W8 EHR R AR 2021

A% W
hhonda@yokohama-cu.ac.jp

BF 1A AW TNMRE TS
OB EITHISHATES

77y N REL (m|H|n) = Emn
HeisenbergDiE &) 7 F2 = iﬁ%A(t) = [H,A(©)]
R—AEHTHE (AD) = Trip(HAD)}

AT ZIk)(kI =1 o
k Al
R T C3 () Co () = (alp(®)]B) o a

. —Quty1,
ERE 1, —3 I, cos(Qitq) — L sin(Qgty)

AN

NMR (Nuclear Magnetic Resonance : &S HR%E)

TS @

NDODDRFHKIBRAEVZERD

0BT (+O=R) 25
O PHF(ERERL)

EORBONRAEVERD (=&iEE) NIETHEND

RFHOMR = EFHREAVVSNEHBETER
NMRTESEFHF : RFRABSHBRMRSNTIND (£ FEE)

SEEMBICITDIEHIC
NIBD' LEEETRELHENZNVEE (RREV1/2) ZRVTIMUESRET D

%2> (Nuclear Spin)

- @
BRF &3S E

FERO2PADREDES
# ’ raE # i T
],?;V a IRRR BIRRE

111
' B IRRE
B e

Ve

COIRINF—EZ
BHATDDN NVR

11111

#
J onk%

~ BWRETUNTAY ~
0 BA /SO BT % NMR
FHTE ol THAIY BT /1FEDOEE NMRTHOWBHIERE)
NMREEDHEE — NMRJEDILHE A D HLfF
1E Zeeman Iteration
BEARE L O BN - BIFHE — BRI OEB DR
Bloch 52 & NMROIEFN (T, T,) DHEFE
IOV AI CIBBNE RS DA O BRI
[EIHREEAE R ~DERE A W (2 =7 ) — B )
3 Density Operator (B ERE F)
S EEE T HeisenbergDEF H A B EHEETEHW-HIHE
4Z Interaction
BHRF — BB EAEH (B L ORI EIEA)
'7;211»‘/7I~®$HE1’F)¥J (B DETF OB EER)
JFEB
5% BERE S OFICERE
RARATI—EREE RV, BEEAETFOEVWGSLEREOEA
6% 2k JLNMR
ERETE RFERIE
COSY, HSQC, HMQC, NOESY7Z2 ¥ DR
TE &
BEBERT- B OHBEEEREEZAV. T, LEEFETD
8E L LB EHR

EZROBL

EROBL




NMR (Nuclear Magnetic Resonance)
Observes
Interaction between Nuclear Spin and Magnetic Field

Components of NMR Apparatus
* Sample (Nuclear Moment p, Nuclear Spin, 7)
* Magnet (Static Magnetic Field B,)
* Transmitter & Receiver
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* PC & Printer
Application of NMR Magnet
* Structural Analysis of \
Organic Compounds '_%5'
* Material Sciences
Structural Information T =TI —
Motional Modes |
Motional Frequencies Iﬁ/
Interactions it8=180° o9
Sample in
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Transmitters Recelvers & PC S ——
Basic Theory of NMR
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Magnet

Magnet B,

PC & Printer

90° Pulse
Pulse: Applying Alternative Fourier
Current with Angular Frequency Transform
of @, to Sample Coil in Short
Time Time /s ﬁ
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FID : On the Obtained Signals o, Free Induction Decay Frequency / Hz
Information is Included NMR Signal NMR Spectrum
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Basic Theory of Quantum Mechanics

n: Principal Quantum Number
l: Azimuthal Quantum Number
m: Magnetic Quantum Number
s: Spin Quantum Number
s,:z-Component of Spin Quantum Number

[ Wavefunction ]

Electron Whims

I: Nuclear Spin Quantum Number

Nuclear Wim m: z-Component of Nuclear Spin Quantum Number
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Yo = la)  Wp = IB)

Yo = (al W = (Bl

1

et = (Y 2t
1 (al= (@i} = <2> (al = 5l

1
LIB) = =518

i1
L{BI = (Bll; = — 5 (Bl
ATV KRR

PR BHA
WET KFONESAN=T V)

*tt BT OBE
1 1
Szla)=§|a) Szlﬁ)=—§|ﬂ)

Yo = la)y  Wg —~1B)
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[ Wavefunction

Yo - (al ¥ - (B

(W] = cilal + c5(Bl

t 1 1 1
o=l Lp=-lp (1.~ L)
l Eigenfunction I
[ Overlap Integral (ilj) = f @i pjdr (0-2-1)
Lj=ap
[ Orthonormal EZ:Z; z Eg:g; z (1) - (ilj) = &y (0-2-2)

@) = wiAlw) = [wavar  ©23)

[ Expectation Value ]

Y, - la) W - |p) [¥) = cola) + c5lB)

Yo = (al W = (Bl (W] = calal + cp(Bl

N (ala) =(BIp) =1
[ Expectation Value ] G = R = _flp G (alf) = {Bla)=0
(ilj} = 6y

[ Example 1 ] [ Expectation Value of z-Component ] (W) and (W] are normalized)

(I) = (WL |¥)

[cadel + c(BIfL[cala) + cp1B)]

= cacalall;la) + cpea (Bl |a) + cacp(all,|B) + cpep(BILIR)

= L)=3l)  LIp=—31p)

1 1 1 1
= Cica (@l + chea (Bla) + cicp (— 5) (alB) + cjcs (— 5) (618)

— | (ilj) = &;j |
1
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leal?, |C¢;|2 : Probability
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[ Example 2 ] [ Expectation Value of x,y-Component ] I = E(L' +1L) I, = Z(h -L) Liey=0 ILja)=I8) LB =|a) I|B)=0

(L) = (WL W) = cacolallela) + cpea(Bllela) + cacplalll B) + cpep(BILe| B)

(LY =(Y|L,|¥)  wp (L) =(P[L¥) (1,)=(¥|L|¥)

1 1 1 1
1 1 La) =? L) =? = coCa s {all_]a) + cpeq - (BII_|a) + cocp s (allLB) + cpep 5 (BILLIB)
Izla)—zla) Ile)—_Elﬁ) —_— ly|05) =7 Iy|ﬁ) =7 2 2 2 2
=0+ e, 1+c*c 1+O 1 1
_ . - Ladder Operator - prap ™ tatEy Lilay=518) LlB)=3la)
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L
[, 1] = [, (L £ i1,)] = [, L] £, 1] | ) = (¥ 19) = ciecdallylod+ ciedblbled + cacslallylf) + chesthlly )
il (i) =il L = (L) = 4L (0-2-6) = cica 7 (@lll) + e - BILIa) + cicy o ally 18) + e - (BILLAB)
D= LL-LL =+ > LL=LL+L =L0+1) -1 1
=0+CEC(1E+C;¢CBZ+O 1 1
LIsim) = L (L, £ Dim) = (m + Dlg|m) . ble) =51 LIA = 2_11"“) 02-10)
Lim) =mim)  |wp S () = 5:{=cpea +cacg}  (0-2-11) (alty|8) = =(Bl1y|a) = 5
" " " - BBIBIBOE R — BB, 0p 0000 B RDIUEHARIBO(1)R(1 ) B RE S
Lla)=0 Lla) =18 LI =la) LIA=0 027 — BEFIT WD) ~EHAOBHEH. b5 LILHEHES |

[ Matrix Representation of I, I, and I, Operator ] ﬁ S ZAVIY NN
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[ One Spin System | (BlAla) (B1AI4) 3D BURIARHE R (L), {1,), (L) SNMRO® F1 % — 35 (R0 72 B4LES | By
L 1-1. AL 12D BEHETIREE (% D F - One Spin System) 0 u
L= ((0(|lz|0() <allzlb’>) _[2 0 _1 (1 0 ) (032) RSB, (z ) LR T — A PO EAEH = L —13
2Bl ey (BILIB) 1 2\0 -1
° = = —|ul|Bylcos®  (1-1-1)
BT A MU AE AT 50T BAE I T 1 (= L + 1, + 1) 2vss, ph
_ (o) (alTLIB _ 0 1 ey (alIZIBY _ /0 O
L= (ko i) =0 o t= (i @) =0 o) @3 w=yhl  (1-12)
ZIC, y I HFIESC T, BERUIRIER L (gyromagnetic ratio) SFEEAL TS,
L =1+, L=1,-1il, (1-1-1)EY, E = —p- By 2D T, By = (0,0, By) L3 5&, Zeeman NIVR=T U Hy 1E,
H;,=—n-By= (1-1-3) ZeemanDZ |
1 1
L=c0+1) L=>0-1) ST R H IR AN E S TN, wy = yB, LT HE(1-1-3)R,
e |B)

Hy = —wohl,  (1-1-4)
=20 Y L==(2 b (0-3-4) 270z — o}
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K VX — R ET, Hz wohl, Cat(t)la) Cﬁ(t) |5) = {Ca(t)|a)+cﬁ(t)|ﬁ)} (1-1-8)
_ __ _ _ - _ ol
(Ep) = (a|Hzla) = —wohlall,|a) = (Eg) = (BIHzIB) = —woh(BILIB) = — acgt(t) wa(t)( 1#a) — icp(t )< 17218y (1-1-9)
FoT, TRAF -2 b e IR ROFIENB(B] 2D, (Bla) =0, ’kkiki;iié """""""""""""""""""""""
(AE) = (Ep) — (Eq) = (BI1Hz|B) — (a|Hzla) = ——(—%>= (1-1-5)
_ (1-1-10)
Berey S orE BB BRI TOIIIRED,
Zeemanf A OHRDEA | H = Hy = —wohl, DT, (@l la) = (all ) =0
[W(®) = ca(®)]a) + cg(D)|B) (1-1-6) e |B) ; Lla)=0 (BILIB) =
B o : AEI 119 o dca(t) _ wo (11 (Bl la) (BIN18)
ca()Ecg ()R WEBIHA YD LS / ) ot 2
RERNARAT T DY 2L —T o — i Faaix (1-1-10) - acg’t(t) = (1-1-12)
(1-1-7) (1-1-1D) ROy IR A<
£ . .
A dca(t)  iwg de,(t)  iwg iwg
Py =—c,(t) - =—-dt > Inc(t)=—-t+InC (1-1-13)
2 1)+ Cﬁ(t) B = - feOl0) + OB} (1-18) o 207w R
(1-1-8) KD WD IE D (| %:75307‘50 (ala) =1, (a|B) = 0 LIEBBIBIIFFHIIKAFL DT E, ce(t) _ iwg wot
In =—1t - c (t)=Cexp (1-1-14)
c 2
acgt(t) = lc"‘(t)< #la) — . ot )(a|g{|g) (1-1-9) TIT, C IR R, ORI 6= 05 c,(0) JD. () = cu(0) exp (leot> (1-1-15)
R 1-2. BCPHIR OBALPOIIEF (), (my) (W) p=yhl — pe=yhl, p, =yhl, p, =yhl,
cp(t) = cp(0) exp (—inot) (1-1-16) | () = yA(P (O, |¥(t)) |
£oT, WG F (Zeemantl LB O 4D &) DM BB @O = (] exp (_inot) c2(0) + (B] exp (l“’TOt) ¢(0) |
( (1-1-17) |
[W(6)) = ¢, (0) exp (le"t) |a) + ¢5(0) exp (_in"t) 1B) [P (2)) = cq(0) exp (leOt) |a) + cz(0) exp (—inOt> 15)
gt gt (1-1-17) i i
(PO = {af exp (_LT) ca(0) + (Bl exp (lT) CB(O) (n,) = yh({a| exp( l%) ¢z (0)1,c,(0) exp (l—) |ar)
ca(0)Ecp(O)DBIRERDID | — FEZIODGIRIELPIRIED EA HER ORI E KD D +yh<a|exp( - )c&(o)lzcﬁ(o) exp( l_t) I8)
B LED  (W(OP(D) = 1 20T + yA(B| exp( )cﬁ(on ¢4 (0) exp (z—) |a)
FOIWO) = (@ exp (~i2) e 0ca©) exp (1) 1) +yhiglexp i 7) G O exp (1) 19
+ (a| exp (—Lw—)c (0)cg(0) exp(—L—) 1B) y ¢ (allzla)=% falt1f) =0
2 ) 2 ISRl ERLES B (BlLla) =0 (BILIB) =3
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p zt B a p 2 f
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= lea(0)1%(atla) + ¢ (0)cp (0) exp(—iwot) (@|B) + ¢ (0)cq (0) expliwot) (Bla) + |cg(0)]*(B1B) AU (0-0-9) ALK ThB,
r ) - B | FEENCR L7 ZEBALNNT 272,
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(P |¥)}

@O = (@l exp (~i22) c20) + (8l exp (125) G5(0)
L wot ~wot (1-1-17) r
¥(0)) = ca(0) exp (13- |a) + ¢ (0) exp (=i 2= I6) |

~

h . .
(ny) = %{Ica(O)l|Cﬁ(0)|(all+|ﬁ)e““’°t + ¢ (0)1|cp (0) [(BII_|a)ei ot}

h : .
= B lea@l]ep(@)[fe 00t + elwot)

h ) .
= L lea @)l cp(0)[feie0t — etwot)

h . .
(ny) = %{Ica(O)I|C;;(0)|(a|1+|[>’)e‘“"°‘ = e (0)[cp (D) [(BI1_|a)ei ot}

4—| 79 e =2cos0 |

A 4

(1x) = ¥hlca (0)1]c(0)] cos(wot) (1-2-2)

| e —el® = _2ising }\-—h

(Uy) =

(1-2-3)

1
(1) = YhIca(0)]]c5(0)] cos(wot) (1-2-2) (L) = >{cpca + cacg}  (0-0-14)

(Hy) = —yhlce(0)||cg(0)| sin(wot)  (1-2-3) ()= zli{—c;ca +chcp} (0-0-16)

2 (1R ~ les @) (1-2-1) Ca = calt)s g = cp(0)

(nz) = yi(P(OIL[¥(0) =
ZZT ) &y YOI, LT OBIERAAD DS,

()2 + ()2 = ¥2h2]c(0)12] e (0)|*{cos? (wot) + sin?(wot)}

= Y2h2|c,(0)12]cs (0)) (1-2-4)
SE) by S EREAEL . x F F GRS T2, B,

PLERD . BHUIIBCEERRIE CH IO LT FEER L TV D283 b5,

(LB ORSEBOSE . i) - @
—u(t) = t) X yB
dt”() u) xy

w =YyB
v p(t) x By
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NMR T 201%, MADRAE TIZARL, BB ERICE N TV DEHME, 2 TThD,
EoC. EHRALEM, My, M, 2355,
M, = Z(uz)i

M, = me)i, M, = Zmy»- ,

SHIT (y) = yhlca(0)]|cp(0)] cos(wot)  (1-2-2)
() = —yhlca(0)||c,3(0)| sin(wgt)  (1-2-3)

) =2 (1ea P ~ @) (21
Flo NARIET U DI D T, LD e, cos & sin DIHIT0IZ2D, Lo T,
M, = Z(ux)i =0 M, = Z(uy)i =0 (1-3-1)
i i

N
M, = ) (e = N, (1-3-2)
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1-4. Bloch 5 2=

REEABOEHRR B A5, LI EANEIRR ISR 593 5, ZOilHA £ L7073 Bloch )y
BT B, ERBLOBTRIEOS R E (Mydeq + (My)eq + (Myeq LT HE

dM(t) (Mx>eq - Mx(t) i+ (My>eq - My(t)j + (Mz)eq - Mz(t) k

= M(t) X yB 1-4-1
i () xyB + T T T (1-4-1)

ij,k I

ZIZT Ty & T EWREE S (EALIEs) . 50 B, 2 z 7 101C86H 5% (0, 0, By) 5 2 5,
(1-3- 1)2:(1 3-2)2ED (My)eq = 0 . (My)eq = 0 72D T, %\Ek ;tL/LT@cto TRTENTED,

de t(t) oMy (¢ )_MT(O (1-4-2)
2 wo = YBy
dlv;t(t) —woM, () — MTEt) (1-4-3)
sz(f) (M, )eq M,(® (1-4-4)
dt
\, A
(1-4-4) KBS AR fM e = [ = O - (M) = 1 +InC
€q

- M,(t) — (Mz)eq = (1-4-5)




M,(£) — (My)eq = Cexp <— T%) (1-4-5)

R TEERC = M,(0) — (M,)eq — M, () = (M)eq + {M,(0) — (M,)eq} exp (— Ti> (1-4-6)
1

v
4 N\
0 woM,, (8) — M’}(t) (1-4-2) WIZ, (1-4-2)2(1-4-3)X AR, (1-4-7)
a 2 EHAT D,
dM,(t) M, (t)
dt —woM,(t) — T, (1-4-3) [ M. (t) = (1-4-7) ]
dMZ(t) _ (Mz)eq - Mz(t) (1_4_4) e
o dt B T, y SFY, (1-4-2)+i(1-4-3) B ETD
dnﬁ—rt(t) = Fiwo{M, () +iM, (D)} - M0 £ M, 0} iiMy ©}
= FiwgMy(t) - M;Z(t)
=- {Tl + iwo} My (t) (1-4-8)
2

(1-4-8)UTE L T D

[M+(t)=Mx(t)iiMy(t) (1-4-7) ]

>

(" dM, M, h
dt(t): oM, (6) - T(t) (1-4-2)
dM M.
dyt(t)_— oM, (0) — ;ﬁt) (1-4-3)
dM,(t)  (Mz)eq — M, (1) (1-4-4)
 dt B Ty y

>

(1-4-2) 7 (1-4-3)

M, (t) = M, (0) exp (— T%) {cos(wyt) F isin(wyt)}

(1-4-9)

(1-4-7)2d0 | (1-4-9)FULFEEBH M () .

%ﬁm@lﬁ{m@=m®imw)]

M, (t) = { M,.(0) cos(wot) + M, (0) sin(wot)} exp (— T£>
2

(1-4-10)

My (1) =

(1-4-11)

-

t
= 2(0) = (My)e T 1-4-6
2 2
. t (1-4-10) ( ([ )
M, (t) = { M,.(0) cos(wot) + M, (0) sm(wot)} exp <— T_2>
m@=&m@mwm+mmwmemG%) (1-4-11) m@=mmnm%mmﬁg>
¢ ? Mz(t) = <Mz)eq 1—exp|—= ’
= - - 1-4-6
M, () = (My)eq + {M,(0) <Mam}wp( n) (1-4-6) A@a):_ﬂbm)ngM)wp<_%>
2
FIRIE (¢ = 0) 1L D ERHE M ORI OREIZ (LA B THES | (My)eq z

tt=0DLE, 2 BT FICHMEAHDLET D FTHRREE) &
MX(O) = My(O) =0. Mz(O) = (Mz)eq 2DT, Mx(t) = My(t) =0.M,(t) = (Mz)eq

st =0DkE x FAICHIEAHDHETHE (90, IV ARS )
M, (0) = M,(0) = 0 72D T, LL FOIRDEVET 2

M, (t) = M, (0) cos(wot) exp <— Ti> (1-4-12)
2
ZIZT My(0) = (My)eq
M,,(t) = — My (0) sin(wt) exp <— Ti> (1-4-13)
2
M, (t) = (My)eq {1 —exp (— T%)} (1-4-14) M, (0)

(1-4-12)~(1-4-14)&D t > 00 DLE, M () = My (1) = 0. M, (6) = (My)eq ; POEHRIRIRIZA2 D,
TIT Ty & Ty (TREFRE R SR, R R S R WIEE BOP LR EEIC R D ETOR R,
Ty 1% z Bh7 R OFEFIRE[ 720 T, fEREFIRFRETD LITAE Y — - HEf R P XN 5,
Ty 13 x-y T OFEFR /2D C, BHERRRD LIIAY Y — A UEFR M SN D,

M,(0) =0
T T T T T T T
1 o
| o oo
0.8k ... ...W ]
g t ° o°
E 0.6- .. -'. 7
S 04r 4
0 2‘ T, <Ty ]
0 1 2 3 4 5

t/s
T BROVIEEERT DO 7S )\

FID
NMR C&LH|
BT —4

t/ms
x-y Pl CRIERLZR AN (cos, sinfH) |

FDREINFL /2% (expiH)
(Mx)eq = <My)eq =0 Y,




1-5. NMRHIE DA

NMRODAEH1&, 7 SIVAEMEINA I % | 15 553 Et
WL, WAL A3 BRI AE LD EA T 7 C
HEIE L TN (e-y et DAL AL,

INEFIDEWW, TN T —U 25§ AL AT R L L

1-6 73V AR LA FrFsfE]

NMRODOEE | A FIREN/ NSO T, #HEOFID(E B4 i (FEH) . SN (Signal to Noise Ratio) &
\ BT TND (VARIEE DM, F FITFHF R —1E).

N L \/\/\/\ s ZOBA | BALDSBCEHNCE T DRI OVAEHINT D4 FRO XS

RO RIS 0D,

725, DFY, AT MUZIET,DE#EE T . n ‘ ‘ ‘ ! A A
FID o°° m:
Transmitters Receivers Free Induction Decay 5 o8 R | g
= ek 0 o . P ~ |
J 7o=zn 02 ]
) R B

I~

t/s

M,(t) = (Mz)eq {1 —exp <— T%)} (1-4-14)

a
N

(1-4-140)2 5 | BB CE T DI, RO
FIARKETHD, ZIUTIEB IO T, BL)S B
HiIF099% E TRIE L7z REfE & FEBR CIE VTS,

RS

o) t=T M,(t) = <Mz)eq{1 —exp(-1)} = 0-63212(Mz)eq
B/ He t =3T, M,(t) = (My)eq{1 — exp(=3)} = 0.95021(M,)eq
_ t=5T M,(t) = (Mz>eq{1 - EXP(_S)} = 0-99326(Mz>eq
- t="7T, M, (6) = (M,)eq{1 — exp(=7)} = 0.99909(M,)eq
- t=10T, M,(t) = (M;)eq{1 — exp(—10)} = 0.99996(M,)cq
R IRRDOT G 30 SNV AE R NTWS, (1-4-6)21E9 & FEHLRER I THTeZEN 0D
2 BRI 1T B BIR ED T-BR O ih 2-1. BEENH DB A OB
NMRIZHEA b ERE5 O OF BAER 281035,
[W(0) = ca(®)]@) + ca()1B) (1-1-6) W65 By >> OB B — NMREIE TH# B 4 SR A (B3 Zeemantfl F1EH O H)
vab— 7 AR | H=Hz;+ }[pertabation =Hy + H; (2-1-1)
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