave spectrum calculated

with the function pepper of EasySpin is shown as a

comparison . The calculation was done by using the

same parameters as in Appendix A. In this case the

Fourier transform of the FID matches almost per-

fectly the calculated continuous wave spectrum.
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Figure B8: Overlap of the Fourier transform of the
FID signal, calculated in the laboratory frame, and the
frequency-domain EPR spectrum calculated with the
function pepper of EasySpin.
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