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Nuclear magnetic resonance spectroscopy
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Boltzmann distribution
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The potential energy of a molecule : E(h)=m-g-h,

The pressure of the idealize gass: P=n-k-T,

Let's assume for simplicity that 7" does not depend on 4, then: Z—Z = dn k-T

dh
The pressure of a gas column of the height /2 on unit area is:
P=P -m-g-n-h wehave dP=-m-g-n-dh.
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Nuclear magnetic resonance spectroscopy
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Scalar spin-spin coupling
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Scalar spin-spin coupling

S ———
Coupling with spins 1/2 Coupling with spins 1
1 A 1
1 1 AX 1 1 1
1 2 1 AX, 1 2 3 2 1
1 3 3 1 AX, 1 3 6 7 6 3 1
1 4 o6 4 1 AX,1 4 10 1e¢ 19 16 10 4 1
| el
1
I‘I L
2
IHI 3 || ||
l“‘l 4 I| |I




Scalar spin-spin coupling
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$econd Order Effects in Coupled Systems
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Proton exchange
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2D-NMR
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2D-NMR. EXSY (EXCHANGE SPECTROSCOPY)
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2D-NMR. EXSY (EXCHANGE SPECTROSCOPY)

Q

. ﬁ

)
- _J _\__ J \

TT kg + kg, = 0

I 2.90 2.85 2.80



L-Histidin, N H
'H NMR in D,O \f \. |_NH;

0 0 O~ Mol O WM~ <M~
[ig] ee] O O oo OO OoOOYD
= o <r ea N s Mo T e NN co N oo IR oW ea NI QN Bl QN|




L-Histidin,
'H NMR in D,O

€c’
0c”
69"
06 TT—

L9"
6t "
"8CCT-—
7AsH

59

<l

97"
20"
897G~
zec1

61
66

LITT-
GLTT—
Z8TT-—

CLCT~_
LTZCT —

ceTT

0ZST
mmmﬁuw

ppm

=

2) =15.45 Hz

3J =7.97 Hz

3.0

-

—

L‘\j

By

2) =15.45 Hz
3.2

3J =472 Hz

3.5 3.4 3.3

3.6

3J=7.97 Hz
3.7

3J=4.72 Hz

—

3.8

]



N P

L-Histidin,

S on

'H NMR in D,O

€c’
0c”
69"
06 TT—

L9"
6t "
"8CCT-—
7AsH

59

<l

97"
20"
897G~
zec1

61
66

LITT-
GLTT—
Z8TT-—

CLCT~_
LTZCT —

ceTT

0ZST
mmmﬁuw

15.45 Hz

2J

7.97 Hz

3J=

ppm

-

—

2.9

15.45 Hz

2J

7.97 Hz

3J

O O
Y

3J=

4.72 Hz

3J=

3.0

-

—

3.5 3.4 3.3 3.2 3.1

3.6

3.7

3.8

]



C H H
L-Histidin, YN Y NH,
COSY NMR in D,O HN- /

H OH
ppm
! H (@)
B e 3.0
5—3.5
a0 The intensity
\ ;‘4'5 is proportional
5.0 to sin nJt.
55.5
:—6.0
- 6.5
5—7.0
5—7.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 ppm



ey H H
L-Histidin, YN Y NH,
COSY NMR in D,O HN- /

H OH
ppm
N H O
! :30
5—3.5
B om |
—4.0 . .
; The intensity
i 45 is proportional
5.0 to sin mJt.
3—5.5
:—6.0
:6.5
0 5 Y
~7.0
& 0 5—7.5

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 ppm



L-Histidin, N HH
'H NMR in D,O \ﬁ \ < PR

_-3033.03
T~3031.99

MWWMW@-W«W - > T MLM
e i e i bt

760 755 750 745 740 735 730 725 720 715 710 7.05 7.00 6.95 ppm




L-Histidin, N HH
'H NMR in D,O Y \ | NH;

.................................................................................



- 6.0

6.5

—7.0

-7.5

COSY NMR in D,O

L-Histidin,

O |

3.0 ppm

6.0 55 5.0 4.5 4.0 3.5

6.5

7.0

7.5



OH

5

\
H

H
™ /H |NH
H

/

L-Histidin,
'H NMR in D,O

ov -
LT
LE”
60°
Ev”
0c¢-
ce”
9T~

L

G "
"9C6C—

6

LI

ppm

3.0

3.5

N
I
<
™~
o
(=2
-

]
—
O
2
L
p
i

9497 —

4.0
1J('H'3C) = 146.07 Hz

6.0 55 5.0 4.5

6.5

LV8C —

7.0

209.16 Hz

7.5

9ETE—

1J(1H13C)



L-Histidin, H N
DEPT-135 NMR in D,O \f )

—136.38
116.79
54.85
28.25




T H N HH
L-Histidin, Y N/ | NH
HSQC-DEPT NMR in D,O HN / \

\( H OH
H O
28 ppm
H, ppm 13C, ppm
" 2938305 28
95 ppm - » 3.81 55
6.88 117
o 7.58 137
—100
117 ppm 190
137 ppm ;140

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 pPpm



SPTT H N HH
L-Histidin, Y </ |/NH2
HMBC NMR in D,O n / <

\( H >70H
28 ppm P S
— 40
55 ppm .. | 'H,ppm  13C, ppm
- 60 293 &3.05 28
' 3.81 55
- 6.88 117
7.58 137
—100
17 ppm __ |
—120
o 132 ppm - o |
—140
137 ppm
—160
174 ppm

Tttt T T T r
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 ppm



L-Histidin,
NOESY NMR in D,O

OEI
—4.0

-3.5

3—4.5
5—5.0
5—5.5
3—6.0
:—6.5
:—7.0

-7.5

8.0

PPmM




INSTITUT FUR
eR ORGANISCHE CHEMIE
THREE CUPS OF “MODERN NMR SPECTROSCOPY” ESPRESSO

llya G. Shenderovich
http://homepages.uni-regensburg.de/~shi56087/

Physical background of NMR in practice A research
NMR lecture
1. Classical and quantum- 1. NMR in solution NMR Study of
mechanical descriptions [ 1.1 From spectrum to structure ] Hydrogen
2. T1 and T2 Relaxations 1.2. Typical protocol for Bonding in
3. Chemical shift structure elucidation Solution
4. Spin-spin scalar coupling 2. NMR in the solid state Down to 100 K
5. Spin systems of the first 2.1 Orientation-dependent interactions
and the second orders 2.1 Measurements of
6. Chemical exchange internuclear distances
7. Two-dimensional NMR 2.3 NMR of surfaces

and amorphous solids



NMR Chemical Shifts of Common Laboratory Solvents as Trace Impurities
Organometallics 2010, 29, 2176-2179 (DOI: 10.1021/om100106¢)

Article Organometallics, Vol. 29, No. 9, 2010 2177
Table 1. "H NMR Data“
proton  mult  THF-dy CD,Cl, CDCl, toliene-dy CgDy CyDsCl (CD.),CO (CD,),S0 CD,CN TFE-d, CD,0D D,O
solvent residual 1.72 5.32 7.26 208 T.16 6.96 2.05 2.50 194 5.02 3.31 4.79
signals 58 697 6.99 3.88
701 T.14
7.09
water OH s 246 1.52 1.56 043 (.40 1.03 2.84" 3.33" 2.13 3.66 4.87
acetic acid CH, 5 .89 2.06 210 1.57 1.52 1.76 1.96 1.91 196 2.06 1.99 208
acetone CHa s 205 212 217 1.57 1.55 .77 2.09 2.09 208 .19 2.15 222
acetonitrile CH; ] 195 197 2.10 0.69 (.58 1.21 2.05 207 196 1.95 2.03 2.06
benzene CH S 731 7.35 7.36 7.12 7.15 7.20 7.36 1.37 737 7.36 T.33
tert -butyl alcohol CH, 5 1.15 1.24 1.28 1.03 1.05 1.12 118 1.11 1.16 1.28 1.40 1.24
OH 5° .16 0.58 .63 1.30 4.19 2.18 2.20
chloroform CH ] 7.89 71.32 7.26 6.10 6.15 6.74 8.02 8.32 T.58 7.33 7.90


http://dx.doi.org/10.1021/om100106e
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HO

(-)-Borneol

C10H18O

Spectrometer (6:44 min) (+)-Isoborneol

1H NMR (1:25 min)
DEPT-135 (3:37 min)

COSY (10:33 min) Ha CH-
HSQC-DEPT (20:11 min) ~CH3
HMBC (20:44 min) H

NOESY (28:58 min)

H

13C NMR (55:05 min) (-)-Isoborneol



Borneol

Karplus equation:

Jun(@) =~ 12 cos? ¢ —cos @ + 2

o

(1-2a) =~ 50 — J(1-2a) =~ 11 Hz
(1-2b) =~ 1250 —5 J(1-2b) ~ 5 Hz

o

(3-2a) ~ 400 —> J(3-2a) ~ 7 Hz
(3-2b) ~ 800 —> J(3-2b) ~ 1 Hz

)

o

0(3-4a) ~ 400 - J(3-4a) ~ 7 Hz
(3-4b) ~ 800 — J(3-4b) ~ 1 Hz



Iso-Borneol

Karplus equation:

Jun(@) =~ 12 cos? ¢ —cos @ + 2

)

(1-2b) =~ 69 — J(1-2b) = 11 Hz
(1-2a) =~ 1260 — J(1-2a) ~ 5 Hz

)

(3-2a) ~ 450 —» J(3-2a) ~ 7 Hz
(3-2b) = 750 —> J(3-2b) ~ 1 Hz

)

)

0(3-4a) ~ 450 —5 J(3-4a) ~ 7 Hz
0(3-4b) = 750 — J(3-4b) ~ 1 Hz
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'H NMR in DMSO
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'"H NMR in CDCl,
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o 'H NMR in CDClI,
o | J = 13.43 Hz
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'"H NMR in CDCl,
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BOFHGQ' EH:% Iso-Borneol

1,2) =10 Hz
1,7) = 3.5 Hz 4b

o(1-2b) ~ 6% — J(1-2b) ~ 11 Hz
0(1-2a) ~ 5° — J(1-2a) ~ 11 Hz J(2,5) =47 Hz 0(1-2a) ~ 126° — J(1-2a) ~ 5 Hz

0(1-2b) ~ 1250 — J(1-2b) = 5 Hz 5(3-2a) ~ 450 > J(3-2a) = 7 Hz
$(3-2a) ~ 40° > J(3-2a) ~ 7 Hz J(7,5) =0 Hz $(3-2b) ~ 750 —> J(3-2b) ~ 1 Hz
¢(3-2b) ~ 80° — J(3-2b) = 1 Hz ’ §(3-4a) ~ 450 > J(3-4a) ~ 7 Hz
0(3-4a) ~ 400 — J(3-4a) ~ 7 Hz — 0(3-4b) ~ 750 — J(3-4b) ~ 1 Hz
0(3-4b) ~ 80° — J(3-4b) ~ 1 Hz J 5’4) 4.5 Hz

9,6)=0Hz
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SOLVENT EFFECT
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T T T
TH NMR in CDCl,4
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J=3.48 Hz
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'H NMR in D,O
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ARTIFICIAL SWEETENER , LEICHTE SUESSE K AUFLAND“:

O 1 Part Saccharin (4 mg/Tablet):
NH i. 300-400 times sweeter than Sucrose.
S' ii. 5 mg/kg body-weight (ca. 60 Tabletten, 275 g Sucrose).

& O iii. Do not provoke tooth decay.
Iv. Has a bitter taste.

O\o O 12 Parts Natriumcyclamate (40 mg/Tablet):
< \Oe Ne® |- 30 times sweeter than Sucrose.
ii. 7 mg/kg body-weight (ca. 9 Tablet, 39 g Sucrose).
GHZOH iii. Provoke cancer?
0. OH

) > 0.015 Parts Lactose (a table top sweetene?):

OH OH i. Milk sugar, 6 times less sweet than Sucrose.

OH
O OH O

1.4 Parts Natriumcitrate (shelf-life extension?):
3 Na® . .
eO’M\jA\/U\Oe i. Acidity regulator.
o~ P ii. Contributing a tart flavor.

o FH 4 Parts Sodium bicarbonate (shelf-life extension?):

- I. Baking soda. (dissolution assistance?)
o)
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(Chemical shift anisotropy
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(Chemical shift anisotropy
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Magic-angle-spinning
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Internal Spin Interactions: Dipolar Coupling

< S e Ty
/\B B
’ H,
[l/‘L
T r
Otﬂ D oC 7/17/2 oo
nucleus 2 in B 7’ nucleus 2 in o
60 =90° 6 =90°

0 = 54°44"

S NN

Pake doublet



Internal Spin Interactions: Dipolar Coupling
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Internal Spin Interactions: Dipolar Coupling
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Internal Spin Interactions: Dipolar Coupling
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'H-"N and 2H-"°N dipolar interaction without CSA

DG . T=1096 A i o =1.083 A
5N 3 -
D3C|II N—H i C | H3C“"'15N_D wnn C |
D3C HiC
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static Byl g
[ ] (] .‘ "
-
on ! S G2 TS
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10 kHz -10 4 kHz -4

Ch. Hoelger, H.H.Limbach, J. Phys.Chem., 1994, 98, 11803.



H MAS NMR @ 10 kHz
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Ph. Lorente, .G.Shenderovich, G.Buntkowsky, N.S.Golubev, G.S.Denisov, H.H. Limbach, Magn. Reson. Chem. 2001, 39, S18



15N CSA of solid 1:1 complexes of collidine-'">N with acids
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CH3 YN-*H Dipolar Coupling

NO»o

Ph. Lorente, I.G.Shenderovich, G.Buntkowsky, N.S.Golubev,
G.S.Denisov, H.H. Limbach, Magn. Reson. Chem. 2001, 39, S18

H/D isotop effect
on chemical shift
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N NMR Chemical Shift as a Measure of ~Acidity"
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Ph. Lorente, I.G.Shenderovich, G.Buntkowsky, N.S.Golubev, G.S.Denisov, H.H. Limbach,
Magn. Reson. Chem. 2001, 39, S18



Cross polarisation (CP) — before contact pulse
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Cross polarisation (CP) —contact pulse

in the beginning of
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Cellulose Grafted with Aminocarboxyl Groups

Wet paper
tears easily
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O, 0}
H O{ H O\

O\ o

cellulose

R. Manriquez, F.A. Lopez-Dellamary, J. Frydel, T. Emmler, H.

Breitzke, G. Buntkowsky, H.-H. Limbach, 1.G. Shenderovich
J. Phys. Chem. B 2009, 113,934,

LysCel

30% wet-tensile-strength
improvement
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Isotopically Labeled Aminocarboxyl Groups
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Cellulose Grafted with Aminocarboxyl Groups

30% wet-tensile-strength improvement is provided by
zwitterionic dimers organized in ribbons or tetramers

R. Manriquez, F.A. Lopez-Dellamary, J. Frydel, T. Emmler, H. Breitzke, G. Buntkowsky, H.-H. Limbach, I.G. Shenderovich
J. Phys. Chem. B 2009, 113,934,
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Pure siliceous materials
e — e

Idealized Surface Si-OH = Q3 species
Surface (< o _H Lattice Si = Q* species H ~c 7\/
\
Si Si

H
e H
/ o~ (o) \
S Si

Rough H H
» surface-bound water 0
Surface / \ H
Si O—H \ H \
o /
i O — H-- S|
0/
/ | geminal
Si surrace
interacting
hidden,
. . |-| interacting I
Geminal Si-(( H
O—H E
.~ H—O
Si \

~y, oo S



NMR of Surfaces

Mesoporous Silica Materials

MCM-41, SBA-15 silica

MCM-41, J~2 <+ 4 nm
SBA-15, 3~ 7 + 20 nm
Surface ~ 1000 m2/g




'H NMR at 300 K

“from a flask”

dried in high
vacuum at 400

Si H Si
H
\ Yy, o~ o H H \O /
O \
Si
\ Si/ \Si , Si

D. Mauder, D. Akcakayiran, S. B. Lesnichin, G. H. Findenegg, I. G. Shenderovich J. Phys. Chem. C 2009, 113: 19185.



5N-pyridine as a sensor of “acidity”
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P. Lorente, I.G. Shenderovich, N.S. Golubev, G.S. Denisov, G. Buntkowsky G., H.-H. Limbach
Magn. Reson. Chem. 2001, 39: S18




>N NMR @ 130K
S ——
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' | 5N fopm | Density of OH-groups:
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- -2
I.G. Shenderovich, G. Buntkowsky, A. Schreiber, E. Gedat, S. Sharif, MCM 41 ~ 2 '9 nm

J. Albrecht, N.S. Golubev, G.H. Findenegg, H.-H. Limbach SBA-15 ~ 3.7 nm=2
J. Phys. Chem. B 2003, 107: 11924-11939



>N NMR @ 300K
S

MCM—41, 2.9 nm

200 100

I.G. Shenderovich, G. Buntkowsky, A. Schreiber, E. Gedat, S. Sharif, J. Albrecht,
N.S. Golubev, G.H. Findenegg, H.-H. Limbach J. Phys. Chem. B 2003, 107: 11924-11939




Pyridine dynamics inside MCM-41 and $BA-15 @ 300K
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I.G. Shenderovich, G. Buntkowsky, A. Schreiber, E. Gedat, S. Sharif, J. Albrecht,
N.S. Golubev, G.H. Findenegg, H.-H. Limbach J. Phys. Chem. B 2003, 107: 11924-11939
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1SN MAS NMR @ 300K

%/\‘\/\MMW

Morphology of Mesoporous Silica

MAS SBA-15, 8.9 nm

W

MAS SBA-15, 7.5 nm ]
Experiment
@ 300K

Static

MAS MCM-41, 3.7 nm

NAAAA A A NS
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Inner surface of mesoporous silica
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R Structure of Amorphous Materials
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Distribution of the surface hydroxyl groups
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Distribution of the surface hydroxyl groups
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Surface functionalization
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Surface functionalization
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Surface functionalization
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Propionic Acid Functionalized SBA-15
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Strong Acids Functionalized SBA-15
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Conclusion
: ;

Our ability to manipulate the chemical reactivity of a

surface by a fluid filling is limited by:

steric hindrance caused presence of

by the structure of the surface chemisorbed species




