Nuclear Magnetic Resonance Spectroscopy

What can NMR tell us about ethanol?


-There are two types of carbons in a 1:1 ratio.


-There are three types of hydrogen in a 3:2:1 ratio.


-The methyl and methylene groups are bonded together.

NMR Overview

NMR only works for nuclei that have the quantum mechanical property of SPIN!
The spin properties of nuclei characterize each nucleus according to a physical parameter called the chemical shift.

For a given molecule, coupling constants and relaxation times give information about the connectivity between atoms.

NMR can be used to follow chemical reactions.

NMR samples can be solid, liquid, or gas.

NMR can be used to analyze mixtures.

Sample quantities should be in the micro- to milligram range.

Proton NMR

What information can you obtain from a proton NMR spectrum of a compound?


-How many different kinds of hydrogen are present (-CH, -CH2, -CH3).

-Environment of the hydrogen atoms.

-Relative number of hydrogen atoms.

-Which hydrogen atoms are 2- or 3-bond neighbors.

What to get from today’s lecture:

-An electron may be in a position of spin up or spin down.

-In General chemistry, you constructed spectrometers to view the quantum steps of electrons from one energy level to another.  This was observed, as light of a given frequency that resulted in a characteristic observed color for the transition.

-Protons, like electrons, can also be in a position of spin up or spin down for certain nuclei.

-In Organic spectroscopy, you view the quantum jumps of protons, that possess the property of spin, as they switch from spin up to spin down.

-What we are able to observe is the absorption of energy that results from a proton switching from a spin of + ½ to a spin of – ½.

-What follows are the details of this phenomenon!

Details Synonymous with Theory(
Magnetic Moment (()


-The magnetic field generated by a spinning nucleus with a positive charge.

Spin Quantum Number (I)

-The value assigned to spinning nuclei.


-Nuclei that possess spin must have either:

a.) Odd mass – I = ½

These nuclei have a spherical shape.

Can you think of any?




1H, 13C, 15N, 19F, 29S, and 31P

b.) Odd atomic number – I = 1, 3/2, 2, 5/2, …(increments of ½)

2H, 11B, 14N, 17O, 33S, and 35Cl

These nuclei have non-spherical or elliptical shape they are referred to as quadrupolar.

Quadrupolar nuclei have a spin of one or more.

c.) What type of nuclei have no spin?  I = 0

12C and 18O

For Nuclei with a Spin of ½

The RIGHT-HAND-RULE gives the direction of the spin of the nucleus.  If the nucleus is aligned with the magnetic field, what direction will the nucleus spin?  I = ____?

If the nucleus is oriented opposite the magnetic field, what direction will it spin?  I = ____?

How does the magnetic moment (() of a nucleus relate to the spin (I) of the same nucleus?

(= ( h I
( = magnetic moment

( = gyromagnetic or magnetogyric ratio

I = spin quantum number

h = Plank’s constant over two pi

Summary:  The larger the value of the magnetogyric ratio, the larger the magnetic moment of the nucleus and the easier it is to see by NMR spectroscopy.

Backup!  To study the magnetic properties of nuclei, experimentalists put the nuclei in a strong magnetic field with a value of Bo in units of Tesla.

What’s a Tesla?


1 T = 10,000 gauss = 42.6 MHz

What happens when you place a nucleus with spin (I ( 0) into an applied magnetic field (strength = Bo)?

Precession:  The circular movement of the magnetic moment in the presence of the applied field.

Situations:

1.) No Magnetic Field (B0); Nuclei with I = ½
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-Observe: equal populations of Iz = +1/2 and Iz = -1/2

-SATURATION:  The condition that exists when the upper and lower energy states of nuclei are equal.  (no observed signal by NMR)

2.) Small Magnetic Field (B0); Nuclei with I = ½ 

-Observe:  higher population of Iz = +1/2 than Iz = -1/2

-In the presence of B0, the +1/2 spin is of slightly lower energy than the –1/2 spin resulting in a higher population of +1/2 nuclei.

3.) Large Magnetic Field (B0); Nuclei with Iz = ½

-The energy difference between the +1/2 and the –1/2 spin states increases resulting in an increased population of the +1/2 state.

4.) Nuclei of spin = ½ of different gyromagnetic ratio (() at constant B0
-The larger the gyromagnetic ratio ((), the larger the energy difference between Iz = +1/2 and Iz = -1/2.

WOAH NELLY!

From physics:  (E = h (o  where (o = linear frequency

For NMR, we deal with the angular frequency of the precessing magnetic moment (() about B0.

Larmor Frequency: The angular frequency ((o) for the precessional motion of the magnetic moment around B0.

*The magnetic moment (() is nuclei specific!

*The gyromagnetic ratio (() is the proportionality between (o and B0.

*( = a constant for each nucleus that determines the energy dependence of B0.  Thus ( and ( are both nuclei specific.

(o = 2 ( (
( = Angular Frequency

(o = Larmor Frequency in radians per second

(o = ( B0
(E = ( B0 h/2 ( = (o h/2 ( = h (o
*Apply a second magnetic field, B1 = (o (Larmor Frequency) and the nuclei will flip spin!

Absorption of Energy





Emission of Energy

+ ½ ( - ½ 






- ½ ( + ½

-Excess + ½ when the system is in equilibrium with the magnetic field.

-RESONANCE:  The net absorption of energy caused by an electromagnetic wave hitting a nucleus at the Larmor frequency (spin flip).

Because the linear frequency of a nucleus is dependent on the structural environment of the nucleus, NMR is a good structural tool.

Commonly observed spin (1/2) nuclei include 1H, 13C, and 15N.  What is the energy difference between their spin states?  How do we know?

What is the B0 of a 750 MHz spectrometer in Tesla?  At what frequency would you expect to observe 1H, 13C, and 15N?

At B0 = 6.34 T = _________gauss = __________MHz

	B0
	1H
	13C
	15N

	6.34 T
	(E =
	(E =67.9 MHz
	(E =22.8MHz

	750 MHz
	(E =
	(E =
	(E =


Backup:  Because the linear frequency of a nucleus is dependent on the structural environment of the nucleus, NMR is a good structural tool.

Are all protons in a molecule the same?  If they were, what would you see?

The observed resonance frequency ((o) depends on the molecular environment as well as on ( and B0.

What three properties does the electric cloud surrounding the nucleus of an atom possess?

SHIELDING: The electronic modulation of the B0 field caused by the electrons surrounding a given nucleus.  

DIAMAGNETIC SHIELDING:  The magnetic field generated by the valence electrons surrounding a nucleus that opposes the applied magnetic field.  The greater the strength of the electronic environment, the lower the frequency of precession of the nucleus.

CHEMICAL SHIFT:  The variation of the resonance frequency with shielding.

Shielding 
= opposing magnetic field



= electrons around a nucleus 



= low frequency precession



= small chemical shift value (ppm)



= upfield shift

Deshielding
= decreasing the magnitude of the electron cloud



= neighboring an electron withdrawing group



= high frequency precession



= large chemical shift value (ppm)



= downfield shift

The impact of shielding (or deshielding) causes a difference in chemical shift of nuclei that is very small.

Thus to observe the chemical shift, a reference compound is used as an internal standard.  TMS is the standard!  The solvent is often used as a standard in research situations.

The chemical shift (() equals the shift (Hz) divided by the spectrometer frequency (MHz).  Thus 1 over one million = 1 ppm.
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The higher the magnetic field, the greater the shift of the nuclei subjected to that magnetic field.

HOW IT ALL HAPPENS:  NMR Instrumentation

SAMPLE:  


Solvent, unknown compound [(1 %], 5 or 10 mm tube, spun ( 15 Hz.

MAGNET:

6.34 T = 63,400 gauss = 270 MHz, superconducting cryomagnet in liquid He (T=4K), surrounded by liquid N, shim coils, and probe.

PULSE:


Powerful short monochromatic radiofrequency burst of energy!


All of the magnetic nuclei in a molecule are excited simultaneously.

The uncertainty principle accounts for a range of frequencies to be covered by the single burst.

DETECTION:


Relaxation:  The return of the excited nuclei to their original state.


Free Induction Decay (FID):  Nuclei emit electromagnetic radiation at various frequencies dependent upon their electronic environment.  The greatest emission is immediately following a pulse.



A receiver coil absorbs the emitted energy and records the signal as a time-domain signal or FID.

For a 270 MHz NMR spectrometer, we observe the 1H chemical shift in the range of 270,000,000 Hz to 270,002,700 Hz.  We use computers to take the difference and focus on the range of 0-2,700 Hz or 1-10 ppm.

The FID is the sum of all decaying sine waves for nuclei of variable chemical environment.  The FID by itself doesn’t tell us what we want to know.

The FID is digitized by an ADC (Analog to Digital Converter)!


Fourier Transform (FT):  A computer program that analyzes and interprets the frequencies emitted by individual nuclei.



The FT interprets the FID for us and gives us a direct indication of the electronic environment for each magnetically active nucleus.

Signal/Noise Ratio


Noise:  Random electronic signals that are usually visible as fluctuations of the baseline in the signal.

S = signal

N = noise

n = scans

What to think about!
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	S/N
	n
	Time 

	1
	1
	7.5 sec

	10
	100
	12.5 min

	32
	1000
	2.08 hr

	100
	10000
	20.8 hr

	400
	40000
	3.5 days


LOCK:


The signal that you optimize and maintain during your NMR experiment is a deuterium (2H) signal.


The FID’s can only be added by a FT contingent upon the maintenance of the applied magnetic field (B0).


If the field shifts, the FT will be meaningless!


The deuterated solvent signal is constantly measured such that the B0 maintains a constant (.

For B0 = 6.34 T, ( = 41.2 MHz

REFERENCE:


The sample resonance frequencies are typically compared to their difference in chemical shift from TMS or the NMR solvent.

INTEGRATION:


Difficult to get accurate values

a.) must be noise-free

b.) baseline must be flat

c.) all nuclei must have identical responses

d.) all nuclei must fully relax between pulses

e.) obtain the RATIO OF HYDROGENS NOT THE NUMBER
CHEMICALLY EQUIVALENT

All of the protons in a chemically identical environment are said to be chemically equivalent.

Same environment = Same chemical shift!

When all of the protons in a molecule are equivalent, only one NMR absorption peak will be observed.

How many peaks do you expect to see for each of the molecules below?
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LOCAL DIAMAGNETIC SHIELDING

This typically refers to electron withdrawing groups that remove the intensity of the electron shield around neighboring protons.  

*Tables of chemical shifts are useful, but intuition is worth a lot more!

	Molecule
	ppm
	Molecule
	ppm

	TMS
	0
	Methane
	0.2

	Hydrocarbon 
	1-2
	Methyl iodide
	2.2

	H-C-X where X=(- element
	3-5
	Methyl bromide
	2.7

	Alkenes
	5-7
	Methyl chloride
	3.0

	Aromatics
	7-8
	Methyl alcohol
	3.4

	Aldehydes
	9-10
	Methyl fluoride
	4.3

	Carboxylic Acids
	10-12
	chloroform
	7.3


For hydrocarbons:


sp3





sp2





sp

methyl

0.9 ppm
methylene
1.2 ppm
methine

1.5 ppm

1.) Spectrum 1


Molecular forumula = C7H15Cl

1.08 ppm = 3 H


1.59 ppm = 2 H
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Spectrum 2

Molecular Formula: C5H9Cl3
1.99 ppm = 6 H


4.31 ppm = 2 H


6.55 ppm = 1 H
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“Anisotropic” = non-uniform magnetic field

Explanation of Chemical Shifts:

1.) Hydrocarbon = 1-2 ppm; shielded environment, upfield shift, degree of shielding decreases with hybridization.

2.) Alkynes = 2-3 ppm; protons are shielded based on alignment with the magnetic field accountable to anisotropy.

3.) Halogenated hydrocarbon = 3-5 ppm; deshielding occurs based on the electron withdrawing nature of the halogen.

4.) Alkene = 5-7 ppm; the ( electrons deshield vinylic protons due to anisotropy.

5.) Aromatics = 7-8 ppm; the conjugated ( electrons of the aromatic ring deshield protons even more due to anisotropy.

6.) Aldehydes = 9-10 ppm; combination of an alkene and an electronegative atom = lots of deshielding.

7.) Carboxylic Acids = 10-12 ppm; combination of resonance and electronegativity causes lots and lots of deshielding.

8.) Hydrogen Bonding = protons that are able to be involved in hydrogen bonding interactions have a chemical shift that is based on concentration, temperature, and the solvent.

Acids




RCOOH



10.5-12 ppm

Phenols



ArOH



4.0-7.0 ppm

Alcohols



ROH



0.5-5.0 ppm

Amines




RNH2



0.5-5.0 ppm

Amides




RCONH2


5.0-8.0 ppm

Enols




CH=CH-OH


>15 ppm

Spin-spin Splitting = n + 1 Rule = The influence of neighboring spins on the multiplicity of peaks.

Coupling Constant:  3JHH 

A measure of how strongly the nuclear spins influence each other for one nucleus split by a neighboring nucleus three bonds away.  

The strength of the coupling is measured by the distance between the two peaks for the resonance of one nucleus split by another.

Commonly observed splitting patterns!

[image: image7.wmf]X

Y

H

H

X = Y

H

H

H

H

H

Y

H

H

X

X = Y

C

H

3

H

C

H

3

H

H

C

H

3

C

H

3

H

*Protons that are three bond neighbors can be spin up (+ ½) or down    (- ½).   

If neighboring protons are both the same spin and spin up, there is a deshielding effect.

If neighboring protons are of opposite spin, there is a shielding effect.

Based on your knowledge of organic chemistry, what would you expect the spectrum of 1,1-dichloropropane to look like?  Explain the splitting patter observed!

Use Pascal’s Triangle to make sense out of the splitting pattern!

Back to coupling constants:

A measure of how strongly a nucleus is affected by the spin states of its neighbor.

THE COUPLING CONSTANTS OF THE GROUPS OF PROTONS WHICH SPLIT ONE ANOTHER MUST BE IDENTICAL!

The usefulness of coupling constants comes from their ability to distinguish stereochemistry, carbon atom hybridization, and nearest neighbors.

MULTIPLET SKEWING

[image: image8.wmf]These resonance peaks would represent _______next to a __________?

Protons on Oxygen: Alcohols

Coupling is generally not observed to O-H protons.

Why?


-NMR time scale is 0.01-0.001 second.


-Alcohols exchange 100,000 times per second under typical conditions.


-Fast exchange = decoupling = singlet!

With rapid exchange, the best we can do is get a spectrum of the average environment.  (Snowflake)

To observe the splitting pattern for an alcohol:


Low temperature or very pure sample!

Slow exchange = splitting

Fast exchange = sharp peak

Intermediate exchange = broad peak (typical)
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The n+1 rule does not apply when 2 protons have different 3JHH.

Exchange in Water and Deuterium Oxide

What do you expect to observe when a carboxylic acid or an alcohol is converted from a neat to an aqueous solution?

Deuterium Exchange

Making peaks disappear!

Exchangeable Protons:

Base Catalyzed

RCOOH

ArOH

Acid Catalyzed

ROH

RNH2
Can you think of any reasons where deuterium exchange would be useful?

Peak Broadening

When the spectrum of a pure acid or alcohol is determined in an inert solvent (CDCl3 or CCl4), the NMR absorption position is concentration dependent.

Protons on Nitrogen:

Amines like alcohols exchange rapidly resulting in no observed coupling.

Amides have slower exchange rates and can often be observed to couple.

14N = 99.63 % natural abundance with spin =1.  Rarely observe coupling due to nitrogen!

First-Order Spectra

Spectra that can be analyzed using the n + 1 Rule.

Second-Order Spectra

Spectra that require advanced mathematical analysis to interpret.

The magnitude of 3JHH is less than 10 Hz and chemical shifts of neighboring protons may be less than 1 ppm.

Aromatic Compounds:

Monosubstituted rings and Disubstituted rings:
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Electron donating groups increase the electron density at the ortho and para positions.

*Electron-Withdrawing groups deshield ortho protons due to magnetic anisotropy of the pi bonds in these groups and shield the meta and para positions.

1H Chemical Shifts in p-Disubstituted Benzene Compounds

Substituent




( (ppm)
-OCH3





6.80

-OH





6.60

-NH2





6.36

-CH3





7.05

-H





7.32
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Chemical Shift Equivalence:

Possible relationships between geminal groups:

1.) Homotopic – Groups that are always equivalent.

2.) Enantiotopic – Groups that appear to be equivalent, except in the presence of a chiral environment or when acted upon by a chiral reagent.

3.) Diasteriotopic – Groups that are not equivalent are give different chemical shifts in the NMR spectrum.

Examples:
a.) 1,1,3,3-Tetrachloropropane

b.) 1,1-Dibromo-3,3-dichloropropane

c.) 1,2-Dichloropropane
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Carbon-13

Why don’t we look at carbon-12 since it is the most abundant isotope of carbon?

What does carbon-13 possess that makes it worthy of viewing?

13C is 6000 times less sensitive than 1H (1.6%)


-Natural abundance = 1.1%


-For 13C, ( = 67.28 radians per Tesla.


-For 1H, ( = 267.53 radians per Tesla.

What does a lower value of ( mean?

Experimental 

( = 67.94 MHz.


Lock solvent = TMS


( = 0-240 ppm

Table of Carbon Resonance Frequencies

	Group
	Chemical Shift (ppm)

	TMS
	0

	methyl
	8-30

	methylene
	20-45

	Methine/quaternary
	30-60

	C-O
	50-70

	C-Cl or C-Br
	40-65

	CHCl3
	77 (t)

	Alkene (C=C)
	100-145

	Aromatic
	110-150

	Carbonyl (acid, ester, amide, anhydride)
	155-185

	Carbonyl (aldehydes and ketones)
	185-220


Homonuclear:  Spin-spin splitting patterns where the interaction occurs between two atoms that are of the same type of nucleus.

Heteronuclear:  Spin-spin splitting patterns where the interaction occurs between two atoms that are of different types of nuclei.

3JHH = 1-20 Hz
1JCH = 100-250 Hz

Proton coupled carbon spectra are too complicated to interpret.

Proton-Decoupled Spectra:  A carbon spectrum without 3JCH.

Decoupling:  Irradiating (pulsing) at a frequency (270 MHz) that gives equal populations of spin + ½ and spin – ½ for hydrogen.  Without a difference in population, there is not an observed effect (saturation).

Proton decoupling leads to ~3 fold signal enhancement due to the Nuclear Overhauser Effect.

The more protons attached to a carbon, the more intense the signal.

Why can’t we get accurate integration values for carbon if this is entirely true?

Aromatics = 100-150 ppm

Monosubstituted:  

Four peaks are expected to be observed for the ipso carbon, o, m, and p positions.

Disubstituted:  Depending on the substitution, there may be 2, 3, or 4 observed peaks.

Polysubstituted:  Six peaks are generally observed unless there is a plane of symmetry in the molecule.
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Solvents

Chloroform-d (CDCl3)


Why do you see this as a triplet at 77 ppm?

1JCD = 45 Hz: 

at 270 MHz, 1JCD = 0.17 ppm

multiplicity = 2nI + 1

n = number of nuclei

I = spin quantum number

What do you expect the multiplicity to be for Acetone-d6 (C3D6O)?

Infrared Spectroscopy

Review:


High Energy = High Frequency = Short Wavelength

(E = h( = hc/(
Wavenumber = reciprocal centimeters (cm-1)

Range for vibrational IR radiation = 2.5-25 (m wavelengths

1 cm-1 = (1/(m) ( 10000

1 (m = (1/ cm-1) ( 10000

Calculate the range of wavenumbers corresponding an IR spectrum!

	Region of Spectrum
	Wavelength
	Transition

	X-Ray
	< 200 nm
	Bond breaking

	UV/Visible
	200-800 nm
	Electronic

	Infrared
	2.5-25 (m
	Vibrational

	Microwave
	> 25 (m MW < 1 m
	Rotational

	Radiofrequency
	1-5 m
	NMR/ESR


Why IR?


Molecules absorb energy corresponding to the natural vibrational frequencies of bond stretching and bending.

Absorption: When the IR frequency = natural vibrational frequency

Result: Amplitude of signal increases!

Requirement: Only bonds with a dipole moment may absorb energy.

Which of the following bonds would you expect to absorb energy in the IR?

What’s observed?
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Stretching:  

Symmetric (High E)  

Asymmetric (Lower E)

Bending:  (Real low E)


Scissoring


Wagging


Rocking


Twisting

Fundamental Absorptions = Excitation from the ground state to the first excited state.

Overtones = Excitation from the ground state to higher energy states.

Utility:

	Bond
	Wavenumber
	Bond
	Wavenumber

	O-H
	3400
	C(C
	2150

	N-H
	3400
	C=O
	1710

	C-H
	3000
	C=C
	1650

	C(N
	2250
	C-O
	1100


Natural Frequency of Vibration of a Bond:
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Calculating approximate IR absorptions:

Calculate the theoretical absorption frequency for a carbonyl group.
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INFRARED SPECTROMETER = SPECTROPHOTOMETER

1.) Dispersive:  

a.) Double-Beam:  The IR radiation from a source is split into two beams.  One of the beams passes through the sample while the other beam passes through a reference.  

b.) Selector:  Both beams (reference and sample) are passed to the diffraction grating as a combined beam.

c.) Diffraction Grating:  Individual wavelengths of the combined IR beam are passed to the detector one at a time.

d.) Detector:  Measures the difference between the sample versus the reference portion of the combined beam to yield just the sample contribution.  

2.) Fourier Transform (FT):

a.) Single Beam:  The IR radiation from the source is sent to a stationary mirror and a moving mirror.  The moving mirror accomplishes the same as a reference cell.  It creates an interference beam to the sample beam that subtracts out the background.

b.) Laser Beam Splitter:  The laser produces red light of a known frequency at a known moving mirror position.  The frequency enters into the FT for the final spectrum.

c.) Interferogram:  A plot of intensity versus time.  A complex signal with a wavelike pattern that contains all of the frequencies between 4000 cm-1 and 400 cm-1.  The “FID” if you will!

d.) Fourier Transform:  There is a computer program that takes the wavelike pattern of the interferogram and separates the individual absorption frequencies into a spectrum.

	Dispersed
	FT-IR

	Many moving parts
	Only one moving part

	“Scans” total IR region 1 by 1
	Entire IR region is detected at once

	Spectrum = 1 scan
	Spectrum = Many scans

	Low s/N
	High s/N


Samples

Glass and plastics absorb in the IR range making it necessary to use some other material for sample preparation.

1. Cells (Salt plates:  NaCl or KBr)

a.) NaCl:  The range for detection is 4000 cm-1 to 650 cm-1.  These cells are relatively inexpensive.

b.) KBr:  These cells cover a wider range of frequencies (4000 cm-1 to 400 cm-1).  The down side is the expense.

2. Liquids:  Only one drop of sample is necessary between two salt plates.  The problem is that the salt plates are water soluble.

3. Solids:  

a.) KBr Pellet:  A solid sample may be mixed with KBr powder and pressed into a clear pellet for analysis.

b.) Nujol Mull:  The solid sample may be mixed with mineral oil and placed on a salt plate.  Nujol absorbs at 2924 cm-1, 1462 cm-1, and 1377 cm-1.

c.) CCl4:  The solid may be dissolved in an organic solvent for analysis.  Carbon tetrachloride absorbs at 785 cm-1.

To Focus on the Main Points

Introduction to IR Spectra

Source: www.chem.ucla.edu

Theory 

An invaluable tool in organic structure determination and verification involves the class of electromagnetic (EM) radiation with frequencies between 4000 and 400 cm-1 (wavenumbers).  

The category of EM radiation is termed infrared (IR) radiation, and

its application to organic chemistry known as IR spectroscopy.  Radiation in this region can be utilized in organic structure determination by making use of the fact that it is absorbed by interatomic bonds in organic compounds. 

Chemical bonds in different environments will absorb varying intensities and at varying frequencies. Thus IR spectroscopy involves collecting absorption information and analyzing it in the form of a spectrum.

The frequencies at which there are absorptions of IR radiation ("peaks" or "signals") can be correlated directly to bonds within the compound in question. 

Because each interatomic bond may vibrate in several different motions (stretching or bending), individual bonds may absorb at more than one IR frequency. 

Stretching absorptions usually produce stronger peaks than bending, however the weaker bending absorptions can be useful in differentiating similar types of bonds (e.g. aromatic substitution). 

It is also important to note that symmetrical vibrations do not cause absorption of IR radiation. For example, neither of the carbon-carbon bonds in ethene or ethyne absorb IR radiation. 

Regions of the IR Spectrum 

Over time organic chemists have recorded and catalogued the types and locations of IR absorptions produced by a wide variety of chemical bonds in various chemical environments. 

These data can be quickly referenced through tables of IR absorption ranges and compared to the spectrum under consideration.  As a general rule, the most important factors determining where a chemical bond will absorb are the bond order and the types of atoms joined by the bond. 

Conjugation and nearby atoms shift the frequency to a lesser degree. Therefore the same or similar functional groups in different molecules will typically absorb within the same, specific frequency ranges. 

Consequently tables of IR absorptions are arranged by functional group -- it

some versions these may be further subdivided to give more precise information. 

In IR absorption tables, signal intensities (height) are usually denoted by the following abbreviations: w = weak, m = medium, s = strong, v = variable. 

A broad signal shape is sometimes indicated by br.  Occasionally absorption frequency is given as a single approximation denoted with an ~ rather than a range. 

A Table of IR Absorptions 

These trends in aborption can be further summarized into the following categories 

	Wavenumber
	Vibration

	3600 - 2700 cm-1
	X-H

	2700 - 1900 cm-1
	X=Y

	1900 - 1500 cm-1
	X=Y

	1500 - 500 cm-1
	X-Y


Upon first inspection, a typical infrared spectrum can be visually divided into two regions.  

The left half, above 2000 cm-1, usually contains relatively few peaks, but some very diagnostic information can be found here. 

First, alkane C-H stretching absorptions just below 3000 cm-1 demonstrate the presence of saturated carbons, and signals just above 3000 cm-1 demonstrate unsaturation. 

A very broad peak in the region between 3100 and 3600 cm-1 indicates the presence of exchangeable protons, typically from alcohol, amine, amide or carboxylic acid groups (see further discussion of this below).

The frequencies from 2800 to 2000 cm-1 are normally void of other absorptions, so the presence of alkyne or nitrile groups can be easily seen here. 

In contrast, the right half of the spectrum, below 2000 cm-1, normally contains many peaks of varying intensities, many of which are not readily identifiable. 

Two signals which can be seen clearly in this area is the carbonyl group, which is a very strong peak around 1700 cm-1, and the C-O bond with can be one or two strong peaks around 1200 cm-1. 

This complex lower region is also known as the "fingerprint region" because almost every organic compound produces a unique pattern in this area --

Therefore identity can often be confirmed by comparison of this region to a known spectrum. 

Additional IR Concepts

Although the above and similar IR absorption tables provide a good starting point for assigning simple IR spectra, it is often necessary to understand in greater detail some more specific properties of IR spectra. 

The following topics cover some of the most important of these principles. 

The Effects of Mass on Frequency

As mentioned previously, one of the major factors influencing the IR absorption frequency of a bond are the identity of the two atoms involved.  

To be more precise, it is the masses of the two atoms which are of greater importance.

The greater the masses of attached atoms, the lower the IR frequency at which the bond will absorb. 

An example of this are the spectra of chloroform and deuterochloroform -- notice that the two major differences in these spectra are (1) the disappearance of the C-H stretching (3020 cm-1) and bending (1220 cm-1) in deuterated compound and (2) a shift to the right about 20 cm-1 relative to the CHCl3. The first is caused simply by the lack of C-H bonds in CDCl3. The second is illustrative of this property that

heavier atoms (deuterium vs. hydrogen) will cause attached bonds to absorb at lower frequencies. 

Free vs. Hydrogen-Bonded Hydroxyl Groups

One of the most distinct and easily recognizable peaks in an IR spectrum is the broad O-H absorption of alcohols and phenols. 

However it important to understand why this broadening takes place and to consider the situations in which the peak may not have this characteristic shape. 

First, note that any significant quantity of a compound will contain a very large number of individual molecules, and each of these may be hydrogen bonded to a slightly different extent. 

Thus as an IR spectrum is acquired IR absorptions will occur at varying frequencies for each of these bonds. The end result is that the IR peak appears broadened, as it is an average of all these slightly different absorptions. 

It is possible to acquire IR spectra of hydroxyl-containing compounds without seeing this broad signal.  By creating a very dilute solution of the sample, or acquiring the IR spectra in the gas phase, hydrogen bonding is prevented through lack of molecular contact. 

Even in concentrated solution, larger compounds may sterically hinder hydrogen bonding, preventing exchange. 

Inthese situations the broad O-H peak is replaced by a sharp signal around 3600 cm-1. This effect can be seen in the IR spectra of t-butanol, dilute and concentrated. 

Mass Spectrometry

1.) Molecules are converted to ions and sent through an electric field.

2.) The ions are separated according to their mass-to-charge ratio in a magnetic or electric field.

3.) Ions with a particular mass-to-charge ratio are detected.

Mass Spectrum:  A graph of the number of particles detected as a function of mass-to-charge ratio.

Gas Chromatography-Mass Spectrometry (GC-MS):  The gas stream emerging from the gas chromatograph is admitted into the ionization chamber of a mass spectrometer.

Quadrupole Mass Spectrometer:  A set of 4 solid rods generate an oscillating magnetic field that selects for a range of m/e ratio ions.
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Mass Spectrum:
Plot of ion abundance versus m/e ratio.






Most ions have e=1 and are presented as a bar graph.

Base Peak:
All other abundances are reported as a percent of the base peak.

Molecular Ion:
(M+) This peak gives the molecular weight of the original molecule.  It is a radical cation.

ISOTOPICALLY PURE MOLECULES DON’T EXIST IN NATURE!

Isotope Peaks:
(M+1, M+2)  The relative abundance of isotope peaks is relative to the abundance of the isotopes.

Common Isotope Abundance

	Isotope
	%Abundance
	Isotope
	%Abundance
	Atomic Mass

	H-2
	0.016
	
	
	1.01

	C-13
	1.08
	
	
	12.01

	N-15
	0.38
	
	
	14.01

	O-17
	0.04
	O-18
	0.20
	16.00

	S-33
	0.78
	S-34
	4.40
	32.06

	Cl-36
	0.00
	Cl-37
	32.5
	35.45

	Br-80
	0.00
	Br-81
	98.0
	79.90


Fragment Ions:
Pieces of the parent molecule that have been broken free and retain a positive charge (Formed in < 1 (sec).

Meta Stable Ions:
Ions that last longer than 1 (sec, but then fragment in the analyzer section.  It takes on the order of 10 (sec to reach the detector.

Small MW = more stability = more likely to see an M+

Large MW = more fragmentation = More M+1 and M+2 less M

Summary

EXAMPLE
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THE BASE PEAK


Determination of Molecular Weight


If the molecular ion survives 10 (s, it is observed!


The molecular ion = true mass, not the molecular weight!  Get it?

How do you know if a peak is the molecular ion or just a fragment?

a.) Peak must be highest mass in the spectrum (excluding isotopic peaks).

b.) Molecule must have an odd number of electrons.

c.) Ion must form typical fragments.

Lifetime of Molecular Ions:

Aromatic cpds > conjugated alkenes > alicyclic cpds >  organic sulfides > 

unbranched hydrocarbons > mercaptans > ketones > amines > esters > 

ethers > carboxylic acids > branched hydrocarbons > alcohols

Nitrogen Rule:

An even number of nitrogen atoms = an even molecular ion peak

An odd number of nitrogen atoms = an odd molecular ion peak

N = even mass, but odd numbered valence

N + H = 15
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If the M+1 peak is present, it is an indication of oxygen or nitrogen.

Fragmentation Patterns:


Fragmentation favors more stable ions.

Base peak = stable carbocation

CH3+ < RCH2+ < R2CH+ < R3C+ < CH2=CH-CH2+ < C6H5+
Types of cleavage:


1 bond, 2 bond, more bond!

Alkanes: Usually observe the molecular ion peak for straight chain alkanes.  Why?

The more branching, the less likely to observe the molecular ion.  Why?

Hydrocarbons fragment to form clusters of peaks 14 amu different from one another.  Why?

Tert-butyl groups appear at m/e = 57 amu.  Why is this usually the base peak?

Cyclic compounds survive bombardment better than acyclic compounds.  Why

When cycloalkanes do fragment, they usually form ethene.  You observe the loss of m/e = 28 amu.

Alkenes: Distinct molecular ion peak observed.

The bombardment of an alkene causes the loss of an pi-electron.

Alkene fragments involve CnH2n and CnH2n-1.

The most stable fragment is typically the allyl radical cation = C3H6+ = m/e (41).

Cycloalkenes generally produce ethene.

What would you observe for:

Alkynes

Aromatics

Alcohols/phenols

Ethers

Aldehydes

Ketones

Esters

Carboxylic acids

Amines

Amides
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