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i Solomon Equation

= Physical Review Vol. 99 (1955)

= The relaxation of spin | i1s not only
proportional to the states of the spin
| itself.

= When existing other nearby spins,
the states of those spins also have
iInfluence on | spin.



i Solomon Equation (for 2 spins)

B RR g e (kR AL
|
d(l, —19)
;=13 =—R|‘('z—|§)'-0‘.3(SZ—S§)
dt 1

v WSk R £ G B %
R, : self relaxation constant

0,5 - Cross relaxation constant
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i Rev - Chemical Reaction

= Mono-direction & single step:

A—“ 5B

PS ® & % ¢ decay®|0

d[A] _
dat

“'kl[A]

= Bi-direction & single step:
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dt
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i For one spin

= At thermal equilibrium:
(I.e. Boltzmann distribution)

Ul g M,=A(N,—N,)=3A

I
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i For one spin (Cont.)

= When some excitation :

0l hg UL g
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i For one spin (Cont.)

. TR (W)L R
Rkl 2%’30
— 0
W [w g
0 —q S E T ATy
BIRBDE -/

The change rate of ais: —“=-W{N, -N)W (N, -N;)

B W ,W

=) 7y <

The change rate of [3 is: %=+W(Na—Ng)—W(Nﬂ—Ng)
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For one spin (Cont.)

dM, dN, dN

,=A(N, —N = A(—=-—F
( dt ( dt dt )
dNa:_W(Na_N2)+W(Nﬂ—N2)
dt I IS
dN N ©
g —F=+W(N, -N7)-W(N,-N7)
dN
dMZ :A(dNa— ﬁ)
dt dt dt

= ACW(N, = NZ)+W (N, = NZ) =W (N, —N2)+W (N, = N7))
=—2AW((N, —=N?)—(N, —N}))
_ B _ I NEA
= ZW(A(iNa I:'ﬂ] v\AdNa Nﬂ))\f;ﬁifg\_ﬂf@hﬁﬂ@i%
=-2W(M,;-M;) 4 me




i For one spin (Cont.)

= What does that remind you of?

M M, —-M)
dMZ:—ZW(MZ—Mg) ~ d Z:_( Z Z)
dt dt T,

T,=1/2W, spin lattice relaxation time
= $t>tone spinm 3 5]‘&{#,3 L
m EEF R - ¥ kR @ T g X P s F]
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Two spins system (I & S)

mF A+ B iEspins — EEFEE o
B ‘ g

e P23 — mg E | s s m g So
S spin — BB
a | P B<
——[3a
a | aa | af
| spin —af
B|Ba|BB| —a .
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i Two spins system (Cont.)

= 7 4fdrelaxation pathway -

Wy Am =0

Wi Am=1or-1
W, Am =2 or -2
Am= Am,+Am,

(a8 g1 £)
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i Selection Rule

s - a0 B3 Am=1,0,-14 ¥ 4
4

= Via dipole-dipole interaction, W, and
W, Is possible.

= What Is dd interaction?(Later on)
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i Two spins system (Cont.)

1S 1 BB The change rate of ad is:
W2 Ba g *’?Zfbf}aaﬁjﬁi
dn__
GB dt — _Wl(S)naa _Wl(l)naa _WZnaa

+W1(S)naﬁ +W1(,)nﬁa +W2nﬁﬁ

ad y

% p 3 H s statesdd L

PS: Ngg = (Ngg= Ngo°) —» #BcE £
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i Two spins system (Cont.)
dn

d:a = Wyi)Npee =Wog) Ny =Wy, + W)y +Woi )N, +WoN 5
dz:ﬂ =Wy Ny =WiyNys =Won, 5 +Wiin,, + Wy yn g + Wi,
dgfa = Wy)M e ~WaiyNge =WoNas +Wais)Ngs +Waety N +Wols
dZ% = Wyi5)Ngp =WyyN g =W g + Wiy g, +W1(I)naé+wonaa
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Solomon Equation (Revisit)

B RR g e (kR AL
|
d(l, —19)
;=13 =—R|‘('z—|§)'-0‘.3(SZ—S§)
dt 1

v WSk R £ G B %
R, : self relaxation constant

0,5 - Cross relaxation constant

PR ? RS, 7 iR R
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i Magnetization vector

11
szt € M, =AM, -n,) p
= When 2 spins, HHH-q
M = total o - total [3 33
i, = A(n,, +N,,—N; —N) — Ba



i Bl b TP ]
di,

dn dn, dn, dng,
— aa + _ -
dt dt dt dt dt
= .50 e R R A AR SR

= Z(nﬁﬂ - naa)(Wl(l) +W,) + Z(nﬂa - naﬂ)(Wl(l) +W,)

=.. N3 (AF R

— _(iz + Sz )(Wl(l) + Wz) o (iz _ Sz )(Wl(l)

— _iz {Wo + 2W1(I) + Wz) 152 (Wz _ Wo)
f !

R, (self relaxation constant) O (cross relaxation
constant)

+W,)
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4

H

=1 #F 51 AF
i F :E‘;P Fl‘
Kg’ BN L &

d(l, —13) =—R (I, -12)Ho(S, =S))

= In NMR 13C-'H, we saturate H
when observing 13C.

= In PEDRI, we saturate electron spin
to enhance *H.
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i Nuclear Overhauser Effect

Professor Albert W. Overhauser (1925 ~ )
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i Cross Relaxation Constant

s 4% W, dominant, g,.>0

'naagi‘gé‘: _Izgi‘g%“ °

(positive NOE enhancement)
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i Cross Relaxation Constant

= 4% W, dominant, g,;<0

lnﬁqgi‘gé\: — |Zg}‘}é“") o

(negative NOE enhancement)

tt-1-1
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i Let’s do some math

180° 90°

s |V |Z(O):|ZO, SZ(O): —SZO /S\ - I-D—

d(lz B |§
dt

)__R (I, - 12)—015(S; = S;)

=R, (12=1%) -0, (-S2-5?)

=20,S;

s Case 1: Sw 4 enix - (i.e. T, = &)
%fiﬁébei%%’ﬁjﬁﬁﬁ o
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i Case 2:153kS spin? ¢ w44...
« IV: 1,(0)=1,0, S,(0)= -S,°

IS IS
— BB 1809 on S = BB
—2 BG ) 1 BCX
GBL qﬁi
L ad i ad
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m B e AR B 2 gg
0
d(lzdt_IZ)=20,SS§:100,S >0 _150(
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ity | s 1B & 1S 1
d(l, —1° —515_
dt ——pa
=R, (I, ~19) - 05 (S, - 3) a2
=—R,(10-9)- 0 (-2-5) 2 0
=—R, +70,, <100
Efglﬁzwaf%c X - R ,=10, S,=-2

o

31



i Cross Relaxation Con. (Revisit)

s 4% W, dominant, g,.>0

'naagi‘gé‘: _Izgi‘g%“ °

(positive NOE enhancement)
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90°

i Saturation pulse ———~.

s &SAT pulse » B & Steady State«:r

e -

0
°, IZ)|SS:—R|(|Z_|§)_O-IS(()_SZO):0

dt

o
l; ss =—5(S;)+1; Webhrli p.3
| Steady State Equation /
Al, o S;

Def: NOE enhancement factor 7 = 0 = R0
|
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i NOE enhancement factor

SR S R R E S S

R, (self relaxation constant) = W,+2W,+W,

0,5 (cross relaxation constant) = W,-W,,
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i Transition Rate

= W: Transition Rate » zg >t it & &
fe it F feid oo

;__’\ o
M;; :molecular factor

W; =M xJ () J(wy) : spectral density
i LEARD? o AT KoL

F oo
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ift%ﬁ*ﬂ@ﬁwk

= Mono-direction & single step:

K d[A]
1 — -~ —=——k[A
A )B dt 1[]

= Arrhenius equation:

HiLE E B
k RELT MG

bl II;"IJ # g{ ? #l )J]':}L&{MIJ
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i Transition Rate (Cont.)

= molecular factor M;

= Different relaxation mechanism
[3 -> o : allowed transition
33 -> ao : via dd relaxation

= Molecular geometry - distance
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Relaxation mechanism

s Molecular factor ;+ =z *trelaxation =
X o
4

= dd Interaction : one create the field
and one experience, reciprocally

2 2 1
Mij oc (¥, Vi )
N
SRR LR
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i Transition Rate (Cont.)

= Spectral density J(wy;)
amount of molecular motion at w;

n ESpINAF TAEF hiEd — A 4 K B

BN ERL > R RW

Tc

J(@;) = T .. correlation time

1+ w; z;
m )/ ‘Eﬁ A3 Y
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i HAN 5 X PO~ pE

1 T -
W (0.) = Ax 2 2 v C Wehrli p3
1( I) 7/|7/S rlg 1+a)|22_§ /
=) W, (@ +a)):B><7/27/21>< fe
A0S S 1 (0, + )7
1 T
W. (o, —@0.)=Cxy’y2 —x c
0( | S) 7/|7/S rlg 1+(60. (05)27(_2;
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i Outline

N PrinCipIe {0 NOE — Solomon Equation

= Other Applications — noesy
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i PEDRI / OMRI

m Proton Electron Double Resonance
Imaging / Overhauser Effect MRI

s LT T spinggfr 0 BB IHGE
(B34 3307 SNRH 58 )

g VR B
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‘_L PEDRI

Magnetic Bg BE
Field
saturation
RF (EPR) 1
RF (NMR) ) j\'
o @8 \_/
2T 5 \
S22
=5 A
Signal \‘j \/\F__
Evolution Detection

period period
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i Q1 : relaxation time

= Electron spin T1.5 £.0.1~1us -
m P70 E T R > saturatesiyik gy o
:1_|)/E | f(s) .— Wehrlip4
v, f(s)+1
f(s)=y é Blz,ESRTlTZ

4

When complete saturation, f(s)>>1

47



NOE enhancement v.s. f(s)

0

-100

Enhancement 2%
factor

-300 4

-400

.01 1 1 10 100

= B g;‘p:]grs N

Ny

'I"'l"llll L ll"lTl'fTI L L

saturation factor f(s)
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i Q2 : non-specific radiation

= Larmor frequency: w =-yB,
m 1% ey = 42.58MHz/T
m 7 F gy =(28.06GHz/T » & 4%

659 f% o ik Af

m At 1.5T, w,,=63.87MHz :=42.09GHz
m At 0.35T, w-=9.8GHz

# £ =0.03m(30cm)
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E M The Electromagnetic Spectrum
10-6 nm

10-Inm |14

X-Rays

i Spectrum = ="

1 nm

10 nm

10 nm

VIS EUV - 55.8-118nm
100 |} yry3s FUV - 110-190nm

107 nm 1 pm
10 um Near Infrared Yellow
100 pum Far Infrared
ML T. .V, WO I I
— /ﬂil N in 10 mm 1cm
MRI - /f’l)(/;i ‘ﬂ ? — 10 cm Microwave
100 cm 1m
10m

ESRer il e ch | 22— -
ST SVl

10 Mm
100 Mm

HEEE S

nm=nanometer, A=angsirom, um=micrometer, mm=nullimeter,
cm=centimeter, m=meter, km=kilometer, Mm=Megameter




i YFvF ?K;’T&‘,.ﬁ[ e

m R0 A B S PE R D SARFESNR o

=P V2V

= SNR B %2

B P I oo (8 ¥ ESRePP A £

> 7 e ¢ ’ g
F AR AN R

ESR » #r= 4z 3 FINMRT 5
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i Field Cycle PEDRI

n RS e d TINMRE 5o 7838 5
P gLenpR iz e g w4 o

o kP A AR E K3 (i.e. MONEY)

s = <o ESRAT % 3L

s 5% 5% B,F=9mT, B,°’=59mT (in 40ms)
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i Still some questions

= Leakage : Relaxation Is not entirely
by electron-proton dd interaction.

= More than 2 spins : There Is not
only 2 spins In the system.(% ¥ 7
N3 RpeE 7))

s Adeded dode — B $]7T 8 e i

53



FC-PEDRI

Ters
. ) > D
Magnet:\ / B,
Field E
B,
RF (EPR) i I
RF (NMR) _ j\,
o 2 \_/
T S \
o2 3
=5 A\
Signal \J /\ p—
Evolution Detection
period period
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i FC PEDRI in vitro (2005)

s B,"=5mT, B,°= 450mT (in 40ms)

/n vitro sample - TEMPOL .
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i FC PEDRI in vitro (2005)
m A - .

Difference

/n vitro sample - TEMPOL 5,
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i FC PEDRI /in vivo (2005)

s Rats, £ Ff i<

EPR on )
slice = 30mm

128*128
NEX =1
T, = 1050ms
Tesr = 400ms
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i Contrast Agent — TAM

= [ri-aryl Methyl from Nycomed® (now

In GE) O
= Widely used in ESR BL*

A9 AP A0
Yo Yo YT

spe

58



i Contrast Agent — TAM (Cont.)

= |t IS an oxygen-sensitive radical.

Ph Fh Fh

(2)2F‘h—<- + 0 hHﬂlﬂﬂIF‘h

Fh P Ph

= FIrst concentrates in the kidneys,
then in the bladder. Dissolved O,

alters the electron relaxation times of
TAM
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FC PEDRI /n vivo (2005)

C

] ‘}‘3‘- 7}? /}“;\‘ rF o Difference
R g"”:%%? T ““’ Rl
105 P AR
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i FC-DNP spectroscopy

= Dynamic Nuclear Polarization
m B 1% + radical g 3 o
m F SRR & $RAR I eoradicals o
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FC-DNP spectroscopy

# I e9B0 » SAT %

B Jridp & g &

Magnetic \»
Field e = = mm = .

RF(EPR)  ———
RF (NMR) M

Signal / \ ﬂ

Evolution Detection
period period
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i FC-DNP spectroscopy (Cont.)

Magnetic

Field

\
\

W

\

A

Imaging
Intensity
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i Outline
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i ® ¥ 1 Jp|Electron Spin

n 5798 )% MRIF £ #Fradicals
CER G EERA TR

s PRA Pty > A1.5T2 7T

@, =63.87TMHz + . =42.09GHz
=%, i A R N
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i Pulsed ESR

s [ 5B E ONMRARFE @ 45— 1B
excitation pulse » #8 {$ £ £q<FID -

3 T\P\;Zqﬁ ﬁjF\iﬂ’EE*' ,4]5,»375
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i )ll”' ’g Z’;E S

= T1 Relaxation time (us % ‘&)

= non-specific radiation (A< )

= dilemma of B, (SNR 2" SAR)

- I\/Iulti-spins model

n y AAF & Lie» 7 Contrast Agent
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i CW (Continuous Wave) ESR

s 75 + b cONMR o

= Samplez » > # 3| & #&47 F + (50Q)

= 3 5 % - Bresonance RF pulse » #X
s P 3 4 A 23 3IBy=|w /vyl
FEF RFfj&ug#ﬁtsample& 1T o

= samples i F g > [Rfiix ’%‘“—)T}u
? J‘/‘ TE‘II: ‘/‘EIJ o
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in SNR# %3 i

= Barely above noise level

+ O g H-vh > /o4 b — iR oscillating
magnetlc fleld(@lOOkHz)

= f:resonance By*fiTFF > T e

100kHz =4z & on and off resonance

= Lock-In amplifier (& 4p*c <~ F)

v pd e ||

PR
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i On and off resonance

O A I G A =4 _{pz A= EI a 4F
BPLN Ry iy ? 3 ’F)k%;ﬂ'\“ B H o

aWaANAWANA

o T /u VALVIRVARY,
static B, '} |
oscillating B,
&

Off resonance
On resonance
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First derivatives spectrum

sl S
) lfﬂ‘\‘%' =5

OH
H,C e, f
HSC | + CH3
0
6 8 10 12
TEMPOL Field (mT)

260MHz CW ESR
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i Hyperfine Splitting

%Eﬁ/

Field (mT)

10

12
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i ESRI

= Unpaired electrons give ESR signal :
free radicals & other paramagnetic
molecules.

s ESRI — Distribution of them
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i MRI v.s. ESRI

= Nuclel v.s. Electrons
s Pulsed NMR v.s CW ESR

= K-space data v.s. projection-
reconstruction method (like CT).
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‘L Projection-reconstruction

U 4o t+a
{Tesla}
B, =
-"(" .

0 .. )
distance along X (metres) 0 distance along X (metres)

two samples 7 two samples
containing @ O] e = & chsample 2

containing
free radical HI|Bys I FFF — % free radical @ O
o

signal
signal
‘-'
.r_-:":
Ve
v_-":"’
‘.
- -l
-y
i
]
[ |

magnetic field (Tesla) magnetic field (Tesla)
(or time during sweep) t (or time during sweep)

t+a




i Projection-reconstruction

m 4o%k B, = G*X
XA% ~ > A% % 1§ Tresonance B,
XA | )]%%E%sﬁ Ilresonance By

s TR s > XRG4 hE o

m 3% i % POERS spindx 7 5 SZEER a0
AR g o

= INnverse density projection
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two samples
containing

free radical
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i NOESY

s Nuclear Overhauser Effect
Spectroscopy © 1 ¥ & B g * o

s dd Interaction : molecular factor

1
M. oc (y7y°
1) (7/' 7/1 _ = - | FlBspinz. B engE
e B 7

= J1* cross relaxation constant z_i- |
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al Biology

i Structur

A

!
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g T EERE ()

= ESR Oximetry
= Trapping radicals metabolite
= Drug delivery

= & £ MRIZNOESY » /£ # 3v
45 o XD

w1
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,J\pi%o
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s %3 1% % reference XD
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!LEIectron Spin Resonance
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