Basic Theory and Applications of EPR

Spying on unpaired electrons — What information can we get?
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"But don't you see what this implies? It
means that there is a fourth degree of

freedom for the electron. It means that
the electron has spin, that it rotates."

- George Uhlenbeck to Samuel Goudsmit in 1925 on
hearing of the Pauli principle -
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"There are spins everywhere'" is now a well known quote amongst EMR
spectroscopists. It is born out by the huge list of topics at the right hand side. In
some of these the use of EMR techniques is obviously minimal, history for
example, in others such as biochemistry EMR's influence has been seminal. In
topics such as imaging EMR is advancing at a rapid pace, particularly with
recent advances in instrumentation and computing power. For at least the next
ten years we will see EMR following in the footsteps of NMR in
instrumentation - moving to higher field/frequency machinery, and with a move
from continuous wave (cw) to fourier transform (ft) measurements, possibly
even eclipsing the former in time. This will extend the list of topics even further.
Another crumb from the physicist's plate will shortly be available - the use of
force balence methods will enable the measurement of single spins on surfaces -
the ultimate in detection sensitivity. There are also exciting arguments afoot
among physicists concerning the very nature of the electron, (New Scientist, 14th
October 2000, pp25), Humphrey Maris of Brown University says he thinks he
can cut an electron in two! ”

- John Maher -




Applications

Anthropology, Archeology, Biochemistry, Biology, Chemical Reactions,
Clusters, Colloids, Coal, Dating, Dosimetry, Electrochemistry, EPR Imaging,
Excitons, Ferromagnets, Forensic Science, Gases, Gemmology, Geography,

Geology, Glass, History, Inorganic Radicals, Materials Science, Medicine,
Metal Atom Chemistry, Metalloproteins, Microscopy, Mineralogy, Organic
Radicals, Organometallic Radicals, Paleontology, Photochemistry,
Photosynthesis, Point Defects, Polymers, Preservation Science, Quantum
Mechanics, Radiation Damage, Semiconductors, Spin Labels, Spin Traps,
Transition Metals, Zoology

EPR Methodologies

These are just scratches of modern EPR techniques.




What is EPR ?

Electron Pramagnetic Resonance (EPR)
Electron Spin Resonance (ESR) EPR ~ ESR ~ EMR
Electron Magnetic Resonace (EMR)

higher energy state (mg = 2)

lower energy state (mg = -1/2)

“Electron Zeeman Interaction”

What is EPR ?

EPR is the resonant absorption of microwave radiation
by paramagnetic systems in the presence of an applied magnetic field.

higher energy state (mg = 2)

ower energy state (mg = -1/2)

hv (microwave) .
( “Electron Zeeman Interaction”




What is EPR ?

T hv(=gBB,)

mg=-1/2

& Planck’s constant (6.626196 x 1027 erg.sec)

v frequency (GHz or MHz)

g g-factor (approximately 2.0)
B Bohr magneton (9.2741 x 102! erg.Gauss™)
B, magnetic field (Gauss or mT)

Selection Rule
AMg = £1

Conventional CW EPR spectrometer Arrangement

“Electron Zeeman Interaction”

What is EPR ?

S=1/2

mg=+1/2

T hv(=gBB,)

/\<

mg=-1/2

B

o

—

I Planck’s constant (6.626196 x 1027 erg.sec)

v frequency (GHz or MHz)

g g-factor (approximately 2.0)

B Bohr magneton (9.2741 x 102! erg.Gauss™)
B, magnetic field (Gauss or mT)

Bruker EMX EPR spectrometer

Selection Rule
AMg = £1

“Electron Zeeman Interaction”




What is EPR ?

=+
m 172

e <: T hv (= gBB,)

N m=-1/2

& Planck’s constant (6.626196 x 1027 erg.sec)
v frequency (GHz or MHz)
g g-factor (approximately 2.0)

B Bohr magneton (9.2741 x 102! erg.Gauss™) P
B, magnetic field (Gauss or mT) Magnetlc Field (Bo)

Selection Rule
AMg = £1 “Electron Zeeman Interaction’
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What is g ?

———— Ty T T Ty
It is an inherent property of a system containing an Fia) If 9,60 (M
unpaired spin. 1 f1 Q. !
Similar to the chemical shift observed in an NMR _} e t\i_'r_
spectrum. = - | T II-II !
The g value for a single unpaired electron (fiee "; P l'_ Qt_.. _____E
electron) has been calculated and experimentally =t S
determined. It is 2.0023192778 = 0.0000000062 (= + e e ——— -
g.). The g value for an S = 1/2 system is usually [ic f . ]
near g, but it is not exactly at g, Why not? f A 2,0y {

N

This is due to spin orbit coupling which determines L oM
both the value of g and its anisotropy (how far the 3 LM 032 O35 D154
g values are from g, . The g value can often be = Magnetic Field, B [7]
calculated and the value is characteristic for a
particular spin system. O—— O ----- o m-radical
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A: spin-orbit coupling constant

Powder Patterns of EPR Spectra

Isotropic g: g, =g, =g,

Powder: randomly oriented samples such
as frozen solutions, powders

Rhombicg: g # g * g,

e s

ey 9y

Axialgig =g + g,

Even though we talk about g, 8y and g,
the values should be more properly called
& 8 and g; unless we have evidence for
the nature of the g tensor relative to the
molecular axes.




Powder Patterns of EPR Spectra

Ni(III)
d7

= LI Sagmal (dy©/dmE)y
—

T
0 M2 0 oM nse

= Magnetic Ficld, B [T]
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Near isotropic

Multifrequency EPR
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Multifrequency EPR
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Solution EPR
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In solution: when molecules are rapidly
tumbling (within microwave time scale),
g-anisotropy is averaged out.

1et-Ni(OEBCY

Electron spin — Nuclear spin Interaction

Electron

Isotope Nuclear Spin (I} % Abundance
1H 1/2 99.9
H 1 0.02
12c L] 98.9
3¢ 112 1.1
1N 1 99.6
15N 1/2 0.37
160 0 99.8
170 5/2 0.037
B B g 1] 95.0
0 Ind s 3/2 0.76
sty 712 99.8
35Mn 512 100
S6F, 0 91.7
57Fe 1/2 2.19
Nucleus $9Co 742 100
38N & 80N 1] 68 & 26
SINi 32 1.19
€3Cu & $5Cu 3r2 69 & 31
95Mo & Mo 512 16 &9
183w 1/2 14.4

“Hyperfine Interaction”




Electron spin — Nuclear spin Interaction

S=1/2 SRt
——X_m,=-Y% m=-%
my=-%, m=+"%

A==

mg=+"%, m=+%
— my=+%, m=-%

B,

|H=pSgH + SAT

hfc: hyperfine coupling constant

Selection Rule
AMg = £1; AM, =0

“Hyperfine Interaction”

S=Ya;
1=
Doublet

hfc (=A)

Magnetic Field —

Electron spin — Nuclear spin Interaction

Electron Nucleu
SC2) (%)

M=+~ Mi=+%
. M=-%
s= iyz
" M=t L
S YIS

Selection Rule
AMg = £1; AM, =0

S=Ya;
1=
Doublet

hfc (=A)

Magnetic Field —

hfc: hyperfine coupling constant

“Hyperfine Interaction”




Electron spin — Nuclear spin Interaction

lectron Nucleus
S (%) (1)
M=+ M=+1
M= 0
Ms=£%."
M.=-1
M =_—y |

N M= 0
L M=+1

Selection Rule
AMg = £1; AM, =0

\Q S=Y;
=1
ll‘l Triplet
Q
hfc hfc
D> —>

Magnetic Field —

“Hyperfine Interaction”

Electron spin — Nuclear spin Interaction

4 Nuclei
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= M,=-2/2
- M=-4/2

M,=-4/2

=M ME=-2/2
= M=0

M=+2/2
M,=+4/2

S=Vs;
0= ° 1=1/2x4
H H Quintet
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Pascal’s triangle

So far, we have considered the cases of hyperfine interactions in solutions or in the samples with
very narrow g-anisotropy. How about powder samples?




Electron spin — Nuclear spin Interaction

MCRred] X-Band EPR

For ¢INi, I = 3/2, so you expect Nicenriched
(and see) 4 lines.

Expt.

But the hyperfine splitting is '
-1 =1200. 50. 30] MHz Sim

unresolved in the g.. direction. Notekhat the center of
the pattern is the g-value
natl.
NI(I) abund.*—/ o
COOH & Expt.
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1= [60. 60. 60] MH7.
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So far, we have considered the cases of hyperfine interactions in solutions or in the samples with
very narrow g-anisotropy. How about powder samples?

Electron spin — Nuclear spin Interaction

(a) experiment

Sim axial S=1/2

Intensity

Superhyperfine Splitting

S
S=1/2; 1=3/2

— 1=l

Sim axial S=1/2

Sim axial S=1/2
A coupling, AL and A
due to I=3/2 coupling, due to I=3/2

Intensity

250000 2680.00  IMG0.00 304000 322000 340000 2500.00  36A0.00 286000  BO4D.00  3230.00  3400.00
Magnetic Field Magnetic Field

“Hyperfine Interaction”




Electron spin — Nuclear spin Interaction
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7
d 1N (I=1)
]
|-.\]-| |
I'l I T T T T 1
3 [ .' 2600 2800 3000 3200 3400 3600
L’f ‘\ Magnetic field Strength (G)
HN
H\ / \ H \
N, N
hY4
VRN
SN Nz
H \—/ H N I, 3+‘\\S-Cys
“Ni
[Ni(eyclam)]** N/ l\S Cys

Electron spin — Electron spin Interaction

When there is more than one unpaired electron (S>1/2), the interaction between the
spins must be considered. This term can be very large. The Hamiltonian for a system
with a spin > 1/2 is: H=D [S? - 1/3 S(S+1) +E/D (S? - Syz)/ +g S H

The new terms are D and E/D. D is called the zero-field splitting (ZFS) parameter;
E/D is the rhombicity (the ratio between D, the axial splitting parameter, and E, the
rhombic splitting parameter, at zero field). The minimum value of E/D is 0 for an axial
system. The maximum value is 1/2 for a rhombic system. The strength of the ZFS is
determined by the nature of the ligands.

So for a completely axial system (E/D =0), H=D [S?-1/35(S+1)] +g, S H
Consider a case where S = 3/2, i.e., 4 unpaired electrons. These spins can interact to
give a total spin moment, referred to as a system spin. There will be four sublevels for

m,, where S, =-3/2, -1/2, 1/2, and 3/2.

The energy for the + or -3/2 level will be: D[9/4-1/3(3/2*5/2)]= D[9/4-5/4] = D
The energy for the + or - 1/2 level will be: -D.




Electron spin — Electron spin Interaction

Yl Half integer spin and axial ZFS symmetry
+9/2 _—< g=18,0,0 S=92 —
8D
+7/2 z< TR $=72 —
6D
+5/2 :< g=10,0,0 S=5/2 "]
4D
S=3/2
+3/2 =< £=6,0,0
2D g=2,4,4
i1/2_—_<[: g=2,2,2 £=2,6,6
o g=2,8,8
Magnetic Field — —g=2, 10, 10

The magnitude of
the ZFS can be
determined by EPR.
The populations of
each of the doublet
has a Boltzmann
distribution. By
lowering the
temperature to the
same energy range
as the ZFS and by
measuring the EPR
amplitude of each
doublet, a value of
the ZF'S can be
obtained.

Or we can measure
AMs = £1
transitions, such as
+5/2 < +3/2, at
higher fields.

Interactions measured by EPR

| H=pBSgH + SAT+DIS-1/3 S(S+1) + E/D(S 2-S )] |

Hyperfine and superhyperfine interactio

Spin-spin interaction

* Nuclear quadrupole interation can also be detacted.

* High sensitivity (<1 uM to 0.1 mM)
* No background
* Definitive and Quantitative

(electron spin-nuclear spin interaction)




Electron spin — Nuclear spin Interaction

Phenalenyl radical dyya= -5.09 MHz (3x) —1/.
e -21.90 MHz (35) o ___\_O | ?/2/214

- a1 = -17.67 MHz (6x) o X

acqy = 26,96 MHz (6%) H H Quintet

hfc hfcl hfc hfc
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Electron Nuclear Double Resonance (ENDOR)

Phenalenyl radical dyya= -5.09 MHz (3x) A(HT)
deo -21.90 MHz (3x) A(H2)

4y = -17.67 MHz (6x)

acqy = 26,96 MHz (6%)

Vv(H)
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ENDOR Spectrum

|H=BSgH + g, IH + SAT




Electron Nuclear Double Resonance (ENDOR)

ENDOR = EPR-detected NMR ACHI)
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|H=BSgH + g, IH + SAT

Electron Nuclear Double Resonance (ENDOR)

EPR-Detected NMR

Detect
Changes
in Signal
of
Electron
Spin

* Broad-banded: Al/ elements
* High Sensitivity
* Selectivity

Flip
Nuclear Spin

|H=BSgH + g, IH + SAT




Electron Nuclear Double Resonance (ENDOR)

e 0
)
) G G g,
MagneticField Strength ! e i : !
Frequency (MHz)

| H=pSgH + g 8 IH @

Electron Nuclear Double Resonance (ENDOR)

Detect
Changes
in Signal
of
Electron
Spin

------ EPR-Detected NMR

A A
S.Tdipale.l
Through-Space:

Non-bonded structure

Through-Bond:
Bonding; Coordination Geometry,




Electron Nuclear Double Resonance (ENDOR)

CW ENDOR \ Davise ENDOR (Pulsed ENDOR) \
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Applications - Metalloenzymes
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Applications - Metalloenzymes

ESEEM:EPR-detected NMR w/o RF |

Spin Echo

(A) 2-pulse ESEEM

(B) 3-pulse ESEEM

/2 /2 /2
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ESEEM (electron spin echo envelope modulation)




Applications - Metalloenzymes

o] oo
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Applications - Metalloenzymes
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Applications - Metalloenzymes

o] rovis
@ P FeMo-cofactor

% R-homocitrate
HO-CH,-C=C-H

(Propargyl Alcohol) UASJ .
a-275%

HO-CH,-CH=CH,
(Allyl Alcohol)

2e +2H'

® 0 JACS, 126, 2004, 9563-9569

Applications - Metalloenzymes

o] rovis
m P FeMo-cofactor

% R-homocitrate
HO-CH,-C=C-H

(Propargyl Alcohol) UASJ .
a-275%

HO-CH,-CH=CH,

o X7 \e® (Allyl Alcohol)

Enzyme mechanism j
3D Structure
Metal-ion: coordination Geometry +2H*

valence

identification
Protein dynamics

g Electronic and magnetic properties

0% .




Applications — Trapping Free Radicals

Spin-trapping
Species: superoxide, hydroxyl, alkyl, NO

Spin-trapping agentss: DMPO, PBN, DEPMPO, Fe-DTCs

.. pH=74 .
+ .2 + 0 — = OOH Oxidative stress
':'I 'T‘I Cell signaling
o 0 Photoreaction
DMPO DMPO-OQOH :

Ay=1.42mT, 4.f, = 1134 mT, and 4,7 = 0.125 mT.

Applications — Distance measurement

Spin-labelling ?
NH,
Species: TEMPO.... :
Membrane protein
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Applications — Radiation Dosimetry

Alanine dosimetry

Alanine EPR spectrum
- Typical dose res ponse curve

4
g J/"_'——-
1.2

11 .I'/f

o8]
0,67
0.4

0.2

o+ i : n
0 10 20 30 40 50 60 FO 80 GO 100110

Absorbed dose (kGy)

EPR Intensity

Alanine forms a very stable free radical when subjected
to ionizing radiation, such as gamma-ray, e-beam, and X-

ray.

Applications — EPR Imaging

Oximetry

N\~

Line-broadening

* Direct EPR detection of
paramagnetic O, in fluid is not
possible.

Bimolecular collision between SL and oxygen leads to
Heisenberg spin exchange




Applications — EPR Imaging

Oximetry Lateral arteries
Mapping of ~ Lateral veins
arterio-venous
oxygenation Cutaneous layer

in a rat tail, in vivo

Ventral vein
Ventral artery

Amplitude Map Spin Density Map Oxygen Map 300 .

2

c

2259
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Y ) z
2, 150 8
ER 5
5% S
5 75 5
2 = 2
en = X
(o)

0
Sendhil Velan, S., Spencer, R.G.S., Zweier, J. L. & Kuppusamy P. Magn. Reson. Med. 43, 804-809 (2000)

Applications

There are spins everywhere.
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