Textbook Assignment: Chapter 13 begin NMR
Homework (for credit): POW 1 posted-Due on Tuesday  3:00 PM

Material from Last Lecture: IR spectroscopy

Today’s Topics: IR: interpretation -finish
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Effect of Concentration Upon Hydrogen Bonding
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Carboxylic acids

* IR spectrum of pentanoic acid (Fig 12.13)

Amide

* IR of N-methylpropanamide (Fig 12.14)




Ester

IR of Ethyl butanoate (Fig 12.15)

Strategies for IR Interpretation

Inspect the spectrum from left to right.

If there is a strong, but broad band 3500 cm-?
then, OH is present. One or two weak peaks in this
area are indicative of amines (N—H stretch).

Examine the 3000 cm-1 C—H aliphatic stretches
are to the right and C—H from alkenes & aromatics
are to the left.

Aldehyde C—H stretch will be ~ 2720 cm-1
Check the area from 1820 to 1630 cm-1. Strong
peaks in this area indicate C=0 and this is often the

strongest peak in the spectrum.

The area from 1250 to 1000 cm! are the C—O
stretches of ethers, esters, acids.




* Nuclear magnetic resonance (NMR)
spectroscopy: a spectroscopic technique
that gives us information about the number
and types of atoms in a molecule, for
example, about the number and types of
— hydrogen atoms using *H-NMR spectroscopy
— carbon atoms using 13C-NMR spectroscopy
— phosphorus atoms using 31P-NMR spectroscopy

Nuclear Spin States

* An electron has a spin quantum number of 1/2
with allowed values of +1/2 and -1/2
— this spinning charge creates an associated magnetic
field
— in effect, an electron behaves as if it is a tiny bar
magnet and has what is called a magnetic moment
« The same effect holds for certain atomic nuclei

— any atomic nucleus that has an odd mass number, an
odd atomic number, or both also has a spin and a
resulting nuclear magnetic moment

— the allowed nuclear spin states are determined by the
spin quantum number, I, of the nucleus




Nuclear Spin States

— a nucleus with spin quantum number | has 21 +1
spin states; if | = 1/2, there are two allowed spin
states

— Table 13.1 gives the spin quantum numbers and
allowed nuclear spin states for selected isotopes of
elements common to organic compounds

Element H| H ¢ |[¥c| YN o %p %5
Nuclear spin
quantum 1/2 1 0| 1i/2 1 0 1/2 0
number (1)
Number of 7 3 1 2 3 1 2 1
spin states

Nuclear Spins in B,

— within a collection of 1H and 13C atoms,
nuclear spins are completely random in
orientation

— when placed in a strong external magnetic
field of strength: B, however, interaction
between nuclear spins and the applied
magnetic field is quantized, with the result that
only certain orientations of nuclear magnetic
moments are allowed




— for 1H and 13C, only two orientations are allowed

N is called the resonance frequency or the Larmor freq uency.

Nuclear Spins in B,

 In an applied field strength of 7.05T, which
Is readily available with present-day
superconducting electromagnets, the
difference in energy between nuclear spin
states for

— 1H is approximately 0.120 J (0.0286 cal)/mol,
which corresponds to electromagnetic
radiation of 300 MHz (300,000,000 Hz)

— 13C is approximately 0.030 J (0.00715
cal)/mol, which corresponds to
electromagnetic radiation of 75MHz
(75,000,000 Hz)




— the energy difference between allowed spin states
increases linearly with applied field strength

— values shown here are for 1H nuclei

300 MHz

Nuclear Magnetic Resonance

— when nuclei with a spin quantum number of
1/2 are placed in an applied field, a small
majority of nuclear spins are aligned with the
applied field in the lower energy state

— the nucleus begins to precess and traces out
a cone-shaped surface, in much the same
way a spinning top or gyroscope traces out a
cone-shaped surface as it precesses in the
earth’s gravitational field

— the rate of precession is expressed as a
frequency in hertz (Hz)




—Figure 13.3 the origin of nuclear magnetic “resonance”

Nuclear Magnetic Resonance

* If the precessing nucleus is irradiated with
electromagnetic radiation of the same
frequency as the rate of precession,

— the two frequencies couple ,
— energy is absorbed , and

—the nuclear spin is flipped from spin state
+1/2 (with the applied field) to -1/2 (against
the applied field)

— This transition occurs when: E;= DE




—Figure 13.3 the origin of nuclear magnetic “resonance”
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Nuclear Magnetic Resonance

» Resonance : in NMR spectroscopy, resonance is the
absorption of electromagnetic radiation by a precessing
nucleus and the resulting “flip” of its nuclear spin from a

lower energy state to a higher energy state

* The instrument (spectrometer) is used to detect this
coupling of precession frequency and electromagnetic
radiation records it as a signal: E,= DE
— signal: a recording in an NMR spectrum of a

nuclear magnetic resonance

— if we were dealing with tH nuclei isolated
from all other atoms and electrons, any
combination of applied field and radiation that
produces a signal for one 1H would produce a
signal for all 1H. The same is true of 13C
nuclei

— but hydrogens in organic molecules are not
isolated from all other atoms; they are
surrounded by electrons, which are caused to
circulate by the presence of the applied field

— the circulation of electrons around a nucleus
in an applied field is called diamagnetic
current and the nuclear shielding resulting
from it is called diamagnetic shielding




All nuclei in molecules are surrounded by electrons. Application of an
external magnetic field causes these electrons to circulate, which sets
up a local magnetic field (B,., ) of their own. B,,.,, opposes the applied
field (B,).

The effective magnetic field (B.;) experienced by a particular nucleus is
somewhat smaller than the applied field (B,):

Wmm = mol B local

Nuclei in a molecule are shielded from the full effect of B, by the
presence of nearby circulating electrons. Since each nucleus exists in a
slightly different electronic environment , each nucleus will be
shielded to a slightly different extent, and B will be slightly different for
each nucleus within the molecule, as such:

NOT ALL PROTONS ARE EQUIVALENT

Nuclei surrounded by greater amounts of electron
density will be more shielded from the external
magnetic field, so they will absorb electromagnetic
radiation of lower energy, that is, lower frequency.

The converse is also true, namely that nuclei
surrounded by lesser amounts of electron density
will be less shielded

from the external magnetic field, so
they will absorb electromagnetic radiation of higher
energy, that is, higher frequency.




— the difference in resonance frequencies
among the various hydrogen nuclei within a
molecule due to shielding/deshielding is
generally very small

— the difference in resonance frequencies for
hydrogens in CH;CIl compared to CH;F under
an applied field of 7.05T is only 360 Hz, which
Is 1.2 parts per million (ppm) compared with
the irradiating frequency of 300 MHz

360 Hz 1.2
= — % =12ppm
n 300 x 10° Hz 10°
(300MHz)

Nuclear Magnetic Resonance

— signals are measured relative to the signal of the
reference compound tetramethylsilane (TMS)
(H3
CH3

Tetramethylsilane (TMS)
— for a IH-NMR spectrum, signals are reported by their

shift from the 12 H signal in TMS (downfield)

— for a 13C-NMR spectrum, signals are reported by their
shift from the 4 C signal in TMS (downfield)

— Chemical shift ( d): the shift in ppm of an NMR signal
from the signal of TMS




The more deshielded the nucleus, the
higher the frequency of resonance, the
higher the ppm value in the spectrum.

Downfield-protons are deshielded Upfield-protons are shielded

A More deshielding -the HIGHER ppm value

NMR Spectrometer

» Essentials of an NMR spectrometer are a
powerful magnet, a radio-frequency
generator, and a radio-frequency detector

 The sample is dissolved in a solvent, most
commonly CDCI; or D,O, and placed in a
sample tube which is then suspended in
the magnetic field and set spinning

e Using a Fourier transform NMR (FT-NMR)
spectrometer, a spectrum can be recorded
In about 2 seconds




NMR Spectrometer

NMR Spectrum

* H-NMR spectrum of methyl acetate
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ownfield: the shift of an NMR signal to the left on the chart paper
— Upfield: the shift of an NMR signal to the right on the chart paper
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Equivalent Hydrogens

* Equivalent hydrogens: have the same
chemical environment

— a molecule with 1 set of equivalent hydrogens
gives 1 NMR signal

0 HsC_~ CHs
CH3CCH;  CICH, CH,Cl Q =<

HsC CHg

Propanone 1,2-Dichloro-  Cyclopentane 2,3-Dimethyl-
(Acetone) ethane 2-butene




Equivalent Hydrogens

— a molecule with 2 or more sets of equivalent
hydrogens gives a different NMR signal for

each set
Q cl CH
CH3 CHCI mYo ¢ Q
H H
1,1-Dichloro- Cyclopent- (Z)-1-Chloro- Cyclohexene
ethane anone propene (3 signals)

(2 signals) (2 signals) (3 signals)

Signal Areas
* Relative areas of signals are proportional to
the number of H giving rise to each signal

 Modern NMR spectrometers electronically
iIntegrate and record the relative area of each
signal




. Chemical Type of i
Chemical ﬂ«mmamw: Shift (d) Im\ma@% mﬂmﬁ_ﬂmm_
Hm:_nm (CHg )4 Si 0 (by definition) o
H-NMR " rcH, 0.8-1.0 RCOCH;  3.7-3.9

RCH,R 1.2-1.4 o

Rg CH 1.4-1.7 RCOCH,R  4.1-4.7
Ry C=CRCHR, 1.6-2.6 RCH; | 3.1-3.3
RC=CH 2.0-3.0 RCH,Br  3.4-3.6
ArCH, 2.2-2.5 RCH,Cl  3.6-3.8
ArCH,R 2.3-2.8 RCH, F 4.4-45
ROH 0.5-6.0 ArOH 4.5-4.7
RCH, OH 3.4-4.0 R,C=CH, 4.6-5.0
RCH, OR 3.3-4.0 R,C=CHR 5.0-5.7
R, NH 0.5-5.0 ArH 6.5-8.5
7 g

RCCH3 2.1-2.3 RCH 9.5-10.1
o) o)

RECH,R 2.2-2.6 REOH 10-13

Chemical Shift

- 1H-NMR




Chemical Shift

* Depends on (1) electronegativity of nearby
atoms, (2) the hybridization of adjacent atoms,
and (3) diamagnetic effects from adjacent pi
bonds

» Electronegativity Electroneg- Chemical
CHz-X  ativity of X  Shift (d)
CHgF 4.0 4.26
CH3 OH 3.5 3.47
CH3Cl 3.1 3.05
CH3Br 2.8 2.68
CHsal 2.5 2.16
(CHz) 4C 2.1 0.86
(CHz) 4Si 1.8 0.00

Chemical Shift

 The higher s character, the greater the
deshielding

Type of Hydrogen Name of Chemical

(R = alkyl) Hydrogen Shift (d)
RCH;, RCH,, RRCH  Alkyl 0.8-1.7
R, C=C(R)CHR, Allylic 1.6-2.6
RC=CH Acetylenic 2.0-3.0
R,C=CHR, R,C=CH, Vinylic 46 -5.7

RCHO Aldehydic  9.5-10.1




Chemical Shift

« Diamagnetic effects of pi bonds

— a carbon-carbon triple bond shields an acetylenic
hydrogen and shifts its signal upfield (to the right) to a
smaller d value

— a carbon-carbon double bond deshields vinylic
hydrogens and shifts their signal downfield (to the left)
to a larger d value

Chemical
Type of H Name Shift (d)
RCH, Alkyl 0.8-1.0
RC=CH Acetylenic 2.0-3.0
R,C=CH, Vinylic 4.6 -5.7

Signal Splitting & the (n + 1) Rule

* Peak: the units into which an NMR signal is split;
doublet, triplet, quartet, etc.

« Signal splitting: splitting of an NMR signal into
a set of peaks by the influence of neighboring
nonequivalent hydrogens

e (n + 1) rule: if a hydrogen has n hydrogens
nonequivalent to it but equivalent among
themselves on the same or adjacent atom(s), its
IH-NMR signal is split into (n + 1) peaks




Signal Splitting (n + 1)

Problem: predict the number of IH-NMR signals

and the splitting pattern of each O
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