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NMR Spectroscopy

NMR spectroscopy is a form of absorption spectrometry. — o"‘ avzey fhw\‘b.gs L
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Most absorption techniques (e.g. — Ultraviolet-Visible and Infrared) involve the
electrons... in the case of NMR, it is the nucleus of the atom which
determines the response. —s Raudio 4 mierodalzul Dl (U b g
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An applied (magnetic) field is necessary for the absorption to occur.
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Nuclear Magnetic Resonance (NMR) Spectroscopy
direct observation of the H’s and C’s of a molecules

Nuclei are positively charged and spin on an axis; they create a tiny magnetic field — NMA aekide las NP
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(lower energy) (higher energy)

Not all nuclei are suitable for NMR.

1H and 13C are the most important NMR active nuclei in organic chemistry
Natural Abundance sV S Zs

\ N\
$tH 999% BC 1.1%
-
B C 98.9% (not NMR active)



Spectral Properties, Application and Interactions of Electromagnetic Radiation

Wave Wavelength  Frequency
Energy Number V A v
FElectron
volts,
cm Type Type Type
Kcal/mol eV cm-1 Hz Radiation SPECLroscopy Quantum Transition
9.4x107 49x106 33x1010 3x10-11 1021 Gamma T
Gamma ray
ray emission Nuclear
X- Electroni
94x103 49x102 33x106  3x10-7 1017 | Xeray ray- ~ectronic
absorption, (1nnej; shell)
emission
Ultra
94 X 101 49 X 100 33 X 104 3 X 10-5 1015 _ ViOlet uv abSOfption Electronic
Visible A (outej; shell)
94x10-1 49x10-2 33x102 3x10-3 1013 _|Infrared IR absorption Molecular
vibration  Molecular
rotation
94x10-3 49x10-4 33x100 3x10-1 1011 | Micro- || Microwave v
wave absorption
i T~ Magnetically
Nuclear : :
94x10-7 49x10-8 33x10-4  3x103 107 Radio magneti +— induced spin NM B
_ ] gnetic states

resonance




: R Ve = @den & eJen
Nuclear Spin =~ ®dd = o Ad+

e A nucleus with an odd atomic number or an odd mass number 2
: v eVann =% - sl
has a nuclear spin.

 The spinning charged nucleus generates a magnetic field.
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Spin Quantum Numbers

Energy levels for a nucleus with spin quantum number 142
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e [f the number of neutrons and the number of protons are both even,
then the nucleus has NO spin. e%?

A
even .
e [f the number of neutrons plus the number of protons 1s odd, then the

nucleus has a half-integer spin (i.e. 1/2, 3/2, 5/2) ° ?{ VAN

8_0 een / <l,
e [f the number of neutrons and the number of protons are Both odd,
then the nucleus has an integer spin (1.e. 1, 2, 3) 'g‘)>2"
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SPIN QUANTUM NUMBERS OF SOME COMMON NUCLEI

The most abundant isotopes of C and O do not have spin.

. 2 U |
| P=1,N=0] || p=1,N=1 P=6,N=6| |P=6.N=7| | P=7,N=7 p=g, N=8| | P=9,N=1
Element 2H 12C 14N | 160
Nuclear Spi
Quantum No 1 1
()
No. of Spin 3 0 3 0
States

Elements with either odd number of protons or neutrons (odd
mass number or odd atomic number) have the property of
nuclear “spin”.

The number of spin states is 21 + 1, where 1 is the spin quantum
number.
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Table. General rules for determination of nuclear spin quantum numbers

Mass Number  Number of Protons  Number of Neutrons Spin (I) Example
Even Even 0 50
Even
Odd QOdd Integer (1,2,...) 2H
Even Odd Half-Integer (1/2,3/2,...) BC
Odd
Odd Even Half-Integer (1/2,3/2,...) 15 n
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GLV\\”\L Atoms active in NMR

A ey
\\\\W\K
= 1/2: 1H, 13C, 19F, 31P
| = 1. 2H, 14N
I= 3/2: 15N
nol
Atoms gctive in NMR

I=0: 12C, 160
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Behavior of spinning protons
with external magnetic field

S / S /
A 4 b4 il A
twist \ N
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lower energy higher energy
more stable less stable
(X-spin state) (B-spin state)
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THE NUCLEUS IN A MAGNETIC FIELD

When nuclei are exposed to

Nuclear Spin Energy Levels

external magnetic field of

strength By, their spins line up _

parallel to the applied field, either 1/
— [

spin aligned (a-spin state) or spin ;‘; B-spin state
opposed (B-spin state) to the

external field.
/ B, —r— + /2
\ ~ 1 7o ;
7N\ o =l ] a-spin state
¢~ i s
No magnetic field Allil mLm]tic ]ieIJBO ln A Strong magnetic field (BO) the

two spin states differ in energy




Energy of spinning nucle1

The energy of the nucleus in these two states (orientations) is given by:
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Energy of B-state

Energy of «-state
gy of external magnedic Yiely

(spin aligned) . \ (spin opposed)
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Absorption of electromagnetic radiation of frequency N that
correspond to in energy to AE

AE=/}{v=ﬂBO V=Y ¢

27 ~ "o 13




A E and Magnet Strength

The energy difference between aligned and opposed to the external magnetic field (Bo) 1s generally small and 1s

dependent upon Bo 0(3,5 =M EN A v Y, Ol ) TP deed alds Lo\ ZAAW AW R Unb &2\

~ \~- (-g
Applied EM radiation (ra’alo waves) causes the spin to flip and the nucle1 are said to be in resonance with Bo
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Bo = external magnetic field strength

/ W\/ = Y— B 0 Gg = gyromagnetic ratio

N\

27T 1H = 26,752 s-1gauss-1

13C =6.7 s-1gauss-1 5
. . . \) = 26762 S-M%[‘{aﬂzag%‘
. In a 14,092 gauss field, a 60 MHz (60,000,000) photon is required to flip a ——ﬁg”/”

—

prOtono BQ /60 e 5/’10‘? HZ = 50 /V]HZ

. Low energy, radio frequency.
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Magnetic Shielding ~

il s H e € @b, Bl €voy
If all protons absorbed the same amount of energy 1n a given magnetic

field, not much information could be obtained.

-

But protons are surrounded by electrons that shield them from the
external field. , \
\ishow 2,0\ 9247 ’L&

Circulating electrons create an induced magnetic field that opposes the
external magnetic field. €/9\~c9n A AN Jde (= Yo Vio g
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move shielded less shielaled



Shielded Protons

Magnetic field strength must be increased for
shielded proton to flip at the same frequency.

¢lectrons
shielding

effective ; effective
il tield field
/’ V 14.091.7’ 14.092.0
* 60 MHz 60 MHz @ 60 MHz
. £ '
absorbs does not absorbs
absarb
lii;.| J'f;., 1',':, + 0. 3
14.092.0 sauss 14.092.0 gauss 14.092.3 gauss
naked proton shielded proton stronger applied field
absorbs at 14,092.0G feels less than 14,092.0G compensates for shielding



Protons in a

Molecule

Depending on their chemical environment, protons 1n a
molecule are shielded by different amounts.

H—C O=\
XXH less shielded,
H ¢ "
absorbs at a lower field

more shielded,
absorb at a higher field




NMR Signals

* The number of signals shows how many different kinds of protons
are present. #Pecl/urEtn 2 s Pty o
T
* The location of the signals shows how shielded or deshielded the
proton 1s.
Pwk‘ QL_\'Q;J \
* The intensity of the signal shows the number of protons of that type.

* Signal splitting shows the number of protons on adjacent atoms.
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a\\ Q\J\@\avi& Ca R Mg X

Li
1.0

Na
0.9

Increasingzlﬁectronegativity = ykh
| H Q‘“’b&h}—?\ &;&\M\ \»)A.&
2.1
Be B C N O F
1.5 2.0 2.5 3.0 3.5 4.0
o Increasing
':”g 1Aé 1S£|3 2P1 235 3C(|) B electronegativity
- Br
2.8




The NMR Spectrometer

sample tube
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The NMR Graph
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Tetramethylsilane
i
H3C—?i—CH3
CHj

* TMS is added to the sample.

* Since silicon is less electronegative than carbon, TMS protons are

highly shielded. Signal defined as ze&gggk Naned b= T ALS

* Organic protons absorb downfield (E) the left) of the TMS signal.
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Note: The subgroup
numbers 1-18 were adopted
In 1934 by the International
Union of Pure and Applied
Chemistry. The names of
elements 112-118 are the
Latinequivalents of those
numbers.




Chemical Shift — o< gignd =7 plokon o2
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» Measured in parts per million.

 Ratio of shift downfield from TMS (Hz) to total spectrometer

frequency (Hz). RZeor NN 7
“* = wtlivA K\T
e Same value for 60, 100, or 300 MHz machine. \\\,




Chemical Shift calculation

6=V} - Vms/ Vg X 10° ppm

6= Chemical shift (ppm)

V= Frequency of proton
Vims= 0

Vymr= 60 MHz or 100MHZ or
300 MHz

1MHz= 10° Hz




Delta Scale

shift downfield from TMS (in Hz)
spectrometer {frequency (in MHZ)

chemical shift, ppm 0 =

I I I I | I | | | I I
600 Hz 480Hz 360Hz 240 Hz 120 Hz O Hz

10 9 8 7 6 5 4 3 2 I 0
ppm 0 A TMS
60 MHz

I I I | I I I I I I |
3000 Hz 2400 Hz 1800 Hz 1200 Hz 600 Hz 0O Hz

10 9 3 7 6 o - 3 2 I 0

ppm A TMS

300 MHz
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Example: Cl-CH2-0-CH3 shows 2 absorptions for H NMR and two for C NMR

on 290 MHz NMR, H resonances are at @300 Hz and (480" Hz
(the instrument is tuned so that TMS absorbs at exactly 90 MHz) calculate
the Odelta for both proton and carbon.

For H NMR
¢
&= 300 Hz - 0/ 90 MHz x 104 = 3.3 ppm
1
O 480 Hz'- 0/ 90 MHz x 106 = 5.3 ppm

for C NMR, the absorptions are at 1290 Hz and 1910 Hz
(where TMS is at 22,6 MHz)

&= 1290 Hz- 0/ 22.6 MHz x 106 = 57.1 ppm
5= 1910 Hz- 0 / 22.6 MHz x 106 = 84.5 ppm



TABLE 13-2 Chemical Shifts
of the Chloromethanes

Chemical

Compoand Shifi Difference
H
|
H—C—H 0.2
| "
H \
. 2.8 ppm
H ‘
| !
H—C—C(] L
|
H . P
. 2.3 ppm
(I.l A Py
ll—(l'—( | 3
H \ 10
- 1.9 ppm
- 195
N K
H—C—Cl ¥
Cl

Note: Each chlonne atom added
changes the chemical shalt of the

remaming methyl protons by about
2 10 3 ppm. These changes are

nearly additive.

Location of Signals

* More electronegative atoms deshield more and
give larger shift values.

* Effect decreases with distance.
Marle deginie la
* Additional electronegative atoms cause
increase in chemical shift.




TMs

CHCI3 CH2Cl CH3 CH30 CH3Cl CH3Br CH3I CH4 (CH3)4S1
2 F H

7.27 530 4.26 3.4 3.05 268 2.16 0.23 0




Typical Values

Type of Proton Approximate Type of Proton Approximate
alkane (—CH.,) 0.9 fi P il
3 /C_C\CH 1.7
alkane (—CH,—) 1.3 .
alkanef_—CH—)c 1.4 e o
Ql Ph—CH; 2.3
<”) R—CHO 9-10
—&—CH, Al R—COOH 10-12
—e=E—h 43 R—OH variable, about 2-5
R—CH,—X -4 Ar—OH variable, about 47
(X = halogen, O)
R—NH, variable, about 1.5-4
S o
/C—C\H 5-6

Note: These values are approximate, as all chemical shifts are affected by neighboring substituents. The
numbers given here assume that alkyl groups are the only other substituents present. A more complete
table of chemical shifts appears in Appendix 1.



