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electron spin resonance, CW-ESR) 1945
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ESR (electron spin echo ESR, ESE-ESR)
(electron spin echo envelope

(nuclear quadrupole interaction)
ESR

modulation, ESEEM) ESR (Fourier
transform ESR, FT-ESR) ESR (transient (free radical
ESR) ESE-EPR ESE chain reaction) ESR 20
ESR ESR ns
(paramagnetic electron)
ESR ESEEM ESR
By
ESEEM
ESEEM
ESR
(T, T, relaxation times) FT-ESR ESR
(flexibility)
(hyperfine interaction)
Design of Pulsed Electron Spin Resonance Spectrometer
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ESR (1,12

(microwave pulse forming network,
MPFEN) (microwave signal

receiving network, MSRN)

(microwave cavity or

resonator) 1
1. (MPEN)
HP (microwave synthesizer)
(milliwatts)
001 20 GHz 1
-10 dB (directional coupler)
-10 dB (microwave phase
reference) (isolator)
MPFN
MPFN
ESE-ESR  ESEEM
FT-ESR
(PIN diode switch)
(rise and fal times) 4ns
10 ns
(divider)
(biphase modulator)
0° 90° 180°
270° cyclops
(quadrature mixer)
(combiner) MPFN
900
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(13,14)

(phase cycling) 3-pulse
ESEEM 2-pulse
(attenuator)
(phase shifter)
(mixer) MPFN
20 db (GaAsFET)
(variable attenuator)
1 kw (traveling wave tube)
60 dB
10 mwW 1 kw
(coaxial cable)
12x24cm
(rectangular waveguide)
HP 0 18GHz MPFN
MSRN ( 8 18
GHz) ESR
ESR

(rotary vane attenuator)

ESR

(3-port circulator) (resonant
cavity) (ferrite)

(insertion loss) 1
dB 20 dB
2. (MSRN)

—20 dB
(detector diode) DC

(digital sampling oscillocope)



(PIN diode limiter) (pulse duration) (delay
MSRN time) 1
MPFN

GPIB
20 dB RS-232
(band pass filter)

(mixer) FT-ESR
(quadrature mixer) ESE
(double balanced mixer) 4,
(mixer) 500 MHz CW-ESR
(video amplifier) ESR
(digital sampling oscilloscope, DSO) (resonator) (filling factor)
500 (15,16) ( 2)
MHz (sampling rate) 2.5 giga
(free I
induction decay, FID) FT-ESR H ‘
ESE-ESR  ESEEM DSO )
(spin echo waveform) H l
- | [ |
3. (Digital Word Pro- H l
grammer)

)4

(a)

b) V(G] [ T _ ‘mmmm I

2. ESR (a) split
ring resonators (b) loop-gap resonator  (C) 3. (envelope
bridged-loop-gap resonator modulation)

(7)
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4.2-pulse
CW-ESR TE Q
50 (resonator
dead time) 50 ns
(ESEEM)
ESR ESE-ESR  FT-ESR
CW-ESR
2-pulse ESEEM ( 3)
(24.17,18)
1.
4 (Larmor frequency)
90°—1—
180° (magnetization, M)
2-pulse
(spin packets)
(Zeeman) Ho(z ) (precession)
(M) (magnetic dipole
moment) (transverse)
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5.
MO
t=0 X
(%1

h,) M, Xy

h, M, X

) 2 (90°)

nl2) X

(dephrasing) M, X

FID
(free precession) 7
) I
I
Y-z 180°
) 0
T
ing)
ESEEM

| FID




(envelope modulation) 5
H, (z
) g (isotropic)
(spin angular momentum)
S S H,
[ S
Ho
H.
Hero H, 3000 r
3A H. 350 (He ~pe/r® e
)
H, r=3
A H, 05 (Ho~un/r°
) H, H, H, S
Ho
HEff(l) I S
H., ( 5 AH, (1)) AH, (1)
I Hag AH, (1)
Wny
AH, (1) O S Ho
S, =S, H.
Heff(2) S
( 100 ns)
(adiabatically) Heie)
5 Ho
HEff(Z)
Oy AH (1)
AH (1) Wn S
Haw O
O Hery

B Y

E4
P @ 8
% Y% E,;
@y
Y Y E, T
N o, yH1
v % =
6 s=1/2 | =1/2
Dy (O Wy W) (beat)
Wy T Wy
(ESEEM)
2.
ESEEM
s=1/2 | =1/2
6
M, o)
0,

(mixed
state) M, (good
quantum number) M,

|
(E. E) (E
E) YH: EE E
E E
EE E E E
W, I E E
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(spin-Hamiltonian)

H=B.50B+SA —g,5.8 +iQl @
B. B
(Bohr magneton) g, g B
h 9 g A
Q
s I

(spin-operator) A
(Fermi contact)
Q
(electrical field gradient, €9Q )
(asymmetric parameter n
AQ g
(principal axis system)
spin-Hamiltonian
(eigenvectors)

) Euler

(eigenvalues)
w0,

(spin population)

(nutation)

(free precession) ESEEM
ESEEM Mims

. dp i
.of m —=—[P-H
(eq. of motion) ot h[ ]
P (density matrix) H spin-

Hamitonian 2-pulse  3-pulse ESEEM

1

Tr[QM'P"MQM:PM+H.C] (2
2(21 +1) © Q @

Ena(7) =

Emod(rvT) Tr[Q:M+(PF+F)T+)MQ1M:(PrF)T)M

1
421 +2)
HQQ)MP'M(QQ)MRM+H.C](3)
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FT Amplitude

(b)z=416ns
I I
L (a)t=263ns \\,VV,\;‘
0 I é I Alt I g I ;3 I 110 I 112 I 114 I 16
Frequency (MHz)
7.3-pulse ESEEM | I
©) () ()

14 MHz

H.C. Hermitian conjugate 7 T
[ i1 P Q
M
W. B. Mims @
Spin-Hamiltonian ~ Mims

7  3-pulse ESEEM

3-pulse (90°-7—90°-T—-90°)
2-pulse
) w, W (
o, @) (2)

3-pulse

3-pulse ESEEM
2-pulse
3-pulse ESEEM

ESEEM B,

CW-ESR



ESR
(inhomogeneous broadening)
(ENDOR)  ESEEM
ESR

CW-ESR
ESEEM

ENDOR

(nuclear quadrupole
interaction splitting, NQI) ESEEM
(exact cancellation)

NQI
ESEEM B, (
8) (ethanolamine
deaminase, EDA) (6719-22)

(a) AdCob in pH 7 buffer

(b) AdCob in pH 1.6 buffer

EDA
EDA (cobaamin) 5-
* (5'-deoxyadenosine)

(s=12) 5'-
= (s = 12) 5
" (conformational change)
(substrate) H
5!_ g (S = O)
(product radical) S
H H
5- H > :
B, EDA Bu
10"
B,

(c) AdCob in EDA

8. B (adenosylcobalamin, AdCob) (porphyrin
ring) ( (corrin ring)) 5,6-
(5,6-dimethylbenzimidazole, DM Z) 5- (5’ -deoxyadenosine)
@ pH=7 base-on pH =16 base-off (©
EDA DMZ EDA (histidine)
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(methionine synthase)

(histidine)
ESEEM
X
B.,
EDA
( 8)
base-on
(pH = 1.6)
EDA
9
ESR g
g

X
DMZ
BlZ
BlZ
B.
DMZ
base-off
CW-ESR

( 2900 gauss)

20 mT
AdCob in pH 7 buffer
[0}
=
=3
= AdCob in pH 1.6 buffer
o
£
<
[
=
®
2
o]
[a}
AdCob in EDA
1 1 1 1 1 1 1 1 " 1 " 1
2400 2600 2800 3000 3200 3400 3600 3800 40
Magnetic Field (Gauss)
9. 8 CW-ESR

ESR 4 mw 9.45

GHz 10 gauss 100

kHz 4K
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B, EDA base-on
base-off g 2620
gausss  9( ) () g
( 10.7 mT)
( 712)
base-on
( 1.9 mT)

DMZ (
=1) (superhyperfine
interaction) base-off

90() g9

(doublet)

(selective isotope labeling)

ESR
BlZ

DMz
(imidazole)

10  base-on B, 3-pulse

Time Domain ESEEM of B, atpH 7

Integrated Echo Amplitude

0 1 2 3 4 5 6 7 8 9 10

u seconds
10. 3-pulse ESEEM 20
W 8.9 GHz 20 ns
16 Hz ©=571ns T+ T =200
ns 20 ns 2896

4K



\ | Frequency Domain ESEEM L°N (NQI)
3-pulse ESEEM
8 B, ,in EDA Ferr(n,\'/lﬁc;;'m (fﬂ?% 0
E B, in pH = 7 buffer 1.85 312 | 007
n B,,at pH 7.0 B, in EDA 215 3.20 0.12
I NQI
DMZ® g 300 | 011
i “ . 142 | 0.99
B,,atpH 1.6
o 1 2z s 4 5 6 7 & o
Freauencyv (MHz) ™
11. 3-pulse ESEEM 10
“N
(time domain) ESEEM
11( ) 1 ( 1 2
3-pulse ESEEM (NQI) 1
05 10 18MHz DMz
(Co”*-tetraphenyl porphyrin) 0.5 ESEEM
11 1.7 MHz (€0Q = 3.1 MH2)
d, (n=0.1) DMZ (€9Q =
(pyrrole) ( 8) 30MHz n=0.11)
3-pulse ESEEM ESEEM
( 12 “N B, EDA
(NQI) 1.8
MHz n 0.85 d, DMZ
“N 1.7 MHz 1 (Fermi contact
“N 22 A term)
CW-ESR 11 (double quantum transition
3-pulse ESEEM AM, = £2) ( 44 45 MHz)
B pH 7 B, PpH7 B. EDA
(base-on) B, EDA 02 23 185 215MHz 0.3 MHz
2.5 MHz base- ESEEM
off B, EDA B, pH7
14% B,
B, pH7 B, EDA EDA
(0.2 5'-
2.3 MHz2) (2.5 MHz) ( )
ESEEM (localization)
N d, 5'-
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