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Spectroscopy
Electromagnetic Radiation
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Amplitude _ ¢
T2
I }. 1
Absorption of energy
Incident radiation has the right v
E=AE=h-v
Spectrum of Electromagnetic Radiation
higher frequenﬂy, higher energy IR spectroscopy NMR Spectroscopy
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NUCLEAR MAGNETIC RESONANCE (NMR)

Introduction

external magnetic

In presence of an
In absence of an “@/ d) (I)
Q © ¢ ¢
@ @ field

external magnetic

field
4 ©. $ ¢ O
Random orientation g ¢ (1) (j) Allgnmen:nz/grlze(ngoi; IcCJfgamst ()
By

v Strength of the external magnetic field

v Identity of the nuclei

Strength of applied field, By

AE =hv, resonance frequency: The frequency that matches exactly
the energy difference. 5
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NMR Absorptions

Nuclei are shielded from the full effect of the applied field by the
surrounding electrons.
Distinct NMR signal for each chemically distinct 3C or H

nucleus in a molecule.

NMR spectrometer

Sample\l |
in tube s |

Radiofrequency

generator
Detector and
oo ~ amplifier
) oc
frecmmBm

Solvents: CDCl;, CD,Cl,, THF-d,, etc.
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NUCLEAR MAGNETIC RESONANCE (NMR)
Chemical Shifts

NMR Spectra
Downfield " Upfield
U ] ! ; : U
i - : : Upfigld—| : : .
Lower field strength for 5 1 : ! (shielded) Higher field strength for
resoﬁance ‘E ~—— Diovwnifield Calibzation peak resoTlance
= |deshieldad) ITMSE :
Nuclei Less shielding : B Nuclei More shielding
v T K T T T T T % "
1~ 8 o8 T G 5 4 3 2 1%, ON\gpm
—tow-figld Direction of field sweep - Highfiahd-—
\ Reference Absorption Peak
Example: Methanol Chemical Shift f P
Tetramethylsilane (TMS): 6 = 0 ppm
H more shielding: absorb Delta Scale (3) in ppm
to higher field H
| 5 observed chemical shift (distance of peak from TMS in Hz)
H——C—oO \ B spectrometer frequency in MHz
| \ \ NMR absorptions:
H
1 S — 0o
H H less shielding: absorb to . H NMR: & = 0-10 ppm
lower field Determine Molecular Structure 13C NMR: & = 1-220 ppm
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PROTON NUCLEAR MAGNETIC RESONANCE (*H NMR)

Proton equivalence

H HH H

>  Protons are chemically unrelated = nonequivalent H VoW The —CH,— and —CHj; hydrogens are
~c” ¢ TH unrelated and have different NMR
_r" HH H.a" \H absorptions

»  Protons are chemically identical = equivalent H».k fH "H f'_ The six —CH; hydrogens are homotopic

and have the same NMR absorption
T e M|_

A P
H HH H
Chemical Shifts in TH NMR

I I I T I I

| | | [ | |

| | | [ | |

| | | [ | |
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2 %

Protons bonded to sp : : v | : K“J:—H ! \ ;H i

carbons and bonded to g H | \ ;H : ‘fr\ IH . | v :
electronegative atoms «— | c=C | G ==C ! S~ - Protons bonded to

& : ! /SN ! ! \ ! VA | sp3 carbons

(N, O, orX) E Aromatic | Vinylic | Y=0,N, | Allylic | Saturated |

i 1 I Halogen | | A

I - 1 | | 1 ...I .................................. rresrnnnans e qrrnereanans I. ................ 1
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Chemical shift ()
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PROTON NUCLEAR MAGNETIC RESONANCE

(*H NMR)
Chemical Shifts in TH NMR
|
_?—DH. WHp
—C=C=H
{O—on pr=G—H
fi :':::ci >C=Cf

0 Morhale o
Il @—H | mo |
" O-C—H—C-¢-H —§~H

12 1 10 0 8 7 f 5 4 3 2 1 0
Downfield o (ppm) Upfield
{deshielded) (shielded)
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Chemical Shifts in TH NMR
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Type of hydrogen Chejmical shift (5)
Reference Si(CHz)a 0
Alkyl (primary) —CH4 0.7-1.3
Alkyl (secondary)  —CHq— 1.2-16
Alkyl (tertiary) LlH 1.4-1.8
Allylic 'l' 1.6-2.2
C=C —t|:—
Methyl ketone [”" 2.0-2.4
—C—CHg
Aromatic methyl Ar—CHs 2.4-2.7
Alkynyl —C=C—1 2.5-3.0
Alkyl halide H 2.5-4.0

C—Hal

Type of hydrogen Chejmical shift (8)

Alcohol 2.5-5.0
—C—0—H

Alcohol, ether H 3.3-4.5

Vinylic \ ; 4.5-6.5
/N

Aryl Ar—H 6.5-8.0

Aldehyde fl-"l* 9.7-10.0
—C—H

Carboxylic acid TIJ 11.0-12.0
—C—0—H

10
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2. Nuclear Magnetic Resonance

Spin-spin splitting in 1H NMR spectra

Interaction of the spins of nearby nuclei

Chem. Ral. .
shift area ,/'f
1.68 150
342 100

CH4CH4Br I

-

10 9 a8 7 6 L 4 3 2 1 0 ppm
Chemical shift (&)

Integrating area under peak

Area o number of protons
U

Relative numbers of # kind of H in a molecule

11
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Spin-spin splitting in 'H NMR spectra

Rule 1. Chemically equivalent protons don’t show spin-spin splitting.

Cl
I

C
HY ~H
|_

Three C-H protons are
chemically equivalent;
no splitting occurs.

Rule 2. The signal of a proton with n equivalent neighboring protons is

split into a multiplet of n+1 peaks.

H\H ,"H y
J?E C\“Cﬁ ~c” e

Splitting observed Splitting not usually observed

H farther than two C atoms
Y

don’t usually couple

2. Nuclear Magnetic Resonance

oA
e
H Cl

Four C—H protons are
chemically equivalent;
no splitting occurs.

Number of equivalent adjacent protons  Multiplet Ratio of intensities
0 Singlet 1
1 Doublet 1:1
2 Triplet 1:2:1
3 Quartet 1:3:3:1
4 Quintet 1:4:6:4:1
& Septet 1:6:15:20:15:6:1

Rule 3. Two groups of protons coupled to each other have the same coupling constant (space between the two peaks), J.

12
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Example:
p-methoxypropiophenone
Chem. Ral. | T
shift area ‘ﬁ' I|
1.20 1.50 - C -t
293 100 7 " CH,CH, r
3.84 1.50 .
6.91 1.00 f“"i‘:‘h -~
783 100 | CH30 f
- | | | |
UL TMS
HT I HA - )
_ | L |
10 g g 7 B B 4 3 2 1 0 ppm
Chemical shift (5)
Four aromatic protons coupling —CH, protons coupling with
with their neighbor _CH,— protons
Doublet (d) ICOCHZCH3 —OCH, protons no coupling T:iplet )
H _C H Singlet (s)
A \Clz/ \%/ A
Hg ’C\\‘C/C‘ Hg —CH,— protons coupling with
! —CH, protons
COCH, Quartet (q) 13
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CARBON NUCLEAR MAGNETIC RESONANCE (*3C NMR)

Low natural abundance of 3C = noisy NMR spectrum

Intansity

T I
200 180 160 140 120 100 a0 &0 40 20 0 ppm
Chemical shift (&)

¢ Itis possible count the number of different C atoms in a molecule.
** No coupling of a 13C nucleus with nearby carbon.
%+ 1Cresonances are between 0 and 220 ppm from TMS reference line.

%+ Peak intensities no longer correspond to numbers of nuclei.

14
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CARBON NUCLEAR MAGNETIC RESONANCE (13C NMR)
—CHgs
—CHp—
s s
C—Hal
C—N
=0
C=0C
C=N
Aromatic
C=C
C=0
| | | I | I | L I | |
220 200 180 160 140 120 100 80 60 40 20 0 ppm

Chemical shift (8)

Carbons bonded to O, N, or halogen absorb downfield of typical alkane carbons.

sp3 C absorb from 0 to 90 &.
sp? C absorb from 110 to 220 d.

AN NN

Carbonyl C are found at the low-field end of the spectrum (160-220 J).

15
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Examples: 2-Butanone
C3
c2 Cc4
2087 & C1
= 0
& I
5 adidbpon CH3CCHCHy L
= 1723 4
o b e ALy P s b, | M g mgﬂww\#—
I I I I
200 180 160 140 120 100 20 B0 40 20 0 ppm
Chemical shift (&)
p-Bromoacetophenone
c4, Cc4q'
Chk, C&'
8]
I
4
. G
E .___'-.-:' "'“.._\_\3__,.-" EHCH
/Ef i3 C1
c2 c3|| ce 0 S s
v\.LM-————ww . ‘l‘-l\l N ' e
200 180 160 140 120 100 20 0 40 20 0 ppm

Chemical shift (&) 16
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IR SPECTROSCOPY

It detects the characteristic bonds of many functional groups through their absorption of infrared light.

-----------------------------------

Near : i
Visible infrared Infrared Far infrared Microwaves
| | | |
A 1078 107 e, 1073 1072 107!
{cm)
A=25x10%cm A=25x103¢cm
=25pm Useful IR region = 25 um
i = 4000 cm™ ! 7= 400 cm™
Absorption of infrared light C—) Vibrational excitation of the bonds

Some kinds of allowed vibrations:

Symmetric Antisymmetric In-plane Out-of-plane
stretching stretching bending bending

17
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IR SPECTROSCOPY

» A molecule can stretch only at specific frequencies (corresponding to specific energy levels).

» Each frequency absorbed corresponds to a specific molecular motion.

What functional groups are

IR spectrum — What molecular motions? —
present?
Characteristic IR bands of some common
functional groups: [ .
: ~2200cm™ :
1 ; ~ 1740 cm™ :
> 3000 cm™ HC=C . .
: ; (1600 ~ 1800) !
O—H ! o :
i~ 2000 cm? C=N CT=0CH, ! < 1400 cm!
N—H I : C J_D '
— : : Ha »  fingerprint region
=C—H :_C_H : HECJT:N E g p g
=C—H ' I : i .
4000 cm™ 3000 em"! 2200 cm'! 1700 em™ 1400 em™! 600 cm’!

‘v (wavenumber)

18
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Characteristic IR bands of some common functional groups:

3. Infrared Spectoscopy

Functional Group Absorption {em™1)  Intensity
Alkane C-H 2850-2960 Medium
Alkene =C-H 3020-3100 Medium
C=C 1640-1680 Medium
Alkyne =C-H 3300 Strong
C=C 2100-2260 Medium
Alkyl halide c-cl 600-800 Strong
C-Br 500-600 Strong
Alcohol O-H 3400-3650 Strong, broad
C-0 1050-1150 Strong
Arene C-H 3030 Weak
Aromatic ring 1660-2000 Weak
1450-1600 Medium

Functional Group Absorption fcm™) Intensity
Amine MN-H 3300-3500 Medium
C—N 10301230 Mediurm
Carbonyl compound | C=0 1670-1780 Strong
Aldehyde 1730 Strong
Ketone 1715 Strong
Ester 1735 Strong
Amide 1690 Strong
Carboxylic acid | 1710 Strong
Carboxylic acid O-H 2500-3100 Strong, broad
Mitrile C=N 2210-2260 Medium
Nitro NO2 1540 Strong

19
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Hexane

1-Hexene

1-Hexyne

Transmittance (%)

100

Transmittance (%)

Transmittance (%)

100
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80+

60 -

40 4

204
1]

Csp3-H

CH3({CHz)4CHz

4000

3500 3000 2500 2000 1500 1000 500
Wavenumber ( cm“}

80

60 -

40

20
0

CH3(CH3)3CH=CH,

4000

100

L EF G B ) P S B e e I R E e S I L R IS IR (B N P [N RN M P |

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm~1)

P [=r] [==]
=] =] =]
| | |

=]
=T =]
|

Csp—H
Il'/—)

=C—H

4000

L L I L | T T T 7T I T T T T I T T T T I T T T T | I I I |
3500 3000 2500 2000 1500 1000 500
Wavenumber {cm-1)

3. Infrared Spectoscopy

20
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Image Credits

Slide 4, 6 (NMR spectrometer), 9, 18:
* Organic Chemistry I. Xin Liu. Kwantlen Polytechnic University, Surrey BC, CC BY-SA 4.0, https://open.umn.edu/opentextbooks/textbooks/1119.

Slides 5-8, 10-17, 19, 20:
* Organic Chemistry. A tenth Edition. John McMurry, Cornell University (Emeritus), CC BY-SA 4.0, https://openstax.org/details/books/organic-chemistry.

Slide 7 (equation and methanol structure), 13 (aromatic structure):

* Images made by the authors.

21


https://openstax.org/details/books/organic-chemistry
https://open.umn.edu/opentextbooks/textbooks/1119

	Diapositiva 1
	Diapositiva 2
	Diapositiva 3
	Diapositiva 4
	Diapositiva 5
	Diapositiva 6
	Diapositiva 7
	Diapositiva 8
	Diapositiva 9
	Diapositiva 10
	Diapositiva 11
	Diapositiva 12
	Diapositiva 13
	Diapositiva 14
	Diapositiva 15
	Diapositiva 16
	Diapositiva 17
	Diapositiva 18
	Diapositiva 19
	Diapositiva 20
	Diapositiva 21

