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Chemische Verschiebung

B=B,+B

lokal

a) benachbarte Kerne (magnetische Dipole):

B

lokal

= (Zl—;j%(ficosz 9-1)



Chemische Verschiebung
A BO

b) Eigene Elektronenhlle

Bewegungsgleichung eines Elektrons im magnetischen und elektrischen Feld:
v=y/[2r B,

g.=1 und 4, Sl
2m



Chemische Verschiebung

e’r?sin® 9

p = Stromx Kreisflache = evx z(rsin $)* = - pp
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Chemische Verschiebung

f

Lokales Feld proportional zu B,
Entgegengesetzes VVorzeichen = abschirmend
Mehr Elektronen = starkere Abschirmung
groliere Kernnéhe = starkere Abschrimung



Chemische Verschiebung
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Chemische Verschiebung

B=B,+B,, =B,-0 B, =B,(1-0)

lokal

v=y/l2r B,(1-0)

CHCl,  H,0 TMS



Chemische Verschiebung
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Chemische Verschiebung

0 =(V-v,) x10°%/ v,

B =B, (1-0)




Chemische Verschiebung

0= (v-v,) X10°/ v,

TMS=Si(CH,),

<
<«

+——|ncreasing B Experienced by Nucleus o 2
<+——— Increasing v at Fixed B, 5 Fa
c . = e N
S Increasing 6 ———» ITF0. |-T F
5 Q0 wa‘® mme%f;”U
E=x0xITg $&5 - clso> =
o qujt):t—;wgﬂ %, ol Z
X ma?quLLIE.:m NE'—'—EfG - _
TITOQOIUST =TST T @ T
| L |.‘. \[n|\|\|| fH‘| L ol
30 25 20 15 10 5 0 -§ -10 S(ppm)

A. Carrington, A.D. McLachlan, Introduction To Magnetic Resonance, Chapman and Hall, London, 1967

10



Chemische Verschiebung
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Chemische Verschiebung
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F-19- und C-13 Chemische Verschiebung

Fluorine-19
Environment

UF,

FNO

I:2

bare nucleus
C(CF,),
CF,(COOH)
fluorobenzene
£

BF,

HF

Chemical Shift

Range (ppm)
-540
-269
-210
0
284
297
333
338
345
415

Carbon-13*
Environment

(CH,),C*O

CS,

CH,C*OOH
C6H6 =

CHCI CHCI (cis)
CH,C*N

CCl,

dioxane

C*H,CN

CHI,

Chemical Shift
Range (ppm)
-12

0

16

65

71

73

97

126

196
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N-14- und P-31 Chemische Verschiebung

Nitrogen-14*
Environment
NO,Na

NO;" (aqueous)
N, (liquid)
pyridine

bare nucleus

CH,CN
CH,CONH,

(aqueous)

NH,+ (agueous)

NH, (liquid)

Chemical Shift

Range (ppm)
-355

-115

-101

-93

0

25

152

245

266

Phosphorous-31
Environment

PBr,

(C,H0), P

PF,

85% phosph. acid
PCI,

PH,

I:)4

Chem. Shift
Range (ppm)
-228

-137

-97

0

80

238

450
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Chemische Verschiebung: Ethanol

The first NMR spectrum of ethanol, taken at
Stanford University in 1951.
Courtesy Varian Associates, Inc.

15



Chemische Verschiebung: Ethanol

Protonenverhaltnis: 1:2:3

|f
1
/ CH,
J CH,
: oH Jm T™MS
A
T T I ' I ' T T T ' T
5.0 4.0 3.0 2.0 1.0 00

FRM
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Chemische Verschiebung: Ethanol

Gasphase
J
f CH,
* Reinheit R
* Temperatur o ’
e Losungsmittel J—1N I e

T T T T T T T 1 1 ' 1
50 4.0 30 2.0 1.0 0.0
FPmM
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Ethanol Monomer

Calculating GIAO nuclear magnetic shielding tensors.
SCF GIAO Magnetic shielding tensor (ppm):

1 C Isotropic= 172.8418 Anisotropy = 26.2208
XX= 1855765 YX= 4.6747 ZX= 0.0000
XY= 11.6289 YY= 176.3202 ZY= 0.0000
XZ= 0.0000 YZ= 0.0000 ZZ= 156.6287

Eigenvalues: 156.6287 171.5744 190.3223

2 C Isotropic = 129.8901 Anisotropy = 61.1341
XX= 154.9325 YX= -27.9942 ZX= 0.0000
XY= -23.3871 YY= 128.6439 ZY= 0.0000
XZ= 0.0000 YZ= 0.0000 ZZ= 106.0940

Eigenvalues: 106.0940 112.9302 170.6462
3 O Isotropic = 289.4129 Anisotropy = 109.5802

XX= 3434521 YX= 27.8034 ZX= 0.0000
XY= 53.8008 YY= 2749103 ZY= 0.0000
XZ= 0.0000 YZ= 0.0000 ZZ= 249.8763
Eigenvalues: 249.8763 255.8960 362.4664
4 H Isotropic= 315676 Anisotropy = 17.8542
XX= 40.6561 YX= 6.6753 ZX= 0.0000
XY= 5.0013 YY= 31.3583 ZY= 0.0000
XZ= 0.0000 YZ= 0.0000 zZ= 22.6882
Eigenvalues: 22.6882 28.5441 43.4704

5 H Isotropic =
XX= 36.2128
XY= -1.9351
XZ=0.0000

Eigenvalues:

6 H Isotropic =
XX= 29.0774
XY= 1.1664
XZ= -0.6304

Eigenvalues:

7 H Isotropic =
XX= 29.0774
XY= 1.1664
XZ= 0.6304

Eigenvalues:

8 H Isotropic =
XX= 28.8501
XY= -0.9098
XZ= -0.6740

Eigenvalues:

9 H Isotropic =
XX= 28.8501
XY= -0.9098
XZ= 0.6740

Eigenvalues:

31.1763 Anisotropy = 8.3637
YX= -2.0366 ZX= 0.0000
YY= 29.4384 ZY= 0.0000
YZ= 0.0000 Zz= 27.8776
27.8776 28.8992 36.7520
30.6497 Anisotropy =  7.2974
YX= 21496 ZX= -1.0855
YY= 30.6571 ZY= -3.9012
YZ= -3.1707 ZZ= 32.2146
27.3820 29.0524 35.5147
30.6497 Anisotropy =  7.2974
YX= 21496 ZX= 1.0855
YY= 30.6571 ZY= 3.9012
YZ= 31707 ZZ= 32.2146
27.3820 29.0524 35.5147
28.2869 Anisotropy = 6.2100
YX= -15301 ZX= 1.4688
YY= 293513 ZY= -4.2733
YZ= -3.2586 ZZ= 26.6592

23.9755 28.4582 32.4269

28.2869 Anisotropy = 6.2100
YX= -15301 ZX= -1.4688
YY= 293513 ZY= 4.2733
YZ= 3.2586 ZZ= 26.6592

23.9755 28.4582 32.4%%9




Ethanol Dimer

Calculating GIAO nuclear magnetic shielding tensors.

SCF GIAO Magnetic shielding tensor (ppm):

4 H Isotropic= 315676 Anisotropy = 17.8542
XX= 40.6561 YX= 6.6753 ZX= 0.0000
XY= 5.0013 YY= 31.3583 ZY= 0.0000
XZ= 0.0000 YZ= 0.0000 ZZ= 22.6882
Eigenvalues: 22.6882 28.5441 43.4704

5 H Isotropic =
XX= 36.2128
XY= -1.9351
XZ=0.0000

Eigenvalues:

6 H Isotropic =
XX= 29.0774
XY= 1.1664
XZ= -0.6304

Eigenvalues:

7 H Isotropic =
XX= 29.0774
XY= 1.1664
XZ= 0.6304

Eigenvalues:

8 H Isotropic =
XX= 28.8501
XY= -0.9098
XZ= -0.6740

Eigenvalues:

9 H Isotropic =
XX= 28.8501
XY= -0.9098
XZ= 0.6740

Eigenvalues:

31.1763 Anisotropy = 8.3637
YX= -2.0366 ZX= 0.0000
YY= 29.4384 ZY= 0.0000
YZ= 0.0000 Zz= 27.8776
27.8776 28.8992 36.7520
30.6497 Anisotropy =  7.2974
YX= 21496 ZX= -1.0855
YY= 30.6571 ZY= -3.9012
YZ= -3.1707 ZZ= 32.2146
27.3820 29.0524 35.5147
30.6497 Anisotropy =  7.2974
YX= 21496 ZX= 1.0855
YY= 30.6571 ZY= 3.9012
YZ= 31707 ZZ= 32.2146
27.3820 29.0524 35.5147
28.2869 Anisotropy = 6.2100
YX= -15301 ZX= 1.4688
YY= 293513 ZY= -4.2733
YZ= -3.2586 ZZ= 26.6592

23.9755 28.4582 32.4269

28.2869 Anisotropy = 6.2100
YX= -15301 ZX= -1.4688
YY= 293513 ZY= 4.2733
YZ= 3.2586 ZZ= 26.6592

23.9755 28.4582 32.4%%9




NMR-Thermometer

CH,;—OH

SH

Chemical Shift Difference {ppm)

2.4

2.2

Al

18

16

14
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NMR-Festkorper: CSA
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Spin-Spin-Kopplung: Ethanol

inglet
guartet ‘ Iﬂ
[l 1 uL 1
|
I L I I I I 1T T 1 I I
11 10 3 B 7 & = 4 3 z 1 0
PP
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Spin-Spin-Kopplung: J-Kopplung

magnetische Polarisation der Elektronenhtille
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E=Jax 1(A) 1(X)

skalare
Kopplungskonstante

ot (A + v )

J-Kopplung

Energy

MNo spin-spin With spin-spin
coupling coupling
Babx T T

Uahrv (B + Tiahv (X)

[ a0ty

o (BY — oy ()

' .hd 1

ot P

1"I4hJ x\\\,

ey
A
(Ll
e
!

)

Cip Oy 1!4}” W

Jf?”"'i{lq} - 1Jr2h'“'§_{x}

24



J-Kopplung

E(Hz) = Zviml (i)"‘z Z‘]ijml (Hm, (J)

1 1 1
1 E = EVA+§VX+Z‘]AX
1 1 1
(2) E, = EVA_EVX _Z‘]AX
1 1 1
(3) Esz_EVA+EVx_Z‘JAx
1 1 1

(4) E, :_EVA _va +Z‘]AX
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J-Kopplung

1
(3)_>(1) El_E3:VA+§‘JAx

1
(4)—>(2) E,-E, :VA_E‘JAX

(2)—>@1) E-E,=v,+-Jy

(4) _>(3) E4_E3 = Vx __JAX
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J-Kopplung

B.Bx

| X-Resonanz
in AX,

B0y

X-Resonance
- in AX

A-Resonanz
X-Resonanz

0By

—
—
—

) Uil

=S

b

00ty

%)
o
O
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J-Kopplung: System A+B Spins 1/2

ENERGY
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J-Kopplung: System A+B+C Spins 1/2

C B A
: )
.b 0’. -
Je

o Joc  Jac b= a1
‘ ‘ SN [ PR ‘ ‘

Sl [l [ |

§c 8 S
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ENERGY

J-Kopplung: System A + 2B Spins 1/2

H é%{: B A
[ i,
' i .H: e
T US| | e

%—{ - T I ! I
SB SA
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J-Kopplung: Linienintensitaten

Konfiguration
A

AB
AB,

Pascalsches Dreieck A83

AB,
AB,
AB,

.n.n(n-1)

Peak-Verhaltnis
1
1:1
1:2:1
1:3:3:1
1:4:6:4:1
1:5:10:10:5:1
1:6:15:20:15:6:1

n(n=-1)(n-2)

Binomial-Koeffizienten: L —
1 2-1

3-2-1
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J-Kopplung
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J-Kopplung
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J-Kopplung

HC._ CH,

O
CHy” TCH

diethyl ether, CH,CH,OCH,CH,

Copyright 1996, Paul R. Young, University of Illinois at Chicago, All Rights Reserved 3,



J-Kopplung

3 =
o
CHy ““"n::::H
CH,
1
A |..||. |.| o l
| LI L + lllllllll é lllllllll é lllllllll 4! Iplpln-:_,lal T 13 lllllllll é lllllllll { lllllllll q

methyl isopropyl ether (CH,-CH(CH,),)

Copyright 1996, Paul R. Young, University of Illinois at Chicago, All Rights Reserved ;¢



J-Kopplung

] [ ] ]

AN /ﬁ?ﬁ\

I T T T T I T T T T T T 1 1 T
Y prd z 1

Ja]

Br-CH,CH,CH,-OD

Copyright 1996, Paul R. Young, University of Illinois at Chicago, All Rights Reserved 54
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ah

=13 Hz

¢=12Hz
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'E%?%EE

L]

J-Kopplung

HO

P H

trans3-phenyl propenoic acid
®,=60, 100, 300, 600 und 1000 MHz

Elle

12-18 HzHD

e i 0y
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J-Kopplung
Womm m m
|l ] M
JUJUL L J\J
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*J HN-Hiz Coupling Constant [Hz)

Karplus-Relation

Uber eine Bindung (1),
Uber zwei Bindungen (2J, geminale Kopplung)
und Gber drei Bindungen (3J, vicinale Kopplung)

Mewiman  Projection
of the Cw - M Bond
of a PFratein

-16C--50-120-90 .60 230 O 30 GO 90 120 150 180
Torsion Angle o [deg]

J(9) = A * cos?(¢ - 60) - B * cos(¢p - 60) + C

H .. %] HMN - Hiz
..+ Coupling
R H Constant
b
o O
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Karplus-Relation

Spin-Spin-Kopplung, J/Hz

HNCH

90°
Winkel, ¢

180°
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,Dry Ethanol"

NMER—-Spectrum of 'Dry Ethanol’

| | | |
-CH2- | magnified

J‘ AUV

= —

i

38 40 42 44 46

22 33 44 55 66 77 88
cycles/s



Chemische Verschiebung: Ethanol
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Spin-Spin-Kopplung: Ethanol

Total nuclear spin-spin coupling J (Hz):
1 2 3 4 5
1 0.000000D+00
2 0.461375D+02 0.000000D+00
3-0.940207D+01 0.166717D+02 0.000000D+00
4 0.861734D+01 -0.101183D+01 -0.648852D+02 0.000000D+00
5 0.121006D+03 0.280775D+01 -0.122382D+02 0.260490D+01 0.000000D+00
6 0.127948D+03 -0.419774D+01 -0.141571D+01 -0.116199D+01 -0.153431D+02
7 0.127948D+03 -0.419774D+01 -0.141571D+01 -0.116199D+01 -0.153431D+02
8 -0.833506D+00 0.139279D+03 -0.325211D+01 0.392778D+00 0.149879D+01
9-0.833506D+00 0.139279D+03 -0.325211D+01 0.392778D+00 0.149879D+01
6 7 8 9
6 0.000000D+00
7 -0.143862D+02 0.000000D+00
8 0.116439D+02 0.430160D+01 0.000000D+00

9 0.430160D+01 0.116439D+02 -0.872699D+01 0.000000D+00 13



Spin-Spin-Kopplung: Methanol

Total nuclear spin-spin coupling J (Hz):

1 2 3 4 5

1 0.000000D+00

2 0.178828D+02 0.000000D+00

3 0.140164D+03 -0.136081D+02 0.000000D+00

4 0.134339D+03 -0.299792D+01 -0.139327D+02 0.000000D+00

5 0.134339D+03 -0.299792D+01 -0.139327D+02 -0.889219D+01 0.000000D+00

6 -0.159330D+01 -0.637339D+02 0.128428D+02 0.498275D+00 0.498275D+00
6

6 0.000000D+00
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