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What is EPR ?

Electron Paramagnetic Resonance

a.k.a. ESR

Electron Spin Resonance

a.k.a. FMR

Ferro Magnetic Resonance
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Proposed topics

-1- EPR fundamentals for an isotropic S=1/2 system,
-2- anisotropy and hyperfine effects on S=1/2,
-3- biradicals and effects of spin-orbit coupling,

-4- a qualitative fly-over of transition metal ions.

Today’s goals

Origin of the signals: magnetic moments, introduction to g and B.
Practical aspect #1: field-swept instead of frequency swept.

g: a wee bit o’ cool physics

Practical aspect #2: consequences of the size of B

Practical aspect #3: signals are reported in terms of g

Practical aspect #4: signals are detected in derivative form
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Origin of EPR signals, w. comparisons to NMR signalﬁ 3

Observe unpaired electrons. These are often the agents of important
chemistry.

Interaction between electron magnetic moment and magnetic field
produces energy levels. (Similar to NMR)

A fixed frequency is used to collect data as a function of a swept
magnetic field. (Different from NMR)

A more favourable Boltzmann population offsets the generally lower
concentrations of unpaired electrons.

Information in the g-value.
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Chemical species with unpaired electrons

Free radicals in gases, liquids or solids.
Some point defects in solids (eg. upon Y irradiation).

Biradicals (molecules containing two unpaired electrons remote or
otherwise very weakly interacting with one-another).

Triplet ground or excited states (two unpaired electrons that interact
strongly).

More unpaired electrons.

Transition metal ions and rare-earth ions.

More common than perceived, readily detectable and richly informative.
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Like NMR, alignment and energies in a magnetic field:’
heB

€= —/,T,-I_? u, =yhm, = 3,m, €=-yhm,B =xhyB, /2
Ae =hv =nhyB,

Q E

° Ae =hyB,

o

}

oo

But presentation is different from NMR.

In part because e is not as simple as M.
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Magnetic moment of an electron: a classical current loop.

i=IA _

1 is the electric current flowing in the loop, ‘
A is the area enclosed by the loop and

vector A has direction perpendicular to the
plane of the loop according to the right-
hand rule.

U is the magnetic moment of the current
loop.

Units of P are A m?

A
/\ I

http://en.wikipedia.org/wiki/File:LoopCurrentMagneticMoment.png © A-F Miller 2011




i=IA

The current loop is considered to have a
magnetic moment because it would like to
rotate in a magnetic field such that the

vector [ precesses around the magnetic
field.

T=[ixB

N
is the torque and B is the
magnetic field.
Units for Torque are Nm = |y| T
making the units of 4 Nm/T or J/T.
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i=IA

j= 1V
27TrC

A= mr’

)

The factor of c (speed of light) is needed to take charge
in C to electromagnetic Gauss units (c=HoEo).

_gmvr _ g

u = m.h
H dme  2mc

for pure orbital angular
momentum (no spin).

|

(Recall: MV=Pp (momentum), mvr=L (angular momentum))
http://en.wikipedia.org/wiki/File:LoopCurrentMagneticMoment.png © A-F Miller 2011
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2mc 2mc \

49 =Yy for pure orbital angular

2mc momentum.

—ge A
= for electrons, with spin.
Y I
2mc

Make g explicit: isolate from other parameters

. —ge
u= Z—mcmlh = M
/3 _ e

is the Bohr magneton, also denoted by Us.
2mc
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Alignment and energies in a magnetic field: 4 || H

€=—-UsB e=gpmB, =+gB.B, /2
Ae=hv=gBH,  H, -2
8b.
¢ _hv, 1
Q g /36 Hr@s
> E
B,
Ae=gp H
p 0 8p.H,

I
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Choices of fixed frequency for EPR

340 mT
X-band: B, = 3400 Gauss, v, =9.5 GHz

B, = 3300 Gauss, v, =9.2 GHz
K-band: B, = 8600 Gauss, v, = 24 GHz
Q-band: B,= 1.25T, v, =35 GHz
L-band: B, =300 Gauss, v,=1GHz
S-band: B, =1100 Gauss, v, =3 GHz
W-band: B, =3.5Tesla, v, =95GHz
(1 Tesla = 104 Gauss)

Waveband L § € X P K Q U VEWTF D — J —
»/mm 300 100 75 30 20 12585 6 464 3227 21 16|11 083
viGHz 1 3 4 10 15 24 35 50 65|75 95 111 140 190 285 360
By/T 10.03/0.11/0.14/0.33/0.54/0.86|1.25/1.8/2.3(2.7/3.5/3.9 |4.9 |6.8 |10.2|12.8
Sunney Chan, then at Caltech
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EPR in the EM spectrum
THE ELECTROMAGNETIC SPECTRUM
Penetrates
Farth [ v [ O] V| N
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http://en.wikipedia.org/wiki/electromagnetic-spectrum
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Review: The small size of the NMR quantum

4 x 108 Hz is a very low frequency,
corresponding to a low energy for the quantum transition.

X-band EPR is conducted at 9.5 GHz = 9.5 x 10% Hz, 20 x higher.

eg. optical transitions, eg at 500 nm (cytochromes are at 550 nm)
v=ch=3x108ms'/550x 10°m=55x10"s"!
= 5.5 x 10'* Hz, 10¢ times higher.

On the positive: NMR is a non-perturbative method: irradiation does
not cause change, break bonds.

On the negative, the signals are very weak, for TWO major reasons:
Boltzmann population excess is small and Einstein spontaneous
recovery rate is slow.
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Boltzmann consequences of the small quantum

Only a very small excess of the population is in the ground state,
only this small fraction supports NET absorption of radiation.

0o
(0]
—

(| FERRF RS R SRR SR SRR
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NMR Consequences of Boltzmann

P /P oung = € CEKD AE/KT = hv/kT

AE/KT = 6.6x10-3* +4x108)/1.4x10-23+300K=6.3x10">
P../P = 000063 = 99994

exc' + ground

d/Peorar = 1/(1.99994) = .500 016 = .500 00+.000 016

Pgroun total —

Only 0.000 016 x the concentration of the sample
actually produces signal.

pg 15
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Consequences of Boltzmann,

at the same magnetic field

%

AE/KT = 660x6.3x105=.042
P /P ouna = €% = 959

exc' + ground

Pround /Prorat = 1/(1.959) = .51

Now 0.01 x the concentration of the sample produces signal.

(vs. 0.000 016 x)

| M Samples contain = 10 mM signal-producing molecules, net.

(vs. 15 uM)

pg 16
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Information content in g

€=—-UsB e=gBmB, =+gB.B, /2
Ae=hv=gB H,
E
0 Ae=gfH, hv, 1
g ﬁe Hres

— For a free electron,
H ge = 2.00232

In EPR spectra g can range from 10 to | (and beyond).

5-fold variations vs. ppm variations observed in NMR.

Range reflects orbital contributions, spin multiplicity and spin-spin coupling.
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Free electron g. = 2.00232

Angular momentum due only to spin.

Value close to 2 (as opposed to | for purely orbital angular
momentum): relativistic effects at work.

Deviation from exactly 2.000 : QCD corrections.

For Later: when orbital angular momentum becomes significant in addition to spin, we
will need to consider total angular momentum J.

J=S+L

g is the Landé g-factor. This is used for transition metal ions in lower rows.

When orbital effects are relatively small, we can treat them most simply as a
perturbation and account for them in a tensor g based on ge.

http://en.wikipedia.org/wiki/G-factor_%28physics%29
http://en.wikipedia.org/wiki/Land%C3%A9_g-factor © A-F Miller 201 |
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Free electron g. = 2.00232

Value close to 2 (as opposed to |): relativistic effects at work.

Deviation from exactly 2: QCD corrections.

ii= q mh=__¢ mh—yi Y is the gyromagnetic ratio
=L -mh=—mh-=

2 me d2me (= magnetogyric ratio)
q _ :
2— =Y pure orbital angular momentum g . = |. (from pg.9)
mc
—8€ electrons, gs = 2 because electrons are relativistic particles,
2 mce - especially near the nucleus.

At relativistic speeds, E? = p2c? + m2c* holds. Dirac showed that this
requires consideration of positrons associated with electrons.
Whereas the Schodinger equation is based on two components @+t and
@, , the additional @1 and @, of Dirac also contribute to [, doubling

the charge carriers and thus Y. ©AF Miller 2011
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Free electron g. = 2.00232

Value close to 2 (as opposed to |): relativistic effects at work.

Deviation from exactly 2: QCD corrections.

Quantum Chromodynamics corrections. higher-order terms reflecting

interactions between positrons and electrons produce the correction
of + 0.002319

(g-2)/2 =2 =0.00115965218111 + 0.00000000000074 (| partin 107

g has been measured to an accuracy of | partin 102

http://en.wikipedia.org/wiki/Dirac_equation
http://en.wikipedia.org/wiki/G-factor_%28physics%29
http://en.wikipedia.org/wiki/Anomalous_magnetic_dipole_moment  © A-F Miller 201 |
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Implications for the observed spectrum

From pg. 10
E
Ae=gBH, H, =
0 8p.
H
Signal
Hres H
© A-F Miller 201 |
pg 22
Implications for the observed spectrum
From pg. 10
H, - hv, oH = hv,
gp. B.
known g-value standard such g gstdd

as dpph g=2.0037 +0.0002

Signal
_ 8oaa! suaa
H

X

8x

Logic similar to chemical shift : :

referencing. : i H
Hres HS

Retain (Hx-Hscdd)/Hsaa < 0.01 e

\ 4
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Field modulation with lock-in amplifier

Add to the swept field a small additional field oscillating at 100 kHz.
Noise will fluctuate at random frequencies but the signal is now identified

as that which fluctuates at 100 kHz. Only frequencies within | Hz of |
kHz are collected.

(Detector
current)

\ 4

Hecs H

© A-F Miller 201 |
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Field modulation with lock-in amplifier

Add to the swept field a small additional field oscillating at 100 kHz.

Noise will fluctuate at random frequencies but the signal is now identified

as that which fluctuates at 100 kHz. Only frequencies within | Hz of |
kHz are collected.

Photo of cavity,
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Field modulation with lock-in amplifier

Add to the swept field a small additional field oscillating at 100 kHz.
Noise will fluctuate at random frequencies but the signal is now identified

as that which fluctuates at 100 kHz. Only frequencies within | Hz of |
kHz are collected.

Pa g
L
oooﬁ’oooooooooooooo
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Field modulation with lock-in amplifier

Add to the swept field a small additional field oscillating at 100 kHz.

Noise will fluctuate at random frequencies but the signal is now identified

as that which fluctuates at 100 kHz. Only frequencies within | Hz of |
kHz are collected.

. \

\
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Field modulation with lock-in amplifier

Add to the swept field a small additional field oscillating at 100 kHz.
This is called the field modulation dH.

Noise will fluctuate at random frequencies but the signal is now

identified as that which fluctuates at 100 kHz. Only frequencies within
| Hz of | kHz are collected.

At each average field value Ho, we record Al= I(H, + OH/2)-I(H, - OH/2),
where 0 is the magnitude of the field modulation.

In the diagram these Al

values are the vertical | \
orange or red arrows. | Z

©A!-_|! Miller 2011
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Field modulation with lock-in amplifier

Signal: detector current | varies with time, at same frequency as field
oscillation and in phase. (Optimization of phase on the instrument.)

Al= I(Ho + 0H/2)-I(Ho - OH/2) is
measured as the centre field Ho

A\ A

I 9955 10000 10005 gauss
£ (A)
: AN ¥

e, -0
hm(éH)_)0 SH = Fig. 9.4, Drago 1992
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Distortion due to excessive field modulation amplitude

(OH is too big)
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Fig. 2.15, Bruker EPR manual. g A  Miler 2011
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Integration to recover a familiar absorptive line

Lorentzian line shopes
(@)
Normalized
0.3 | obsorption curve

(8)
02 Firgt-
derivative curve

This EPR signal yields the above
absorptive signal upon integration.” |

() I
[ (B

0.2 |- Second - [ — T
derivative curve \i ! :
(Double integration is required ,/‘ I

to determine the area of signal
and permit spin quantitation.)

-06}

Fig. 2.9 Wertz and Bolton, 1986 T —
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