Lecture 10: J-coupling, spin echoes



Direct dipole-dipole coupling




J-coupling (indirect, through-bond)
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J-coupling Hamiltonian
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J-coupling Hamiltonian

HJ 27‘(‘(]3555]1 :L'IQ , T + Jfliyll :EIQ,y + JfBZIl :13]2 2
tyelylo .+ Jyyliyloy + Jyzliylo .

‘|‘Jza:j\1,zf2,a; + Jny]_,ZTQ,yJZZT]_,ZTQ,Z



Classical nucleus-electron interaction




Classical nucleus-electron interaction




Classical nucleus-electron interaction




Classical nucleus-electron interaction




Classical nucleus-electron interaction




Fermi interaction




J-coupling
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Stationary state of unperturbed o electrons



Favorable state of electron-coupled nuclei
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Unavorable state of electron-coupled nuclei



Scalar coupling
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J= (Jxx + Jyyv + Jzz)/3 isotropic constant (scalar)
(2J77 — Jyy — Jxx)/6 = 0 no anisotropy
(Jxx — Jyy)/2 = 0 no rhombicity

Hy=nJ (211,15, + 211,10, + 211,12,




J-coupling constants

e LJ(31P-1H) < 700 Hz

e 1 7(13C-1H) 140 Hz to 200 Hz
o LJ(15N-1H) —90Hz

o L7(13C-13C) 30 Hz to 60 Hz

¢ 3J(1H-1H) < 15 Hz torsion angle



Secular approximation

e iSOtropic J: no ensemble averaging is needed

e v1 =2 and §; 1 = §; o (strong coupling):

F[J =mJ <2f1zf2z =+ 2T1:Uf233 =+ QflyTQy)

® v1 £ ¥2 Or |61 — dj 2| Bg > 2w|J| (weak coupling):

H;=2nJI1 . Ir, = nJ (2f12f22>



Density matrix at thermal equilibrium
Diagonal elements:

1 Boh Boh mJh
P ~ = 1 | 149,
oo 4+'71( + 0 1)8kBT Fy2(1 + |2)8k’BT 16keT
1 BOh Boﬁ mJh
~ — 1 4 o 1 -+ o |
af3 4‘|‘71( + |’1)8kBT v2(1 + |’2)8k’BT | 16kpT
1 Boh Boh wJh
Pd ~ = — 1 4 9 | 1+ 9 |
« ™, v1(1 + "1)8kBT Fy2(1 + "2)8kBT L6k
1 BOﬁ B()h mJh
Psd ~ = —~1(1 46 1+ 6
88~ 4 71(1 + "1)8kBT v2(1 + "2)8kBT %
mJ < 0.00001 vBq,
4i.1] < 0.00002 (*H), 1oN)
~eq __ __vjBoh
P 1= %(ft + K171 2 + /‘32f2,z> : Rj — /

Ak T



Density matrix evolution

H = S21.91, + 82290, +7J (QflzfQZ + 251492, T Qflijy)
27 = —v180(1 + d; 1), Qo = —v280(1 + 4 2)

Weak coupling: »# = Q1.71. + Qo0o. + 7 J (271..5.)
91, I, 291,92, CcCOMMute =

75, 7] =1 = p=cs; — cs;C0S(wt) + cscos(wt)

- — - - —

7% 3x for S = 7., .95.,2.71..%. in any order
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Density matrix evolution

p after a 90° pulse: p(b) = %ft + %m(—fly — 72y)

It — ;flt — J1¢

—C1I1y —7 )
—|—81f191j —
—CDIDy —
TS2I2 —
c1 = cos(21t)
co = COS(25t)

cj = cos(mJt)

—C1Cg
C15J
TS1CJ
S1SJ
—C2CJ
C2SJ
T-S2CJ
S25]J

le
Qflazfzz

I
Qflyfzz

ng
2f2xf1z

I
2f2yflz

s1 = sin($2q1t)
s> = sin($25t)
s7=sin(wJt)



Spectrum

M_|_ =N (71(f1x + ifly) + 72 (12, + iIAQy))

r{Ine(Inz +i90y)} = 1
r{Iny(Inz + iIny)} = i

(M) = Tr{p(t) 1} o

E(e—Rz,lt (ei(Ql—wJ)t 4 ei(Ql—I—wJ)t> 4 o~ Ropt (ei(QQ—wJ)t 4 ei(QQ—I—wJ)t))
4

%{Y(LU)} _ N"YQFLQBO R2,1 | R2,1
16kgT \R5;,+ (w— 21+ 7J)2 R34+ (w— Q1 —7J)?
o > R >

"R 5+ (w— Qo+ 7J)?

R5 5+ (w— Qo —7J)?



Spectrum
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Homo- and heteronuclear pairs

Homonuclear: 1 =75, 1, %5;, €.9. "H="H

Heteronuclear: 1 # v2, 75,7, €.9. TH=12C



Homo- and heteronuclear pairs

R{Y (w)}

R{Y (w)}
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HOMEWORK:

Spin echoes

Sections 10.5—10.8



Spin echoes
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