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1.1: Chapter Objectives and Preview of Spectroscopy

Obijective

After completing this chapter, you should be able to

o fulfill all of the detailed objectives listed under each individual section.
o define, and use in context, the key terms introduced in this chapter.
¢ have an understanding of how spectroscopy works in a general sense.

Throughout organic chemistry, one needs to think about the structure of a molecule because structure informs reactivity. This
connection between structure and reactivity is central to organic chemistry. By looking at a structure, experienced organic chemists
can already begin to gather information about the properties of a molecule. However, structure determination has not always been
as quick and easy to potentially determine as it can be today, but modern spectroscopic techniques have reduced the time it once
took. Spectroscopic techniques are based on the absorption of radiation from the electromagnetic spectrum. The different
spectroscopic techniques can give different snapshots of the molecule's structure and lend insight to properties the molecule may
have. When combining different techniques, one can get a more complete picture of the molecule, which allows one to deduce the
structure of a molecule. This chapter will discuss spectroscopy in general before moving into different spectroscopic techniques
and the information you can gather from the technique.

Contributors and Attributions
e Dr. Dietmar Kennepohl FCIC (Professor of Chemistry, Athabasca University)

1.1: Chapter Objectives and Preview of Spectroscopy is shared under a not declared license and was authored, remixed, and/or curated by Lauren

Reutenauer.
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1.2: The Nature of Radiant Energy and Electromagnetic Radiation

&b Learning Objectives

After reading this section, you should be able to

o Understand the nature of light

o Explain what it meant by wave and particle duality

« Write a brief paragraph discussing the nature of electromagnetic radiation.

o Explain the equations that relate energy to frequency, frequency to wavelength and energy to wavelength, and
perform calculations using these relationships.

X Key Terms

Make certain that you can define, and use in context, the key terms below.

o electromagnetic radiation
e electromagnetic spectrum
e hertz (Hz)

e photon

e wavelength

e constructive interference
¢ destructive interference

As you read the print off this computer screen now, you are reading pages of fluctuating energy and magnetic fields. Light,
electricity, and magnetism are all different forms of electromagnetic radiation. Electromagnetic radiation, as you may recall from a
previous chemistry or physics class, is composed of electrical and magnetic waves which oscillate on perpendicular planes as
shown in the diagram below. These electric and magnetic waves travel at 90 degree angles to each other and have certain
characteristics, including amplitude, wavelength, and frequency. Electron radiation is released as photons, which are bundles of
light energy that travel at the speed of light as quantized harmonic waves. This radiation can travel through empty space. Most
other types of waves must travel through some sort of substance. For example, sound waves need either a gas, solid, or liquid to
pass through in order to be heard.This energy is then grouped into categories based on its wavelength into the electromagnetic
spectrum.

Waves and their Characteristics

Just like ocean waves, electromagnetic waves travel in a defined direction. While the speed of ocean waves can vary, however, the
speed of electromagnetic waves — commonly referred to as the speed of light (2.99 x 10® m/s) — is essentially a constant,
approximately 300 million meters per second. This is true whether we are talking about gamma radiation or visible light.
Obviously, there is a big difference between these two types of waves — we are surrounded by the latter for more than half of our
time on earth, whereas we hopefully never become exposed to the former to any significant degree.
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Crest

Amplitude
Time

L 1 Trough
One Wavelength (k)

Amplitude

Amplitude as shown above is the distance from the maximum vertical displacement of the wave to the middle of the wave. This
measures the magnitude of oscillation of a particular wave. In short, the amplitude is basically the height of the wave. Larger
amplitude means higher energy and lower amplitude means lower energy. Amplitude is important because it tells you the intensity
or brightness of a wave in comparison with other waves.

Wavelength

The different properties of the various types of electromagnetic radiation are due to differences in their wavelengths, and the
corresponding differences in their energies: shorter wavelengths correspond to higher energy. Wavelength () is the distance of one
full cycle of the oscillation (measured between the distance of either crest to crest as shown above or trough to trough). Longer
wavelength waves such as radio waves carry low energy; this is why we can listen to the radio without any harmful consequences.
Shorter wavelength waves such as x-rays carry higher energy that can be hazardous to our health. Consequently lead aprons are
worn to protect our bodies from harmful radiation when we undergo x-rays. This wavelength frequently relationship is
characterized by:

c=Av (1.2.1)
where

o c is the speed of light,
e )\ is wavelength, and
e v is frequency.

Shorter wavelength means greater frequency, and greater frequency means higher energy. Wavelengths are important in that they
tell one what type of wave one is dealing with. You can see this depicted in the image below.

1 L 1 L 1 L 1
0.2 04 0.6 0.8

o

Distance (microns)

Remember, wavelength tells you the type of light and amplitude tells you about the intensity of the light.

Frequency

Frequency is defined as the number of cycles per second, and is expressed as sec! or Hertz (Hz). Frequency is directly proportional
to energy and can be express as:

E=hv (1.2.2)
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where

e E is energy,

 his Planck's constant, (h= 6.62607 x 10-34J), and
e v is frequency.

Period

Period (T) is the amount of time a wave takes to travel one wavelength; it is measured in seconds (s).

Velocity

The velocity of wave in general is expressed as:
velocity = Av (1.2.3)

Remember for an electromagnetic wave, the velocity in vacuum is 2.99 x 10° m /s or 186, 282miles/second.

Electromagnetic spectrum

The notion that electromagnetic radiation contains a quantifiable amount of energy can perhaps be better understood if we talk
about light as a stream of particles, called photons, rather than as a wave. (Recall the concept known as ‘wave-particle duality’: at
the quantum level, wave behavior and particle behavior become indistinguishable, and very small particles have an observable
‘wavelength’). If we describe light as a stream of photons, the energy of a particular wavelength can be expressed as:

ke
D)

where E is energy in J, A (the Greek letter lambda) is wavelength in meters, ¢ is 3.00 x 108 m/s (the speed of light), and h is 6.626 x
10734 J - s, a number known as Planck’s constant.

E (12.5.1)

Because electromagnetic radiation travels at a constant speed, each wavelength corresponds to a given frequency, which is the
number of times per second that a crest passes a given point. Longer waves have lower frequencies, and shorter waves have higher
frequencies. Frequency is commonly reported in hertz (Hz), meaning ‘cycles per second’, or ‘waves per second’. The standard unit

for frequency is s.

When talking about electromagnetic waves, we can refer either to wavelength or to frequency - the two values are interconverted
using the simple expression:

Av=c (12.5.2)

where v (the Greek letter ‘nu’) is frequency in s™%. Visible red light with a wavelength of 700 nm, for example, has a frequency of
4.29 x 10' Hz, and an energy of 2.84 x 10719 J per photon or 171 kJ per mole of photons (remember Avogadro’s number = 6.02 x
10?3 mol ™). The full range of electromagnetic radiation wavelengths is referred to as the electromagnetic spectrum (below).

higher energy

A(m) 1012 10710 108 106 104 102 1 10

yrays | x-rays | UV infrared radio

A (nm) 400 500 600 700

v/ Example 1.2.1

Visible light has a wavelength range of about 400-700 nm. What is the corresponding frequency range? What is the
corresponding energy range, in kJ mol™! of photons?

Solution
For light with a wavelength of 400 nm, the frequency is 7.50 x 104 Hz:
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3 x10°ms™!

— 14 —1
= o0 xS = 750 x10s

In the same way, we calculate that light with a wavelength of 700 nm has a frequency of 4.29 x 1014 Hz.

To calculate corresponding energies using hc/A. We find for light at 400 nm:

B (6,626 x 1073 Jsmol~1)(3.00 x 10® ms™1)
B 400 x 109 m

=497 x 10-19] per photon

E (onemole) =Ex N
= (4.97 x 10-12])(6.02 x 1023 mol-1)
=299 k] mol-!

Using the same equation, we find that light at 700 nm corresponds to 171 kJ mol ™.

As a wave’s wavelength increases, the frequency decreases, and as wave’s wavelength decreases, the frequency increases. When
electromagnetic energy is released as the energy level increases, the wavelength decreases and frequency decreases. Thus,
electromagnetic radiation is then grouped into categories based on its wavelength or frequency into the electromagnetic spectrum.
The different types of electromagnetic radiation shown in the electromagnetic spectrum consists of radio waves, microwaves,
infrared waves, visible light, ultraviolet radiation, X-rays, and gamma rays. The part of the electromagnetic spectrum that we are
able to see is the visible light spectrum.

Penetratas Earth's
M N
Almosphere? l N
Radiation Type Radio Microwave Infrared Visible Ultraviolet  X-ray Gamma ray

Wavelength (m) 1072 10° 0.52107° ior® i’ 10"

10°
e H l “m .g Uﬁ 8o AL & @

Buildings Humans  Butterflies MNeedle Point Protozoans Molecules  Atoms  Atomic Nuclei

10t 108 102 10'® 10'® 10'® s
Temperature of
objects at which 4
this radiation is the [
most intense W
wavelength emitted

|

|
1K 100 K 10,000 K 10,000,000 K
-272°C -173°C 9727 °C ~10,000,000 °C

Electromagnetic Spectrum with Radiation Types

How are the types of radiation related to me? Radio waves are transmitted by radio broadcasts, TV broadcasts, and even cell
phones. They are also used in radar systems, where they release radio energy and collect the bounced energy back. Microwaves can
be used to broadcast information through space, as well as warm food. Infrared radiation can be released as heat or thermal energy
and is most commonly used in remote sensing as infrared sensors collect thermal energy, providing us with weather
conditions. Visible light is the only part of the electromagnetic spectrum that humans can see with an unaided eye. This part of the
spectrum includes a range of different colors that all represent a particular wavelength. Rainbows are formed in this way; light
passes through matter in which it is absorbed or reflected based on its wavelength. Thus, some colors are reflected more than other,
leading to the creation of a rainbow. The typical wavelengths of each color region is listed below.

Color Region Wavelength (nm)

Violet 380-435
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Blue 435-500

Cyan 500-520
Green 520-565
565-590

590-625

Red 625-740

Ultraviolet, Radiation, X-Rays, and Gamma Rays are all related to events occurring in space. UV radiation is most commonly
known because of its severe effects on the skin from the sun, leading to cancer. X-rays are used to produce medical images of the
body. Gamma Rays can used in chemotherapy in order to rid of tumors in a body since it has such a high energy level. Out this
huge spectrum, the human eyes can only detect waves from 390 nm to 780 nm.

? Exercise 1.2.1

Calculate the energies for the following;
A. Gamma Ray A = 4.0x10 "' m

B. X-Ray A = 4.0x10°m

C. UV light v = 5.0x10'°> Hz

D. Infrared Radiation A = 3.0x10°>m

E. Microwave Radiation U = 3.0x10'! Hz

Answer
A. 4.965x1071° J
B. 4.965x10°17 J
C.3.31x108J
D. 6.62x102! J
E. 1.99x10722

Note: You should not try to memorize the relationship between energy and wavelength in the form in which it is given here.
Instead, you should be prepared to work from first principles using:

E = hv, where h = Plank's constant = 6.626 x 10734J - s.
¢ = v, where c = the speed of light = 3.00 x 108m - s71.
Avogadro’s number = 6.02 x 1023 mol~

? Exercise 1.2.2

What is the frequency of a wave with a wavelength of 200 cm?

Answer

1.5 x 108 Hz
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Which of the following frequencies/wavelengths are higher energy?
A.A=2.0x10%m or A = 3.0x109 m

B. U =3.0x10°Hz or L = 3.0x10° Hz

Answer

A.A=3.0x109m

B.L=3.0x10°H

? Exercise 1.2.4
A radio transmits a frequency of 100 Hz. What is the wavelength of this wave?

Answer

2.998 x 10 m
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1.3: Introduction to Molecular Spectroscopy

Objectives

After completing this section, you should be able to

o Understand how an organic molecule interacts with electromagnetic radiation.
o Understand how different frequencies affect organic molecules.

Now that we we have discussed electromagnetic radiation and what it is, let's look at how it can interact with organic molecules. As
was discussed in the last section, electromagnetic radiation can either acts as a wave or a particle, a photon. As a wave, it is
represented by velocity, wavelength, and frequency. Light is an electromagnetic wave since the speed of electromagnetic waves is
the same as the speed of light. As a particle, electromagnetic radiation is represented as a photon, which transports energy. When a
photon is absorbed, the electron can be moved up or down an energy level. When it moves up, it absorbs energy, when it moves
down, energy is released as is shown in the diagram below. Thus, since each atom has its own distinct set of energy levels, each
element emits and absorbs different frequencies. Photons with higher energies produce shorter wavelengths and photons with lower
energies produce longer wavelengths.

Before During After emission
Atom in excited state
&
P E,
ANN
photon kv

&

o 1
Atom in ground state

Electromagnetic radiation is also categorized into two groups based, ionizing and non-ionizing, on the severity of the radiation.
Tonizing radiation holds a great amount of energy to remove electrons and cause the matter to become ionized. Thus, higher
frequency waves such as the X-rays and gamma-rays have ionizing radiation. However, lower frequency waves such as radio
waves, do not have ionizing radiation and are grouped as non-ionizing.

Molecular spectroscopy — the basic idea

In a spectroscopy experiment, electromagnetic radiation of a specified range of wavelengths is allowed to pass through a sample
containing a compound of interest. The sample molecules absorb energy from some of the wavelengths, and as a result jump from a
low energy ‘ground state’ to some higher energy ‘excited state’. Other wavelengths are not absorbed by the sample molecule, so
they pass on through. A detector on the other side of the sample records which wavelengths were absorbed, and to what extent they
were absorbed.

Here is the key to molecular spectroscopy: a given molecule will specifically absorb only those wavelengths which have energies
that correspond to the energy difference of the transition that is occurring. Thus, if the transition involves the molecule jumping
from ground state A to excited state B, with an energy difference of AE, the molecule will specifically absorb radiation with
wavelength that corresponds to AE, while allowing other wavelengths to pass through unabsorbed.

—B (excited state)

AE

——A (ground state)

By observing which wavelengths a molecule absorbs, and to what extent it absorbs them, we can gain information about the nature
of the energetic transitions that a molecule is able to undergo, and thus information about its structure. If a sample is irradiated with
energy of many wavelengths and determine which are absorbed and which are transmitted, the absorption spectrum of the
compound can be measured. The energy the molecule gains when it absorbs radiation must be distributed over the molecule in
some way. The different types of radiation cause different ways of interacting with the electromagnetic radiation. With infrared
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radiation, the energy absorbed by a molecule causes bonds to bend and stretch. With ultraviolet radiation, the energy absorbed
causes an electron to jump from a lower energy orbital to a higher energy orbital. With these different frequencies interacting

differently with the molecule, different types of structural information can be gleaned as you interpret the results of absorption
spectra.

These generalized ideas may all sound quite confusing at this point, but things will become much clearer as we begin to discuss
specific examples. In the upcoming chapters, ultraviolet spectroscopy, infrared spectroscopy, and nuclear magnetic resonance
spectroscopy will be discussed in greater detail.

? Exercise 1.3.1

Knowing that infrared radiation causes bonds to bend and stretch more vigorously. Would you expect this type of radiation to
be ionizing or non-ionizing?
Answer

The photons of infrared radiation absorbed do have enough energy to cause an increase in the amplitude of bond vibrations
(bending/stretching), but not enough energy to break a covalent bond.

? Exercise 1.3.2

The AE (energy gap) has in inverse dependance on wavelength.
E=hc/A

Therfore, a smaller gap leads to a longer or shorter wavelength?

Answer

The smaller the energy gap, the longer the wavelength of light that will be absorbed in the electronic transition.
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1.4: Time-resolved vs. Frequency Resolved

&b Learning Objectives

e Understand how spectroscopic measurements are taken.
o Explain frequency resolution vs time resolution.

Spectroscopic measurements are typically taken in one of two domains: frequency or time. These measurements are given the
terms frequency-resolved or time-resolved. Frequency-resolved measurements are the most familiar forms of spectroscopy.
UV/Visible, IR, Raman, and X-ray spectroscopy are typically done in the frequency domain. This type of spectroscopy acquires
data across a range of frequencies (or wavelengths). The data acquired is typically in the form of an light intensity which can in
turn be interpreted as absorbance, transmittance, reflectance, or photon scattering depending on the instrument and technique being
used.

The less familiar time-resolved spectroscopy includes Ultrafast laser spectroscopy and florescence. In this form of spectroscopy
data is acquired over a range of time. This data can be at a single wavelength or at multiple wavelengths, depending on the specific
technique. Some spectroscopic techniques, such as Ultrafast laser spectroscopy, FI-NMR and FT-IR, span both frequency and time
domains. In the case of Ultrafast laser spectroscopy, useful data is acquired in both the time and frequency domains. FT-NMR and
FT-IR acquire data in the time domain. That data is then converted into a signal in the frequency domain using a process called
Fourier Transform (FT). This is covered in more detail in the next section.

Frequency Resolution

Frequency is defined as inverse time. The unit is typically given in inverse seconds (s'!) or hertz (Hz). Frequency is used to
represent the number of cycles occurring in a given time period. These cycles could be any repetitive process including: the
periodic motion of a harmonic oscillator, the sinusoidal propagation of electromagnetic radiation, or the rotation of a rigid rotator.
The most relevant for spectroscopy is the propagation of electromagnetic radiation or light. This is often represented in many
different forms that, though not technically frequency, are related to frequency, and therefore fall into the frequency domain. These
include representing frequency as wavelength (nm), wavenumber (cm™), and photon energy (eV). These are all connected by a few
simple equations given below. (c=speed of light, E=energy, v=frequency, —w=wavenumber, h=Planck's
constant,lambda=wavelength)

P
v
E=hv
1
W=y

The frequency domain is the most familiar domain in spectroscopy. UV/visible, infrared, photoelectron, microwave, and X-ray
spectroscopy all have applications in the frequency domain. The results of these spectroscopic techniques are typically given in
some form of intensity versus wavelength. The most familiar is likely the steady state ultraviolet/visible absorption spectrum (an
example is shown below).

Frequency Resolved Visible Absorption Spectrum
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The energy of absorbed light corresponds to the energy of transition between two eigen states of the system. In the case of visible
spectroscopy these states are electronic states.

Time Resolution

Spectra can also be acquired in the time domain. Rather than acquiring spectra by averaging data over a relatively long time range,
data is acquired over discrete time intervals or, in some cases, continuously. This may be done over one or many wavelengths. Time
resolved spectroscopy observes the change in eigen states with respect to time. In order for data from time-resolved spectroscopy to
be useful, the spectroscopy must be suited to the time scale of the process of interest. Below is a table of the approximate time
scales and spectral ranges of physical processes that may be interesting.

Process Time Applicable Spectral Range
Singlet Electronic Excited State Lifetime femto-nanoseconds Visible
Triplet Electronic Excited State Lifetime nanoseconds-minutes Visible
Molecular Vibration Excited State Lifetime pico-milliseconds Infrared
Nuclear Rotation pico-microseconds Radio
Molecular Reaction Kinetics eons-picoseconds Varies

If a spectroscopy with suitable spectral region and time resolution is available, time resolved spectroscopy can be used to study
kinetics, reactions, and lifetimes. Common applications of time-resolved spectroscopy include ultrafast laser spectroscopy and
time-resolved florescence.

Fourier Transform

The process of Fourier Transform is a mathematical process used to move from one set of coordinates to another. The most
spectroscopically relevant fourier transform is from the time domain to the frequency domain. In this case, a signal originally
measured in the time domain can be converted into a signal in the frequency domain. This is done via the mathematical process
shown below.

F(v) = /_oo f(t)e 2™tqt

f(t) = /_ h F(v)e 2™ dy

oo
A mathematical relation known as Euler's Formula is an important identity when using Fourier Transform, particularly with sine
and cosine functions. This is shown below.

e = cos(x) +isin(z)
A simple graphic representation of Fourier Transform is shown below.

Original Signal in Time Domain

Time Domain Signal

Armplitude

o 1 2 3 4 & & 7 8 9 10
Time(s)

Fourier Transformed: Signal in Frequency Domain
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Amghluge
T
L

) . L L . L . L
] o0 o1 015 0z 035 a3 03 04 045 o0s
Feaqueney(hs)

Fourier Transformed Again: Signal in Time Domain (The Components of the Original Signal)

Times Dependent Companents.
T T

Amplauds

Sum of the Components(Equivalent to the Original Signal)

Time Dormain Signal

Amplituce

5
Time(s)

An example fourier transform with sine is given in the links section and more information in The Power of the Fourier Transform
for Spectroscopists.

Common Application of Fourier Transform

Some fields of spectroscopy use measurements taken in the time domain to gain information about the frequency domain. These
spectroscopies include Nuclear Magnetic Resonance, Fourier Transform Ion Cyclotron Resonance Mass Spectroscopy(FT-ICR
MS) and Fourier Transform Infrared spectroscopy(FT-IR). Unlike the above graphic representation of Fourier Transform, these
systems yield transforms that are impossible to compute by hand. Computer algorithms must be used.

The initial signal typically forms a beat pattern. This can be in the form of an interferogram or a free induction decay(FID), in the
cases of FT-IR and NMR, respectively. Graphic representations of an interferogram and FID are shown below alongside IR and
NMR spectra.

FT-IR Spectra
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FT-NMR Spectra
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Spectroscopy in Both Time and Frequency Domains

Some spectroscopies yield data in both time and frequency domains. The most prominent of these techniques is time-resolved laser
spectroscopy. By measuring complete spectra at discrete time intervals, spectral evolution with respect to time can be monitored.
This technique is unique in it's ability to collect data in multiple domains with femtosecond time resolution. This allows electronic
states to be monitored both as they evolve over time and statically at any particular time along the time scale of the instrument.
Below is an example of a typical ultrafast spectrum, notice both wavelength and time domains. This three-dimensional spectrum
can be deconstructed to yield either time or frequency dependent results in two-dimensions. This is also shown below.

Time Resolved Visible Absorbance Spectrum

FPump Probe Spectra
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The time resolved spectrum shown above is plotted as a contour plot showing the Z-axis as a color gradient from red(low signal) to
blue(high signal). This contour plot contains a multitude of information, but is by itself not terribly useful. It is most easily
analyzed by taking crossections at a single wavelength or time. Each is shown below.

Frequency Domain Signal (A crossection of the Time Resolved Spectrum constant time)
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The above spectrum is a crossection of the complete time resolved spectrum. This particular crossection is the frequency domain
signal at 56.75 picoseconds after the sample has been excited by a laser pulse.

Time Domain Signal (A crossection of the Time Resolved Spectrum at a single Wavelength)
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The above spectrum is a crossection of the complete time resolved spectrum. This crossection is the time resolved signal at 618
nanometers. This crossection contains kinetic data on the eigen state that absorbs at 618nm.

? Exercise 1.4.1

What types of spectroscopy are done using the frequency domain?
Answer

UV/Visible, IR, Raman, and X-ray spectroscopy are typically done in the frequency domain. This type of spectroscopy
acquires data across a range of frequencies (or wavelengths).

? Exercise 1.4.2

How is data acquired in the time domain?

Answer

Data is acquired over discrete time intervals or, in some cases, continuously.

References

1. Skoog, Douglas A. Principles of Instrumental Analysis. 5th ed. New York:Thompson Learning Incorporated,1998.
2. Atkins, Peter. Physical Chemistry. 7th ed. New York: W.H. Freeman, 2002.

Outside Links

o For a more in-depth/mathematical look at fourier transform: en.Wikipedia.org/wiki/Fourier_transform
o Fourier transform of a sine function: http://mathworld.wolfram.com/FourierTransformSine.html|

e For a more in depth look at Euler's Formula: http://en.Wikipedia.org/wiki/Euler%27s_formula

o Use of Fourier Transform in FT-ICR Mass Spectroscopy: www.youtube.com/watch?v=7EHngA4S3Ws
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1.4: Time-resolved vs. Frequency Resolved is shared under a not declared license and was authored, remixed, and/or curated by Lauren
Reutenauer.

o Time-resolved vs. Frequency Resolved is licensed CC BY 4.0.
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1.5: The Power of the Fourier Transform for Spectroscopists

&b Learning Objectives

e Understand what the Fourier transform does to allow spectroscopists to observe spectra.
e Describe the important components of Fourier transform.
o Explain the benefits and limitations to Fourier transform.

Fourier transform is a mathematical technique that can be used to transform a function from one real variable to another. It is a
unique powerful tool for spectroscopists because a variety of spectroscopic studies are dealing with electromagnetic waves
covering a wide range of frequency. In Fourier transform term e 2™ | when x represents frequency, the corresponding y is time.
This provides an alternate way to process signal in time domain instead of the conventional frequency domain. To realize this idea,
Fourier transform from time domain to frequency domain is the essential process that enable us to translate raw data to readable
spectra. In short, this mathematical technique takes the raw data and translates the raw data to the spectra typically seen. Recent
prosperity of Fourier transform in spectroscopy should also attribute to the development of efficient Fast Fourier Transform
algorithm.

Introduction

The nature of trigonometric function enables Fourier transform to convert a function from the domain of one variable to another
and reconstruct it later on. This is a robust mathematical tool to process data in different domains under different circumstances.
Taking this principal idea and applying it in spectroscopy showed many impressive results in the early stage, which in other ways
are very difficult to resolve. These benefits triggered a wide exploration of Fourier transform based methodology in a variety of
spectroscopic techniques. At the same time, Fourier transform spectroscopic instruments are developed with great efforts by
physicists and engineers. All these factors give rise to the wide use of Fourier transform spectroscopy.

In the following topics, the relevant mathematical background, the implementation of Fourier transform in spectroscopy and a brief
overview of various Fourier transform Spectrometers will be addressed in sequence.

Fourier Series

The motivation of Fourier transform arises from Fourier series, which was proposed by French mathematician and physicist Joseph
Fourier when he tried to analyze the flow and the distribution of energy in solid bodies at the turn of the 19th century. He claimed
that the temperature distribution could be described as an infinite series of sines and cosines of the form shown in equation (1):

flz)= a?OJr; <ancos%+bn sin nzac) (1)

It turns out that this combination of sines and cosines series can be used to express any periodical function. As n increases, the
series will approach to the original function more closely.

If we use Euler's Identity (equation 2), as well as the exponential representations of sine (equation 3) and cosine (equation 4) in our
Fourier Series, we will find a natural redefinition of our coefficients a,, and b,, into a single complex coefficient C_n (equation 5).

e’ =cosf+isinf (2)
cosf = %(ew +e ) 3)
sing = i (e —e ) (4)

2i

Co = 5(Ca—ibu) )

Using a bit of clever mathematics (complex conjugation, properties of odd function, rearranging summation set) we can represent
our original Fourier series in terms of a complex exponential, shown as equation (6).

f(z)= Z C,e” (6a)

n=—0oo
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2mne
o=~ (6b)

Writing the Fourier series in this exponential form helps to simplify many formulas and expressions involved in the transformation.

Fourier Transform

Then we can consider an extreme case, when L in equation (1), the summation becomes an integral as shown in equation (4)

f(a:):che"MTz:/ cne”MTzdn:/ cneiﬂ#dn (7)
—00 - -

o0 (o]

This naturally gives the Fourier transform pair of f(x) and F(y). The relationships are shown below :

)= [ i@ as (52)
f@)= [ F@era (b

In other cases, it is used to simplify the integral in the Fourier transform based on the symmetry of the function. But so far, all these
are just about mathematics. Its story with spectroscopy should start from the mathematical description of electromagnetic waves.

Mathematical description of electromagnetic waves

Maxwell-Faraday equation and Ampeére's circuital law give us electromagnetic wave equations to describe the characteristics of an
electromagnetic wave.[!! Using the linearity of Maxwell's equations in a vacuum, the solutions of the equation can be decomposed
into a superposition of sinusoids as shown below!3):

— -
E(r,t)=Eycos(2rwft— k -7+ ¢p) (9a)
— —
B(r,t) = Bycos(2mft — k -7+ ¢y) (9b)

Where t is time, f is the frequency, k=(ky,ky,k,) is the wave vector and ¢ is the phase angle.

This indicates that electromagnetic wave can be written as the sum of trigonometric functions with specific frequencies. Scientists
already discovered the fact that frequency and time is a classic Fourier transform pair in Fourier transform relationship. All the
Fourier transform pairs are connected by the Fourier transform term e 2™ Regarding this case, we can use the term to transform
between two variables in this pair, namely time and frequency. In this way, we can measure the properties of the electromagnetic
wave in both conventional frequency domain and somehow more robust time domain.

Applying Fourier Transform-Fourier Transform Spectroscopy

Fourier transform are widely involved in spectroscopy in all research areas that require high accuracy, sensitivity, and resolution.
All these spectroscopic techniques using Fourier transform are considered Fourier transform spectroscopy. By definition, Fourier
transform spectroscopy is a spectroscopic technique where interferograms are collected by measurements of the coherence of an
electromagnetic radiation source in the time-domain or space-domain, and translated into frequency domain through Fourier
transform.

Interferometer-What it is used for and how it works?

How to introduce a time-domain or space-domain variable in the spectrometer is the primary question that needed to be addressed
when we consider constructing a Fourier transform spectrometer. In the experimental set-up, a Michelson interferometer is
commonly used to solve this problem. Different from the classical Michelson interferometer with two fixed mirrors (Figure 1.a),
the interferometer used in Fourier transform spectrometer has a moving mirror at one arm (Figure 1.b).
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Figure 1. Scheme for Michelson interferometer [components: coherent light source; half-silvered beam-splitting mirror; two highly
polished reflective mirrors; detector] (a) Stationary version [two fixed mirrors] (b) Movable version [One movable mirror and one
movable mirror]

As shown in Figure 1.b, when a parallel beam of coherent light hits a half-silvered mirror, it is divided into two beams of equal
intensities by partial reflection and transmission. After being reflected back, the two beams meet at the half-silvered mirror and
recombine to produce an interference pattern, which is later detected by the detector. Manipulating the difference between these
two paths of light is the core of Michelson interferometer. If these two paths differ by a whole number of wavelengths, the resulting
constructive interference will give a strong signal at the detector. If they differ by a whole number and a half of wavelengths,
destructive interference will cancel the intensity of the signal.

Measuring Interferograms

With a Fourier transform spectrometer equipped with an interferometer, we can easily vary the parameter in time domain or spatial
domain by changing the position of the movable mirror. But how data are collected by a Fourier transform spectrometer? A quick
comparison between a conventional spectrometer and a Fourier transform Spectrometer may help to find the answer.

o Conventional spectrometer:
Monochromator is commonly used. It can block off all other wavelengths except for a certain wavelength of interest. Then

measuring the intensity of a monochromic light with that particular wavelength becomes practical. To collect the full spectrum over
a wide wavelength range, monochromator needs to vary the wavelength setting every time.

o Fourier transform spectrometer:

Rather than allowing only one wavelength to pass through the sample at a time, an interferometer can let through a beam with the
whole wavelength range at once, and measure the intensity of the total beam at that optical path difference. Then by changing the
position of the moving mirror, a different optical path difference is modified and the detector can measure another intensity of the
total beam as the second data point. If the beam is modified for each new data point by scanning the moving mirror along the axis
of the moving arm, a series of intensity versus each optical path length difference are collected.

So instead of obtaining a scan spectrum directly, raw data recorded by the detector in a Fourier transform spectrometer is less
intuitive to reveal the property of the sample. The raw data is actually the intensity of the interfering wave versus the optical path
difference (also called Interferogram). The spectrum of the sample is actually encoded into this interferogram.

Extracting the spectrum from raw data

Based on the previous discussion, it is predictable that, without further translation, the raw data collected on a Fourier transform
spectrometer will be quite difficult to read. A Fourier transform needs to be performed to decode interferogram and extract actual
spectrum I(v) from it. The following shows how to conduct a Fourier transform to decode:

The intensity collected by the detector is a function of the path length differences in the interferometer p and wavenumber o13:
I(p,v) = I(v)[1+ cos(2mup)] (9)

Thus, the total intensity measured at a certain optical path length difference (for each data point at a certain optical pathlength
difference p) is:

I(p) = /)OO I(p,v) = I(v)[1+ cos(2mup)] - dv (10)
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It shows that they have a cosine Fourier transform relationship. So by computing an inverse Fourier transform, we can resolve the
desired spectrum in terms of the measured raw data I(p) (10):

_ o 1 _
1) =4 [ (1)~ 516 =0)] cos(2rp)- dp (1)
0
An example to illustrate the raw data and the resolved spectrum is also shown in Figure 2.
Tnterferogram Single beam spectrum
Fourier transform Al
Fourerardter, i

Voltage
i
Arbitrary
=

Optical path difference (cm) (em?)

Figure 2. Fourier transform between interferogram and actual spectrum®!

The Fast Fourier Transform (FFT)

Fast Fourier Transform (FFT) is a very efficient algorithm to compute Fourier transform. It applies to Discrete Fourier Transform
(DFT) and its inverse transform. DFT is a method that decomposes a sequence of signals into a series of components with different
frequency or time intervals. This operation is useful in many fields, but in most cases computing it directly from definition is too
slow to be practical. Fast Fourier Transform algorithm can help to reduce DFT computation time by several orders of magnitude
without losing the accuracy of the result. This benefit becomes more significant when the number of the components is very large.
FFT is considered a huge improvement to make many DFT-based algorithms practical. In Fourier transform spectrometer, signals
are often collected by a series of optical or digital channels at the detector. Then FFT is of great importance to quickly achieve the
following signal processing and data extraction based on DFT method.

Combining all these steps together, we can take a look at how the data from the sample are processed. The diagram is shown in

Figure 3.

Spectrometer

1 Source 2. Interferomedar

' -
! [
.
IR

3. Sampile | | )
i
\ | a

L

' Interferogram FFT Spectrum
1 5. Computer
4 Detector @

Figure 3. Data processing in FTIR
(Figure from ThermoNiolet at mmrc.caltech.edw/FTIR/FTIRintro.pdf)

Different operating modes in Fourier Transform Spectrometer
e Continuous/Scanning FTS

Continuous Fourier transform spectroscopy refers to the scanning form of FTS, in which by step moving one mirror, the whole
range of optical path difference is measured. This is the most widely used mode in FTS, like most absorption spectra and emission
spectra obtained by FTS.

e Pulsed FTS

In some Fourier transform spectrometers, depending on the feature of the involved spectroscopic technique and purpose of
measurement, a pulsed Fourier transform technique may be applied instead of the scanning mode.
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Pulsed FTS is different from conventional continuous FTS. It is not based on the transmittance technique, which is widely used in
the absorption spectra, like FTIR. Instead, in pulse FTS, the idea is that the sample is first exposed to an energizing event, and this
pulse induces a periodic response. The frequency of this response relative to the field strength is determined by the properties of the
sample. Using Fourier transform to resolve the frequency will tell the information about the targeted analyte.

Pulse FTS is a relatively new improvement of FTS. Some examples are from pulse-Fourier Transform-Nuclear Magnetic
Resonnance (FT-NMR), pulse-Fourier Transform-Electron Paramagnetic Resonnance (FFT-EPR) and Fourier Transform-Mass
Spectrometry (FT-MS). Please refer to the following topics for more details about how they work.

e Stationary FTS

In addition to the continuous/scanning mode of FTS, a number of stationary Fourier transform spectrometers are also available to
meet special needs.

The principle of the interferometer and the analysis of its output signal is similar to the typical scanning FTS. But the signal is
collected at certain optical path length differences rather than scanning over the whole range of the path difference.

An overview of various FTS techniques

Fourier transform spectroscopy can be applied to a variety of regions of spectroscopy and it continues to grow in application and
utilization including optical spectroscopy, infrared spectroscopy (IR), nuclear magnetic resonance, electron paramagnetic resonance
spectroscopy, mass spectrometry, and magnetic resonance spectroscopic imaging (MRSI). Among them, Fourier Transform
Infrared Spectroscopy (FTIR) has been most intensively developed, which uses scanning Fourier transform to measure the mid-IR
absorption spectra. .

Nuclear Magnetic Resonance (NMR) and Electron Spin Resonance Spectroscopy (EPR) are two magnetic techniques that use pulse
Fourier transform mode. A Radio Frequency Pulse (RF Pulse) in a strong ambient magnetic field background is used as the
energizing event. This RF Pulse directs the magnetic particles at an angle to the ambient strong magnetic field, causing gyration of
the particle. Then the resulting gyrating spin induces a periodic current in the detector coil. This periodic current is recorded as the
signal. Each gyrating spin has a characteristic frequency relative to the strength of the ambient magnetic field, which is also
governed by the properties of the sample.

Fourier Transform Mass Spectrometry (MS) is also operated at pulse Fourier transform mode. Different from NMR and EPR, the
injection of the charged sample into the strong electromagnetic field of a cyclotron acts as the energizing event in MS. The injected
charged particles travel in circles under the strong electromagnetic field. The circular pathway will thus induce a current in a fixed
coil at one point in their circle. Each traveling particle exhibits a characteristic cyclotron frequency relative to the field strength,
which is determined by the masses in the sample.

? Exercise 1.5.1

Search literatures to find the advantages and the limitations of Fourier transform spectroscopic techniques.

Answer
Advantages

Firstly, Fourier transform spectrometers have a multiplex advantage (Fellgett advantage) over dispersive spectral
detection techniques for signal, but a multiplex disadvantage for noise; Moreover, measurement of a single spectrum
is faster(in the FTIR technique) because the information at all frequencies is collected simultaneously. This allows
multiple samples to be collected and averaged together also resulting in an improvement in sensitivity; In addition,
FT spectrometers are cheaper than conventional spectrometers because building of interferometers is easier than the
fabrication of a monochromator (in the FTIR technique). So most commercial IR spectrometers are built based on
FTIR techniques.

Limitations: practical frequency regions limited (FT UV-vis is not quite practical)
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Perform a Fourier transform to show how to extract spectrum, equation (11), from the raw data in equation (10).

Answer
2.Given: 1(p) = [["1(p.v) -dv = [[1G) - [1 + cos(2nvp)] - d¥
= [ 10)-av+ [ 1®)-costznp) - av
b Ll -
= f 1(v) - cos(2mv - 0) dv + J 1(¥) - cos(2mvp) - dv
0 [
17 ~ Y e _ _
:Eﬁmr(v) cos(2nv O)dv+ifm!(v} cos(2nvp) - dv

1 1>
= EJ(p =0)+ 5,[ 1(¥) - cos(2miip) -+ dv

If we look at the second term in the last equation, it is just a cosine Fourier Transform!
So by moving I(p = 0)to the other side,
we will just have this desired cosince Fourier Transform term left:

1
I 1(7) - cos(2nvp) -dv = 2 [I(p) — 3+ I(p = 0)]
Then to extract [ (#): [(¥) = f 2 [f(p) - %-!(p = l])l cos(2Zmvp) - dv
- \
=2 | 2|l(p)—=-1(p =0)| cos(Zavp) - dv
jn [ P31 J P

= 4] [f(p)-%-!{p = 0)] -cos(Znvp) - dv

? Exercise 1.5.3

Compare interferometer with monochromator (at least two aspects).

Answer
Interferometer vs. Monochromator

Interometer: a. Collect signal in time or spatial domain; b. Measure all frequencies in the incident beam at one time; c.
Determined by the interferometer, raw data from FT spectrometer is an interogram, which needs to be Fourier Transform
back to get spectrum.

Monochromator: a. Collect signal in frequency domain; b. Scan each wavelength and measure the intensity for each single
wavelength at a time; c. Determined by the feasure of monochromator, spectrum can be directly collected from the
spectrometer

? Exercise 1.5.4

What are the important components to make Fourier transform spectrometer practical? What are they used for?

Answer
Interferometer and Fast Fourier Transform Data Analyzer

Interferometer: to generate continuous optical path length difference and enable the idea to collect data in the time or spatial
domain;

Fast Fourier Transform Data Analyzer: to quickly transform the raw data (interferogram) to spectrum by using fast Fourier
transform algorithm

? Exercise 1.5.5

Based on the information introduced in this module, design any one of the Fourier transform spectrometers mentioned in the
context.

Answer
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FTIR:

IR Source Mirror

Optical Path

Mirror

Sample Compartment

A FTIR Spectrometer Layout (Figure from ThermoNiolet at mmrc.caltech.edu/FTIR/FTIRintro.pdf)

FT NMR:

A modern high resolution liquid FT-NMR instrumentation is shown:
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A schematic diagram of liquid FT-NMR[®!
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1.6: Upcoming Spectroscopy Techniques

4} Learning Objectives

e Have a brief introduction to each of the techniques to be discussed in upcoming chapters
e Understand what type of information each technique gives to help with structure determination

To "see" a molecule, we must use light having a wavelength smaller than the molecule itself (roughly 1 to 15 angstroms). Such
radiation is found in the X-ray region of the spectrum, and the field of X-ray crystallography yields remarkably detailed pictures
of molecular structures amenable to examination. The chief limiting factor here is the need for high quality crystals of the
compound being studied. The methods of X-ray crystallography are too complex to be described here; nevertheless, as automatic
instrumentation and data handling techniques improve, it will undoubtedly prove to be the procedure of choice for structure
determination. The spectroscopic techniques described below do not provide a three-dimensional picture of a molecule, but instead
yield information about certain characteristic features. A brief summary of this information follows:

e Ultraviolet-Visible Spectroscopy: Absorption of this relatively high-energy light causes electronic excitation. The easily
accessible part of this region (wavelengths of 200 to 800 nm) shows absorption only if conjugated 7 electron systems are
present.

o Infrared Spectroscopy: Absorption of this lower energy radiation causes vibrational and rotational excitation of groups of
atoms. within the molecule. Because of their characteristic absorptions, identification of functional groups is easily
accomplished.

e Nuclear Magnetic Resonance (NMR) Spectroscopy: Absorption in the low-energy radio-frequency part of the spectrum
causes excitation of nuclear spin states. NMR spectrometers are tuned to certain nuclei (e.g. 'H, 13C, %F & 3P). For a given
type of nucleus, high-resolution spectroscopy distinguishes and counts atoms in different locations in the molecule.

1.6: Upcoming Spectroscopy Techniques is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.

« Introduction to Spectroscopy by William Reusch is licensed CC BY-NC-SA 4.0.
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1.S Summary of Organic Spectroscopy

Concepts & Vocabulary
1.1: Chapter Objectives and Preview of Spectroscopy

e Modern spectroscopic techniques have reduced the time it once took for structure determination.

o Spectroscopic techniques are based on the absorption of radiation from the electromagnetic spectrum.

o The different spectroscopic techniques can give different snapshots of the molecule's structure and lending insight to properties
the molecule may have.

1.2 The Nature of Radiant Energy and Electromagnetic Radiation

o Electromagnetic radiation is composed of electrical and magnetic waves which oscillate on perpendicular planes.

¢ Electron radiation is released as photons, which are bundles of light energy that travel at the speed of light as quantized
harmonic waves.

e The amplitude is basically the height of the wave. Larger amplitude means higher energy and lower amplitude means lower
energy.

¢ Amplitude is important because it tells you the intensity or brightness of a wave in comparison with other waves.

o The different properties of the various types of electromagnetic radiation are due to differences in their wavelengths, and the
corresponding differences in their energies: shorter wavelengths correspond to higher energy.

o Longer waves have lower frequencies, and shorter waves have higher frequencies.

o The full range of electromagnetic radiation wavelengths is referred to as the electromagnetic spectrum.

o The different types of electromagnetic radiation shown in the electromagnetic spectrum consists of radio waves, microwaves,
infrared waves, visible light, ultraviolet radiation, X-rays, and gamma rays.

1.3 Introduction to Spectroscopy

e As a particle, electromagnetic radiation is represented as a photon, which transports energy.

e When a photon is absorbed, the electron can be moved up or down an energy level.

e When it moves up, it absorbs energy, when it moves down, energy is released.

¢ Since each atom has its own distinct set of energy levels, each element emits and absorbs different frequencies.

o Electromagnetic radiation is also categorized into two groups based, ionizing and non-ionizing, on the severity of the radiation.
o In spectroscopic techniques, electromagnetic radiation of a specified range of wavelengths is allowed to pass through a sample
containing a compound of interest. The sample molecules absorb energy from some of the wavelengths, and as a result jump

from a low energy ‘ground state’ to some higher energy ‘excited state’.

e Here is the key to molecular spectroscopy: a given molecule will specifically absorb only those wavelengths which have
energies that correspond to the energy difference of the transition that is occurring.

¢ By observing which wavelengths a molecule absorbs, and to what extent it absorbs them, we can gain information about the
nature of the energetic transitions that a molecule is able to undergo, and thus information about its structure.

1.4 Time-resolved vs. Frequency-resolved

e Spectroscopic measurements are typically taken in one of two domains: frequency or time.

¢ Frequency is used to represent the number of cycles occurring in a given time period.

e The frequency domain is the most familiar domain in spectroscopy.

o UV/visible, infrared, photoelectron, microwave, and X-ray spectroscopy all have applications in the frequency domain.

o The results of these spectroscopic techniques are typically given in some form of intensity versus wavelength.

o Rather than acquiring spectra by averaging data over a relatively long time range, data is acquired over discrete time intervals
or, in some cases, continuously. This may be done over one or many wavelengths.

o Time resolved spectroscopy observes the change in eigen states with respect to time.

o In order for data from time-resolved spectroscopy to be useful, the spectroscopy must be suited to the time scale of the process
of interest.

o Time resolved spectroscopy can be used to study kinetics, reactions, and lifetimes.

o Some spectroscopies yield data in both time and frequency domains. The most prominent of these techniques is time-resolved
laser spectroscopy.
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1.5 The Power of the Fourier Transform for Spectroscopists

o Fourier transform is a mathematical technique that can be used to transform a function from one real variable to another.

o Fourier transform from time domain to frequency domain is the essential process that enable us to translate raw data to readable
spectra.

o The nature of trigonometric function enables Fourier transform to convert a function from the domain of one variable to another
and reconstruct it later on.

o This is a robust mathematical tool to process data in different domains under different circumstances.

o Fourier transform are widely involved in spectroscopy in all research areas that require high accuracy, sensitivity, and
resolution.

¢ By definition, Fourier transform spectroscopy is a spectroscopic technique where interferograms are collected by measurements
of the coherence of an electromagnetic radiation source in the time-domain or space-domain, and translated into frequency
domain through Fourier transform.

o With a Fourier transform spectrometer equipped with an interferometer, we can easily vary the parameter in time domain or
spatial domain by changing the position of the movable mirror.

e An interferometer can let through a beam with the whole wavelength range at once, and measure the intensity of the total beam
at that optical path difference.

o If the beam is modified for each new data point by scanning the moving mirror along the axis of the moving arm, a series of
intensity versus each optical path length difference are collected.

o Fourier transform spectroscopy can be applied to a variety of regions of spectroscopy and it continues to grow in application
and utilization including optical spectroscopy, infrared spectroscopy (IR), nuclear magnetic resonance, electron paramagnetic
resonance spectroscopy, mass spectrometry, and magnetic resonance spectroscopic imaging (MRSI).

1.6 Upcoming Spectroscopy Techniques

o Ultra-violet spectroscopy shows absorption only if conjugated 7 electron systems are present.
o Infrared spectroscopy allows for the identification of functional groups present in a molecule.
o Nuclear magnetic resonance distinguishes and counts atoms in different locations in the molecule.

Skills to Master

o Skill 1.1 Be able to manipulate the equations to calculate frequency or energy.

o Skill 1.2 Determine which frequency or wavelength is a higher energy.

e Skill 1.3 Understand how an organic molecule interacts with electromagnetic radiation.

o Skill 1.4 Determine how an energy gap will lead to longer or shorter wavelength.

o Skill 1.5 Know why some spectrometers use frequency domain and others use time domain.

o Skill 1.6 Perform a Fourier transform to show how to extract spectrum from the raw data.

o Skill 1.7 Compare an interferometer with a monochromator.

o Skill 1.8 Know the important components to make Fourier transform spectrometer practical and what are they used for.

1.S Summary of Organic Spectroscopy is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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2.1: Chapter Objectives and Preview of Mass Spectrometry

&b Learning Objectives

After completing this chapter, you should be able to

o fulfill all of the detailed objectives listed under each individual section.
e solve fragmentation problems which may require the interpretation of mass spectrometry.
o define, and use in context, the key terms introduced in this chapter.

Every time a reaction is run, the products must be identified. Every time a new molecule is found in nature, its structure must be
determined. After reading this chapter and the following chapters, you will have an idea of what techniques are used to elucidate
structures as well as how and when to use them. The powerful techniques used for structure determination are mass spectrometry
(MS), ultraviolet spectroscopy (UV), infrared spectroscopy (IR), and nuclear magnetic spectroscopy (NMR). Want to know the size
and formula of the molecule - use mass spectrometry. Does the molecule have a conjugated pi-system? Ultraviolet spectroscopy
will help identify those. Need to determine the functional groups present, then turn to infrared spectroscopy. Looking to piece
together the framework of the molecule, then look no further then nuclear magnetic spectroscopy.

In this chapter, the focus will be on mass spectrometry. In short, mass spectrometry is a way to determine the molecular weight of a
molecule. In the process, it can give insight into the structure of the molecule by the fragment sizes formed. This chapter will begin
to introduce the techniques used to determine the structure of organic molecules, starting with mass spectrometry.

2.1: Chapter Objectives and Preview of Mass Spectrometry is shared under a not declared license and was authored, remixed, and/or curated by
Lauren Reutenauer.
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2.2: Instrumentation

&b Learning Objectives

e Understand how mass spectrometer works
e Learn about the different parts of a mass spectrometer

Principles of Mass Spectrometry

Mass spectrometry (MS) is a powerful characterization technique used for the identification of a wide variety of chemical
compounds. At its minimum, MS is merely a tool for determining the molecular weight of the chemical species in a sample.
However, with the high resolution obtainable from modern machines, it is possible to determine structural information from the
fragments. There are libraries of mass spectra have been compiled which allow rapid identification of most known compounds,
including proteins. MS relies on the ability of a compound to be ionized, so the limitations of this technique are when the
compound of interest is not readily ionized or if it decomposes upon ionization.

There are many mass spectrometers on the market, but they all have the same basic parts. There is an ionization source, where the
molecules are broken into fragments. The mass analyzer is where the ions are separated into their mass/charge ratios before moving
to the detector to be observed and counted. Collisions force the fragments to move forward. Consider if something is moving and
you subject it to a sideways force, instead of moving in a straight line, it will move in a curve - deflected out of its original path by
the sideways force. Suppose you had a cannonball traveling past you and you wanted to deflect it as it went by you. All you've got
is a jet of water from a hose-pipe that you can squirt at it. Frankly, its not going to make a lot of difference! Because the cannonball
is so heavy, it will hardly be deflected at all from its original course. But suppose instead, you tried to deflect a table tennis ball
traveling at the same speed as the cannonball using the same jet of water. Because this ball is so light, you will get a huge
deflection. The amount of deflection you will get for a given sideways force depends on the mass of the ball. If you knew the speed
of the ball and the size of the force, you could calculate the mass of the ball if you knew what sort of curved path it was deflected
through. The less the deflection, the heavier the ball. You can apply exactly the same principle to atomic sized particles.

Atoms can be deflected by magnetic fields - provided the atom is first turned into an ion. Electrically charged particles are affected
by a magnetic field although electrically neutral ones aren't.

The sequence is :

o Stage 1: Ionization: The atom is ionised by knocking one or more electrons off to give a positive ion. This is true even for
things which you would normally expect to form negative ions (chlorine, for example) or never form ions at all (argon, for
example). Mass spectrometers always work with positive ions.

o Stage 2: Acceleration: The ions are accelerated so that they all have the same kinetic energy.

o Stage 3: Deflection: The ions are then deflected by a magnetic field according to their masses. The lighter they are, the more
they are deflected. The amount of deflection also depends on the number of positive charges on the ion - in other words, on how
many electrons were knocked off in the first stage. The more the ion is charged, the more it gets deflected.

o Stage 4: Detection: The beam of ions passing through the machine is detected electrically.

A full diagram of a mass spectrometer is below.
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Let's break down the stages in more detail. In order for the ions to have free run of the machine, a vacuum is created in the
ionization chamber to avoid air molecules getting in the way. The vaporized sample passes into the ionization chamber. The
electrically heated metal coil gives off electrons which are attracted to the electron trap which is a positively charged plate.

electron rap

electrons

ionrepeller \‘

vaporised sample ——m-
positive ions

2lectrically heated

metal coil
The particles in the sample (atoms or molecules) are therefore bombarded with a stream of electrons, and some of the collisions are
energetic enough to knock one or more electrons out of the sample particles to make positive ions. Most of the positive ions formed
will carry a charge of +1 because it is much more difficult to remove further electrons from an already positive ion. These positive
ions are persuaded out into the rest of the machine by the ion repeller which is another metal plate carrying a slight positive
charge. The positive ions are repelled away from the very positive ionization chamber and pass through three slits, the final one of
which is at 0 volts. The middle slit carries some intermediate voltage. All the ions are accelerated into a finely focused beam.

final plate

intermediate plate \ at 0 volts

ipnigation champer o

ab+10000 vols v v\

ion beam

Different ions are deflected by the magnetic field by different amounts. The amount of deflection depends on:

o the mass of the ion. Lighter ions are deflected more than heavier ones.
o the charge on the ion. Ions with 2 (or more) positive charges are deflected more than ones with only 1 positive charge.

These two factors are combined into the mass/charge ratio. Mass/charge ratio is given the symbol m/z (or sometimes m/e). For
example, if an ion had a mass of 28 and a charge of 1+, its mass/charge ratio would be 28. An ion with a mass of 56 and a charge of
2+ would also have a mass/charge ratio of 28. In the diagram below, ion stream A is the most deflected - it will contain ions with
the smallest mass/charge ratio. Ion stream C is the least deflected - it contains ions with the greatest mass/charge ratio.

eleciromagnet

mixed —m wee-voan,
ion sirsarm i

ion stream C

ion strearm & “ion strearn B

It makes it simpler to talk about this if we assume that the charge on all the ions is 1+. Most of the ions passing through the mass
spectrometer will have a charge of 1+, so that the mass/charge ratio will be the same as the mass of the ion. Assuming 1+ ions,
stream A has the lightest ions, stream B the next lightest and stream C the heaviest. Lighter ions are going to be more deflected
than heavy ones.

Only ion stream B makes it right through the machine to the ion detector. The other ions collide with the walls where they will pick
up electrons and be neutralized. Eventually, they get removed from the mass spectrometer by the vacuum pump.

For those ions that make it to the detector, the ion hits the metal box and its charge is neutralized by an electron jumping from the
metal on to the ion (diagram below). That leaves a space amongst the electrons in the metal, and the electrons in the wire shuffle
along to fill it. A flow of electrons in the wire is detected as an electric current which can be amplified and recorded. The more ions
arriving, the greater the current.
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How might the other ions be detected - those in streams A and C which have been lost in the machine?

Remember that stream A was most deflected - it has the smallest value of m/z (the lightest ions if the charge is 1+). To bring them
on to the detector, you would need to deflect them less - by using a smaller magnetic field (a smaller sideways force). To bring
those with a larger m/z value (the heavier ions if the charge is +1) on to the detector you would have to deflect them more by using
a larger magnetic field. If you vary the magnetic field, you can bring each ion stream in turn on to the detector to produce a current
which is proportional to the number of ions arriving. The mass of each ion being detected is related to the size of the magnetic field
used to bring it on to the detector. The machine can be calibrated to record current (which is a measure of the number of ions)
against m/z directly. The mass is measured on the '%C scale.

The output from the chart recorder is usually simplified into a "stick diagram". This shows the relative current produced by ions of
varying mass/charge ratio. The stick diagram for molybdenum looks like this:

relative
abundance

You may find diagrams in which the vertical axis is labeled as either "relative abundance" or "relative intensity". Whichever is
used, it means the same thing. The vertical scale is related to the current received by the chart recorder - and so to the number of
ions arriving at the detector: the greater the current, the more abundant the ion.

As you will see from the diagram, the commonest ion has a mass/charge ratio of 98. Other ions have mass/charge ratios of 92, 94,
95, 96, 97 and 100. That means that molybdenum consists of 7 different isotopes. Assuming that the ions all have a charge of 1+,
that means that the masses of the 7 isotopes on the carbon-12 scale are 92, 94, 95, 96, 97, 98 and 100.

Coupling Mass Spectrometry to Other Instruments

Mass spectrometry is a powerful tool for identification of compounds, and is frequently combined with separation techniques such
as liquid or gas chromatography for rapid identification of the compounds within a mixture. Typically, liquid chromatography
systems are paired with ESI-quadrupole mass spectrometers to take advantage of the solvated sample. GC-MS systems usually
employ electron impact ionization and quadrupole or ion trap mass analyzers to take advantage of the gas-phase molecules and
fragmentation libraries associated with EI for rapid identification.

Mass spectrometers are also often coupled in tandem to form MS-MS systems. Typically the first spectrometer utilizes a hard
ionization technique to fragment the sample. The fragments are passed on to a second mass analyzer where they may be further
fragmented and analyzed. This technique is particularly important for studying large, complex molecules such as proteins.

? Exercise 2.2.1
Does a mass spectrum show the results from just one molecule?

Answer

A mass spectrum does not show the results from one molecule, but from millions of molecules. Because it is displaying
results for a population of molecules, more than one mass is shown
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Where would you expect to find the molecular weight of the molecule?

Answer

A mass spectrum is a bar graph showing the weights of entire molecules as well as smaller pieces of molecules. The entire
molecule must have the largest mass, the one farthest to the right, because if a molecule falls into pieces the pieces would
be smaller than the whole.

Contributors and Attributions
e Jim Clark (Chemguide.co.uk)

This page titled 2.2: Instrumentation is shared under a CC BY-NC 4.0 license and was authored, remixed, and/or curated by Lauren Reutenauer.
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2.3: lonization Techniques

&b Learning Objectives

o Learn about different ionization techniques
e Explain common ionization methods

A small amount of sample is injected into the mass spectrometer, which is vaporized upon entering. It is then bombarded with a
stream of high-energy electrons. When the molecule of interest is struck by this high-energy electron beam, a valence electron is
knocked out and the molecule becomes a positive ion. It has become ionized. There are a variety of ways for the instrument to
ionize the molecule, which will be discussed here.

Electron Impact (El)

In electron impact ionization, a vaporized sample is passed through a beam of electrons. The high energy (typically 70 eV) beam
strips electrons from the sample molecules leaving a positively charged radical species. The molecular ion is typically unstable and
undergoes decomposition or rearrangement to produce fragment ions. Because of this, electron impact is classified as a “hard”
ionization technique. One of the main limitations of EI is that the sample must be volatile and thermally stable.

Chemical lonization (CI)

In chemical ionization, the sample is introduced to a chamber filled with excess reagent gas (such as methane). The reagent gas is
ionized by electrons, forming a plasma with species such as CHg*, which react with the sample to form the pseudomolecular ion
[M+H]*. Because CI does not involve radical reactions, fragmentation of the sample is generally much lower than that of EI. CI
can also be operated in negative mode (to generate anions) by using different reagent gases. For example, a mixture of CH, and
NO, will generate hydroxide ions, which can abstract protons to yield the [M-H] species. A related technique, atmospheric
pressure chemical ionization (APCI) delivers the sample as a neutral spray, which is then ionized by corona discharge, producing
ions in a similar manner as described above. APCI is particularly suited for low molecular weight, nonpolar species that cannot be
easily analyzed by other common techniques such as ESI.

Field lonization/Desorption

Field ionization and desorption are two closely related techniques which use quantum tunneling of electrons to generate ions.
Typically, a highly positive potential is applied to an electrode with a sharp point, resulting in a high potential gradient at the tip
(see figure below). As the sample reaches this field, electron tunneling occurs to generate the cation, which is repelled into the mass
analyzer. Field ionization utilizes gaseous samples whereas in field desorption the sample is adsorbed directly onto the electrode.
Both of these techniques are sofft, resulting in low energy ions which do not easily fragment.

Schematic of field ionization.

Electrospray lonization (ESI)

Electrospray ionization mass spectrometry is a desorption ionization method. Desorption ionization methods can be performed on
solid or liquid samples, and allows for the sample to be nonvolatile or thermally unstable. Electrospray ionization is a soft
ionization technique that is typically used to determine the molecular weights of proteins, peptides, and other biological
macromolecules. Soft ionization is a useful technique when considering biological molecules of large molecular mass, such as the
aformetioned, because this process does not fragment the macromolecules into smaller charged particles, rather it turns the
macromolecule being ionized into small droplets. These droplets will then be further desolvated into even smaller droplets, which
creates molecules with attached protons. These protonated and desolvated molecular ions will then be passed through the mass
analyzer to the detector, and the mass of the sample can be determined. As the droplets shrink due to evaporation, the charge
density increases until a coulombic explosion occurs, producing daughter droplets that repeat the process until individualized
sample ions are generated (see figure below). One of the limitations of is the requirement that the sample be soluble. ESI is best
applied to charged, polar, or basic compounds.
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Schematic of electrospray ionization.

Matrix Assisted Laser Desorption lonization (MALDI)

Laser desorption ionization generates ions by ablation from a surface using a pulsed laser. This technique is greatly improved by
the addition of a matrix co-crystallized with the sample. As the sample is irradiated, a plume of desorbed molecules is generated. It
is believed that ionization occurs in this plume due to a variety of chemical and physical interactions between the sample and the
matrix (see figure below). One of the major advantages of MALDI is that it produces singly charged ions almost exclusively and
can be used to volatilize extremely high molecular weight species such as polymers and proteins. A related technique, desorption
ionization on silicon (DIOS) also uses laser desorption, but the sample is immobilized on a porous silicon surface with no matrix.
This allows the study of low molecular weight compounds which may be obscured by matrix peaks in conventional MALDI.

Schematic of matrix assisted laser desorption ionization.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

A plasma torch generated by electromagnetic induction is used to ionize samples. Because the effective temperature of the plasma
is about 10,000 °C, samples are broken down to ions of their constituent elements. Thus, all chemical information is lost, and the
technique is best suited for elemental analysis. ICP-MS is typically used for analysis of trace elements.

Fast Atom Bombardment (FAB) and Secondary lon Mass Spectrometry (SIMS)

Both of these techniques involve sputtering a sample to generate individualized ions; FAB utilizes a stream of inert gas atoms
(argon or xenon) whereas SIMS uses ions such as Cs*. Ionization occurs by charge transfer between the ions and the sample or by
protonation from the matrix material (Figure 2.3.4). Both solid and liquid samples may be analyzed. A unique aspect of these
techniques for analysis of solids is the ability to do depth profiling because of the destructive nature of the ionization technique.

Schematic of fast atom bombardment ionization.

Choosing an lonization Technique

Depending on the information desired from mass spectrometry analysis, different ionization techniques may be desired. For
example, a hard ionization method such as electron impact may be used for a complex molecule in order to determine the
component parts by fragmentation. On the other hand, a high molecular weight sample of polymer or protein may require an
ionization method such as MALDI in order to be volatilized. Often, samples may be easily analyzed using multiple ionization
methods, and the choice is simplified to choosing the most convenient method. For example, electrospray ionization may be easily
coupled to liquid chromatography systems, as no additional sample preparation is required. Table 2.3.1 provides a quick guide to
ionization techniques typically applied to various types of samples.

Table 2.3.1 Strengths of various ionization techniques

Information Desired Ionization Technique
Elemental analysis Inductively coupled plasma
Depth profiling Fast atom bombardment/secondary ion mass spectroscopy

Chemical speciation/component analysis (fragmentation desired)  Electron impact

Molecular species identification of compounds soluble in Lo
Electrospray ionization
common solvents

Molecular species identification of hydrocarbon compounds Field ionization

Molecular species identification of high molecular weight . . .
Matrix assisted laser desorption ionization
compounds

Molecular species identification of halogen containing compounds Chemical ionization (negative mode)
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2.4 Mass Analyzers

&b Learning Objectives

o Describe the function of common mass analyzers

Mass spectrometry is an analytic method that employs ionization and mass analysis of compounds to determine the mass, formula
and structure of the compound being analyzed. A mass analyzer is the component of the mass spectrometer that takes ionized
masses and separates them based on charge to mass ratios and outputs them to the detector where they are detected and later
converted to a digital output. There are six general types of mass analyzers that can be used for the separation of ions in a mass
spectrometry.

Quadrupole Mass Analyzer

Tons are passed through four parallel rods which apply a varying voltage and radiofrequency (RF) potential (figure below). As the
field changes, ions respond by undergoing complex trajectories. Depending on the applied voltage and RF frequencies, only ions of
a certain m/z ratio will have stable trajectories and pass through the analyzer. If their course goes off too far they will hit the metal
rods or the sides of the container and be absorbed. A great deal of selectivity to molecules charge to mass ratio can be obtained
because the rods bias can be tuned to specific charge to mass ratios hitting the detector. Quadrupole analyzers are relatively
inexpensive, but have limited resolution and low mass range.

Resonant (detected) ion

Non-resonant
(filtered out) ion

A quadrupole

TOF (Time of Flight) Mass Analyzer

The amount of time required for an ion to travel a known distance is measured. A pulse of ions is accelerated through and electric
analyzer such that they have identical kinetic energies. As a result, their velocity is directly dependent on their mass. Extremely
high vacuum conditions are required to extend the mean free path of ions and avoid collisions. TOF mass analyzers are fastest,
have unlimited mass ranges, and allow simultaneous detection of all species, but are best coupled with pulsed ionization sources.
TOF Analyzers separate ions by time without the use of an electric or magnetic field. In a crude sense, TOF is similar to
chromatography, except there is no stationary/ mobile phase, instead the separation is based on the kinetic energy and velocity of
the ions.
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As time evolves, the ions (formed at the source) are separated.

Tons of the same charges have equal kinetic energies; kinetic energy of the ion in the flight tube is equal to the kinetic energy of the
ion as it leaves the ion source.

Unfortunately, at higher masses, resolution is difficult because flight time is longer. Also at high masses, not all of the ions of the
same m/z values reach their ideal TOF velocities. To fix this problem, often a reflectron is added to the analyzer. The reflectron
consists of a series of ring electrodes of very high voltage placed at the end of the flight tube. When an ion travels into the
reflectron, it is reflected in the opposite direction due to the high voltage. The reflectron increases resolution by narrowing the
broadband range of flight times for a single m/z value. Faster ions travel further into the reflectrons, and slower ions travel less into
the reflector. This way both slow and fast ions, of the same m/z value, reach the detector at the same time rather then at different
times, narrowing the bandwidth for the output signal.
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(top) A reflection. from Wikipedia. (bottom) A photo of a reflectron. An ion mirror attached to a flight tube of the reflectron.
Voltages applied to a stack of metal plates create the electric field reflecting the ions back to the flight tube. In this particular
design, gaps between the mirror electrodes are too large. This can lead to a distortion of the field inside the mirror caused by a
proximity of metal surface of the enveloping vacuum tube. from Wikipedia.

Magnetic Sector Mass Analyzer

Similar to time of flight (TOF) analyzer mentioned earlier, in magnetic sector analyzers ions are accelerated through a flight tube,
where the ions are separated by charge to mass ratios. The difference between magnetic sector and TOF is that a magnetic field is
used to separate the ions. As moving charges enter a magnetic field, the charge is deflected to a circular motion of a unique radius
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in a direction perpendicular to the applied magnetic field. Tons in the magnetic field experience two equal forces; force due to the
magnetic field and centripetal force.

Deflected ions, varyin
Magnet radii v

ion bearn

A magnetic sector separator.

Basically the ions of a certain m/z value will have a unique path radius which can be determined if both magnetic field magnitude,
and voltage difference for region of acceleration are held constant. When similar ions pass through the magnetic field, they all will
be deflected to the same degree and will all follow the same trajectory path. Those ions which are not selected by voltage and
magnetic field values, will collide with either side of the flight tube wall or will not pass through the slit to the detector. Magnetic
sector analyzers are used for mass focusing, they focus angular dispersions.

Electrostatic Sector Mass Analyzer

Again, this is similar to time of flight analyzer in that it separates the ions while in flight, but it separates using an electric field.
Electrostatic sector analyzer consists of two curved plates of equal and opposite potential. As the ion travels through the electric
field, it is deflected and the force on the ion due to the electric field is equal to the centripetal force on the ion. Here the ions of the
same kinetic energy are focused, and ions of different kinetic energies are dispersed.

Electrostatic sector analyzers are energy focusers, where an ion beam is focused for energy. Electrostatic and magnetic sector
analyzers when employed individually are single focusing instruments. However when both techniques are used together, it is
called a double focusing instrument, because in this instrument both the energies and the angular dispersions are focused.

Quadrupole lon Trap Mass Analyzers

This analyzer employs similar principles as the quadrupole analyzer mentioned above, it uses an electric field for the separation of
the ions by mass to charge ratios. The analyzer is made with a ring electrode of a specific voltage and grounded end cap electrodes.
The ions enter the area between the electrodes through one of the end caps. After entry, the electric field in the cavity due to the
electrodes causes the ions of certain m/z values to orbit in the space. As the radio frequency voltage increases, heavier mass ion
orbits become more stabilized and the light mass ions become less stabilized, causing them to collide with the wall, and eliminating
the possibility of traveling to and being detected by the detector.

®

Scheme of a Quadrupole ion trap of classical setup with a particle of positive charge (dark red), surrounded by a cloud of similarly
charged particles (light red). The electric field E (blue) is generated by a quadrupole of endcaps (a, positive) and a ring electrode
(b). Picture 1 and 2 show two states during an AC cycle. (CC BY 2.5; Arian Kriesch Akriesch via Wikipedia).
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Ton traps are uniquely suited for repeated cycles of mass spectrometry because of their ability to retain ions of desired m/z ratios.
Selected fragments can be further fragmented by collision induced dissociation with helium gas. Ton traps are compact, relatively
inexpensive, and can be adapted to many hybrid instruments.

lon Cyclotron Resonance (ICR)

ICR is an ion trap that uses a magnetic field in order to trap ions into an orbit inside of it. In this analyzer there is no separation that
occurs rather all the ions of a particular range are trapped inside, and an applied external electric field helps to generate a signal. As
mentioned earlier, when a moving charge enters a magnetic field, it experiences a centripetal force making the ion orbit. Again the
force on the ion due to the magnetic field is equal to the centripetal force on the ion.

Frequency of the orbit depends on the charge and mass of the ions, not the velocity. If the magnetic field is held constant, the
charge to mass ratio of each ion can be determined by measuring the angular velocity. The relationship is that, at high angular
velocity, there is low m/z value, and at low angular velocity, there is a high m/z value. Charges of opposite signs have the same
angular velocity, the only difference is that they orbit in the opposite direction.

R e receiver plates

Transmitter
Flates

Figure 2.3.4.62.3.4.6: An ICR trap.

How are ions separated?

Answer

By accelerating them through magnetic and electric fields.
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2.5: Applications of Mass Spectrometry

&) Learning Objectives

e Learn how mass spectrometry is applied in real-world applications
e Understand what mass spectrometry's use is in science

Mass spectrometry is applicable across diverse fields with specific applications including, but not limited to drug testing and
discovery, food contamination detection, pesticide residue analysis, isotope ratio determination, protein identification, and carbon
dating. One of the new ways that clinical mass spectrometry is being used is to quantitatively detect small amounts of proteins,
biomarkers, or drug molecules, with very low concentrations. Some drugs have been given to patients in microdoses and with the
ability to use small samples with low concentrations, it allows researchers to determine pharmacokinetic profiles of drugs that have
been given. The reason for this is that it protects the patient from possible adverse effects of the drug while allowing scientists to
determine what happens to the drug in the body. This will be especially helpful with pediatric patients. Below is a summary of a
study detecting quinolones in animal food using mass spectrometry.

Application of LC/ESI-QTOF-MS in the Detection of Quinolones in Edible Animal Food

Quinolones are a family of common antibacterial veterinary medicine which can inhibit DNA-gyrase in bacterial cells. However,
the residues of quinolone in edible animal products may be directly toxic or cause resistant pathogens in humans. Therefore,
sensitive methods are required to monitor such residues possibly present in different animal-producing food, such as eggs, chicken,
milk and fish. The molecular structures of eight quinolones, ciprofloxacin (CIP), anofloxacin methanesulphonate (DAN),
enrofloxacin (ENR), difloxacin (DIF), sarafloxacin (SARA), oxolinic, acid (OXO), flumequine (FLU), ofloxacin (OFL), are shown
in Figure 2.5.1.

Figure 2.5.1 The molecular structure of eight quinolones. Adapted from M. M. Zheng, G. D. Ruan, and Y. Q. Feng, J. Chromatogr.

A, 2009, 1216, 7510.
LC-MS is a common detection approach in the field of food safety. But because of the complex matrix of the samples, it is always
difficult to detect those target molecules of low concentration by using single quadrupole MS. The following gives an example of
the application of LC/ESI-QTOF-MS.

Using a quaternary pump system, a Q-TOF-MS system, a C18 column (250 mm x 2.0 mm I.D., 5 pm) with a flow rate of 0.2
mL/min, and a mixture of solvents as the mobile phase comprising of 0.3% formic acid solution and acetonitrile. The gradient
phofile for mobile phase is shown in Table 2.5.1. Since at acidic pH condition, the quinolones carried a positive charge, all mass
spectra were acquired in the positive ion mode and summarizing 30,000 single spectra in the mass range of 100-500 Da.

Table 2.5.1 The gradient phofile for mobile phase

Time (min) Volume % of Formic Acid Solution Volume % of Acetonitrile
0 80 20
12 65 35
15 20 80
20 15 85
30 15 85
30.01 80 20

The optimal ionization source working parameters were as follows: capillary voltage 4.5 kV; ion energy of quadrupole 5 eV/z; dry
temperature 200 °C; nebulizer 1.2 bar; dry gas 6.0 L/min. During the experiments, HCO,Na (62 Da) was used to externally
calibrate the instrument. Because of the high mass accuracy of the TOF mass spectrometer, it can extremely reduce the matrix
effects. Three different chromatographs are shown in Figure 2.5.2. The top one is the total ion chromatograph at the window range
of 400 Da. It’s impossible to distinguish the target molecules in this chromatograph. The middle one is at one Da resolution, which
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is the resolution of single quadrupole mass spectrometer. In this chromatograph, some of the molecules can be identified. But noise
intensity is still very high and there are several peaks of impurities with similar mass-to-charge ratios in the chromatograph. The
bottom one is at 0.01 Da resolution. It clearly shows the peaks of eight quinolones with very high signal to noise ratio. In other
words, due to the fast acquisition rates and high mass accuracy, LC/TOF-MS can significantly reduce the matrix effects.

Figure 2.5.2 Different chromatographs of 4 ng/g eight quinolones spiked in fish samples at different mass resolutions. Peaks: 1 =

OFL; 2 = CIP; 3 =DAN; 4 = ENR; 5 = SARA; 6 = DIF; 7 =0XO; 8 = FLU. Adapted from M. M. Zheng, G. D. Ruan, and Y. Q.

Feng, J. Chromatogr. A, 2009, 1216, 7510.
The quadrupole MS can be used to further confirm the target molecules. Figure 2.5.3 shows the chromatograms obtained in the
confirmation of CIP (17.1 ng/g) in a positive milk sample and ENR (7.5 ng/g) in a positive fish sample. The chromatographs of
parent ions are shown on the left side. On the right side, they are the characteristic daughter ion mass spectra of CIP and ENR.

Figure 2.5.3 Chromatograms obtained in the confirmation of CIP (17.1 ng/g) in positive milk sample and ENR (7.5 ng/g) in
positive fish sample. Adapted from M. M. Zheng, G. D. Ruan, and Y. Q. Feng, J. Chromatogr. A, 2009, 1216, 7510.

This page titled 2.5: Applications of Mass Spectrometry is shared under a CC BY license and was authored, remixed, and/or curated by Lauren
Reutenauer (OpenStax CNX) .
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2.6: Interpretation of Mass Spectra

&b Learning Objectives

o understand how to determine molecular weight.
e interpret mass spectra.

The first piece of information mass spectra can get is the molecular weight of a molecule. In a mass spectrum of a compound, the x
axis is the m/z values and the y axis represents the intensity or relative abundance of a given m/z. In addition, there are a number
of other lines at a variety of values of m/z; these correspond to the masses of smaller pieces of those that fall apart during the
experiment as well as the unfragmented cation. For these smaller pieces, the more stable an ion is, the more likely it is to form. The
more of a particular sort of ion that's formed, the higher its peak height will be. The tallest peak is called the base peak and is
assigned 100% intensity. The peak that represents the unfragmented cation radical is called the parent peak or molecular ion (M").
The parent peak is how you determine the molecular weight of a molecule. Often, the molecular ion peak is not the same as the
base peak. Usually, whole numbers are used for the molecular weights in mass spectrometry. The atomic masses in the periodic
table are average masses including different isotopes and because mass spectrometry examines individual molecules, whole
numbers are used. Complications can arise with determining the molecular ion peak because it is not always abundant, especially
when molecules fragment easily. This is where the soft ionization techniques come into play.

? Exercise 2.6.1

Which mass spectrum corresponds to hexane, 1-hexene, and 1-hexyne.

(A)
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56.000

86.000

Answer

weight is of each molecule.
(A) 1-hexyne

(B) 1-hexene

(C) hexane

T T
80 85 miz

Each molecule has a different molecular weight. Hexane MW = 86; 1-hexene MW = 84, and 1-hexyne MW = 82

To determine which molecule belongs to which look for the molecular ion peak, which will indicate what the molecular

Another piece to note is that if you look closely at the mass spectrum of C in exercise 1 above, you will notice a little peak at m/z =
87. This is referred to as the M+1 peak (one greater than the molecular ion), and it arises because of '3C. This compound is
referred to as an isotopomer; that means the same compound with a different isotope. The chance that a molecule in a sample
contains a 13C atom is related to the number of carbons present. If there is just one carbon atom in the molecule, it has a 1% chance
of being a 13C. That means the M+1 peak would be only 1/100th as tall as M+, the peak for the molecular ion.
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Let's have another look at the mass spectrum for pentane:

simplified mass spectrum of pentane - CH3CH2CH2CHaCH3

a4
relative
abundance

What causes the line at m/z = 57?

Solution
How many carbon atoms are there in this ion? There can't be 5 because 5 x 12 = 60. What about 4? 4 x 12 = 48. That leaves 9
to make up a total of 57. How about C4Hg" then?

C4Hg" would be [CH3CH,CH,CH,]", and this would be produced by the following fragmentation:

[CH3CHaCHaCHaCHgld  ———m  [CH3CHaCH2CHo)t + #CH3

The methyl radical produced will simply get lost in the machine.

The line at m/z = 43 can be worked out similarly. If you play around with the numbers, you will find that this corresponds to a
break producing a 3-carbon ion:

[CH3CH2CH2CH2CH3lE  ———m=  [CH3CH2CHz*  + «CH2CH3

The line at m/z = 29 is typical of an ethyl ion, [CH3CH,]*:

[CH3CH2CH2CH2CH3lE  ————m  [CH3CHz]*  + *CHaCHaCHs

The other lines in the mass spectrum are more difficult to explain. For example, lines with m/z values 1 or 2 less than one of
the easy lines are often due to loss of one or more hydrogen atoms during the fragmentation process.

What happens when the molecular weight is the same for the compounds? The fragmentation pattern should be different for the
molecules. While knowing the molecular weight is invaluable, mass spectrometry can lend a hand in structure determination. The
mass spectrum of a particular compound acts as a "fingerprint," since each compound will fragment in its own unique way (just
like a person's fingerprint). In the next section, the fragmentation of functional groups will be discussed.

? Exercise 2.6.2

The male sex hormone testosterone contains C, H, and O. It has a mass of 288.2089 amu as determined by mass spectrometry.
What is the likely molecular formula for testoterone?

Answer

C19H2802

2.6: Interpretation of Mass Spectra is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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2.7 Mass Spectrometry of Some Common Functional Groups

&b Learning Objectives

e Learn common fragmentation patterns for functional groups
o Interpret the fragmentations of mass spectra

Some fragment ions are very common in mass spectrometry. These ions are seen frequently for either of two reasons:

o there is not a pathway available to break the ion down.
o the ion is relatively stable, so it forms easily.

There are a number of ions commonly seen in mass spectrometry that tell you a little bit about the structure. Just like with anions,
there are a couple of common factors influence cation stability:

o Electronegativity plays a role. More electronegative atoms are less likely to be cations.

o Polarizability also plays a role. More polarizable atoms are more likely to be cations.

o Delocalization stabilizes a cation by spreading out the charge onto two or more different atoms. Resonance is a common way to
delocalize charge.

Alcohols

When alcohols are subjected to ionization, two fragmentation pathways can occur - alpha cleavage and dehydration. Alpha
cleavage occurs by a C-C bond nearest the hydroxyl group being broken. This yields a neutral radical plus a resonance stabilized,
oxygen-containing cation. As an example let's look at the mass spectrum of 2-pentanol below.

45 000

55.000
43.000

41.000
29000 39000

T T T T T T T T T T O T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 miz

73.000

27.000

The parent peak is m/z = 88. The base peak is m/z = 45, which correlates to a fragmentation that occurs with an alpha cleavage.
This fragment is the piece due to the resonance stabilized oxygen-containing cation, which is shown in the pathway below.
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OH OH

i

%H
In dehydration, water is eliminated. This leaves an alkene radical cation that is 18 units less than the molecular ion peak. Using our
example of 2-pentanol, this would lead to a peak at m/z = 70 and there is.

Amines

A general principle when nitrogen is part of a molecule is that if there is an odd number of nitrogens, then the molecular weight
will be an odd number. This is also known as the nitrogen rule and stems from the fact that nitrogen is a trivalent atom. It also goes
that if the molecule contains an even molecular weight, then there will be zero or two nitrogen atoms.

As with alcohols, primary amines undergo a characteristic alpha cleavage. As an example, the mass spectrum of 2-aminopentane is
below.
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Source: SDBSWeb : https://sdbs.db.aist.go.jp/sdbs/cgi-..._frame_top.cgi (National Institute of Advanced Industrial Science and
Technology of Japan) [Accessed August 16, 2022]

The parent peak is very small, but is at m/z = 87. The base peak (m/z = 44) is due to an alpha cleavage and forming a fragment of a
resonance stabilized nitrogen-containing cation (see pathway below).

NH, NH,

alpha cleavage
)\/\ . )@ N

i

Halides

Halides have isotopes that give distinct appearances in a mass spectrum. Chlorine has two isotopes 3°C and 3’C with a 3:1 ratio
(roughly). This ratio shows up in the mass spectrum for a chlorine-containing compound. Below is the mass spectrum of 2-chloro-
2-methylpropane.
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Looking at the molecular ion peak (m/z = 77 peak), there is another peak at m/z= 79. The peak at 79 is called the M + 2 peak. The
ratio of the relative abundance/intensity of the M:M + 2 is about 3:1, which reflecting the isotopic abundance of 3°>C:%C.

With bromine, the isotopic distribution of 7?Br and 'Br is more like 50:50. Again, the ratio of the relative abundance/intensity of
the M:M + 2 is about 50:50. In the example below, the mass spectrum of 1-bromohexane is shown.
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Source: SDBSWeb : https://sdbs.db.aist.go.jp/sdbs/cgi-..._frame_top.cgi (National Institute of Advanced Industrial Science and
Technology of Japan) [Accessed August 16, 2022]

The roughly 50:50 distribution can be seen in the parent peak and M + 2 (m/z = 164 and 165). It is again showing up at the peaks
m/z = 135 and 137. The two peaks in each are nearly the same height. In the fragments that contain the bromine, this ratio will be
reflected.

Carbonyl Compounds

The McLafferty rearrangement is a common cleavage that occurs in carbonyl compounds that have a hydrogen three atoms away
from carbonyl group. This rearragnement yields a carbonyl-containing radical cation via -cleavage to produce an enol cation and
an alkene. This fragmentation is shown below.
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In the mass spectrum of 2-hexanone (below), the m/z peak = 59 represents the enol cation that would form from the McLafferty
rearrangement.
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Source: SDBSWeb : https://sdbs.db.aist.go.jp/sdbs/cgi-..._frame_top.cgi (National Institute of Advanced Industrial Science and
Technology of Japan) [Accessed August 16, 2022]

The carbonyl compounds can also undergo alpha cleavage as was seen with the alcohol and primary amines. The alpha cleavage
occurs between the carbonyl carbon and the neighboring carbon yielding an acylium ion and a neutral radical (see below).

(o}

i
alpha cleavage ||®
)j\/\/ —_— N

:

o
e

The acylium ion has an m/z =43. This fragment shows up at m/z = 43. This cleavage can also be seen as the loss of the acylium ion
from the parent ion (100-43 = 57). There is a m/z peak at 57 to represent this loss.

v/ Example 1

The mass spectrum of 2-methyl-3-penatonol is shown below.
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What fragments can you identify?

Solution

First, you want to look up the draw or look up the structure. 2-methyl-3-pentanol: OH

Next, calculate the mass of the molecular ion and identify the functional groups in the molecule. M+1 = 102 and there is an
alcohol present.

Then write down the fragmentation patterns you may expect and calculate the masses for those peaks and compare it to the
mass spectrum. With an alcohol, there are two pathways for fragmentation - alpha cleavage and dehydration. From the alpha
cleavage, one would expect two peaks m/z = 73 and 59. From dehydration, one would expect an m/z of 84. The dehydration
fragment peak is not observed, but both the fragments from the alpha cleavage are observed.

What are the masses of the charged fragments produced in the following cleavage pathways?
a. alpha cleavage of triethylamine

b. McLafferty rearrangment of 4-methyl-2-pentanone

Answer
a. m/z = 86
b. m/z = 58

Nicotine is a diamino compound with two rings and a molecular ion peak of 162.1157. Remembering the nitrogen rule, give
the molecular formula for nicotine and calculate the number of double bonds.

Answer

CioH14N;
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2.7 Mass Spectrometry of Some Common Functional Groups is shared under a not declared license and was authored, remixed, and/or curated by
Lauren Reutenauer.
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2.8: Mass Spectrometry Problems

4b Learning Objectives

° Interpret mass spectra

? Exercise 2.8.1

The following figure shows the mass spectrum of a saturated hydrocarbon (containing only carbon and hydrogen with only
single bonds between carbons, not double bonds).
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1. Draw five different structures that would have the molecular weight of this compound.
2. Choose three smaller m/z values from the spectrum and draw one structure for each of them. Note that these fragments will
not have complete Lewis structures.

Answer

1. Molecular Weight = 114, which cooresponds to a CgH1g hydrocarbon. There is the possibility of 18 isomers, but here are
a few isomers:
P O /\)\/\

®
2. m/z = 57; [CHyCH,CH,CH, "~
)
m/z = 43; [CHyCH,CH,]*
+ \@

m/z = 29; [CH3CH>]

https://chem.libretexts.org/@go/page/432166


https://libretexts.org/
https://chem.libretexts.org/@go/page/432166?pdf
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Introduction_to_Organic_Spectroscopy/02%3A_Mass_Spectrometry/2.08%3A_Mass_Spectrometry_Problems

LibreTextsw

Caffeine has a mass of 194.19 amu, determined by mass spectrometry, and contains C, N, H, O. What is a molecular formula
for this molecule?

Answer
CgH10N4O2
C=12x8=96
N =14 x4=56
H=1x10=10
0=2x16=32

96+56+10+32 = 194 g/mol

? Exercise 2.8.3

The following are the spectra for 2-methyl-2-hexene and 2-heptene, which spectra belongs to the correct molecule. Explain.
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Source: SDBSWeb : http://sdbs.db.aist.go.jp (National Institute of Advanced Industrial Science and Technology, 2 December
2016)

Answer

The (A) spectrum is 2-methyl-2-hexene and the (B) spectrum is 2-heptene. Looking at (A) the peak at 68 m/z is the
fractioned molecule with just the tri-substituted alkene present. While (B) has a strong peak around the 56 m/z, which in
this case is the di-substituted alkene left behind from the linear heptene.

? Exercise 2.8.4

What are the masses of all the components in the following fragmentations?
o
)l\/\/
O—OH —_—
o]
J N —

Answer

The first undergoes an alpha cleavage. The second undergoes a dehydration. The final one goes througha McLafferty
rearrangement.

j\/\/_’j@ N

43.02 m/z 57.070 m/z

O—OH — @ H,0

68.06 m/z 18.01 m/z
o
OH
/J\ ”\/

58.04 m/z 46.06 m/z
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5-Chloro-2-pentanone has the mass spectrum shown. Which peak represents the M*? Which is the base peak? Why is there a
peak at 122? Explain what the fragment for the base peak would be.
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Source: SDBSWeb : https:/sdbs.db.aist.go.jp/sdbs/cgi-bin/cre_frame_disp.cgi?sdbsno=10178 (National Institute of Advanced
Industrial Science and Technology, 16 August 2022)

Answer
M+ =120
base peak = 43
The m/z peak at 122 is the M + 2 peak. It occurs because chlorine has two isotopes >>C and %’C in a 3:1 ratio.

The m/z = 43 occurs due to the alpha cleavage. The acylium ion has an m/z of 43. This fragment is particularly stable due
to resonance.

o

(o}

)W alpha cleavage II@ ./\/
(0}

2.8: Mass Spectrometry Problems is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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2.S Summary of Mass Spectrometry

Concepts & Vocabulary
2.1: Chapter Objectives and Preview of Mass Spectrometry
e Mass spectrometry is a way to determine the molecular weight of a structure to begin structure elucidation.

2.2 Instrumentation

e Mass spectrometry breaks apart molecules to detect fragments based on a mass to charge ratio.

o The particles in the sample (atoms or molecules) are bombarded with a stream of electrons, and some of the collisions are
energetic enough to knock one or more electrons out of the sample particles to make positive ions.

e Most of the positive ions formed will carry a charge of +1 because it is much more difficult to remove further electrons from an
already positive ion.

o Different ions are deflected by the magnetic field by different amounts, which depends on the mass of the ion and the charge of
the ion.

o The output from the chart recorder is usually simplified into a "stick diagram". This shows the relative current produced by ions
of varying mass/charge ratio.

2.3 Tonization Techniques

e There is a variety of ionization techniques. The ones discussed in this section are electron impact, chemical ionization, field
ionization/desorption, electrospray ionization, matrix assisted laser desorption ionization, inductively coupled plasma mass
spectrometry, and fast atom bombardment.

o Depending on the information desired from mass spectrometry analysis, different ionization techniques may be desired.

2.4 Mass Analyzers

¢ A mass analyzer is the component of the mass spectrometer that takes ionized masses and separates them based on charge to
mass ratios and outputs them to the detector where they are detected and later converted to a digital output.

o There are six general types of mass analyzers that can be used for the separation of ions in a mass spectrometry (quadrapole,
time of flight, magnetic sector, electrostatic sector, quadropole ion trap, and ion cyclotron resonance).

2.5 Applications of Mass Spectrometry

o Mass spectrometry is applicable across diverse fields with specific applications including, but not limited to drug testing and
discovery, food contamination detection, pesticide residue analysis, isotope ratio determination, protein identification, and
carbon dating.

¢ One of the new ways that clinical mass spectrometry is being used is to quantitatively detect small amounts of proteins,
biomarkers, or drug molecules, with very low concentrations.

2.6 Interpretation of Mass Spectra

e Mass spectrum looks like a bar graph with the x axis as the m/z values and the y axis represents the intensity or relative
abundance of a given m/z.

e The lines correspond to the fragments of the different ions with different m/z values.

o The more of a particular sort of ion that's formed, the higher its peak height will be. The tallest peak is called the base peak and
is assigned 100% intensity.

o The peak that represents the unfragmented cation radical is called the parent peak or molecular ion (M™).

o There is often an M+1 peak (one greater than the molecular ion), and it arises because of '3C. This compound is referred to as
an isotopomer.

2.7 Mass Spectrometry of Common Functional Groups

o Some fragment ions are very common in mass spectrometry often due to having no pathway available to break the ion down or
the ion is relatively stable, so it forms easily.
o When alcohols are subjected to ionization, two fragmentation pathways can occur - alpha cleavage and dehydration.
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o A general principle when nitrogen is part of a molecule is that if there is an odd number of nitrogens, then the molecular weight
will be an odd number. This is also known as the nitrogen rule.

e Primary amines undergo a characteristic alpha cleavage.

o Other isotopomers are common when chlorine and bromine are part of the molecule. For chlorine and bromine there will be an
additional M + 2 peak representing one of the isotopomers.

« Chlorine has two isotopes 3°C and ’C with a 3:1 ratio (roughly), which appears in the mass spectrum in the fragments
containing chlorine.

o The ratio of the relative abundance/intensity of the M:M + 2 is about 3:1, which reflecting the isotopic abundance of 3>C:%’C.

« With bromine, the isotopic distribution of 7Br and 8'Br is more like 50:50. The ratio of the relative abundance/intensity of the
M:M + 2 is about 50:50.

e Carbonyl compounds can undergoe an alpha cleavage and the McLafferty rearragnement.

Skills to Master

o Skill 2.1 Know what mass to charge means and measures.

o Skill 2.2 Distinguish between different types of ionization techniques.

o Skill 2.3 Determine the best mass analyzer to use for sample.

o Skill 2.4 Determine the ratio of different types of protons present in an organic compound.
o Skill 2.5 Interpret fragmentation patterns

o Skill 2.6 Interpret mass spectra

2.S Summary of Mass Spectrometry is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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3.1: Chapter Objectives and Preview of Ultraviolet Spectroscopy

4b Learning Objectives

After completing this chapter, you should be able to

o fulfill all of the detailed objectives listed under each individual section.
o analyze problems which may require the interpretation of ultraviolet spectroscopy.
o define, and use in context, the key terms introduced in this chapter.

Many of the pigments that are responsible for the beautiful colors in nature are conjugated compounds. Many of the early organic
dyes used for pigmenting cloth and art are conjugated compounds. These included the crimson pigment - kermesic acid, the blue
dye - indigo, and the yellow saffron pigment - crocetin. A common feature of all these colored compounds, displayed below, is a
system of extensive pi bonds. In this chapter, we will look at how ultraviolet (UV) spectroscopy is a technique that is only
applicable to conjugated compounds giving information on the nature of the conjugated pi electron system.

(o} OH OH O
HO OH
U Cop<XC i
HO H N HO Ve Ve Yo S SN X N OH
o (o} OH o
Kermesic Acid Indigo Crocetin

3.1: Chapter Objectives and Preview of Ultraviolet Spectroscopy is shared under a not declared license and was authored, remixed, and/or curated
by Lauren Reutenauer.
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3.2: Conjugated Dienes

Obijective

e Determine whether or not a molecule contains a conjugated system, given its Kekulé, condensed or shorthand formula.

Make certain that you can define, and use in context, the key terms below.

e conjugated diene

o conjugated double bonds
o diene

e enone

e polyene

A diene is a hydrocarbon chain that has two double bonds that may or may not be adjacent to each other. The arrangements of these
double bonds can have varying affects on the compounds reactivity and stability. This section focuses on the delocalization of pi
systems by comparing two neighboring double bonds, specifically conjugated molecules. A molecule is defined as conjugated
when there is a system of connected p orbitals where electron density can be shared across the system. The arrangement of bonds
alternates between single and multiple bonds in conjugated molecules.

Conjugated vs. Nonconjugated vs. Cumulated Dienes

Conjugated dienes are two double bonds separated by a single bond. An example of this is penta-1,3-diene.
AN
Nonconjugated dienes are two double bonds are separated by more than one single bond. The double bonds are considered isolated
from each other. An example of this is 2,5-heptadiene.
\/\/\/

Cumulated dienes are two double bond connected to a similar atom. These are also known as allenes. An example of this is 2,3-
heptadiene.
N

e g
Another conjugated diene is a enone, which is compound containing both a double bond and carbonyl where the double bond is
conjugated to the carbonyl. An example of this is cyclohex-2-enone.

o]

3

There are many compounds that have more than two double bonds present in the molecule. The term given to describe these
molecules is polyene. An example of a polyene is beta-carotene (below). Beta-carotene is a red-orange pigment found in plants and
fruits like carrots, which is converted to vitamin A in the human body.
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? Exercise \(\Pagelndex{1}\)

Are the following structures conjugated?

OH

(A)

®)

Answer
(A) Yes - conjugated
(B) Yes - conjugated

(C) No - not conjugated

Contributors and Attributions

e Dr. Dietmar Kennepohl FCIC (Professor of Chemistry, Athabasca University)
e Shravan Rao

3.2: Conjugated Dienes is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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3.3: Electronic Transitions

Objectives

e discuss the bonding in 1,3-butadiene in terms of the molecular orbital theory, and draw a molecular orbital for this and
similar compounds.

o understand how electronic transitions occur.

o get an understanding of when electronic transitions can be observed with UV spectroscopy

Let’s take as our first example the simple case of molecular hydrogen, H,. The molecular orbital picture for the hydrogen molecule
consists of one bonding ¢ MO, and a higher energy antibonding o* MO. When the molecule is in the ground state, both electrons
are paired in the lower-energy bonding orbital — this is the Highest Occupied Molecular Orbital (HOMO). The antibonding o*
orbital, in turn, is the Lowest Unoccupied Molecular Orbital (LUMO).

— o* (LUMO) ——o*

AE UV light
H—H 258 keal/mol (111 nm)

I 1,

— G (HOMO)

If the molecule is exposed to light of a wavelength with energy equal to AE, the HOMO-LUMO energy gap, this wavelength will
be absorbed and the energy used to bump one of the electrons from the HOMO to the LUMO - in other words, from the o to the o*
orbital. This is referred to as a ¢ - o* transition. AE for this electronic transition is 258 kcal/mol, corresponding to light with a
wavelength of 111 nm.

When a double-bonded molecule such as ethene (common name ethylene) absorbs light, it undergoes a i - w* transition. Because n-
m* energy gaps are narrower than o - o* gaps, ethene absorbs light at 165 nm - a longer wavelength (lower energy) than molecular

hydrogen.
— t* (LUMO) L w*
H\C:C/H AE UV light
s N 173 keal/mol (165 nm)
— 7 (HOMO) —n

The electronic transitions of both molecular hydrogen and ethene are too energetic to be accurately recorded by standard UV
spectrophotometers, which generally have a range of 220 — 700 nm. Where UV-vis spectroscopy becomes useful to most organic
and biological chemists is in the study of molecules with conjugated pi systems. In these groups, the energy gap for m -m*
transitions is smaller than for isolated double bonds, and thus the wavelength absorbed is longer. Molecules or parts of molecules
that absorb light strongly in the UV-vis region are called chromophores.

Next, we'll consider the 1,3-butadiene molecule (below). From valence orbital theory alone we might
expect that the C,-C3 bond in this molecule, because it is a sigma bond, would be able to rotate freely.

Yl
Experimentally, however, it is observed that there is a significant barrier to rotation about the C»-C3 bond (colored in red above),
and that the entire molecule is planar. In addition, the C,-C3 bond is 148 pm long, shorter than a typical carbon-carbon single bond
(about 154 pm), though longer than a typical double bond (about 134 pm). Molecular orbital theory accounts for these observations
with the concept of delocalized m bonds. In this picture, the four p atomic orbitals combine mathematically to form four pi
molecular orbitals of increasing energy. Two of these - the bonding pi orbitals - are lower in energy than the p atomic orbitals from
which they are formed, while two - the antibonding pi orbitals - are higher in energy.
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atomic orbitals D 8‘ 88 38:@* antibonding

The lowest energy molecular orbital, pi;, has only constructive interaction and zero nodes. Higher in energy, but still lower than the
isolated p orbitals, the pi, orbital has one node but two constructive interactions - thus it is still a bonding orbital overall. Looking
at the two antibonding orbitals, pi* has two nodes and one constructive interaction, while pis* has three nodes and zero

constructive interactions.

By the aufbau principle, the four electrons from the isolated 2p, atomic orbitals are placed in the bonding pi; and pi; MO’s.
Because pi; includes constructive interaction between C; and Cs, there is a degree, in the 1,3-butadiene molecule, of pi-bonding
interaction between these two carbons, which accounts for its shorter length and the barrier to rotation. The valence bond picture of
1,3-butadiene shows the two pi bonds as being isolated from one another, with each pair of pi electrons ‘stuck’ in its own pi bond.
However, molecular orbital theory predicts (accurately) that the four pi electrons are to some extent delocalized, or ‘spread out’,
over the whole pi system.

1,3-butadiene

1,3-butadiene is the simplest example of a system of conjugated pi bonds. Remember to be considered conjugated, two or more pi
bonds must be separated by only one single bond — in other words, there cannot be an intervening sp>-hybridized carbon, because
this would break up the overlapping system of parallel p orbitals. In the compound below, for example, the C;-C; and C3-C4 double
bonds are conjugated (highlighted in blue), while the Cg-C7 double bond (highlighted in red) is isolated from the other two pi bonds
by sp>-hybridized Cs.

A very important concept to keep in mind is that there is an inherent thermodynamic stability associated with conjugation. This
stability can be measured experimentally by comparing the heat of hydrogenation of two different dienes. When the two conjugated
double bonds of 1,3-pentadiene are 'hydrogenated' to produce pentane, about 225 KkJ is released per mole of pentane formed.
Compare that to the approximately 250 kJ/mol released when the two isolated double bonds in 1,4-pentadiene are hydrogenated,

also forming pentane.
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1. 4-pentadiene

M :
1,3-pentadiene
f'?’ M
g ~250 k¥/mol H,
Hy | 225 kimol
M
pentane

The conjugated diene is lower in energy: in other words, it is more stable. In general, conjugated pi bonds are more stable than
isolated pi bonds. Conjugated pi systems can involve heteroatoms like oxygen and nitrogen as well as carbon. In the metabolism of
fat molecules, some of the key reactions involve alkenes that are conjugated to carbonyl groups.

/\)I\S’R

As conjugated pi systems become larger, the energy gap for a m - w* transition becomes increasingly narrow, and the wavelength of
light absorbed correspondingly becomes longer. The absorbance due to the m - 7* transition in 1,3,5-hexatriene, for example, occurs

at 258 nm, corresponding to a AE of 111 kcal/mol.

P Y"
Ps* YPs*
H H
TN v b
e S AE

H_ C=C{ H 111 keal/mol T _ 258mm T
L=C_ H — 1y, Y3
H H tH y l y
Yy, )
lwl T—lwl

In molecules with extended pi systems, the HOMO-LUMO energy gap becomes so small that absorption occurs in the visible
rather then the UV region of the electromagnetic spectrum. Beta-carotene, with its system of 11 conjugated double bonds, absorbs
light with wavelengths in the blue region of the visible spectrum while allowing other visible wavelengths — mainly those in the

red-yellow region - to be transmitted. This is why carrots are orange.

The conjugated pi system in 4-methyl-3-penten-2-one gives rise to a strong UV absorbance at 236 nm due to a 7 - * transition.
However, this molecule also absorbs at 314 nm. This second absorbance is due to the transition of a non-bonding (lone pair)

electron on the oxygen up to a m* antibonding MO:

L l Py
H o CHs vs” V3"
C=C
0=c/  TcHs | o, ——(jm__":*) 4o,
) LP)
Tl Py Ti Py

This is referred to as an n - m* transition. The nonbonding (n) MO’s are higher in energy than the highest bonding p orbitals, so the
energy gap for an n - * transition is smaller that that of a - m* transition — and thus the n - m* peak is at a longer wavelength. In
general, n - v* transitions are weaker (less light absorbed) than those due to 1 - n* transitions.
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Without calculations, which molecule (2,5-heptadiene or 2,4-heptadiene) would you predict to have a lower heat of
hydrogenation?

RN VI T 2 T
Answer

I would predict 2,4-heptadiene to have a lower heat of hydrogenation than 2,5-heptadiene. This is due to the conjugation
between the double bonds in 2,4-heptadiene, which is stabilizing.

? Exercise 3.3.2

Which of the following molecules would you expect to have a smaller gap in the electronic transition? Explain your answer.
A B

B. The entire molecule is conjugated, so it has a more extended pi system than A. More extended pi systems typically have
smaller absorption gaps.

Answer

Contributors and Attributions
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3.4: Ultraviolet Absorption

Objectives

e identify the ultraviolet region of the electromagnetic spectrum which is of most use to organic chemists.

The electromagnetic spectrum was discussed in Chapter 1, but as a reminder most of the radiation that surrounds us is not visible.
However, this radiation can be detected by instruments. The following chart displays many of the important regions of the
electromagnetic spectrum, and demonstrates the inverse relationship between wavelength and frequency.

The Electromagnetic Spectrum

Yisible
X-Rays b= Microware
L e |
Gamma N uv L IR ;
Rays ¥ T 1 Radio
meters 1 L L L L L 1 1 L L L |
103 10t 107! 107 107 10? 10! 10
om L L L L L L L L L L L |
Wavelength 101t 10 107 105 102 10! 10 10%
nm L L L L 1 1 1 1 1 1
10 102 10° 10? 104 100 108 10

Frequency Hz

\ . . \ . . \ )
102! 10t® 1ot 101s 10t® 1ott 10% 107
Energy kcal ! I I 1 I | |

108 10° 104 102 108 107% 10 0%

UV-Visible Absorption Spectra

To understand why some compounds are colored and others are not, and to determine the relationship of conjugation to color, we
must make accurate measurements of light absorption at different wavelengths in and near the visible part of the spectrum.
Commercial optical spectrometers enable such experiments to be conducted with ease, and usually survey both the near ultraviolet
and visible portions of the spectrum. The visible region of the spectrum comprises photon energies of 36 to 72 kcal/mol, and the
near ultraviolet region, out to 200 nm, extends this energy range to 143 kcal/mol. Ultraviolet radiation having wavelengths less than
200 nm is difficult to handle, and is seldom used as a routine tool for structural analysis.

The energies noted above are sufficient to promote or excite a molecular electron to a higher energy orbital. Consequently,
absorption spectroscopy carried out in this region is sometimes called "electronic spectroscopy". In Section 3.3, the electronic
transitions were discussed, but a summary of the various kinds of electronic excitation that may occur in organic molecules is
shown in the diagram below. Of the six transitions outlined, only the non-bonding to anti-bonding and bonding to anti-bonding are
achieved by the energies available in the 200 to 800 nm spectrum. As a rule, energetically favored electron promotion will be from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), and the resulting species is
called an excited state.

O'*(anti—bonding)

Jl:*(anti—bonding)

e 1 [om X

n (non-bonding)

EMERGY
A
|

T—» 10

7 (bonding)

o (bonding)

When sample molecules are exposed to light having an energy that matches a possible electronic transition within the molecule,
some of the light energy will be absorbed as the electron is promoted to a higher energy orbital. An optical spectrometer records the
wavelengths at which absorption occurs, together with the degree of absorption at each wavelength. The resulting spectrum is
presented as a graph of absorbance (A) versus wavelength, as in the spectrum shown below of beta-carotene as well as the
structure. Beta-carotene absorbs most strongly from 400 to 500 nm. This is the blue/green part of the spectrum and beta-carotene
appears orange because it reflects back red/yellow. Absorbance usually ranges from 0 (no absorption) to 2 (99% absorption), and is
precisely defined in context with spectrometer operation.
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Spectrum from: https://scilearn.sydney.edu.au/organ... The%20Spectrum

? Exercise 3.4.1

What is the energy range for 400 nm to 500 nm in the ultraviolet spectrum where beta-carotene absorbs?

Answer
E =hc/A

E = (6.62 x 10734 J5)(3.00 x 108 m/s)/(4.00 x 107 m)
E=6.62x10"197J

The range of 3.972 x 10719 to 4.965 x 1071 joules.

? Exercise 3.4.2

Would 1,3-cyclohexadiene or 1,4-cyclohexadiene absorb a longer wavelength?

J O

13 i 1,4-cy

Answer

1,3-cyclohexadiene would absorb a longer wavelength. Typically, the more conjugation in the molecule, the longer the
wavelength absorbed.
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3.4: Ultraviolet Absorption is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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3.5: UV-Visible Spectrometer

Ultraviolet-visible (UV-vis) spectroscopy is used to obtain the absorbance spectra of a compound in solution or as a solid. What is
actually being observed spectroscopically is the absorbance of light energy or electromagnetic radiation, which excites electrons
from the ground state to the first singlet excited state of the compound or material. The UV-vis region of energy for the
electromagnetic spectrum covers 1.5 - 6.2 eV which relates to a wavelength range of 800 - 200 nm. The Beer-Lambert Law,
Equation 3.5.1, is the principle behind absorbance spectroscopy. For a single wavelength, A is absorbance (unitless, usually seen
as arb. units or arbitrary units), € is the molar absorptivity of the compound or molecule in solution (M"'ecm™), b is the path length
of the cuvette or sample holder (usually 1 cm), and c is the concentration of the solution (M).

A = ebe (3.5.1)

All of these instruments have a light source (usually a deuterium or tungsten lamp), a sample holder and a detector, but some have a
filter for selecting one wavelength at a time. The single beam instrument (Figure 3.5.1) has a filter or a monochromator between
the source and the sample to analyze one wavelength at a time. The double beam instrument (Figure 3.5.2) has a single source and
a monochromator and then there is a splitter and a series of mirrors to get the beam to a reference sample and the sample to be
analyzed, this allows for more accurate readings. In contrast, the simultaneous instrument (Figure 3.5.3) does not have a
monochromator between the sample and the source; instead, it has a diode array detector that allows the instrument to
simultaneously detect the absorbance at all wavelengths. The simultaneous instrument is usually much faster and more efficient,
but all of these types of spectrometers work well.

\—) samp\e

monochromator detector

source

Figure 3.5.1 Illustration of a single beam UV-vis instrument.

reference
€ \
< \\‘)
source
monochromator

mIFI'OFS

detector
sample

Figure 3.5.2 Illustration of a double beam UV-vis instrument.

% diode array
detector
source sample

Figure 3.5.3 Illustration of a simultaneous UV-vis instrument.

What Information can be Obtained from UV-vis Spectra?

UV-vis spectroscopic data can give qualitative and quantitative information of a given compound or molecule. Irrespective of
whether quantitative or qualitative information is required it is important to use a reference cell to zero the instrument for the
solvent the compound is in. For quantitative information on the compound, calibrating the instrument using known concentrations
of the compound in question in a solution with the same solvent as the unknown sample would be required. If the information
needed is just proof that a compound is in the sample being analyzed, a calibration curve will not be necessary; however, if a
degradation study or reaction is being performed, and concentration of the compound in solution is required, a calibration curve is
needed.

To make a calibration curve, at least three concentrations of the compound will be needed, but five concentrations would be ideal
for a more accurate curve. The concentrations should start at just above the estimated concentration of the unknown sample and
should go down to about an order of magnitude lower than the highest concentration. The calibration solutions should be spaced
relatively equally apart, and they should be made as accurately as possible using digital pipettes and volumetric flasks instead of
graduated cylinders and beakers. An example of absorbance spectra of calibration solutions of Rose Bengal (4,5,6,7-tetrachloro-
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2',4'5',7'-tetraiodofluorescein, Figure 3.5.4, can be seen in Figure 3.5.5. To make a calibration curve, the value for the absorbances
of each of the spectral curves at the highest absorbing wavelength, is plotted in a graph similar to that in Figure 3.5.6 of absorbance
versus concentration. The correlation coefficient of an acceptable calibration is 0.9 or better. If the correlation coefficient is lower
than that, try making the solutions again as the problem may be human error. However, if after making the solutions a few times the
calibration is still poor, something may be wrong with the instrument; for example, the lamps may be going bad.

Figure 3.5.4 The molecular structure of Rose Bengal (4,5,6,7-tetrachloro-2',4',5',7'-tetraiodofluorescein).

2. -
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2.0 — 5uM
—— 10 uM
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Figure 3.5.5 UV-vis spectra of different concentrations of Rose Bengal.
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Figure 3.5.6 Calibration curve of Rose Bengal. Equation of line: y = 0.0977x — 0.1492 (R? = 0.996)

Limitations of UV-vis Spectroscopy

Sample

UV-vis spectroscopy works well on liquids and solutions, but if the sample is more of a suspension of solid particles in liquid, the
sample will scatter the light more than absorb the light and the data will be very skewed. Most UV-vis instruments can analyze
solid samples or suspensions with a diffraction apparatus (Figure 3.5.7), but this is not common. UV-vis instruments generally
analyze liquids and solutions most efficiently.
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Figure 3.5.7 Schematic representation of the apparatus for collecting UV-vis spectra from solid materials.

Choice of Solvent or Container

Every solvent has a UV-vis absorbance cutoff wavelength. The solvent cutoff is the wavelength below which the solvent itself
absorbs all of the light. So when choosing a solvent be aware of its absorbance cutoff and where the compound under investigation
is thought to absorb. If they are close, chose a different solvent. Table 3.5.1 provides an example of solvent cutoffs.

Table 3.5.1: UV absorbance cutoffs of various common solvents

Solvent UV Absorbance Cutoff (nm)
Acetone 329
Benzene 278
Dimethylformamide 267
Ethanol 205
Toluene 285
Water 180

The material the cuvette (the sample holder) is made from will also have a UV-vis absorbance cutoff. Glass will absorb all of the
light higher in energy starting at about 300 nm, so if the sample absorbs in the UV, a quartz cuvette will be more practical as the
absorbance cutoff is around 160 nm for quartz (Table 3.5.2).

Table 3.5.2: Three different types of cuvettes commonly used, with different usable wavelengths.

Material Wavelength Range (nm)
Glass 380-780
Plastic 380-780
Fused Quartz <380

Concentration of Solution

To obtain reliable data, the peak of absorbance of a given compound needs to be at least three times higher in intensity than the
background noise of the instrument. Obviously using higher concentrations of the compound in solution can combat this. Also, if
the sample is very small and diluting it would not give an acceptable signal, there are cuvettes that hold smaller sample sizes than
the 2.5 mL of a standard cuvettes. Some cuvettes are made to hold only 100 pL, which would allow for a small sample to be
analyzed without having to dilute it to a larger volume, lowering the signal to noise ratio.
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What are the two most common light sources used in a UV-Vis spectrophotometer?

Answer

deuterium or tungsten lamp

? Exercise 3.5.2

How does concentration affect UV-Vis?

Answer

The concentration of sample present is directly proportional to the intensity of light absorption, thus influencing the
spectrum.

? Exercise 3.5.3

When should you use a calibration curve in UV-Vis?

Answer

To determine the concentration of the sample from absorbance.

This page titled 3.5: UV-Visible Spectrometer is shared under a CC BY license and was authored, remixed, and/or curated by Lauren Reutenauer
(OpenStax CNX) .

e 4.4: UV-Visible Spectroscopy by Pavan M. V. Raja & Andrew R. Barron is licensed CC BY 4.0. Original source:
http://cnx.org/contents/ba27839d-5042-4a40-afcf-cO0e6e39fb45425.2.
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3.6: Interpreting Ultraviolet Spectra

Obijective

o be able to interpret UV-Vis spectra.
o understand the effect of conjugation.

The wavelength necessary to make the transition from m -n* in a conjugated molecule depends on the energy gap between the
HOMO and LUMO. This energy gap depends on the conjugated system of the molecule being studied. If you recall from Section
3.3, the energy gap for n -m* transitions is smaller for conjugated systems than for isolated double bonds, and thus the wavelength
absorbed is longer. Therefore, by measuring the UV spectrum of a molecule, structural information can be derived about the nature
of the conjugated pi electron system present.

We have been talking in general terms about how molecules absorb UV and visible light — now let's look at some actual examples
of data from a UV-vis absorbance spectrophotometer. The basic setup is: radiation with a range of wavelengths is directed through
a sample of interest, and a detector records which wavelengths were absorbed and to what extent the absorption occurred. Below is
the absorbance spectrum of an important biological molecule called nicotinamide adenine dinucleotide, abbreviated NAD*. This
compound absorbs light in the UV range due to the presence of conjugated pi-bonding systems.

=260 nm

hmax

Absorbance

220 240 260 280 300 320 340

Wavelength (nm)

You’ll notice that this UV spectrum has only one peak, although many molecules have more than one. Notice also that the
convention in UV-vis spectroscopy is to show the baseline at the bottom of the graph with the peaks pointing up. Wavelength
values on the x-axis are generally measured in nanometers (nm). Peaks in UV spectra tend to be quite broad, often spanning well
over 20 nm at half-maximal height. Typically, there are two things that we look for and record from a UV-Vis spectrum. The first is

lambda max ()\max)’ which is the wavelength at maximal light absorbance. As you can see, NAD" has )\max’ = 260 nm. We also

want to record how much light is absorbed at A,,,,, Here we use a unitless number called absorbance, abbreviated 'A’". To calculate
absorbance at a given wavelength, the computer in the spectrophotometer simply takes the intensity of light at that wavelength
before it passes through the sample (I,), divides this value by the intensity of the same wavelength after it passes through the
sample (I), then takes the log,y of that number:

A = log Iy/I
You can see that the absorbance value at 260 nm (A2gp) is about 1.0 in this spectrum.

Here is the absorbance spectrum of the common food coloring Red #3:
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Here, we see that the extended system of conjugated pi bonds causes the molecule to absorb light in the visible range. Because the

Amax of 524 nm falls within the green region of the spectrum, the compound appears red to our eyes.

Now, take a look at the spectrum of another food coloring, Blue #1:
Amax = 630 nm

Absorbance

L B e B IS B ey B S S S m S S s s |
480 520 560 600 640 680 720

Wavelength (nm)

Here, maximum absorbance is at 630 nm, in the orange range of the visible spectrum, and the compound appears blue.

? Exercise 3.6.1

Which of the following would show UV absorptions in the 200-300 nm range?

Answer

You are looking for conjugated systems, which leads to B and D.

? Exercise 3.6.2

What is the lambda max for caffeine?
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UV-vis spectra of caffeine in water
Belay, Abebe & Beketie, Kassahun & Redi, Mesfin & Asfaw, Araya. (2008). Measurement of Caffeine in Coffee Beans with
UV/Vis Spectrometer. Food Chemistry. 108. 310-315. 10.1016/j.foodchem.2007.10.024.
Answer

Amax of 275 nm.

? Exercise 3.6.3

A colleague has isolated a compound that has the formula CyoH3;O and a Amax Of 275 nm. Your colleague subjected the
product to hydrogenation (Pd/C and H»), which resulted in no change in the Apax. They then tried to reduce the molecule with
sodium borohydride, which led to no change in Apax. They have proposed four different structures, but cannot figure out what

structure they have isolated. Which do you think is most likely?

O,

A)

oyl L
o
)‘\2\/\%&/\/&/\/
®)

(o}

No 000t

Answer
With a A, there needs to be a conjugated pi system. A is lacking a conjugated pi system, so it can't be molecule A.
Ketones can be reduced to alcohols when treated with sodium borohydride, which means the A_,,, would change for both C

and D. Therefore it can't be C or D. In additon, C would react under the hydrogenation conditions, so again its A, would
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change. It can definitely not be C. Which leaves us B. It has a conjugated pi system and would not react in either set of

conditions, so its A,,,, would stay the same. The isolated compound is B - HO : : : : :
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3.6:
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3.7: Conjugation and the Absorption of Light in the Real World

Objectives

o explain why some organic compounds have different colours based on compound structure and our perception of light.
o state the relationship between frequency of light absorbed and the extent of conjugation in an extended pi electron system.

Eyes receive light energy then transfer and passing the energy into neural impulses to brain. This page will show the role of light
plays in vision.

Introduction

Light is one of the most important resources for civilization, it provides energy as it pass along by the sun. Light influence our
everyday live. Living organisms sense light from the environment by photoreceptors. Light, as waves carry energy, contains energy
by different wavelength. In vision, light is the stimulus input. Light energy goes into eyes stimulate photoreceptor in eyes.
However, as an energy wave, energy is passed on through light at different wavelength. For example, "white" light from a lamp
consists of all the wavelengths in the visible region. When this white light hits beta-carotene, the wavelengths from 400 to 500 nm
are absorbed and all the other wavelengths are transmitted to our eyes. The carrot looks orange because the wavelengths of 400 to
500 nm that were absorbed occur in the blue range, when blue is removed our eyes see an orange color for beta-carotene.

Energy converting chemicals

Light energy can convert chemicals to other forms. Vitamin A, also known as retinol, anti-dry eye vitamins, is a required nutrition
for human health. The predecessor of vitamin A is present in the variety of plant carotene. Vitamin A is critical for vision because it
is needed by the retina of eye. Retinol can be converted to retinal, and retinal is a chemical necessary for rhodopsin. As light enters
the eye, the 11-cis-retinal is isomerized to the all-"trans" form.

Mechanism of Vision

We now know in rhodopsin, there is protein and retinal. The large protein is called opsin. Opsin does not absorb visible light, but
when it bonded with 11-cis-retinal by its lysine side-chain to from rhodopsin, the new molecule has a very broad absorption band in
the visible region of the spectrum.[2][3]

Hy Rhodopsin

R

He CHy

CHy = ew,

-
H— (CH3)s— opsin
rotonated Schiffbase > & (L1247 OP

Lysine side-chain
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The reaction above shows Lysine side-chain from the opsin react with 11-cis-retinal when stimulated. By removing the oxygen
atom form the retinal and two hydrogen atom form the free amino group of the lysine, the linkage show on the picture above is
formed, and it is called Schiff base.

Signal transduction pathway

In human eyes, rod and cones react to light stimulation, and a series of chemical reactions happen in cells. These cells receive light,
and pass on signals to other receiver cells. This chain of process is class signal transduction pathway. Signal transduction pathway
is a mechanism that describes the ways cells react and respond to stimulation.

The molecule cis-retinal can absorb light at a specific wavelength. When visible light hits the cis-retinal, the cis-retinal undergoes
an isomerization, or change in molecular arrangement, to all-trans-retinal. The new form of trans-retinal does not fit as well into the
protein, and so a series of geometry changes in the protein begins. The resulting complex is referred to a bathrhodopsin (there are
other intermediates in this process, but we'll ignore them for now).

Cis-retinal

CHy Trans-retinal

As the protein changes its geometry, it initiates a cascade of biochemical reactions that results in changes in charge so that a large
potential difference builds up across the plasma membrane. This potential difference is passed along to an adjoining nerve cell as
an electrical impulse. The nerve cell carries this impulse to the brain, where the visual information is interpreted.

? Exercise 3.7.1

Indigo is an organic dye with a distinctive blue color. What wavelength does indigo absorb? What color is absorbed for our
eyes to perceive blue?

Answer

Indigo absorbs orange light, which is a wavelength of 375-475 nm.

References

1. Biochemistry, L. Stryer (W.H. Freeman and Co, San Francisco, 1975).
2. The Cambridge Guide to the Material World, Rodney Cotterill (Cambridge University Press, Cambridge, 1985)

3.7: Conjugation and the Absorption of Light in the Real World is shared under a not declared license and was authored, remixed, and/or curated
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3.S: Summary

Concepts & Vocabulary
3.1 Chapter Objectives and Preview of Ultraviolet Spectroscopy

o Ultraviolet (UV) spectroscopy is a technique that is only applicable to conjugated compounds giving information on the nature
of the conjugated pi electron system.

3.2 Conjugated Dienes

o A diene is a hydrocarbon chain that has two double bonds that may or may not be adjacent to each other.

o The arrangements of these double bonds can have varying affects on the compounds reactivity and stability.

e A molecule is defined as conjugated when there is a system of connected p orbitals where electron density can be shared across
the system.

o Enones are a type of conjugated diene.

e Polyenes are compounds that have more than two double bonds present in the molecule.

3.3 Electronic Transitions

e When both electrons are paired in the lower-energy bonding orbital — this is the Highest Occupied Molecular Orbital (HOMO).
The antibonding o* orbital, in turn, is the Lowest Unoccupied Molecular Orbital (LUMO).

o If the molecule is exposed to light of a wavelength with energy equal to AE, the HOMO-LUMO energy gap, this wavelength
will be absorbed and the energy used to bump one of the electrons from the HOMO to the LUMO.

e T- T* energy gaps are narrower than o - o* gaps.

o Where UV-vis spectroscopy becomes useful to most organic and biological chemists is in the study of molecules with
conjugated pi systems.

o In these groups, the energy gap for m -i* transitions is smaller than for isolated double bonds, and thus the wavelength absorbed
is longer.

3.4 Ultraviolet Absorption

o To understand why some compounds are colored and others are not, and to determine the relationship of conjugation to color,
we must make accurate measurements of light absorption at different wavelengths in and near the visible part of the spectrum.

e The visible region of the spectrum comprises photon energies of 36 to 72 kcal/mol, and the near ultraviolet region, out to 200
nm, extends this energy range to 143 kcal/mol.

¢ When sample molecules are exposed to light having an energy that matches a possible electronic transition within the molecule,
some of the light energy will be absorbed as the electron is promoted to a higher energy orbital.

3.5 UV- Visible Spectrometer

o UV-Vis spectrometers have a light source (usually a deuterium or tungsten lamp), a sample holder and a detector.

e UV-vis spectroscopic data can give qualitative and quantitative information of a given compound or molecule.

o For a sample, it is important to use a reference cell to zero the instrument for the solvent the compound is in.

o For quantitative information on the compound, calibrating the instrument using known concentrations of the compound in
question in a solution with the same solvent as the unknown sample would be necessary for accurate results.

o UV-vis spectroscopy works well on liquids and solutions, but if the sample is more of a suspension of solid particles in liquid,
the sample will scatter the light more than absorb the light and the data will be very skewed.

o Every solvent has a UV-vis absorbance cutoff wavelength, which is the wavelength below which the solvent itself absorbs all of
the light.

3.6 Interpreting Ultraviolet Spectra

o The basic setup is: radiation with a range of wavelengths is directed through a sample of interest, and a detector records which
wavelengths were absorbed and to what extent the absorption occurred.

e Some UV spectra have only one broad peak, although many molecules have more than one broad peak.

o The convention in UV-vis spectroscopy is to show the baseline at the bottom of the graph with the peaks pointing up.
Wavelength values on the x-axis are generally measured in nanometers (nm).
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o There are two things that we look for and record from a UV-Vis spectrum. The first is lambda max (Apax), which is the
wavelength at maximal light absorbance and the secon is to record how much light is absorbed at Apax.

3.7 Conjugation and the Absorption of Light in the Real World

o Light influence our everyday lives.

¢ Eyes receive light energy then transfer and passing the energy into neural impulses to brain.

e As an energy wave, energy is passed on through light at different wavelength.

o Light energy can convert chemicals to other forms.

o In human eyes, rod and cones react to light stimulation, and a series of chemical reactions happen in cells.

Skills to Master

o Skill 3.1 Distinguish between different types of dienes.

o Skill 3.2 Compare molecules to determine if there is a larger or smaller energy gap.
o Skill 3.3 Understand which molecules will absorb longer wavelengths.

o Skill 3.4 Calculate the energy to excite a molecule from HOMO to LUMO.

o Skill 3.5 Understand how the spectrometer works.

o Skill 3.6 Understand the limitations of a spectrometer.

o Skill 3.7 Determine Apax.

o Skill 3.8 Gather information from a UV-vis spectrum.

o Skill 3.9 Understand why humans see different colors.

3.S: Summary is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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4.1: Chapter Objectives and Preview of Infrared Spectroscopy

4b Learning Objectives

After completing this chapter, you should be able to

o fulfill all of the detailed objectives listed under each individual section.
o solve problems which may require the interpretation of IR spectra in addition to other spectral data.
o define, and use in context, the key terms introduced in this chapter.

When a molecule absorbs infrared (IR) radiation, the molecule vibrates, which causes the irradiated molecules to heat up.
Molecules in the atmosphere, such as carbon dioxide, methane, and water, absorb IR radiation, which in turn creates more heat at
the earth's surface. This in turn responsible for the greenhouse effect. In structure determination, IR spectroscopy is an important
tool. It provides valuable information on what functional groups are present or absent in the molecule. An IR spectrum can be
thought of as a fingerprint for the molecule.

This chapter will focus on IR spectroscopy. To start, some basic theory behind this technique will be discussed, followed by what
type of information you can glean from spectra.

4.1: Chapter Objectives and Preview of Infrared Spectroscopy is shared under a not declared license and was authored, remixed, and/or curated by
Lauren Reutenauer.
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4.2: Theory

Objectives

After completing this section, you should be able to

o identify (by wavelength, wavenumber, or both) the region of the electromagnetic spectrum which is used in infrared (IR)
spectroscopy.
o discuss, in general terms, the effect that the absorption of infrared radiation can have on a molecule.

Infrared (IR) spectroscopy is one of the most common and widely used spectroscopic techniques employed mainly by inorganic
and organic chemists due to its usefulness in determining structures of compounds and identifying them. Chemical compounds
have different chemical properties due to the presence of different functional groups.

Introduction

Absorbing groups in the infrared region absorb within a certain wavelength region. The absorption peaks within this region are
usually sharper when compared with absorption peaks from the ultraviolet and visible regions. In this way, IR spectroscopy can be
very sensitive to determination of functional groups within a sample since different functional group absorbs different particular
frequency of IR radiation. Also, each molecule has a characteristic spectrum often referred to as the fingerprint. A molecule can be
identified by comparing its absorption peak to a data bank of spectra, which will be discussed in detail in other sections. IR
spectroscopy is very useful in the identification and structure analysis of a variety of substances, including both organic and
inorganic compounds. It can also be used for both qualitative and quantitative analysis of complex mixtures of similar compounds.

The use of infrared spectroscopy began in the 1950's by Wilbur Kaye. He had designed a machine that tested the near-infrared
spectrum and provided the theory to describe the results. Karl Norris started using IR Spectroscopy in the analytical world in the
1960's and as a result IR Spectroscopy became an accepted technique. There have been many advances in the field of IR
Spectroscopy, the most notable was the application of Fourier Transformations to this technique thus creating an IR method that
had higher resolution and a decrease in noise. The year this method became accepted in the field was in the late 1960's.

Absorption Spectroscopy

There are three main processes by which a molecule can absorb radiation and each of these routes involves an increase of energy
that is proportional to the light absorbed. The first route occurs when absorption of radiation leads to a higher rotational energy
level in a rotational transition. The second route is a vibrational transition which occurs on absorption of quantized energy. This
leads to an increased vibrational energy level. The third route involves electrons of molecules being raised to a higher electron
energy, which is the electronic transition. It’s important to state that the energy is quantized and absorption of radiation causes a
molecule to move to a higher internal energy level. This is achieved by the alternating electric field of the radiation interacting with
the molecule and causing a change in the movement of the molecule. There are multiple possibilities for the different possible
energy levels for the various types of transitions.

The energy levels can be rated in the following order: electronic > vibrational > rotational. Each of these transitions differs by an
order of magnitude. Rotational transitions occur at lower energies (longer wavelengths) and this energy is insufficient and cannot
cause vibrational and electronic transitions but vibrational (near infra-red) and electronic transitions (ultraviolet region of the
electromagnetic spectrum) require higher energies.
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Figure 1: Energy levels for a molecule. Possible transitions that occur: (A): Pure rotational Transitions, (B) rotational-Vibrational

Transitions, (C) Rotational-Vibrational-Electronic Transitions
The energy of IR radiation is weaker than that of visible and ultraviolet radiation, and so the type of radiation produced is different.
Absorption of IR radiation is typical of molecular species that have a small energy difference between the rotational and vibrational
states. A criterion for IR absorption is a net change in dipole moment in a molecule as it vibrates or rotates. Using the molecule
HBr as an example, the charge distribution between hydrogen and bromine is not evenly distributed since bromine is more
electronegative than hydrogen and has a higher electron density. H Br thus has a large dipole moment and is thus polar. The dipole
moment is determined by the magnitude of the charge difference and the distance between the two centers of charge. As the
molecule vibrates, there is a fluctuation in its dipole moment; this causes a field that interacts with the electric field associated with
radiation. If there is a match in frequency of the radiation and the natural vibration of the molecule, absorption occurs and this
alters the amplitude of the molecular vibration. This also occurs when the rotation of asymmetric molecules around their centers
results in a dipole moment change, which permits interaction with the radiation field.

Diatomic Molecular Vibration

The absorption of IR radiation by a molecule can be likened to two atoms attached to each other by a massless spring. Considering
simple diatomic molecules, only one vibration is possible. The Hook's law potential on the other hand is based on an ideal spring

F =—kx (4.2.1)
dv (z)
=— 4.2.2
70 (4.2.2)
this results in one dimensional space
1
V(r)= Ek(r—req)Z (4.2.3)

One thing that the Morse and Harmonic oscillator have in common is the small displacements (z = r — ¢, ) from the equilibrium.
Solving the Schrodinger equation for the harmonic oscillator potential results in the energy levels results in

1
Ev = (’U+ 5) h’l}e (424)
withv=0,1,2,3,..., infinity
1 |k
- |z 4.2.5
Ve 27T w ( )

When calculating the energy of a diatomic molecule, factors such as anharmonicity (has a similar curve with the harmonic
oscillator at low potential energies but deviates at higher energies) are considered. The energy spacing in the harmonic oscillator is
equal but not so with the anharmonic oscillator. The anharmonic oscillator is a deviation from the harmonic oscillator. Other
considered terms include; centrifugal stretching, vibrational and rotational interactions have to be taken into account. The energy
can be expressed mathematically as
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2
1 1 1
E, = (v+ —) hv, — <v+ —) Xohve+ B J(J+1) — DJ*(J+1)? —a <v+ —) J(J+1) (4.2.6)
2 2 Rigid Rotor centrifugal stretching 2
Harmonic Oscillator anharmonicity rovibrational coupling
The first and third terms represent the harmonicity and rigid rotor behavior of a diatomic molecule such as HCI. The second term
represents anharmonicity and the fourth term represents centrifugal stretching. The fifth term represents the interaction between the
vibration and rotational interaction of the molecule.

Polyatomic Molecular Vibration

The bond of a molecule experiences various types of vibrations and rotations. This causes the atom not to be stationary and to
fluctuate continuously. Vibrational motions are defined by stretching and bending modes. These movements are easily defined for
diatomic or triatomic molecules. This is not the case for large molecules due to several vibrational motions and interactions that
will be experienced. When there is a continuous change in the interatomic distance along the axis of the bond between two atoms,
this process is known as a stretching vibration. A change in the angle occurring between two bonds is known as a bending
vibration. Four bending vibrations exist namely, wagging, twisting, rocking and scissoring. A CH» group is used as an example to
illustrate stretching and bending vibrations below.
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e

Symmetric Stretch Asymmetric Stretch Twisting

ot
g
‘e

Wagging Scissoring Rocking

Types of Vibrational Modes. To ensure that no center of mass motion occurs, the center atom (yellow ball) will also move. Figure
from Wikipedia

As stated earlier, molecular vibrations consist of stretching and bending modes. A molecule consisting of (N) number of atoms has
a total of 3N degrees of freedom, corresponding to the Cartesian coordinates of each atom in the molecule. In a non-linear
molecule, 3 of these degrees of freedom are rotational, 3 are translational and the remainder is fundamental vibrations. In a linear
molecule, there are 3 translational degrees of freedom and 2 are rotational. This is because in a linear molecule, all of the atoms lie
on a single straight line and hence rotation about the bond axis is not possible. Mathematically the normal modes for a linear and
non linear can be expressed as

Linear Molecules: (3N - 5) degrees of freedom

Non-Linear molecules: (3N - 6) degrees of freedom

v/ Example 1: Vibrations of Water

Diagram of Stretching and Bending Modes for H,O.
Solution

H,0 molecule is a non-linear molecule due to the uneven distribution of the electron density. O, is more electronegative than
H, and carries a negative charge, while H has a partial positive charge. The total degrees of freedom for H,O will be 3(3)-6 =
9-6 = 3 degrees of freedom which correspond to the following stretching and bending vibrations. The vibrational modes are
illustrated below:
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H H H ~ /H H ~ /H
N
O (@) 'e)
antisymmetric symmetric SClssanng
stretch stretch bend

The vibrational modes of H,O

v/ Example Vibrations of CO,

Diagram of Stretching and Bending Modes for CO».
Solution

COy is a linear molecule and thus has the formula (3N-5). It has 4 modes of vibration (3(3)-5). CO has 2 stretching modes,
symmetric and asymmetric. The CO, symmetric stretch is not IR active because there is no change in dipole moment because
the net dipole moments are in opposite directions and as a result, they cancel each other. In the asymmetric stretch, O atom
moves away from the C atom and generates a net change in dipole moments and hence absorbs IR radiation at 2350 cm™. The
other IR absorption occurs at 666 cm™.. CO, symmetry with D, CO; has a total of four of stretching and bending modes but
only two are seen. Two of its bands are degenerate and one of the vibration modes is symmetric hence it does not cause a
dipole moment change because the polar directions cancel each other. The vibrational modes are illustrated below:

O=C=0 O0=C=0 0=C=0 O=C=0
Symmetric antisymmetric 5

stretch stretch z axy
inactive active degenerate
no dipole Same enerdgy
change one band

The vibrational modes of CO,

Selection Rules of IR

In order for vibrational transitions to occur, they are normally governed by some rules referred to as selection rules.

1. An interaction must occur between the oscillating field of the electromagnetic radiation and the vibrational molecule for a
transition to occur. This can be expressed mathematically as

d_u
dr .

Av=+1 and AJ =+1

£0

2. This holds for a harmonic oscillator because the vibrational levels are equally spaced and that accounts for the single peak
observed in any given molecular vibration. For gases J changes +1 for the R branch and -1 for the P branch.AJ =0 is a
forbidden transition and hence a q branch for a diatomic will not be present. For any anharmonic oscillator, the selection rule is
not followed and it follows that the change in energy becomes smaller. This results in weaker transitions called overtones, then
Av=+2 (first overtone) can occur, as well as the 2" overtone Av = +3. The frequencies of the 15t and 2" overtones
provides information about the potential surface and about two to three times that of the fundamental frequency.

3. For a diatomic, since y is known, measurement of u, provides a value for k, the force constant.

where k is the force constant and indicates the strength of a bond.

eq
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Influence Factors of IR

o Isotope Effects: It's been observed that the effect on k when an atom is replaced by an isotope is negligible but it does have an
effect on v due to changes in the new mass. This is because the reduced mass has an effect on the rotational and vibrational
behavior.

o Solvent Effects: The polarity of solvent will have an influence on the IR spectra of organic compounds due to the interactions
between solvent and compounds, which is called solvent effects. If we place a compound, which contains n, pi and pi* orbitals,
into a polar solvent, the solvent will stabilizes these three orbitals in different extent. The stabilization effects of polar solvent
on n orbital is the largest one, the next larger one is pi* orbital, and the effects on pi orbital is the smallest one. The spectra of
n - pi* transition will shift to blue side, which means it will move to shorter wavelengths and higher energies since the polar
solvent causes the energy difference between n orbital and pi* orbital to become bigger. The spectra of pi — pi* transition will
shift to red side, which means it will move to longer wavelengths and lower energies since the polar solvent causes the energy
difference between n orbital and pi* orbital to become smaller.

In summary, some bonds absorb infrared light more strongly than others, and some bonds do not absorb at all. In order for a
vibrational mode to absorb infrared light, it must result in a periodic change in the dipole moment of the molecule. Such vibrations
are said to be infrared active. In general, the greater the polarity of the bond, the stronger its IR absorption. The carbonyl bond is
very polar, and absorbs very strongly. The carbon-carbon triple bond in most alkynes, in contrast, is much less polar, and thus a
stretching vibration does not result in a large change in the overall dipole moment of the molecule. Alkyne groups absorb rather
weakly compared to carbonyls. Some kinds of vibrations are infrared inactive. The stretching vibrations of completely
symmetrical double and triple bonds, for example, do not result in a change in dipole moment, and therefore do not result in any
absorption of light (but other bonds and vibrational modes in these molecules do absorb IR light).

? Exercise 4.2.1
Which of the three main processes a molecule can absorb radiation leads to IR absorptions? What

Answer

Absorption of IR radiation is typical of molecular species that have a small energy difference between the rotational and
vibrational states.

? Exercise 4.2.2

What is key for a molecule to be IR active?

Answer

A criterion for IR absorption is a net change in dipole moment in a molecule as it vibrates or rotates.

? Exercise 4.2.3

Define a stretching vibration.

Answer

In a stretching vibration, the distance between two atoms increases and decreases in a rhythmic manner, but the atoms
remain aligned along the bond axis.

? Exercise 4.2.4

Define a bending vibration.

Answer

In a bending vibration, the positions of the atoms change relative to the bond axis.

https://chem.libretexts.org/@go/page/432179



https://libretexts.org/
https://chem.libretexts.org/@go/page/432179?pdf

LibreTextsm

What are the vibrational modes of the methylene group, CH,?

Answer
The stretching and bending vibrations of methylene chloride are:

e symmetric stretching
e asymmetric stretching
e wagging

e twisting

o rocking

e scissoring

? Exercise 4.2.6

The intensity of C=0 stretching is stronger than that of C=C stretching. The C=0 also appears at a higher wavenumber than a
C=C. Explain it.
Answer

The carbonyl bond is very polar, and absorbs very strongly. The carbon-carbon double bond in most alkenes, in contrast, is
much less polar, and thus a stretching vibration does not result in a large change in the overall dipole moment of the
molecule. Alkene groups absorb rather weakly compared to carbonyls.

A C=0 bond is stronger than a C=C bond. Stronger bonds lead to a higher frequency absorbed due to Hooke's Law.
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4.3: Instrumentation

&b Learning Objectives

After completing this section, you should be able to:

¢ have basic understanding of how the IR spectrometer works
o understand the basic components of the IR spectrometer

There are two types of instruments used to measure IR absorption: Fourier transform (FT) spectrometers and dispersive
spectrometers. FTIR spectrometers are the most commonly used instruments for obtaining IR spectra. FTIR spectrometers have
several prominent advantages:

1. The signal-to-noise ratio of spectrum is significantly higher than the previous generation infrared spectrometers.
2. The accuracy of wavenumber is high. The error is within the range of + 0.01 cm™.

3. The scan time of all frequencies is short (approximately 1 s).

4. The resolution is extremely high (0.1 ~ 0.005 cm™).

5. The scan range is wide (1000 ~ 10 cm™).

6. The interference from stray light is reduced.

Due to these advantages, FTIR Spectrometers have replaced dispersive IR spectrometers.

The Infrared Spectrometer

Development of IR Spectrometers
Up till FTIR spectrometers, there have been three generations of IR spectrometers.

1. The first generation IR spectrometer was invented in late 1950s. It utilizes prism optical splitting system. The prisms are made
of NaCl. The requirement of the sample’s water content and particle size is extremely strict. Further more, the scan range is
narrow. Additionally, the repeatability is fairly poor. As a result, the first generation IR spectrometer is no longer in use.

2. The second generation IR spectrometer was introduced to the world in 1960s. It utilizes gratings as the monochrometer. The
performance of the second generation IR spectrometer is much better compared with IR spectrometers with prism
monochrometer, But there are still several prominent weaknesses such as low sensitivity, low scan speed and poor wavelength
accuracy which rendered it out of date after the invention of the third generation IR spectrometer.

3. The invention of the third generation IR spectrometer, Fourier transform infrared spectrometer, marked the abdication of
monochrometer and the prosperity of interferometer. With this replacement, IR spectrometers became exceptionally powerful.
Consequently, various applications of IR spectrometer have been realized.

Dispersive IR Spectrometers

To understand the powerfulness and usefulness of FTIR spectrometer, it is essential to have some background information of
dispersive IR Spectrometer. The basic components of a dispersive IR spectrometer include a radiation source, monochromator, and
detector. The common IR radiation sources are inert solids that are heated electrically to promote thermal emission of radiation in
the infrared region of the electromagnetic spectrum. The monochromator is a device used to disperse or separate a broad spectrum
of IR radiation into individual narrow IR frequencies.

Generally, dispersive spectrometers have a double-beam design with two equivalent beams from the same source passing through
the sample and reference chambers as independent beams. These reference and sample beams are alternately focused on the
detector by making use of an optical chopper, such as, a sector mirror. One beam will proceed, traveling through the sample, while
the other beam will pass through a reference species for analytical comparison of transmitted photon wavefront information.

After the incident radiation travels through the sample species, the emitted wavefront of radiation is dispersed by a monochromator
(gratings and slits) into its component frequencies. A combination of prisms or gratings with variable-slit mechanisms, mirrors, and
filters comprise the dispersive system. Narrower slits gives better resolution by distinguishing more closely spaced frequencies of
radiation and wider slits allow more light to reach the detector and provide better system sensitivity. The emitted wavefront beam
(analog spectral output) hits the detector and generates an electrical signal as a response.
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Detectors are devices that convert the analog spectral output into an electrical signal. These electrical signals are further processed
by the computer using mathematical algorithm to arrive at the final spectrum. The detectors used in IR spectrometers can be
classified as either photon/quantum detectors or thermal detectors.

It is the absorption of IR radiation by the sample, producing a change of IR radiation intensity, which gets detected as an off-null
signal (e.g. different from reference signal). This change is translated into the recorder response through the actions of synchronous
motors. Each frequency that passes through the sample is measured individually by the detector which consequently slows the
process of scanning the entire IR region. A block diagram of a classic dispersive IR spectrometer is shown in Figure 4.3.1.
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Figure 4.3.1. Simplified representation of a dispersive IR spectrometer.

FTIR Spectrometers

The Components of FTIR Spectrometers

A common FTIR spectrometer consists of a source, interferometer, sample compartment, detector, amplifier, A/D convertor, and a
computer. The source generates radiation which passes the sample through the interferometer and reaches the detector. Then the
signal is amplified and converted to digital signal by the amplifier and analog-to-digital converter, respectively. Eventually, the
signal is transferred to a computer in which Fourier transform is carried out. Figure 4.3.2 is a block diagram of an FTIR
spectrometer.

Fixed mirror
—/
Beam splitter  Maving mirrar

Collimator ;H—I

Sample
compartmernt

Figure 4.3.2. Block diagram of an FTIR spectrometer

The major difference between an FTIR spectrometer and a dispersive IR spectrometer is the Michelson interferometer.

Michelson Interferometer

The Michelson interferometer, which is the core of FTIR spectrometers, is used to split one beam of light into two so that the paths
of the two beams are different. Then the Michelson interferometer recombines the two beams and conducts them into the detector
where the difference of the intensity of these two beams are measured as a function of the difference of the paths. Figure 4.3.3 is a
schematic of the Michelson Interferometer.
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Figure 4.3.3. Schematic of the Michelson interferometer

A typical Michelson interferometer consists of two perpendicular mirrors and a beamsplitter. One of the mirror is a stationary
mirror and another one is a movable mirror. The beamsplitter is designed to transmit half of the light and reflect half of the light.
Subsequently, the transmitted light and the reflected light strike the stationary mirror and the movable mirror, respectively. When
reflected back by the mirrors, two beams of light recombine with each other at the beamsplitter.

If the distances travelled by two beams are the same which means the distances between two mirrors and the beamsplitter are the
same, the situation is defined as zero path difference (ZPD). But imagine if the movable mirror moves away from the beamsplitter,
the light beam which strikes the movable mirror will travel a longer distance than the light beam which strikes the stationary mirror.
The distance which the movable mirror is away from the ZPD is defined as the mirror displacement and is represented by A. It is
obvious that the extra distance travelled by the light which strikes the movable mirror is 2A. The extra distance is defined as the
optical path difference (OPD) and is represented by delta. Therefore,

§=2A(4.3.1.1)(4.3.1.1)6=2A

It is well established that when OPD is the multiples of the wavelength, constructive interference occurs because crests overlap
with crests, troughs with troughs. As a result, a maximum intensity signal is observed by the detector. This situation can be
described by the following equation:

5=nA(4.3.1.2)(4.3.1.2)5=nA
withn =0,1,2,3...

In contrast, when OPD is the half wavelength or half wavelength add multiples of wavelength, destructive interference occurs
because crests overlap with troughs. Consequently, a minimum intensity signal is observed by the detector. This situation can be
described by the following equation:

5=(n+12)A(4.3.1.3)(4.3.1.3)6=(n+12)A
withn =0,1,2,3...

These two situations are two extreme situations. If the OPD is neither n-fold wavelengths nor (n+1/2)-fold wavelengths, the
interference should be between constructive and destructive. So the intensity of the signal should be between maximum and
minimum. Since the mirror moves back and forth, the intensity of the signal increases and decreases which gives rise to a cosine
wave. The plot is defined as an interferogram. When detecting the radiation of a broad band source rather than a single-wavelength
source, a peak at ZPD is found in the interferogram. At the other distance scanned, the signal decays quickly since the mirror
moves back and forth. Figure 4.3.1.44.3.1.4(a) shows an interferogram of a broad band source.

In an infrared spectrometer (Figure 4.3.4) the sample to be analyzed is held in front of an infrared laser beam, in order to do this,
the sample must be contained in something, consequently this means that the very container the sample is in will absorb some of
the infrared beam.
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Figure 4.3.4 An example of a modern benchtop FT-IR spectrometer (Varian Corp.)

IR Sample Preparation

IR spectra can be obtained from solid, liquid, or gas samples. Nujol mulls and pressed pellets are typically used for collecting
spectra of solids, while thin-film cells are used for solution-phase IR spectroscopy. In these methods, infrared radiation is passed
through the pellet or thin-film cells. A newer method for obtaining IR spectra uses attenuated total reflectance (ATR), which is
discussed below. Gas samples require a special cell for sampling, but are not often used in organic chemistry, so will not be
discussed further here.

When preparing a liquid, a drop of neat sample is pressed between two disks. A thin film of solid can be prepared by placing a drop
of concentrated solution of the compound in the center of a disk and then allowing the solvent to evaporate. Since all materials
have some sort of vibration associated with them pellets and thin-film cells must be considered carefully. If the sample holder has
an optical window made of something that absorbs near where your sample does, the sample might not be distinguishable from the
optical window of the sample holder. The range that is not blocked by a strong absorbance is known as a window (not to be
confused with the optical materials of the cell). Windows are an important factor to consider when choosing the method to perform
an analysis, as seen in Table 4.3.1 there are a number of different materials each with their own characteristic absorption spectra
and chemical properties. Keep these factors in mind when performing analyses and precious sample will be saved. For most
organic compounds NaCl works well though it is susceptible to attack from moisture.

Table 4.3.1 Various IR-transparent materials and their solubilities and other notes. M. R. Derrick, D. Stulik, and J. M. Landry, in Scientific Tools
in Conservation: Infrared Spectroscopy in Conservation Science. Getty Conservation Institute (1999).

Material Transparent Ranges (cm ) Solubility Notes
NaCl 40,000 - 625 Hjo Easy to polish, hygroscopic
Silica glass 55,000-3,000 HF Attacked by HF
Quartz 40,000-2,500 HF Attacked by HF
Sapphire 20,000-1,780 - Strong
Diamond 40,000-2,500 and 1,800-200 - Very strong, expensive, hard,
useless for pellets
CaF, 70,000-1,110 Acids Attacked b}i acids, avoid
ammonium salts
BaF, 65,000-700 - Avoid ammonium salts
ZnSe 10,000 - 550 Acids Brittle, attacked by acids
AgCl 25,000-400 - Soft, sensitive to light.

Hygroscopic, soft, easily
KCl1 40,000-500 H,0, Et,0, acetone polished, commonly used in
making pellets.

Hygroscopic, soft, easily
KBr 40,000-400 H,0, EtOH polished, commonly used in
making pellets.
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Material Transparent Ranges (cm ™) Solubility Notes
CsBr 10,000-250 H,0, EtOH, acetone Hygroscopic soft
Csl 10,000-200 H»0, EtOH, MeOH, acetone Hygroscopic, soft.
Teflon 5,000-1,200; 1,200-900 - Inert, disposable

4,000-3,000; 2,800-1,460;
Polyethylene ’ N AR - Inert, disposable
1,380 - 730; 720- 30

A common method of preparing solid samples for IR analysis is mulling, which is not a true solution, but a fine dispersion of a
solid compound in a viscous liquid. The principle here is by grinding the particles to below the wavelength of incident radiation
that will be passing through there should be limited scattering. To suspend those tiny particles, an oil, often referred to as Nujol is
used. IR-transparent salt plates are used to hold the sample in front of the beam in order to acquire data. To prepare a sample for IR
analysis using a salt plate, first decide what segment of the frequency band should be studied, refer to Table 4.3.1 for the materials
best suited for the sample.

Attenuated Total Reflectance- Fourier Transform Infrared Spectroscopy

First publicly proposed in 1959 by Jacques Fahrenfort from the Royal Dutch Shell laboratories in Amsterdam, ATR IR
spectroscopy was described as a technique to effectively measure weakly absorbing condensed phase materials. In Fahrenfort's first
article describing the technique, published in 1961, he used a hemicylindrical ATR crystal (see Experimental Conditions) to
produce single-reflection ATR (Figure 4.3.5). ATR IR spectroscopy was slow to become accepted as a method of characterization
due to concerns about its quantitative effectiveness and reproducibility. The main concern being the sample and ATR crystal
contact necessary to achieve decent spectral contrast. In the late 1980’s FTIR spectrometers began improving due to an increased
dynamic range, signal to noise ratio, and faster computers. As a result ATR-FTIR also started gaining traction as an efficient
spectroscopic technique. These days ATR accessories are often manufactured to work in conjunction with most FTIR
spectrometers.

e

Figure 4.3.5 The first ATR Infrared Spectrometer designed by Jacques Fahrenfort featuring a hemicylindrical ATR crystal.
Reproduced from J. Fahrenfort, Spectrochim. Acta, 1961, 17, 698. Copyright: Elsevier (1961).
ATR-FTIR is a physical method of compositional analysis that builds upon traditional transmission FTIR spectroscopy to minimize
sample preparation and optimize reproducibility. Sample accessories make obtaining IR spectra of solids and liquids easier and it is
not necessary to prepare Nujol mulls or disks. With ATR, infrared radiation is passed through an infrared transmitting crystal with a
high refractive index. This allows the radiation to reflect within the crystal. This should be a material that is fully transparent to the
incident infrared radiation to give a real value for the refractive index, 4.3.6.

sample
evanescent wave

ATR crystal

Figure 4.3.6 The ATR crystal shown in blue, within which the incident IR light shown in red is totally reflecting. Above the crystal
the evanescent wave is emitted and penetrates the sample.

We can consider the sample to be absorbing in the infrared. Electromagnetic energy will pass through the crystal/sample interface
and propagate into the sample via the evanescent wave. This energy loss must be compensated with the incident IR light. Thus,
total reflectance is no longer occurring and the reflection inside the crystal is attenuated. If a sample does not absorb, the
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reflectance at the interface shows no attenuation. Therefore if the IR light at a particular frequency does not reach the detector, the
sample must have absorbed it.

The penetration depth of the evanescent wave within the sample is on the order of 1pm. The expression of the penetration depth is
given in 4.3.1 and is dependent upon the wavelength and angle of incident light as well as the refractive indices of the ATR crystal
and sample. The effective path length is the product of the depth of penetration of the evanescent wave and the number of points
that the IR light reflects at the interface between the crystal and sample. This path length is equivalent to the path length of a
sample in a traditional transmission FTIR setup.

n

A . 2\1/2
= —(— 4.3.1
d, pp (sinw (n2 )%) (4.3.1)

Refractive Indices of ATR Crystal and Sample

Typically an ATR attachment can be used with a traditional FTIR where the beam of incident IR light enters a horizontally
positioned crystal with a high refractive index in the range of 1.5 to 4, as can be seen in Table 4.3.2 will consist of organic
compounds, inorganic compounds, and polymers which have refractive indices below 2 and can readily be found on a database.
The most commonly used crystal is zinc selenide.

Table 4.3.2 A summary of popular ATR crystals. Data obtained from F. M. Mirabella, Internal reflection spectroscopy: Theory and applications,
15, Marcel Dekker, Inc., New York (1993).

Material Refractive Index (RI) Spectral Range (cm™)
Zinc Selenide (ZnSe) 2.4 20,000 - 650
Germanium (Ge) 4 5,500 - 870

Sapphire (Al,03) 1.74 50,000 - 2,000
Diamond (C) 2.4 ‘1‘2%000? 2'026500’

Single and Multiple Reflection Crystals

Multiple reflection ATR was initially more popular than single reflection ATR because of the weak absorbances associated with
single reflection ATR. More reflections increased the evanescent wave interaction with the sample, which was believed to increase
the signal to noise ratio of the spectrum. When IR spectrometers developed better spectral contrast, single reflection ATR became
more popular. The number of reflections and spectral contrast increases with the length of the crystal and decreases with the angle
of incidence as well as thickness. Within multiple reflection crystals some of the light is transmitted and some is reflected as the
light exits the crystal, resulting in some of the light going back through the crystal for a round trip. Therefore, light exiting the ATR
crystal contains components that experienced different number of reflections at the crystal-sample interface.

Angle of Incidence

It was more common in earlier instruments to allow selection of the incident angle. In all cases for total internal reflection to hold,
the angle of incidence must exceed the critical angle and ideally complement the angle of the crystal edge so that the light enters at
a normal angle of incidence. These days 45° is the standard angle on most ATR-FTIR setups.

ATR Crystal Shape

For the most part ATR crystals will have a trapezoidal shape as shown in Figure 4.3.6. This shape facilitates sample preparation
and handling on the crystal surface by enabling the optical setup to be placed below the crystal. However, different crystal shapes
(Figure 4.3.7 ) may be used for particular purposes, whether it is to achieve multiple reflections or reduce the spot size. For
example, a hemispherical crystal may be used in a microsampling experiment in which the beam diameter can be reduced at no
expense to the light intensity. This allows appropriate measurement of a small sample without compromising the quality of the
resulting spectral features.
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Figure 4.3.7 An assortment of ATR crystal shapes: a)triangular, b)hemispherical, c)parallelogram, d) trapezoidal, e) pentagonal,

f)cylindrical. Adapted from F. M. Mirabella, Internal reflection spectroscopy: Theory and applications, 15, Marcel Dekker, Inc.,

New York (1993).
Because the path length of the evanescent wave is confined to the interface between the ATR crystal and sample, the sample should
make firm contact with the ATR crystal. The sample sits atop the crystal and intimate contact can be ensured by applying pressure
above the sample. However, one must be mindful of the ATR crystal hardness. Too much pressure may distort the crystal and affect
the reproducibility of the resulting spectrum.

? Exercise 4.3.1

Why did FTIR spectrometers become the standard over dispersive spectrometers?

Answer
The advantages of FTIR are:

o The signal-to-noise ratio of spectrum is significantly higher than the previous generation infrared spectrometers.
e The accuracy of wavenumber is high.

e The error is within the range of + 0.01 cm™L.

e The scan time of all frequencies is short (approximately 1 s).

o The resolution is extremely high (0.1 ~ 0.005 cm™1).

o The scan range is wide (1000 ~ 10 cm).

o The interference from stray light is reduced.

Essentially, FTIR spectrometers produce more reliable data in a better and faster way.

? Exercise 4.3.2

In transmission IR samples, how are solids prepared?

Answer

Nujol mulls and pressed pellets are typically used for collecting spectra of solids.

? Exercise 4.3.3

What is the standard angle of incidence for an ATR-FTIR spectrometer?

Answer

These days 45° is the standard angle on most ATR-FTIR setups.

This page titled 4.3: Instrumentation is shared under a CC BY license and was authored, remixed, and/or curated by Lauren Reutenauer
(OpenStax CNX) .
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e 4.2: IR Spectroscopy by Pavan M. V. Raja & Andrew R. Barron is licensed CC BY 4.0. Original source: http://cnx.org/contents/ba27839d-
5042-4a40-afcf-c0e6e39fb45425.2.
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4.4 The IR Spectrum

&b Learning Objectives

After completing this section, you should be able to:

o understand the idea behind why peaks fall at particular wavelengths
e begin to figure out which peaks

The IR spectrum is a graph where the x-axis is frequency and is labeled as wavenumber (cm™). The y-axis is the amount of light
absorbed and labeled as Transmittance (%). This is measuring how much light has been transmitted at a particular frequency. In
other words, if all of the light is detected, then the molecule has absorbed no light at that frequency. If you run your finger along the
baseline, which is at the top of the spectrum, you can tell when light has been absorbed due to a dip in the line. The dips are
actually called peaks. In the theory section of this chapter, it was discussed that different types of bonds will absorb at different
frequencies. Below is an IR spectrum of pentane.
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Now that we have oriented ourselves with what an IR spectrum looks like, let's think back to the theory of IR spectroscopy and
begin to understand why peaks appear as they do.

Origin of Peak Positions, Intensities, and Widths

Peak Positions

The equation below gives the frequency of light that a molecule will absorb, and gives the frequency of vibration of the normal
mode excited by that light.

_ 1 ki _ a1
V= (u) v = frequency in cm

k = force constant in N/cm

1 =reduced mass in Kg

There are two variables in the above equation - a chemical bond's force constant and reduced mass. Here, the reduced mass refers
to (M1M>)/(M1+M3) where M; and M, are the masses of the two atoms in the vibrating bond, respectively. These two molecular
properties determine the wavenumber at which a molecule will absorb infrared light. No two chemical substances in the universe
have the same force constants and atomic masses, which is why the infrared spectrum of each chemical substance is unique. To
understand the effect of atomic masses and force constant on the positions of infrared bands, table 1 and 2 are shown as an
example, respectively.
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Table 1. An Example of an Mass Effect

Bond C-H Stretch in cm™!
Cc-1H ~3000
C-2D ~2120

In this example, the force constant remains the same, while the reduced masses of C-'H and C-?D are different. Remember,
deuterium is one of the isotopes of hydrogen - H (or °D). Here, we simply doubled the mass of the hydrogen atom, the carbon-
hydrogen stretching vibration is reduced by over 800 cm™. Mass is inversely proportional to the wavenumber.

Table 2. An Example of a Bond Strength Effect

Bond C-H Stretch in cm™
Csp3-H ~3000
Cspy-H ~3100
Csp-H ~3330

In this example, the reduced mass remains the same, while the force constant changes. Here, we can see that as we increase the
strength of the bond (or increase the force constant), the wavenumber increase. Therefore, force constant is proportional to the
frequency.

The Origin of Peak Intensities

The different vibrations of the different functional groups in the molecule give rise to bands of differing intensity. This is because
ou
ox
2958 cm™ and is due to stretching of the C-H bond. One of the weaker bands in the spectrum of pentane is at 727 cm™, and it is

due to long-chain methyl rock of the carbon-carbon bonds in pentane. The change in dipole moment with respect to distance for the
C-H stretching is greater than that for the C-C rock vibration, which is why the C-H stretching band is the more intense than C-C
rock vibration.

is different for each of these vibrations. For example, the most intense band in the spectrum of pentane shown above is at

Another factor that determines the peak intensity in infrared spectra is the concentration of molecules in the sample. The equation
below that relates concentration to absorbance is Beer's law,
A= ¢c A = absorbance
€ = absorptivity
1= pathlength

c = concentration

The absorptivity is the proportionality constant between concentration and absorbance. The absorptivity is an absolute measure of
infrared absorbance intensity for a specific molecule at a specific wavenumber.

The Origin of Peak Widths

In general, the width of infrared bands for solid and liquid samples is determined by the number of chemical environments which is
related to the strength of intermolecular interactions such as hydrogen bonding. The figure below shows hydrogen bond in water
molecules and these water molecules are in different chemical environments. Because the number and strength of hydrogen bonds
differs with chemical environment, the force constant varies and the wavenumber differs at which these molecules absorb infrared
light.
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In any sample where hydrogen bonding occurs, the number and strength of intermolecular interactions varies greatly within the
sample, causing the bands in these samples to be particularly broad. This is common in alcohols and carboxylic acids. When
intermolecular interactions are weak, the number of chemical environments is small, and narrow infrared bands are observed.

The Origin of Group Frequencies

An important observation made by early researchers is that many functional group absorb infrared radiation at about the same
wavenumber, regardless of the structure of the rest of the molecule. For example, C-H stretching vibrations usually appear between
3300 and 2800 cm™! and carbonyl (C=0) stretching vibrations usually appear between 1800 and 1600 cm™. This makes these bands
diagnostic markers for the presence of a functional group in a sample. These types of infrared bands are called group frequencies
because they tell us about the presence or absence of specific functional groups in a sample.
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Group frequency region Fingerprintregion

The region of the infrared spectrum from 1200 to 700 cm™ is called the fingerprint region. This region is notable for the large
number of infrared bands that are found there. Many different vibrations, including C-O, C-C and C-N single bond stretches, C-H
bending vibrations, and some bands due to benzene rings are found in this region. The fingerprint region is often the most complex
and confusing region to interpret, and is usually the last section of a spectrum to be interpreted. However, the utility of the
fingerprint region is that the many bands there provide a fingerprint for a molecule.

? Exercise 1

Why do carbon-nitrogen triple bonds appear at a higher wavenumber than carbon-nitrogen double bonds?

Answer

If we look at the equation for frequency, there are two variables. The reduced mass and the bond strength. In this case, our
reduced mass will remain the same because we are looking at bonds with the same atoms attached - carbon and nitrogen.
The difference is bond strength. A triple bond is a stronger bond than a double bond. Bond strength and frequency are
proportional to each other, so the stronger the bond, the larger the wavenumber.

Would you expect the C=0 bond to have a more intense or less intense peak?

Answer

Since there is a greater dipole change in the C=0 bond stretch, this will lead to a more intense peak.
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Alcohols typically show up as a very wide broad (3322 cm™!) as can be seen in the figure below. Why does the peak show up as
broad?

g

Transmittance
o
o

OH Alcohol
30003000 2000 1800 1,000 " 500
cm™!

0

Answer
The width of infrared bands for solid and liquid samples is determined by the number of chemical environments which is
related to the strength of intermolecular interactions such as hydrogen bonding. Alcohols have the ability to hydrogen bond,
which creates the broad band.

4.4 The IR Spectrum is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.

« Infrared: Interpretation is licensed CC BY 4.0.
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4.5 IR Data Table

&b Learning Objectives

e Understand where certain group frequencies are
e Be able to read and understand the data table for IR spectroscopy

As stated in the previous section, similar bonds will show up grouped near the same frequency because they tell us about the

presence or absence of specific functional groups in a sample. From there, a data table of approximate frequencies for different
types of bonds has been created to use to help IR spectrum analysis.

Approximate Frequency (cm™)
3500 - 3200

3400-3300

3300

3100-3000

3000-2900

2800 and 2700

2250

2250-2100

1800-1600

1650-1450

1450
1300 - 1000

1250-1000

1000-650

Note: strong, medium, weak refers to the length of the peak (in the y axis direction).

Table of Common IR Absorptions.

Description Bond Vibration
broad, round O-H

weak, triangular N-H
medium-strong =C-H (sp C-H)
weak-medium =C-H (sp2 C-H)
weak-medium -C-H (sp3 C-H)
medium C-H in O=C-H
medium C=N
weak-medium Cc=C

strong C=0
weak-medium Cc=C
weak-medium H-C-H bend
medium-strong C-O

medium C-N

strong C=C-H bend

Notes

much broader, lower frequency
(3200-2500)
if next to C=0

stronger if next to C=0

can get bigger if lots of bonds
present

can get bigger if lots of bonds
present

two peaks; "alligator jaws"

stronger if near electronegative
atoms

lower frequency (1650-1550)
if attached to O or N

middle frequency if attached to
C,H

higher frequency (1800) if
attached to Cl

lower frequency (1600-1450) if
conjugated

(i.e. C=C-C=C)

often several if benzene present

higher frequency (1200-1300) if
conjugated
(i.e. O=C-O or C=C-0)

often several if benzene present

Note: spectra taken by ATR method (used at CSB/SJU) have weaker peaks between 4000-2500 cm™ compared to reference spectra
taken by transmittance methods (typical on SDBS and other sites).
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What wavenumber range would you predict the triple bond region to be?

Answer

2200 - 2500 cm’?

? Exercise 2

How could you determine the presence of an aldehyde and rule out a ketone?

Answer

The aldehyde would have peaks at 2700 and 2800 cm-1, whereas the ketone would lack these. The absorption is due to the
the Csp2-H bond.

How can you tell the difference between and alcohol and a carboxylic acid?

Answer

Here the main point of difference is either the presence of a carbonyl (C=0) or its absence. The carboxylic acid contains a
C=0, so you would expect a peak somewhere between 1800-1600 cm™, whereas an alcohol would not have a peak here.

4.5 IR Data Table is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.

« IR11. Appendix: IR Table of Organic Compounds by Chris Schaller is licensed CC BY 3.0.
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4.6: Interpretation

&b Learning Objectives

o After completing this section, you should be able to

e be able to read an IR spectrum

o understand where the different regions for bonds in the IR spectrum are
o determine what type of hydrocarbon you have in your molecule

When analyzing IR spectra, there are a few things to remember:

1. You are looking to determine what functional groups are a part of a molecule. This is not a method for complete elucidation of a
structure for the molecule.

2. You do NOT need to analyze every single peak. For example, the fingerprint region (1500 - 600 cm!) is a forest of peaks, so this
region is often ignored in analysis.

3. Remember, similar functional groups will have similar frequencies, which also indicates certain bonds will fall in the same
region.

From this, different regions have been determined by previous research. The hydrogen bond region falls from 4000 to 2500 cm™.
This is the area you will find all of your O-H, N-H, and C-H bonds that typically appear in organic molecules. The next region is
the triple bond region (2500 - 2000 cm™), where the C=C and C=N bonds commonly found in organic molecules will absorb. The
triple bond region leads into the double bond region (2000 - 1500 cm™). Here you will find the C=C, C=0, and C=N bonds.
Finally, the fingerprint region is 1500 - 600 cm™, where all the single bonds will be found with the exception of some of the bonds
to hydrogen that are found in the hydrogen bond region. Below is an image that summarizes what was just described. It is very
helpful to have an idea of where these regions are when interpreting an IR spectrum, even with the data table in hand.
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In alkanes, which have very few bands, each band in the spectrum can be assigned:

o Let's take a deeper look at pentane. Since most organic compounds have these features, these C-H vibrations are usually not
noted when interpreting a routine IR spectrum, which appear at 2873 - 2958 cm™! in this spectrum. Note that the change in
dipole moment with respect to distance for the C-H stretching is greater than that for others shown, which is why the C-H
stretch band is the more intense. The peak at 1460 cm™, is due to C-H scissoring. 1379 cm! is a methyl rock. The C-H
scissoring and methyl rock an often get lost in the fingerprint region when looking at more complex molecules. Since so many
molecules with have similar peaks to an alkane, we can consider these our baseline. Therefore, the regions that will be of
interest will be the hydrogen bond region, triple bond region, and double bond region when determining what functional groups
are present or if there are other characteristic functional groups present.
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In spectrum of 1-hexene, a terminal alkene, is shown below. Here will will look for differences compared to pentane. For
alkenes, there will be a Csp?-H peak in the hydrogen bond region (if there are hydrogens attached to the double bond carbons as
in this case) and the C=C bond. For 1-hexene, the Csp?-H peak is at 3079 cm™ and the C=C bond is at 1642 cm-1. At 992 cm!
and 907 cm™, there are peaks due to the =C-H bend, but often get lost in the fingerprint region, so will not be a notable peak.
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The spectrum of 1-hexyne, a terminal alkyne, is shown below. The notable peaks for the alkyne are the peak greater than 3000 cm™
and the peak in the triple bond region. In 1-hexyne, there is a peak at 3309 cm™, which is due to the Csp-H bond. The other peak of
note is at 2118 cm™ for the C=C. We can ignore the peaks at 2873 cm™ to 2959 cm™! because these are your Csp®-H bonds, which
are in so many organic molecules that they are not distinctive to the triple bond. This goes for the fingerprint region peaks as well.
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Here, we have looked at hydrocarbons, but these are not the only functional groups to consider in organic molecules. In the next
section, the focus will be on functional groups containing a heteroatom.

? Exercise 4.6.1

What regions of the IR would you focus on to determine if you have an alkane or alkene?

Answer

If we use the alkane as our baseline, the regions that would stick out for an alkene are the hydrogen bond region above
3000 cm! and the double bond region.

? Exercise 4.6.2
What two regions do you find the alkyne notable peaks?

Answer

The hydrogen bond region for the Csp-H bond and the triple bond region for the carbon-carbon triple bond.

? Exercise 4.6.3

Below is a spectrum of toluene. How does it differ from a plain alkene like 1-hexene?
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Answer

Both still have a peak around 3000 cm™ for the Csp2-H bond. However, due to conjugation the C=C shifts to a lower
wavenumber in an aromatic molecule. It shifts to about 1600 cm™ due to conjugation.

4.6: Interpretation is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.

« Infrared: Interpretation is licensed CC BY 4.0.
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4.7 Identifying Characteristic Functional Groups

&b Learning Objectives

After completing this section, you should be able to

e describe how the so-called “fingerprint region” of an infrared spectrum can assist in the identification of an unknown
compound.

o be able to use an infrared spectrum to determine the presence of functional groups, such as alcohols, amines and carbonyl
groups, in an unknown compound, given a list of infrared absorption frequencies.

o identify the broad regions of the infrared spectrum in which occur absorptions caused by
o N-H, C-H, and O-H
o C=C and C=N
o C=0and C=C

One of the most common application of infrared spectroscopy is to the identification of organic compounds. In this section, we will
focus key IR peaks for common functional groups in organic chemistry. We will focus on functional groups with OH, NH, C-
0, C=0, and C=N. It is possible to identify functional groups such as tertiary amines and ethers, but the characteristic peaks for
these groups are considerably more subtle and/or variable, and often are overlapped with peaks from the fingerprint region. This
means you may or may not actually be able to determine if they are present as a functional group in your molecule.

Functional Groups Containing the C-O Bond
o Ethers have IR absorptions associated with both the C-O stretching vibrations.

o The figure below shows the spectrum of diethyl ether.
o Notable peak: C-O stretch at 1117 cm™. Note: Since this falls in the fingerprint region, it can be hard to interpret sometimes.
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e Alcohols have IR absorptions associated with both the O-H and the C-O stretching vibrations.

o The figure below shows the spectrum of ethanol.
o Notable peaks: the very broad, strong band of the O—H stretch at 3322 cm™! and C-O stretch at 1113 cm™.
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Functional Groups Containing the C=0 Bond
¢ Ketones have IR absorptions associated with the C=0 bond.
o Below is a spectrum of 2-butanone.

o Notable peak: the strong band at 1712 cm™ for the C=0.
o Note: for conjugated ketones, the carbonyl peak will shift 20-30 cm™ lower.
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o Aldehydes have IR absorptions associated with the C=0 bond and the aldehyldic proton.
o Below is a spectrum of butanal.

o Notable peaks: the strong band at 1723 cm™ for the C=0 and for the aldehyldic proton there are two peaks at 2822 cm™ and
2721 em™

o Note: for conjugated aldehydes, the carbonyl peak will shift 20-30 cm™! lower.
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o Carboxylic acids have IR absorptions associated with the C=0 bond and the carboxylic acid proton.

o Below is a spectrum of propanoic acid.

o Notable peaks: the strong band at 1706 cm™ for the C=0 and for the carboxylic acid proton is very broad band from 3100 to
2800 cm™. The exact position of this broad band depends on whether the carboxylic acid is saturated or unsaturated,
dimerized, or has internal hydrogen bonding.

o Note: for conjugated carboxylic acids, the carbonyl peak will shift 20-30 cm™ lower.
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o Esters have IR absorptions associated with the C=0 bond and the C-O bond.
o Below is a spectrum of ethyl acetate.
o Notable peaks: the strong band at 1736 cm™! for the C=0 and for the C-O bond is at 1232 cm!. Depending on the

fingerprint region, it may be hard to determine the C-O bond peak.
o Note: for conjugated esters, the carbonyl peak will shift 20-30 cm™ lower.
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Organic Nitrogen Compounds

o Amines have IR absorptions associated with the N-H bond. There is a C-N peak as well, but it is often buried in the fingerprint
region and difficult to discern.
o Below is a spectrum of butylamine.
o Notable peaks: the bands at 3368 cm™ and 3290 cm.

o Note: 2 peaks in the range 3400 - 3300 cm™ indicates a primary amine, 1 peak in this range indicates a secondary amine. A
tertiary amine will not have a peak in this region due to the lack of a N-H bond.
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o Nitriles have IR absorptions associated with the C=N bond. There is a C-N peak as well, but it is often buried in the fingerprint
region and difficult to discern.

o Below is a spectrum of acetonitrile.
o Notable peaks: the band at 2252 cm™.
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Organic Compounds Containing Halogens
o Alkyl halides are compounds that have a C—X bond, where X is a halogen: bromine, chlorine, fluorene, or iodine.

o The spectrum of propyl chloride is shown below.
o There are stretches due to the C-Cl, but they are located in the fingerprint region and difficult to discern from other peaks.

As you can imagine, obtaining an IR spectrum for a compound will not allow us to figure out the complete structure of even a
simple molecule, unless we happen to have a reference spectrum for comparison. In conjunction with other analytical methods,
however, IR spectroscopy can prove to be a very valuable tool, given the information it provides about the presence or absence of
key functional groups. IR can also be a quick and convenient way for a chemist to check to see if a reaction has proceeded as
planned. If we were to run a reaction in which we wished to convert cyclohexanone to cyclohexanol, for example, a quick
comparison of the IR spectra of starting compound and product would tell us if we had successfully converted the ketone group to
an alcohol.

What functional groups give the following signals in an IR spectrum?
A) 1700 cm!

B) 2250 cm'!

C) 1700 cm ™! and 2510-3000 cm™

Answer
A) Carbonyl: C=0 bond
B) Nitrile: C=N bond
C) Carboxylic acid: for the C=0 at 1700 cm™ and the broad OH at 2510-3000 cm*

How can you distinguish the following pairs of compounds through IR analysis?

A) —OH VS. /\o/\

O vs. AN
B)
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Answer
A) A OH peak will be present around 3300 cm™ for methanol and will be absent in the ether.

B) 1-hexene will have a alkene peak around 1650 cm™ for the C=C and there will be another peak around 3100 cm™ for the
sp? C-H group on the alkene, which will both be absent in cyclohexane

C) Cannot distinguish these two isomers. They both have the same functional groups and therefore would have the same
peaks on an IR spectra.

3-Ethynyltoluene has the following spectrum. What notable peaks can you identify in the spectrum.
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Source: SDBSWeb : http://sdbs.db.aist.go.jp (National Institute of Advanced Industrial Science and Technology, 2 December

2016)
Answer
Frequency (cm™) Functional Group
3200 C=C-H
3050 Csp’-H
2100 Cc=C
1610 C=C

What absorptions would the molecule below have in an IR spectrum?
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(o]
o
Answer
Frequency (cm) Functional Group
3000-3100 C=C-H
1710 C=0
1610 C=C
1100 C-O0

4.7 Identifying Characteristic Functional Groups is shared under a not declared license and was authored, remixed, and/or curated by Lauren
Reutenauer.

o Infrared: Interpretation is licensed CC BY 4.0.
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4.8 Infrared Spectroscopy Problems

4b Learning Objectives

After completing this section, you should be able to

e determine functional groups in an IR spectrum

Here are some problems for IR analysis.

? Exercise 1

What functional group is present in the spectrum below?
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Answer

Alkyne

What functional group is present in the spectrum below?
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Answer

Carboxylic Acid

Which IR spectrum goes with which molecule below?

o

Molecule A: OH

Molecule B:

IR spectrum 1:
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IR spectrum 2:
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Answer
Molecule A is Spectrum 2.

Molecule B is Spectrum 1.

What notable peaks in the IR spectrum verify that benzaldehyde is present?
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Answer
Frequency (cm'l) Functional Group
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3063 Csp2-H
2818 and 2736 aldehyldic proton
1695 C=0
1653-1455 aromatic ring

4.8 Infrared Spectroscopy Problems is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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4.9: Application

&b Learning Objectives

After completing this section, you should be able to

e who uses IR spectroscopy and why

Infrared spectroscopy, an analytical technique that takes advantage of the vibrational transitions of a molecule, has been of great
significance to scientific researchers in many fields such as protein characterization, nanoscale semiconductor analysis and space
exploration.

The most common application of IR spectroscopy is determining the functional groups present or absent in a molecule. Chemists
often synthesize a molecule and need to determine if they made it or not and the presence or absence of a functional group could
indicate whether or not the chemist made the molecule or not. For example, if one is performing a synthesis and oxidizes an alcohol
to an aldehyde, the IR spectrum could help deduce quickly if you made the product or not. If the alcohol band disappears and the
carbonyl band appears, this would be proof that the alcohol did in fact oxidize to the aldehyde. Since different molecules with
different combination of atoms produce their unique spectra, infrared spectroscopy can be used to qualitatively identify substances.
In addition, the intensity of the peaks in the spectrum is proportional to the amount of substance present, enabling its application for
quantitative analysis.

Infrared spectroscopy is used across a wide variety of industries to monitor substances, since it is an simple and reliable technique.
Environmental scientists use IR for detecting industrial pollutants. This can be to monitor air quality in big cities, such as Tokyo or
London, to monitoring the methane levels in arctic circle. IR helps the environmental scientists study the pollutants or greenhouse
gases and how it effects the everyday life.

In art conservation, IR spectroscopy is used to help identify what pigments, adhesives, fibers, plastics, and binders were used. The
ability to know what molecular structures may be present in the artwork allows conservationists to determine the best way possible
to preserve or clean the art. This helps the longevity of these important pieces of art and history persevere over time for many to
enjoy and learn from.
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Outside Links

e NIST Chemistry WebBook: http://webbook.nist.gov/
o Wikipedia: http://en.Wikipedia.org/wiki/Infrared_spectroscopy
e Labmate: https://www.labmate-online.com/news/...troscopy/57765

4.9: Application is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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4.S Summary

Concepts & Vocabulary

4.2 Theory

Molecules can absorb light energy by three different processes and IR absorptions occur with small differences between the
rotational and vibrational modes.

IR absorption is a net change in dipole moment in a molecule as it vibrates or rotates.

The absorption of IR radiation by a molecule can be likened to two atoms attached to each other by a massless spring often
based using Hooke's Law.

The bond of a molecule experiences various types of vibrations and rotations since they are not stationary and to fluctuate
continuously, which are defined by stretching and bending modes.

A molecule consisting of (N) number of atoms has a total of 3N degrees of freedom, corresponding to the Cartesian coordinates
of each atom in the molecule.

The larger the molecule, the more complex the vibrational modes.

4.3 Instrumentation

There are two types of instruments used to measure IR absorption: Fourier transform (FT) spectrometers and dispersive
spectrometers.

The basic components of a dispersive IR spectrometer include a radiation source, monochromator, and detector.

Dispersive spectrometers have a double-beam design with two equivalent beams from the same source passing through the
sample and reference chambers as independent beams.

A common FTIR spectrometer consists of a source, interferometer, sample compartment, detector, amplifier, A/D convertor,
and a computer.

The major difference between an FTIR spectrometer and a dispersive IR spectrometer is the Michelson interferometer.

The Michelson interferometer, which is the core of FTIR spectrometers, is used to split one beam of light into two so that the
paths of the two beams are different.

IR spectra can be obtained from solid, liquid, or gas samples.

4.4 The IR Spectrum

The IR spectrum is a graph where the x-axis is frequency and is labeled as wavenumber (cm™).

The y-axis is the amount of light absorbed and labeled as Transmittance (%).

The spectrum is measuring how much light has been transmitted at a particular frequency.

Bond strength and reduced mass are the two molecular properties determine the wavenumber at which a molecule will absorb
infrared light.

No two chemical substances in the universe have the same force constants and atomic masses, which is why the infrared
spectrum of each chemical substance is unique.

Peak intensity is determined by dipole moment and the concentration of the sample.

The width of infrared bands for solid and liquid samples is determined by the number of chemical environments which is
related to the strength of intermolecular interactions such as hydrogen bonding.

An important observation made by early researchers is that many functional group absorb infrared radiation at about the same
wavenumber, regardless of the structure of the rest of the molecule.

4.5 IR Data Table

Since similar functional groups appear at similar frequencies, a data table was curated for scientists to use as a guide for where
they would expect certain peaks.

4.6 Interpretation

The hydrogen bond region falls from 4000 to 2500 cm!. This is the area you will find all of your O-H, N-H, and C-H bonds
that typically appear in organic molecules.

The next region is the triple bond region (2500 - 2000 cm™!), where the C=C and C=N bonds commonly found in organic
molecules will absorb.

The double bond region (2000 - 1500 cm™t). Here you will find the C=C, C=0, and C=N bonds.
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o The fingerprint region is 1500 - 600 cm™, where all the single bonds will be found with the exception of some of the bonds to
hydrogen that are found in the hydrogen bond region.

¢ You are looking to determine what functional groups are a part of a molecule.

o You do NOT need to analyze every single peak.

4.7 Identifying Characteristic Functional Groups

o Ethers have IR absorptions associated with both the C-O stretching vibrations.

¢ Alcohols have IR absorptions associated with both the O-H and the C-O stretching vibrations.

o Ketones have IR absorptions associated with the C=0 bond.

e Aldehydes have IR absorptions associated with the C=0 bond and the aldehydic proton.

o Carboxylic acids have IR absorptions associated with the C=0 bond and the carboxylic acid proton.

o Esters have IR absorptions associated with the C=0 bond and the C-O bond.

e Amines have IR absorptions associated with the N-H bond. There is a C-N peak as well, but it is often buried in the fingerprint
region and difficult to discern.

o Nitriles have IR absorptions associated with the C=N bond. There is a C-N peak as well, but it is often buried in the fingerprint
region and difficult to discern.

o IR spectroscopy can prove to be a very valuable tool, given the information it provides about the presence or absence of key
functional groups.

4.9 Application

e The most common application of IR spectroscopy is determining the functional groups present or absent in a molecule.

o Environmental scientists use IR for detecting industrial pollutants.

o In art conservation, IR spectroscopy is used to help identify what pigments, adhesives, fibers, plastics, and binders were used.
¢ IR spectroscopy is used in a wide variety of industries.

Skills to Master

o Skill 4.1 Distinguish between different types of stretching.

o Skill 4.2 Determine the number of vibrational modes molecules may have.

o Skill 4.3 Understand the instrumentation used to obtain IR spectra.

o Skill 4.4 Orient oneself with an IR spectrum.

o Skill 4.5 Be able to read a data table for IR spectroscopy.

o Skill 4.6 Determine functional groups present in the molecule based on an IR spectrum.

4.S Summary is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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CHAPTER OVERVIEW

5: Proton Nuclear Magnetic Resonance Spectroscopy (NMR)
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5: Proton Nuclear Magnetic Resonance Spectroscopy (NMR) is shared under a not declared license and was authored, remixed, and/or curated by
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5.1: Chapter Objectives and Preview of Nuclear Magnetic Resonance Spectroscopy

Objectives

After completing this chapter, you should be able to

o fulfill all of the detailed objectives listed under each individual section.
« solve road-map problems which may require the interpretation of 'H NMR spectra in addition to other spectral data.
o define, and use in context, the key terms introduced in this chapter.

In the previous chapter, it was discussed that Infrared (IR) Spectroscopy gives information about the functional groups present in a
molecule. Nuclear Magnetic Resonance (NMR) is another type of absorption spectroscopy similar to Ultraviolet-Visible
spectroscopy (UV) or IR spectroscopy. In the presence of a magnetic field, a sample can absorb electromagnetic radiation,
specifically in the radiofrequency (rf) region, based on the function of certain nuclei in the molecule. For organic chemists, NMR
spectroscopy is an invaluable resource for determining the structure of molecules and often used first when analyzing a
molecule. NMR spectroscopy complements IR spectroscopy because information on the hydrocarbon portion of the molecule can
be obtained as well as additional information about the functional groups.

This chapter will focus on proton nuclear magnetic spectroscopy (‘H NMR). To start, some basic theory behind this technique will
be discussed, followed by what type of information you can glean from spectra and finishing with interpretation of an NMR
spectrum for the determination of a structure of a molecule.

Contributors and Attributions

e Dr. Dietmar Kennepohl FCIC (Professor of Chemistry, Athabasca University)

e Prof. Steven Farmer (Sonoma State University)

Dr. Richard Spinney (The Ohio State University)

5.1: Chapter Objectives and Preview of Nuclear Magnetic Resonance Spectroscopy is shared under a not declared license and was authored,
remixed, and/or curated by Lauren Reutenauer.
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5.2: Theory of NMR

4b Objectives

After reading this section, you should be able to

o understand why NMR works
o understand why different hydrogens do not all show up in the same location on a spectrum

Introduction

Nuclear magnetic resonance (NMR) plays an important role in the fields chemistry, materials science, physics and engineering. In
1946, NMR was co-discovered by Purcell, Pound and Torrey of Harvard University and Bloch, Hansen and Packard of Stanford
University. The discovery first came about when it was noticed that magnetic nuclei, such as 'H and 3!P (read: proton and
Phosphorus 31) were able to absorb radiofrequency energy when placed in a magnetic field of a strength that was specific to the
nucleus. Upon absorption, the nuclei begin to resonate and different atoms within a molecule resonated at different frequencies.
This observation allowed a detailed analysis of the structure of a molecule. Since then, NMR has been applied to solids, liquids and
gasses, kinetic and structural studies, resulting in 6 Nobel prizes being awarded in the field of NMR.

Nuclear magnetic resonance, NMR, is a physical phenomenon of resonance transition between magnetic energy levels, happening
when atomic nuclei are immersed in an external magnetic field and an applied electromagnetic radiation with specific frequency.
By detecting the absorption signals, one can acquire NMR spectrum. According to the positions, intensities and fine structure of
resonance peaks, people can study the structures of molecules quantitatively. The size of molecules of interest varies from small
organic molecules, to biological molecules of middle size, and even to some macromolecules such as nucleic acids and proteins.
Apart from these commonly utilized applications in organic compounds, NMR also plays an important role in analyzing inorganic
molecules, which makes NMR spectroscopy a powerful technique.

But the a major question still remains- Why does NMR work? Some types of atomic nuclei act as though they spin on their axis
similar to the Earth. Since they are positively charged they generate an electromagnetic field just as the Earth does. In effect, they
will act as tiny bar magnetics. Not all nuclei act this way, but fortunately both 'H and '3C do have nuclear spins and will respond to
this technique.

The concept of spin is regularly addressed in subatomic particle physics. However, to most people spin seems like an abstract
concept. This is due to the fact there is no macroscopic equivalent of what spin is. However, for those people who have taken an
introduction to chemistry course have seen the concept of spin in electrons. Electrons are subatomic particles which have spin
intrinsic to them. The nucleus is not much different. Spin is just another form of angular momentum. The nucleus consists of
protons and neutrons and neutrons and protons are comprised of subatomic particles known as quarks and gluons. The neutron has
2 quarks with a -e/3 charge and one quark with a +2e/3 charge resulting in a total charge of 0. The proton however, has 2 quarks
with +2e/3 charge and only one quark with a -e/3 charge giving it a net positive charge. Both protons and neutrons are spin=1/2.

Neutron

)
D/

Proton

Figure 5.2.1: The atomic nucleus (black) of ’H. The proton (green) and neutron (red) are composed of quarks (purple and teal)
which have a charge and spin (arrow).

For any system consisting of n multiple parts, each with an angular momentum the total angular momentum can be described by J
where

T =1+ Tt oAy [Jo 4+ Jote oo AT =1, [Ty = Jo—e . = (5.2.1)
a=ma? (5.2.2)
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Here are some examples using the isotopes of hydrogen
e 1H =1 proton so J=1/2

e 2H=1 proton and 1 neutron so J =1 or 0.

For larger nuclei, it is not immediately evident what the spin should be as there are a multitude of possible values. For the
remainder of the discussion we will attribute the spin of the nucleus, I, to be an intrinsic value. There are some rules that the nuclei
do follow with respect to nuclear spin. They are summarized in the table below.

Table 5.2.1: General rules for determination of nuclear spin quantum numbers

Mass Number Number of Protons Number of Neutrons Spin (I) Example
Even Even 0 160
Even
0Odd Odd Integer (1,2,...) ’H
Even Odd Half-Integer (1/2, 3/2,...) 13C
Odd
Odd Even Half-Integer (1/2, 3/2,...) 15N

Atomic nuclei with even numbers of protons and neutrons have zero spin and all the other atoms with odd numbers have a non-zero
spin. Furthermore, all molecules with a non-zero spin have a magnetic moment, y, given by

pw=~I (5.2.3)

where ~ is the gyromagnetic ratio, a proportionality constant between the magnetic dipole moment and the angular momentum,
specific to each nucleus (Table 2). In other words, 'H and '3C are not unique in their ability to undergo NMR. All nuclei with an
odd number of protons (‘H, 2H, “N, '°F, 3!P) or nuclei with an odd number of neutrons (i.e. 1>C) show the magnetic properties
required for NMR. Only nuclei with even number of both protons and neutrons (**C and '°0) do not have the required magnetic
properties.

Table 5.2.2: The gyromagnetic ratios for several common nuclei

Nuclei Spin Gyromagetic Ratio (MHz/T) Natural Abundance (%)
'H 1/2 42.576 99.9985
3¢ 12 10.705 1.07
31p 1/2 17.235 100
2741 5/2 11.103 100
2Na 312 11.262 100
"Li 312 16.546 92.41
si 172 -8.465 4.68
e} 5/2 5.772 0.038
N 1/2 -4.361 0.368

The magnetic moment of the nucleus forces the nucleus to behave as a tiny bar magnet. In the absence of an external magnetic

field, each magnet is randomly oriented (as can be seen in the figure below on the left). During the NMR experiment the sample is
placed in an external magnetic field, By, which forces the bar magnets to align with (low energy) or against (high energy) the By.
The nuclear spins will adopt specific orientations like a compass needle responds to the Earth’s magnetic field and aligns with it.
Two possible orientations are possible, with the external field (i.e. parallel to and in the same direction as the external field) or
against the field (i.e. antiparallel to the external field) as can be seen in the figure below on the right.
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(Left) Random nuclear spin without an external magnetic field. (Right) Ordered nuclear spin in an external magnetic field
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If the ordered nuclei are now subjected to electromagnetic (EM) radiation, specifically radiofrequency, of the proper frequency the
nuclei aligned with the field will absorb energy and "spin-flip" to align themselves against the field, a higher energy state. When

this spin-flip occurs the nuclei are said to be in "resonance" with the field, hence the name for the technique, Nuclear Magentic
Resonance.

'/,yhB,

6‘\/)[,

Energy

-'/,yhB,

Figure 5.2.2: Absorption of radio frequency radiation to promote a transition between nuclear energy levels, called a spin flip.

In order for the NMR experiment to work, a spin flip between the energy levels must occur. The energy difference between the two
states corresponds to the energy of the electromagnetic radiation that causes the nuclei to change their energy levels. For most
NMR spectrometers, By is on the order of Tesla (T) while ~ is on the order of 107. Consequently, the electromagnetic radiation
required is on the order of 100's of MHz and even GHz. The energy of a photon is represented by

E=hv (5.2.4)
and thus the frequency necessary for absorption to occur is represented as:
YBo
= 5.2.5
v 2 ( )

For the beginner, the NMR experiment measures the resonant frequency that causes a spin flip. For the more advanced NMR users,
the sections on NMR detection and L.armor frequency should be consulted.

The amount of energy, and hence the exact frequency of EM radiation required for resonance to occur is dependent on both the
strength of the magnetic field applied and the type of the nuclei being studied. As the strength of the magnetic field increases the
energy difference between the two spin states increases and a higher frequency (more energy) EM radiation needs to be applied to
achieve a spin-flip (see image below).
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AE = hu

Superconducting magnets can be used to produce very strong magnetic field, on the order of 21 tesla (T). Lower field strengths can
also be used, in the range of 4 - 7 T. At these levels the energy required to bring the nuclei into resonance is in the MHz range and
corresponds to radio wavelength energies, i.e. at a field strength of 4.7 T 200 MHz bring 'H nuclei into resonance and 50 MHz
bring 13C into resonance. This is considerably less energy then is required for IR spectroscopy, ~10™* kJ/mol versus ~5 - ~50
kJ/mol.

If all 'H nuclei have the same gyromagnetic ratio, shouldn't all the 'H absorb the same energy, so would all show up at the same
spot? Luckily, no. The power of NMR is based on the concept of nuclear shielding, which allows for structural assignments. Every
atom is surrounded by electrons, which orbit the nucleus. Charged particles moving in a loop will create a magnetic field which is
felt by the nucleus. Therefore the local electronic environment surrounding the nucleus will slightly change the magnetic field
experienced by the nucleus, which in turn will cause slight changes in the energy levels! This is known as shielding. Nuclei that
experience different magnetic fields due to the local electronic interactions are known as nonequivalent nuclei (Beyperienced = Bo -
Bisigma)- The change in the energy levels requires a different frequency to excite the spin flip, which as will be seen below, creates a
new peak in the NMR spectrum. The shielding allows for structural determination of molecules.

A

E=-myhB,

0 — Shielded Deshielded

Energy (eV)

E=-myhB,

Magnetic Field (T)
Figure 5.2.3: The effect that shielding from electrons has on the splitting of the nuclear energy levels. Electrons impart their own

magnetic field which shields the nucleus from the externally applied magnetic field. This effect is greatly exaggerated in this
illustration.

The shielding of the nucleus allows for chemically nonequivalent environments to be determined by Fourier Transforming the
NMR signal. The result is a spectrum, shown below, that consists of a set of peaks in which each peak corresponds to a distinct
chemical environment.

Figure 5.2.4: 3'P spectrum of phosphinic acid. Each peak corresponds to a distinct chemical environment while the area under the
peak is proportional to the number of nuclei in a given environment.

In 'H NMR spectrum, hydrogen atoms bound to a carbon consisting of a double bond are typically found in low field of the NMR
spectrum and the hydrogens are considered deshielded. The cause for this is due to the movement of the electrons in the pi bond of
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the carbon-carbon double bond and how the magnetic field effects the protons bound to the pi bond.
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The pi system creates an external magnetic field that is perpendicular to the double bond axis and causes the electrons in the pi
bond to enter a circular motion (shown in red). The circular motion actually reinforces the external field at the edge of the double
bond on both sides of the pi bond but creates a local field (shown in purple and green) that opposes the external field in the center
of the double bond. Because of this pulling force within the pi bond across the double bond which reinforces the regions occupied
by alkenyl hydrogens, the alkenyl hydrogens are strongly deshielded.
Bexperlenced BO Bisigrna + Bipi

Unlike alkenyl hydrogens, alkynyl hydrogens give rise to shielded hydrogens, or relatively high field chemical shifts for H-NMR
when subjected to an external magnetic field (Bexperienced = Bo - Bisigma - Bipi). The molecules are tumbling all around in solution,
but for the alkyne the triple bond has a cylindrical pi cloud around the carbon-carbon triple bond. When the two bonds are
subjected to an external magnetic field, these electrons will enter into a cylindrical motion that results in this strong shielding effect
with high field chemical shifts. This means that the alkynyl hydrogens will be experiencing less of the external magnetic field. This
electron cloud can be seen in the figure below.

8

@ml

o bondH )

cylinder of electron density

Relaxation

Relaxation refers to the phenomenon of nuclei returning to their thermodynamically stable states after being excited to higher
energy levels. The energy absorbed when a transition from a lower energy level to a high energy level occurs is released when the
opposite happens. This can be a fairly complex process based on different timescales of the relaxation. The two most common
types of relaxation are spin lattice relaxation (T4) and spin spin relaxation (T5).

'/,yhB,

E¢Y\\I

Energy

-'/,yhB,

Figure 5.2.5: The process of relaxation
To understand relaxation, the entire sample must be considered. By placing the nuclei in an external magnetic field, the nuclei
create a bulk magnetization along the z-axis. The spins of the nuclei are also coherent. The NMR signal may be detected as long as
the spins are coherent with one another. The NMR experiment moves the bulk magnetization from the z-axis to the x-y plane,
where it is detected.

o Spin-Lattice Relaxation (77 ): T; is the time it takes for the 37% of bulk magnetization to recovery along Z-axis from the x-y
plane. The more efficient the relaxation process, the smaller relaxation time (T7) value you will get. In solids, since motions
between molecules are limited, the relaxation time (T;) values are large. Spin-lattice relaxation measurements are usually
carried out by pulse methods.

o Spin-Spin Relaxation (73): T, is the time it takes for the spins to lose coherence with one another. T; can either be shorter or

equal to Tj.

In the next sections, the topics to be discussed will build up to actually analyzing NMR spectra.
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Where is radiofrequency (RF) radiation on the energy scale of the electromagnetic spectrum?
Answer

Radiofrequency (RF) radiation, which includes radio waves and microwaves, is at the low-energy end of the
electromagnetic spectrum. It is a type of non-ionizing radiation.

? Exercise 5.2.2

If in a field strength of 4.7 T, 'H requires 200 MHz of energy to maintain resonance. If atom X requires 150 MHz, calculate the
amount of energy required to spin flip atom X’s nucleus. Is this amount greater than the energy required for hydrogen?

Answer
E=hv
E = (6.62 x 10734)(150 MHz)
E=993x10%6]

The energy is equal to 9.93x1072% J. This value is smaller than the energy required for hydrogen (1.324 x 107%° J).

? Exercise 5.2.3

Calculate the energy required to spin flip at 400 MHz. Does changing the frequency to 500 MHz decrease or increase the
energy required? What about 300 MHz.

Answer

E=hvo

E = (6.62 x 10734)(400 MHz)
E=2.648x1072°]

The energy would increase if the frequency would increase to 500 MHz, and decrease if the frequency would decrease to
300 MHz.

? Exercise 5.2.4

What “things” in a molecule generate magnetic fields that will influence B, for a particular hydrogen nucleus?

Answer

The electrons in bonds can generate magnetic fields that will influence B
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5.3: Instrumentation

& Objectives

After completing this section, you should be able to:

e have basic understanding of how the NMR works
o understand the basic components of the NMR spectrometer

NMR spectroscopy works by varying the machine’s emitted frequency over a small range while the sample is inside a constant
magnetic field. Most of the magnets used in NMR instruments are superconducting to create the magnetic field range from 6 to 24
T. The diagram below is of an NMR spectrometer. In a basic experiment, an organic sample is dissolved in a suitable solvent,
which is often deuterated chloroform or another deuterated solvent, and placed in a thin glass tube. A reasonable concentration for
your sample is 5 to 25 mg of desired compound dissolved in 0.6 to 1.0 mL of a suitable solvent, which should be free of particulate
matter for solution NMR experiments. The sample is inserted through the NMR spinner and pneumatically lowered into the NMR
probe, which is between two magnetic poles. The coils around the NMR tube in the diagram below is where the sample must
be. NMR experiments require a uniform magnetic field over the whole of the NMR sample volume that sits within the detection
coil. Deviation from this ideal introduces various line shape distortions, compromising both sensitivity and resolution.The strong
magnetic field causes the 'H nuclei (or other NMR active nuclei in other experiments) in a molecule to align in one of the two
possible orientations. The sample is then subjected to a frequency from the radio wave source. A detector then interprets the results
and sends it to the main console. Using a data analysis program, the free induction decay (FID) data is transformed into the
spectrum typically shown in papers and books.

Diagram of NMR spectrometer

NMR Instrument

An NMR can be divided into three main components: the workstation computer where one operates the NMR instrument, the NMR
spectrometer console, and the NMR magnet, which is shown in the picture below.

400 MHz NMR Spectrometer

The NMR is layered with the superconducting magnet just outside the probe towards the center of the spectrometer (diagram
below). The magnet only works if a coil is kept very cool, so it is immersed in the first layer inside the NMR, which is liquid
helium (4.2 K). To reduce the boil off rate of the liquid helium, the next layer is filled with liquid nitrogen at 77 K. The liquid
nitrogen reservoir space is mostly above the magnet. This way, it can act as a less expensive refrigerant to block infrared radiation
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from reaching the liquid helium jacket. Aluminum and stainless steel are also used to contain the liquids and block infrared
irradiation as well. All the layers are working to keep the magnet coil very cold.

Diagram of the main layers inside an NMR instrument

? Exercise 5.3.1

Consider a sample in an NMR tube.The crosshatched region in the tube is the area over which signal is recorded.Why is it
important that Bappr, be homogeneous over this entire region?

P T

Z
Z

Answer

NMR experiments require a uniform magnetic field over the whole of the NMR sample volume that sits within the
detection coil, which is represented by the crosshatched region. Deviation from this ideal introduces various line shape
distortions, compromising both sensitivity and resolution.

This page titled 5.3: Instrumentation is shared under a CC BY license and was authored, remixed, and/or curated by Lauren Reutenauer
(OpenStax CNX) .

e 4.7: NMR Spectroscopy by Pavan M. V. Raja & Andrew R. Barron is licensed CC BY 4.0. Original source:
http://cnx.org/contents/ba27839d-5042-4a40-afcf-c0e6e39fb45425.2.
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5.4: Types of Protons

& Objectives

After completing this section, you should be able to:

1. identify those protons which are equivalent in a given chemical structure.
2. use the 1H NMR spectrum of a simple organic compound to determine the number of equivalent sets of protons present.

Make certain that you can define, and use in context, the key terms below.

o diastereotopic
e enantiotopic
e homotopic

If all protons in all organic molecules had the same resonance frequency in an external magnetic field of a given strength, 'H NMR
would not be terribly useful to organic chemists. Fortunately for organic chemists, resonance frequencies are not uniform for all
protons in a molecule. In an external magnetic field of a given strength, protons in different locations in a molecule have different
resonance frequencies, because they are in non-identical electronic environments. In methyl acetate, below for example, there
would be two peaks in the TH NMR spectrum, which means there are two types of protons. The three protons labeled H, have a
different - and easily distinguishable — resonance frequency than the three Hy protons, because the two sets of protons are in non-
identical environments: they are, in other words, chemically nonequivalent.

Ha (I)I Hyp

| |
Ha—Cll—C—O—(l')—Hb

Ha Hb

On the other hand, the three H, protons are all in the same electronic environment, and are chemically equivalent to one another.
They have identical resonance frequencies. The same can be said for the three Hy, protons.

A good test to determine if hydrogens are chemically equivalent is by doing a thought exercise. In the thought exercise, you replace
hydrogens by X to determine what the "thought molecules™ relationship would be to each other. If the protons in the two "thought
molecules” are identical, then the protons are said to be homotopic. Homotopic protons are identical protons and will be
chemically equivalent. This means that they will show up at the same location in the NMR spectrum.

v/ Example 5.4.1

Are the protons in methane, CH4, homotopic, enantiotopic, or diastereotopic?
Solution

Let's do the thought experiment. Two of the hydrogens in methane have been labeled a and b.

/

Ha\c\
H

/

H

Now exhange replace each with X to form two separate "thought molecules". If we exchange H, for X, then the molecule
would be

Hp
X
\/C\H

H

Doing the same with Hy, the resulting molecule is

https://chem.libretexts.org/@go/page/432192



https://libretexts.org/
https://chem.libretexts.org/@go/page/432192?pdf
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Introduction_to_Organic_Spectroscopy/05%3A_Proton_Nuclear_Magnetic_Resonance_Spectroscopy_(NMR)/5.04%3A_Types_of_Protons

LibreTextsw

The next step is to determine the relationship between these two molecules. Both "thought molecules" are identical, so the
protons are homotopic.

You might expect that the equatorial and axial hydrogens in cyclohexane would be non-equivalent, and would have different
resonance frequencies. In fact, an axial hydrogen is in a different electronic environment than an equatorial hydrogen. Remember,
though, that the molecule rotates rapidly between its two chair conformations, meaning that any given hydrogen is rapidly moving
back and forth between equatorial and axial positions. It turns out that, except at extremely low temperatures, this rotational motion
occurs on a time scale that is much faster than the time scale of an NMR experiment.

S

In this sense, NMR is like a camera that takes photographs of a rapidly moving object with a slow shutter speed - the result is a
blurred image. In NMR terms, this means that all 12 protons in cyclohexane are equivalent.

The next example we will consider is bromochloromethane. Are the protons of the CH, chemically equivalent?

v/ Example 5.4.2

Are the protons in bromochloromethane, C,H,BrCl, homotopic, enantiotopic, or diastereotopic?

H Cl

X

H Br

Solution

Start with the same thought experiment that we did with methane and exchange one of the hydrogens with X to make one
"thought molecule" and then repeat with the other hydrogen. The two molecules you get are:

X Cl H Cl

H Br and X Br,

The relationship between the two molecules is that they are enantiomers. These protons are considered enantiotopic.

In Example 5.4.2, the "thought" molecules were enantiomers of each other. The hydrogens are termed enantiotopic and like
enantiomers the protons are only different in the presence of something that is chiral. The solvents typically used for NMR
spectroscopy are achiral. Therefore, the two methylene protons are equivalent protons and will have the same chemical shift. For
bromochloromethane, one would expect there to be one NMR absorption for the CH, group. In summary, enantiotopic protons will
be chemically equivalent. This means that they will show up at the same location in the NMR spectrum.

The final type of protons to discuss is diastereotopic protons.

v/ Example 5.4.3

Are the methylene protons in 2-bromo-2-chlorobutane, C4H8BrCl, chemically equivalent?

Cl Br

Ao

Start with the same thought experiment that we did with methane and exchange one of the hydrogens with X to make one
"thought molecule" and then repeat with the other hydrogen. The two "thought molecules" are:

Solution
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Cl Br Cl Br

X and

The relationship between these two molecules is diastereomers. These protons are considered diastereotopic protons.
Diastereomers have different chemical properties, which means these protons are not chemically equivalent.

Overall, 2-bromo-2-chlorobutane will have four different types of hydrogens: the two methyl groups will be different giving two
NMR absorptions and the CH, will give two NMR absorptions. In general, diastereotopic protons occur when there is a chirality
center already present in the molecule. In summary, diastereotopic protons will be chemically different. This means that they will
show up at different locations in the NMR spectrum.

When stereochemistry is taken into account, the issue of equivalence versus nonequivalence in NMR starts to get a little more
complicated. It should be fairly intuitive that hydrogens on different sides of asymmetric ring structures and double bonds are in
different electronic environments, and thus are nonequivalent and have different resonance frequencies. In the alkene and
cyclohexane structures below, for example, H, is trans to the chlorine substituent, while Hy, is cis to chlorine. H, and Hy, in both the
alkene and cyclohexane structures would give different absorptions in the NMR spectrum.

Ha R
/C:C\ Ha,
Hy Cl cl Hp

Most organic molecules have several sets of protons in different chemical environments, and each set, in theory, will have a
different resonance frequency in 'H-NMR spectroscopy. The ability to recognize chemical equivalency and nonequivalency among
atoms in a molecule will be central to understanding NMR.

Exercise

? Exercise 5.4.2

Are the labeled protons homotopic, enantiotopic, or diastereotopic?

Ha cl
a. Ho F
Ha Hb
b. HO” i
Answer

a. Diastereotopic
b. Diastereotopic

? Exercise 5.4.2

How many non-equivalent hydrogens are in the following molecules? How many different signals will you see in a 1H NMR
spectrum?

a /\/CI
b. /\ o/\
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C.

Answer
a. 1-chloropropane has three non-equivalent hydrogens and would have 3 signals in an 'H NMR spectrum.
b. Diethylether has two non-equivalent hydrogens and would have 2 signals in an 'H NMR spectrum.
c. Ethylbenzene has five non-equivalent hydrogens and would have 5 signals in an "H NMR spectrum.

5.4: Types of Protons is shared under a not declared license and was authored, remixed, and/or curated by Steven Farmer, Dietmar Kennepohl,

Lauren Reutenauer, & Lauren Reutenauer.
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5.5: Chemical Shift

After completing this section, you should be able to

chemical shift correlations.

o chemical shift
o delta scale
o upfield/downfield

Study Notes

o understand why the delta scale is used in NMR spectroscopy.

 explain how chemical environment of the proton is related to the chemical shift.
o understand how to read a table of the approximate chemical shift (&) for protons
o predict the approximate chemical shifts of each of the protons in an organic compound, given its structure and a table of

Make certain that you can define, and use in context, the key terms below.

Although the calculations described in this section will help you understand the principles of NMR, it is the actual delta values,
not the calculations, which are of greatest importance to the beginning organic chemist. Thus, we shall try to focus on the
interpretation of NMR spectra, not the mathematical aspects of the technique.

You should not attempt to memorize the chemical shifts listed in the table of this section, you will refer to it quite frequently
throughout your analysis of spectra. However, if you have an approximate idea of the chemical shifts of some of the most
common types of protons, you will find the interpretation of 'H NMR spectra less arduous than it might otherwise be.

NMR spectra are displayed on a plot that shows the applied field strength increasing from left to right. The left side of the plot is
low-field or downfield and the right side of the plot is high-field or upfield. The different local chemical environments surrounding
any particular nuclei causes them to resonate at slightly different frequencies. This is a result of a nucleus being more or less
shielded than another. There are structural features of the molecule will have an effect on the exact magnitude of the magnetic field
experienced by a particular nucleus causing an upfield or downfield shift. This means that nuclei which have different chemical
environments will show up in different regions of the NMR plot or spectrum. This is what makes NMR so useful for structure
determination in organic chemistry. There are three main features that will effect the shielding of the nucleus: 1) electronegativity,
2) magnetic anisotropy of m systems (Section 5.2) and 3) hydrogen bonding. The position on the spectrum at which a nucleus

absorbs is called its chemical shift ().

Downfield (deshielded)

Upfield (shielded)

CDCLs

Intensity

4———— Calibration peaks ——————»

™S

11 10 a g 7
{—— Lowfield

ppm High field ———p

The chemical shift is dependent on the applied field of the spectrometer and as discussed in Section 5.2, there are a variety of
spectrometers. Therefore, if you were to run the same sample in a 300 MHz spectrometer and a 600 MHz spectrometer, the same
proton would give a different chemical shift in Hertz (Hz). It would be inconvenient and confusing to always have to convert NMR
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data according to the field strength of the instrument used. Luckily, chemists report resonance frequencies not as absolute values in
Hz, but rather as values relative to a common standard, generally the signal generated by the protons in tetramethylsilane (TMS).
TMS (structure below) was chosen as a standard because it is chemically inert, symmetrical, volatile (bp = 27 C), and soluble in
most organic solvents. Most importantly, it gives a single absorption peak and its protons are more shielded than almost all organic
protons. Remember - more shielded means more toward the right of the spectrum and a lower chemical shift. With a standard in
place, the units parts per million (ppm) comes in to play. Regardless of the magnetic field strength of the instrument being used, the
resonance frequency of the 12 equivalent protons in TMS is defined as a zero point. The resonance frequencies of protons in the
sample molecule are then reported in terms of how much higher they are, in ppm, relative to the TMS signal. Now whether a 300
MHz instrument was used or a 600 MHz instrument, the same peak report out at the same chemical shift in ppm. The equation
below shows the conversion from Hertz (Hz) to part per million (ppm). Chemical shifts can be used to identify structural properties
in a molecule based on our understanding of different chemical environments.

GHs
H;C— Sli —CH3
CHj,
tetramethylsilane (TMS)

5= frequency of signal - frequency of standard .6
spectrometer fregquency X

v/ Example 5.5.1

For CHCls, there is a peak at 1451 Hz in a H! NMR spectra from a 400 MHz spectrometer. Convert to § (ppm) units.
Solution
8 = (1451 Hz - 0 Hz)/400,000,000 Hz) x 10° ppm = 3.627 ppm

Remember: TMS is our standard and is set to 0 Hz (or O ppm).

Chemical Shifts in *H NMR Spectroscopy

The NMR spectra is displayed as a plot of the applied radiofrequency versus the absorption. In "H NMR spectra, the typical range
for protons is 0 to 14 ppm. Let's look at an actual "H-NMR plot for methyl acetate. Just as in IR and UV-Vis spectroscopy, the
vertical axis corresponds to intensity of absorbance (typically not shown in an NMR spectrum) and the horizontal axis to frequency.

T™S
Ha ? Hp
| |
Ha=C—C—0—C—Hj
Ha Hb
X L L
I T T T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1 0

We see three absorbance signals: two of these correspond to H, and Hy, while the peak at the far right of the spectrum corresponds
to the 12 chemically equivalent protons in TMS. In the spectrum above, you can see that each methyl group has a different
chemical shift, so the 'H nuclei must be in different chemical environments. The two methyl groups are attached to different
functionalities, which causes a difference in the shielding for each methyl group, creating the unique 'H environments. The main
difference is how close each methyl group is to an electronegative atom in methyl acetate.
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Electronegativity

If you remember from Section 5.2, the electrons that surround the nucleus are in motion creating their own electromagnetic field. If
this field opposes the the applied magnetic field, it reduces the magnetic field experienced by the nucleus. Thus the electrons are
said to shield the nucleus. Since the magnetic field experienced at the nucleus defines the energy difference between spin states it
also defines what the chemical shift will be for that nucleus. Electron with-drawing groups can decrease the electron density at the
nucleus, deshielding the nucleus, resulting in a larger chemical shift. Let's look at some data in the table below.

C d, i
ompoun CH,F CH3;0H CH;Cl1 CH;Br CH;l CH, (CH3)4Si

CH5X

E-lectronegatl 40 3.5 3.1 2.8 25 2.1 1.8

vity of X

Cl'lemlcal 3.4 3.05 2.68 2.16 0.23 0

shift, § (ppm)

As can be seen from the data, as the electronegativity of X increases the chemical shift, 6. This is an effect of the electronegative
atom pulling the electron density away from the nuclei of 'H atoms and exposing them more to the magnetic field,
which "deshields" the nuclei and shifting the peak downfield. Looking back at the two methyl groups in methyl acetate, the methyl
group directly attached to the oxygen atom brings that signal further downfield to about 3.6 ppm, while the methyl group attached
to the carbonyl group, putting an additional carbon atom between the electron-withdrawing oxygen and the 'H nuclei and thus there
is less of an electron withdrawing effect on the nuclei, so they are more shielded. This leads the signal to be more upfield around 2
ppm. The diagram below shows where protons that are part of or near different organic functional groups generally show up on an
NMR spectrum.

carboﬂic acileO—C(:O))

aldehyde{(H-C=0)
am

Electron-poor Electron-rich
>
aromatic

EDG*: the electron-donating groups

EDG* EWG* . !
> EWG*: the electron-withdrawing groups

1. Olefinic(H-C=C)
2. Anomeric{H-C{-0})-0}

— H-C-O(H-C-0-CO-R > H-C-OH or H-C-0-C)
o
H-CN
0 s cHy>-cH,
e T e
11 13 12 11 10 9 8 7 6 5 1 3 2 1 OWS)

Chemical shift(5,))

The effects of electron withdrawing groups are cumulative so the presence of more electron withdrawing groups will
produce greater deshielding and therefore a larger chemical shift. As you can see in the table below, the more electronegative
chlorine atoms present, increases the chemical shift. In general, the more electronegative atoms present in the environment, the
more exposed the nuclei becomes and thus more deshielded.

Compound CH, CH3Cl CH,Cl, CHClI3

8 (ppm) 0.23 3.05 5.30 7.27

These inductive effects are not only felt by the immediately adjacent atoms, but also the deshielding can occur further down the
chain. The effect lessens the further away the nuclei is from the electronegative atom and after about three bonds away is not felt
much any more. In the piece of a molecule below, you can see this trend. The protons closes to the bromine atom are more
downfield at 3.30 ppm and an upfield shift occurs with the protons attached to carbons 2 bonds and 3 bonds away from the
bromine.

NMR signal -CH,-CH,-CH,Br
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8 (ppm)

1.25, 1.69, 3.30

Another way to view chemical shift data is in a table. You will notice that there are ranges. The range is where the proton peak may

generally occur.

v/ Example 5.5.2

Calculate the chemical shift for the protons in ethanol (CH3;CH,OH) using the table above.

Solution

Hydrogen type
RCH;3
RCH,R

R3;CH

RNH,

ArCH;
R—C=C—H
ROCH;

q
R/C \O/CHS

ROH

Chemical shift (ppm)

09-1.0

1.2-1.7

1.5-23

1.5-1.8

22-24

23-3.0

3.2-38

3.7-39

5.0-6.5

6.0-8

9-10.0

10-13
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-OH proton = between 1-5 ppm
-CH,- protons = 3.2-3.8 ppm

-CHj; protons = > 0.9-1.0 ppm, since the methyl group is not directly attached to the electron-withdrawing group it will not feel
the pull away of electron density as much as the methylene group, but it is still close enough to feel it a bit. This means the
methyl group will be slightly higher than expected.

Below is an actual image of the NMR spectrum of ethanol. Our predicted values do align with the actual spectral data. The OH
actually shows at 3.71 ppm, which is between 1-5ppm as predicted, the methylene occurs at 3.60 ppm also falls within the
predicted rage of 3.2-3.8 ppm, and the methyl group does fall just higher than the predicted 0.9-1.0 ppm at 1.16 ppm.
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Magnetic Anisotropy: 1t Electron Effects

The m electrons in a compound, when placed in a magnetic field, will move and generate their own magnetic field. The new
magnetic field will have an effect on the shielding of atoms within the field. The best example of this is benzene (see the figure
below). Also, see Section 5.2 for more details on generating magnetic fields.

Circulating pi electrons (blue)
create a ring current (red)

\

1

! ndisced ic field reinfs

H | € the external magnetic field (Bg)

Y near the protons which are deshielded
]

-~

By

This effect is common for any atoms near a 7 bond.

Proton Type Effect Chemical shift (ppm)
CgHs-H highly deshielded 6.5-8
C=C-H deshielded 5-6.5
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C=C-H shielded” ~2.5
0=C-H very highly deshielded 9-10

* the acetylene H is shielded due to its location relative to the m system

v/ Example 5.5.3

The chemical shift for the highlighted proton H, is 8.8 ppm, whereas the chemical shift for each of the other protons explicitly
shown is between 7.3-8.0 ppm. Provide an explanation for this downfield shift of H,.

(0)

I |.l|_

Solution

H, feels the benzene pi system as do all the other hydrogens on naphthalene. The difference is that it also feels the pi system
from the carbonyl as well, which brings H, further downfield than the other hydrogens.

Hydrogen Bonding

Protons that are involved in hydrogen bonding (i.e.-OH or -NH) are usually observed over a wide range of chemical shifts. This is
due to the deshielding that occurs in the hydrogen bond. Since hydrogen bonds are dynamic, constantly forming, breaking and
forming again, there will be a wide range of hydrogen bonds strengths and consequently a wide range of deshielding. This
exchange is faster than the time it takes to acquire a 'H NMR spectrum. This, as well as, solvation effects, acidity, concentration
and temperature make it very difficult to predict the chemical shifts for these atoms. The exchange process is facilitated by even
traces of acid or base in the sample. The functional groups affected are alcohols, carboxylic acids, amines, and amides.

Experimentally -OH and -NH can be identified by carrying out a simple D,O exchange experiment since these protons are
exchangeable.

o run the normal H-NMR experiment on your sample

¢ add a few drops of D,O

o re-run the H-NMR experiment

e compare the two spectra and look for peaks that have "disappeared"

Exercise
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The following peaks were from a 'H NMR spectra from a 300 MHz spectrometer. Convert to § units (ppm).
a) CH30H: 693 Hz
b) CH,Cl,: 1060 Hz
Answer
a) 6 = ((693 Hz - x 0 Hz)/400,000,000 Hz) x 106 ppm = 1.73 ppm
b) 6 = ((1060 Hz - x 0 Hz)/400,000,000 Hz) x 10° ppm = 2.65 ppm

? Exercise 5.5.2

Butan-2-one shows a chemical shift around 2.1 on a 300 MHz spectrometer in the H! NMR spectrum.

a) How far downfield is this peak from TMS in Hz?
b) If the spectrum was done with a 400 MHz instrument, would a different chemical shift be seen?

¢) On this new 400 MHz spectrum, what would be the difference in Hz from the chemical shift and TMS?

Answer

a) (2.1 ppm x 300000000 Hz)/10° ppm = 630 Hz The peak at 2.1 ppm would show at 630 Hz on a 300 MHz spectrometer.
TMS is always at 0 Hz, so the peak would be 630 Hz downfield from TMS.

b) No, a different chemical shift would not be seen in ppm. The point of using the ppm scale is to be able to discuss the
same peak at the same chemical shift unlike when using Hertz.

c) (2.1 ppm x 400000000 Hz)/10® ppm = 840 Hz The 2.1 ppm peak would show at 840 Hz on a 400 MHz spectrometer.

? Exercise 5.5.3

The following have one H! NMR peak. In each case predict approximately where this peak would be in a spectra.

Answer
a) 1.2-1.7 ppm
b) 6.0-8.0 ppm

? Exercise 5.5.4

Identify the different equivalent protons in the following molecule and predict their expected chemical shift.

X

Answer
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Hd HC Ha
Ha
He
N .
Hp
Hy Hq
He

There are 6 different protons in this molecule.

Predicted Chemical Shift (ppm) from

Proton Table Actual Chemical Shift (ppm) Data
Ha 1.5-1.8 1.72
Hb 5.0-6.5 6.03
Hc 5.0-6.5 6.26
Hd 6.5-8 7.33
He 6.5-8 7.19
Hf 6.5-8 7.22

? Exercise 5.5.5
Which methyl group would you expect to be more downfield on the molecule below.
/\/ O~
Answer

o
H c/\/ cn

3 3

The methyl group directly attached to the oxygen will be further downfield (predicted 3.2-3.8 ppm) versus the methyl
group directly attached to a double bond (predicted 1.5-1.8 ppm).

Contributors and Attributions
e Dr. Dietmar Kennepohl FCIC (Professor of Chemistry, Athabasca University)
o Prof. Steven Farmer (Sonoma State University)

e Dr. Richard Spinney (The Ohio State University)

5.5: Chemical Shift is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.

e 4.7: NMR Spectroscopy by Pavan M. V. Raja & Andrew R. Barron is licensed CC BY 4.0. Original source:
http://cnx.org/contents/ba27839d-5042-4a40-afcf-c0e6e39fb45425.2.
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5.6: Integration of Proton Spectra

Objectives

After completing this section, you should be able to

1. explain what information can be obtained from an integrated "H NMR spectrum, and use this information in the
interpretation of such a spectrum.
2. use an integrated "H NMR spectrum to determine the ratio of the different types of protons present in an organic compound.

Integration

In a previous sections 5.4: Types of Protons and 5.5: Chemical Shift, equivalent and nonequivalent hydrogens were discussed as
well as unique nonequivalent hydrogens having different chemical shifts. In this section, integration will let the researcher know
how many hydrogens there are for each unique NMR absorption. The area of a peak in a '"H NMR is proportional to the number of
hydrogens to which the peak corresponds. This is very helpful when determining how many of each unique hydrogen exist and
total number of hydrogens present in a molecule. The computer in an NMR instrument can be instructed to automatically integrate
the area under a signal or group of signals, so it can be superimposed on the spectrum. The integration curve appears as a series of
steps with the height being proportional to the area of the corresponding absorption peak, and the number of protons responsible for
the absorption. In practice since it can be difficult to decide exactly where to start and stop, the ratios may not be exact whole
numbers. If we look at methyl acetate (below), there are two types of protons that would give two separate peaks in an NMR
spectrum. The peaks would integrate to approximately the same area, since both correspond to a set of three equivalent protons.

v/ Example 5.6.1

If we look at a spectrum of para-xylene (common name) or 1,4-dimethylbenzene (IUPAC name), how many types of protons
are there and what does the ratio mean?

Ha—C—H,
Hb\C/CQC/Hb J}S

|
HE/C\?4C\Hb

Solution

There are still two signals like in methyl acetate indicating there are two types of hydrogens, but now instead of ratios being
about 1 to 1, the ratio is 1 to 1.5. When we instruct the instrument to integrate the areas under the two signals, we find that the
area under the peak at 2.6 ppm is 1.5 times greater than the area under the peak at 7.4 ppm. This molecule has two sets of
protons: the six methyl (H,) protons and the four aromatic (H,;)) protons, which matches our 1:1.5 ratio since 6 is 1.5 times 4.
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This (along with the actual chemical shift values, discussed in section 5.5: Chemical Shift) tells us which set of protons
corresponds to which NMR signal. The aromatic protons (Hy) are at 7.4 ppm and the methyl protons, H,, are at 2.6 ppm.

Integration can also be used to determine the relative amounts of two or more compounds in a mixed sample. If we have a sample
that is a 50:50 (mole/mole) mixture of benzene and acetone, for example, the acetone signal should integrate to the same value as
the benzene sample, because both signals represent six equivalent protons. If we have a 50:50 mixture of acetone and cyclopentane,
on the other hand, the ratio of the acetone peak area to the cylopentane peak area will be 3:5 (or 6:10), because the cyclopentane
signal represents ten protons.

Exercises

? Exercise 5.6.1

Predict how many signals the following molecule would have and the integrations in "H NMR? Sketch the spectra and estimate

the integration of the peaks.
/ O\@\
o

There would be two signals. One for H, that would integrate to 6 and another for Hy, that would integrate to 4.

Hy
H, o Ho
Ha
Hy Ha
HE\
Hy (0] Ha
Hyp

Ideal general spectrum shown with integration (below).

Answer

3H

2H

7.0 4.0 8 ppm

? Exercise 5.6.2

Using integration, how could you determine the difference between these two molecules.

(o} (¢]

NN NN NN

VS.
Answer

The two will have very similar chemical shifts for their protons, but the total number of protons will be different. If you add
up all the integrations, then you will get the total number of hydrogens for each molecule. The first molecule has 14 total
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| protons, while the second molecule has 18 total protons.

? Exercise 5.6.3

You take the "TH-NMR spectrum of a mixed sample of 36% para-xylene and 64% acetone in CDCl3 solvent. How many peaks

do you expect to see? What is the expected ratio of integration values for these peaks? (set the acetone peak integration equal
to 1.0)

Answer

There are three peaks: two from para-xylene and one from acetone. The acetone peak and the para-xylene methyl peak both
represent six protons, so the ratio of their integration values is simply 64 to 36 or 1 (64/64) to 0.56 (36/64). The ratio of the
para-xylene methyl peak to the para-xylene aromatic peak is 6 to 4 (1.5: 1 ratio), or 0.56 to 0.37 (still 1.5: 1 ratio). So the
final integral ratio of acetone:methyl:aromatic signals should be 1 to 0.56 to 0.37.

Contributors and Attributions

e Dr. Dietmar Kennepohl FCIC (Professor of Chemistry, Athabasca University)

e Prof. Steven Farmer (Sonoma State University)
e Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

5.6: Integration of Proton Spectra is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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5.7: Spin-Spin Splitting in Proton NMR Spectra

After completing this section, you should be able to

1. understand what spin-spin splitting is and what information it tells you

2. explain the spin-spin splitting pattern observed in the 'H NMR spectrum of a simple organic compound.

3. interpret the splitting pattern of a given 'H NMR spectrum.

4. determine the structure of a relatively simple organic compound, given its "H NMR spectrum and other relevant
information.

5. use coupling constants to determine which groups of protons are coupling with one another in a "H NMR spectrum.

6. predict the splitting pattern which should be observed in the "H NMR spectrum of a given organic compound.

Make certain that you can define, and use in context, the key terms below.

e coupling constant
o multiplet

e quartet

e triplet

e doublet

From what we have learned about "H NMR spectra so far, we might predict that the spectrum of 1-chloroethane, CH3CH,Cl, would
consist of two peaks—one, at about 0.9 §, expected for CH; and one shifted downfield because of the presence of an additional
electronegative chlorine atom on the second carbon. However, when we look at the spectrum (below) it appears to be much more
complex. True, we see absorptions in the regions we predicted, but instead of the single peak we have seen thus far, these
absorptions appear as a group of three peaks (a triplet) and a group of four peaks (a quartet). This complication is in fact very
useful to the organic chemist, and adds greatly to the power of NMR spectroscopy as a tool for the elucidation of chemical
structures. The split peaks (multiplets) arise because the magnetic field experienced by the protons of one group is influenced by
the spin arrangements of the protons in an adjacent group.

i
w,
o]
Iy
e
&
v

The source of spin-spin coupling

The 'H-NMR spectra that we have seen so far (of methyl acetate and para-xylene) are somewhat unusual in the sense that in both
of these molecules, each set of protons generates a single NMR signal. In fact, the "TH-NMR spectra of most organic molecules
contain proton signals that are split into two or more sub-peaks. This splitting behavior actually provides us with more information
about our sample molecule.
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Consider the spectrum for 1,1,2-trichloroethane. In this and in many spectra to follow, enlargements of individual signals will be
shown so that the signal splitting patterns are recognizable.

Hb Ha H.d
| |
Cl—C—C—H,
Cl CI
Hy jUL
: 4.05 4.00 3.95 3.90 3.85
5.85 5.80 5.75 5.70 5.65
[ T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 0
PPM ()

The signal at 3.96 ppm, corresponding to the two H, protons, is split into two subpeaks of equal height (and area) — this is referred
to as a doublet. The two Hy, protons at 5.76 ppm, on the other hand, is split into three sub-peaks, with the middle peak higher than
the two outside peaks - if we were to integrate each subpeak, we would see that the area under the middle peak is twice that of each
of the outside peaks. This is called a triplet.

The source of signal splitting is a phenomenon called spin-spin coupling, a term that describes the magnetic interactions between
neighboring, non-equivalent NMR-active nuclei. In our 1,1,2--trichloroethane example, the H, and Hy, protons are spin-coupled to
each other. Here's how it works, looking first at the Hy, signal. The magnetic environment experienced by Hj, is influenced by the
fields of both neighboring H, protons, which we will call H,; and H,,. There are four possibilities here, each of which is equally
probable. First, the magnetic fields of both H,; and H,, could be aligned with B,, which would deshield Hy, shifting its NMR
signal slightly downfield. Second, both the H,; and H,, magnetic fields could be aligned opposed to Bj, which would shield Hy,
shifting its resonance signal slightly upfield due to being more shielded. Third and fourth, H,; could be with B, and H,, opposed,
or H,; opposed to By and H,, with Bj. In each of the last two cases, the shielding effect of one H, proton would cancel the
deshielding effect of the other, and the chemical shift of Hy, would be unchanged. These ideas an be illustrated by a splitting
diagram, as shown below.

Hy, signal
’ ‘ ' Har
= - ~ CI—CI:—(T",—an
By [ > - cl Cl
|
5.76 ppm

So in the end, the signal for Hy, is a triplet, with the middle peak twice as large as the two outer peaks because there are two ways
that Hy; and H,, can cancel each other out.

The H, hydrogens give rise to a doublet signal at 3.96 ppm — notice that the two peaks are equal in height to one another. This
splitting pattern results from the spin-coupling effect of the one H; hydrogen next door, and can be explained by an analysis similar
to that which we used to explain the triplet pattern above. The proton could be aligned with the magnetic field, which would
deshield H, or it could oppose the magnetic field, which would shield H,.
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Now, consider the spectrum for ethyl acetate:

Ha ﬁ Hb Hc
| | |
Ha—C—C—0—C—C—H,

Ha Hb Hc

PPM (5)

Explain the splitting patterns of H,, Hy, and H in ethyl acetate.
Solution

We see an unsplit singlet peak at 1.83 ppm that corresponds to the acetyl (H,) hydrogens. This signal is unsplit because there
are no hydrogens on the adjacent carbon. The signal at 1.055 ppm for the H, hydrogens is split into a triplet by the two Hy
hydrogens next door. The explanation here is the same as the explanation for the triplet peak we saw previously for 1,1,2-
trichloroethane.

The Hy, hydrogens give rise to a quartet signal at 3.91 ppm — notice that the two middle peaks are taller then the two outside
peaks. This splitting pattern results from the spin-coupling effect of the three H. hydrogens next door, and can be explained by
an analysis similar to that which we used to explain the doublet and triplet patterns previously discussed.

Instead of drawing a splitting diagram for every molecule, there is a recognizable pattern which is usually referred to as the n + 1
rule: if a set of hydrogens has n neighboring, non-equivalent hydrogens, it will be split into n + 1 subpeaks. This is very useful
information if we are trying to determine the structure of an unknown molecule: if we see a triplet signal, we know that the
corresponding hydrogen or set of hydrogens has two neighboring hydrogens. When we begin to determine structures of unknown
compounds using "H-NMR spectral data, it will become more apparent how this kind of information can be used.

Three important points need to be emphasized here. First, signal splitting only occurs between non-equivalent hydrogens — in other
words, Hy; in 1,1,2-trichloroethane is not split by Hyp, and vice-versa.
cl Ha
Ha

Cl Cl

Second, splitting occurs primarily between hydrogens that are separated by three bonds. This is why the H, hydrogens in ethyl
acetate form a singlet— the nearest hydrogen neighbors are five bonds away (count the bonds between hydrogen to hydrogen), too
far for coupling to occur.

Occasionally we will see four-bond and even 5-bond splitting, but in these cases the magnetic influence of one set of hydrogens on
the other set is much more subtle than what we typically see in three-bond splitting (more complex coupling interactions is
provided in section 5.8).
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Finally, splitting is most noticeable with hydrogens bonded to carbon. Hydrogens that are bonded to heteroatoms (alcohol or amino
hydrogens, for example) are coupled weakly - or not at all - to their neighbors. This has to do with the fact that these protons
exchange rapidly with solvent or other sample molecules, which is greatly enhanced by even traces of acid or base (see mechanism
with ethanol below). Remember, NMR is like a camera that takes photographs of a rapidly moving object with a slow shutter speed
- the result is a blurred image. This blurred image here creates a broader singlet for exchanging protons, even if there are
neighboring hydrogens.

H

Hp | H, H
|

N
\//—\v(‘ o‘)(‘\‘—\/l PN

To see the splitting of exchangeable protons, the NMR experiment needs to be carried out as low temperatures.

Multiplicity in Proton NMR

The number of lines in a peak is always one more (n+1) than the number of hydrogens on the neighboring carbon. This table
summarizes coupling patterns that arise when protons have different numbers of neighbors.

# of lines ratio of lines term for peak # of neighbors
1 - singlet 0
2 1:1 doublet 1
3 1:2:1 triplet 2
4 1:3:3:1 quartet 3
5 1:4:6:4:1 quintet 4
6 1:5:10:10:5:1 sextet 5
7 1:6:15:20:15:6:1 septet 6
8 1:7:21:35:35:21:7:1 octet 7
9 1:8:28:56:70:56:28:8:1 nonet 8

Coupling constants

Chemists quantify the spin-spin coupling effect using something called the coupling constant, which is abbreviated with the
capital letter J. The coupling constant is simply the difference, expressed in Hz (not ppm), between two adjacent sub-peaks in a
split signal. For our triplet in the 1,1,2-trichloroethane spectrum, for example, the three subpeaks are separated by 6.1 Hz, and thus
we write 3J, = 6.1 Hz.

Hy, H,

fﬁ

f)IHz h]Hz H, . .

6.1 Hz
C C Ha
CI Cl

Jap=6.1 Hz

|
5. 76 ppm 3.96 ppm
The superscript 3 tells us that this is a three-bond coupling interaction, and the a-b subscript tells us that we are talking about
coupling between H, and H;,. Unlike the chemical shift value, the coupling constant, expressed in Hz, is the same regardless of the
applied field strength of the NMR magnet. This is because the strength of the magnetic moment of a neighboring proton, which is
the source of the spin-spin coupling phenomenon, does not depend on the applied field strength. Also, the coupling constant 3J ab
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quantifies the magnetic interaction between the H, and Hy hydrogen sets, and this interaction is of the same magnitude in either
direction. In other words, H, influences Hy, to the same extent that Hy, influences H,. When looking at more complex NMR spectra
(Section 5.8), this idea of reciprocal coupling constants can be very helpful in identifying the coupling relationships between proton
sets.

Similar types of bonds lead to similar coupling constants and this has resulted in a range for particular types of hydrogens
interacting through a particular bond. For example, coupling constants between proton sets on neighboring sp3-hybridized carbons
(3 bonds) is typically in the region of 6-8 Hz. The table below lists typical three-bond coupling constant values for different types
of bonds. Remember, chemically equivalent protons do not couple with one another to give spin-spin splitting.

Type of bond Image of type of bond Coupling constant (Hz)
| ]
Standard three bond coupling —T—T— 6-8
\N_/
Vinylic geminal coupling c—¢ 0-3
{N
H\ /H
Vinylic cis coupling /c=c\ 6-15
H
Vinylic t li \C_C/ 11-18
inylic trans coupling / — \ -
H
H
H
Benzylic ortho coupling 6-10
H
Benzylic meta coupling* 0-4
H
o)
Aldehydic proton coupling : " 2-3
R

*Actually 4-bond coupling.

Exercise

Predict the splitting patterns of the following molecules:

2) N
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b) Br Br

Answer

a) There are three types of protons, so there will be three peaks. The methyl directly attached to the oxygen will be a
singlet. The methylene will be split into a quartet by the neighboring methyl group. The other methyl group will be split
into a triplet by the neighboring -CH,-.

b) This molecule is symmetrical, which leads to two types of hydrogens and therefore two peaks. The methylene will be
split into a triplet by the two neighboring hydrogens on either side. The -CH- peak will be split into a triplet as well due to
the neighboring -CH>-.

? Exercise 5.7.2

How many proton signals would you expect to see in the 1H-NMR spectrum of the structure shown below? For each of the
proton signals, predict the splitting pattern. Assume that you see only 3-bond coupling.

OH OH

Answer

Because of the symmetry in the molecule, there are only four proton signals.

OH OH

HC
Hp Hp

OH proton = singlet

H, = singlet
Hy, = doublet
H. = doublet

? Exercise 5.7.3

The following spectrum is for C4H1¢O. Determine the structure. The ratio of integrals from left to right is 2:3.
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Answer

The total number of hydrogens is 2+3 = 5. All the hydrogens are not accounted for since we need a total of 10 hydrogens.
This means there is symmetry in the molecule. Ten is divisible by five. If we multiply each in the 2:3 ratio, then we get 4:6,
which does add to 10.

Typically, integrations of 3 or multiples of 3 are methyl groups. The peak at 1.14 ppm is a methyl group with two
neighbors, since the peak is split into a triplet. n +1 = 3, n = 2, n = number of neighbors. The first fragment is a -CH,-CH3.
There are two of these fragments, since there are actually 6 total methyl protons.

The peak at 3.43 ppm integrates to 4 and is a quartet. The integration indicates it is a methylene group and since it is a
quartet, it must have three neighbors. So far, the fragment would be -CH,-CHs. It is also very far downfield for a proton
just bonded to other carbons with hydrogens, which would typically be around 1.2-1.7 ppm (see the table in Section 5.5).
This means it must be attached to an electron withdrawing group. The electron withdrawing group in this molecule is the -
O-. Our final fragment is CH;-CH,-O-.

If we look at all of our fragments, we can begin to put them together. Let's take the two fragments (-CH,-CHj3 and -O-CH-
CHs), each makes one more bond. If you connect them, then you would get CH3-CH,-O-CH,-CH3. The molecule is
symmetrical with two types of protons with teh 4:6 (or 2:3) ratio and correct splitting pattern. This spectrum correlates to
diethyl ether.

Contributors and Attributions

e Dr. Dietmar Kennepohl FCIC (Professor of Chemistry, Athabasca University)

e Prof. Steven Farmer (Sonoma State University)

e Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)
o Chris P Schaller, Ph.D., (College of Saint Benedict / Saint John's University)

5.7: Spin-Spin Splitting in Proton NMR Spectra is shared under a not declared license and was authored, remixed, and/or curated by Lauren
Reutenauer.
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5.8: More Complex Spin-Spin Splitting Patterns

Objectives
After completing this section, you should be able to

1. explain how multiple coupling can give rise to complex-looking 'H NMR spectra.

2. predict the splitting pattern expected in the 'H NMR spectrum of an organic compound in which multiple coupling is
possible.

3. interpret "H NMR spectra in which multiple coupling is evident.

1o \YANe] (=1

Another effect that can complicate a spectrum is the “closeness” of signals. If signals accidently overlap they can be difficult to
identify. You can try this yourself by drawing a tree diagram. Keep this point in mind when interpreting real '"H NMR spectra.

Also, when multiplets are well separated, they form patterns. However, when multiplets approach each other in the spectrum
they sometimes become distorted. Usually, the inner peaks become larger than the outer peaks. Note the following examples:

Well separated Distorted

Complex coupling

In all of the examples of spin-spin coupling that we have seen so far, the observed splitting has resulted from the coupling of one
set of hydrogens to just one neighboring set of hydrogens. What happens if there are hydrogens on both sides?

Similar Coupling Constants

When a proton is coupled to two different neighboring proton sets with identical or very close coupling constants, the splitting
pattern that emerges often appears to follow the simple "n + 1 rule® of non-complex splitting. Looking at 1,1,3-trichloropropane
below, H, and H, only have Hy, as neighbors. Remember, splitting occurs primarily between hydrogens that are separated by three
bonds. This means that H, would be a triplet as would H.. However, Hy, has two sets of neighboring protons (H, and H.). Each
follows the simple spin-spin coupling patterns, since they each just have one neighboring set of hydrogens (Hp). However with
Hy, it has neighboring hydrogens on both sides. There are two H, neighbors and there is one H, neighbor. It turns out that since the
types of interveneing bonds between H, and Hy, are the same as Hy, and Hg, the coupling constants will be very similar. H, and He
are not equivalent (their chemical shifts are different), but it turns out that 31.p is very close to e
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Ha Hb Hc

H;——C—C——C—cl

c H, ¢

If we perform a splitting diagram analysis for Hy, we see that, due to the overlap of sub-peaks, the signal appears to be a quartet,

and for all intents and purposes follows the n + 1 rule.
Hy

i

‘ b~ The

N/

overlaps

J\/\/k

triplet of doublets becomes a quartet
when coupling constants are close

Therefore, we can still use the n + 1 rule when the coupling constants are similar and making it easier for organic chemists.

Different Coupling Constants
When a set of hydrogens is coupled to two or more sets of nonequivalent neighbors, the result is a phenomenon called complex
coupling. A good illustration is provided by the "H-NMR spectrum of methyl acrylate:

H, H,
1l il
q‘f\ \‘ H I
/| '\ [ 0
. - S \
628 624 620 616  6.12 572 5.(‘3& 564 560 556 HC\ _ /C\OCHg
/C A
’ H, Hb Ha
o
\“ \“ ) ‘w“ H. H, Hy
| I
i
NN N 3,.=174 Hz
600 59 592 588 32105 Hz
ab — 1V
2Jpe=1.5Hz
L L I |
I T T T T T T T T T T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 0

PPM(5)

First, let's first consider the H, signal, which is centered at 6.21 ppm. Here is a closer look:
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)N J N

6.28 6.24 6.20 6.16 6.12

With this enlargement, it becomes evident that the H, signal is actually composed of four sub-peaks. Why is this? H, is coupled to
both H, and Hy , but with two different coupling constants. Once again, a splitting diagram (or tree diagram) can help us to
understand what we are seeing. H, is trans to H, across the double bond, and splits the H, signal into a doublet with a coupling
constant of 3J,c = 17.4 Hz. In addition, each of these H. doublet sub-peaks is split again by H, (geminal coupling) into two more

doublets, each with a much smaller coupling constant of 2Jy. = 1.5 Hz.
H,

=174 Hz

Jpe=1.5Hz

The result of this “double splitting™ is a pattern referred to as a doublet of doublets, abbreviated dd.

The signal for H, at 5.95 ppm is also a doublet of doublets, with coupling constants 3J,.= 17.4 Hz and 3], = 10.5 Hz. We know it is
not a quartet because the intensity of the lines is the same for each like a doublet, whereas for a quartet the ratio of the lines is

1:3:3:1 where the outside lines would be shorter.
H,

Jo =174 Hz

l.hh =10.5Hz

The signal for Hy, at 5.64 ppm is split into a doublet by H,, a cis coupling with 3J,, = 10.4 Hz. Each of the resulting sub-peaks is
split again by He, with the same geminal coupling constant %J,. = 1.5 Hz that we saw previously when we looked at the H, signal.
The overall result is again a doublet of doublets, this time with the two “sub-doublets™ spaced slightly closer due to the smaller

coupling constant for the cis interaction. Here is a blow-up of the actual Hy, signal:
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Hy,

You may have noticed in the splitting diagram, the larger of coupling constant came first followed by the smaller or finer coupling
constant.While it does not matter which coupling constant you start with, it is usually easier to construct the splitting diagram for
analysis of complex coupling patterns if you begin with the larger coupling constant. However, the end result will be the same

regardless of how you begin.

v/ Example 5.8.1

Construct a splitting diagram for the Hj, signal in the "H-NMR spectrum of methyl acrylate. Show the chemical shift value for
each sub-peak, expressed in Hz (assume that the resonance frequency of TMS is exactly 300 MHz).
Solution

The coupling tree for Hy, is:
Hp

Jpa =10.5Hz

|

<>|Jpc=1.5Hz

- -

The complex coupling pattern would be a doublet of doublets (dd).

In many cases, it is difficult to fully analyze a complex splitting pattern. Aromatic ring protons quite commonly have overlapping
signals and multiplet distortions. Sometimes you cannot distinguish between individual signals, and one or more messy multiplets
often appear in the aromatic region. In the spectrum of toluene, for example, if we consider only 3-bond coupling we would expect

the signal for H, to be a doublet, Hy a triplet, and H,. a triplet.

H
Hy b

He

In practice, however, all three aromatic proton groups have very similar chemical shifts and their signals overlap substantially,
making such detailed analysis difficult. In this case, we would refer to the aromatic part of the spectrum (~7.0 ppm) as a multiplet.

https://chem.libretexts.org/@go/page/432196


https://libretexts.org/
https://chem.libretexts.org/@go/page/432196?pdf

LibreTextsw

T TR L I

When we start trying to analyze complex splitting patterns in larger molecules, we gain an appreciation for why scientists are
willing to pay large sums of money (hundreds of thousands of dollars) for higher-field NMR instruments. Quite simply, the
stronger our magnet is, the more resolution we get in our spectrum. In a 100 MHz instrument (with a magnet of approximately 2.4
Tesla field strength), the 12 ppm frequency 'window' in which we can observe proton signals is 1200 Hz wide. In a 500 MHz (~12
Tesla) instrument, however, the window is 6000 Hz - five times wider. In this sense, NMR instruments are like digital cameras and
HDTVs: better resolution means more information and clearer pictures (and higher price tags!).

It is much easier to rationalize the observed 1H NMR spectrum of a known compound than it is to determine the structure of an
unknown compound from its 1H NMR spectrum. However, rationalizations can be a useful learning technique as you try to
improve your proficiency in spectral interpretation. Remember that when a chemist tries to interpret the 'H NMR spectrum of an
unknown compound, he or she usually has additional information available to make the task easier. For example, the chemist will
almost certainly have an infrared spectrum of the compound and possibly a mass spectrum too. Details of how the compound was
synthesized may be available, together with some indication of its chemical properties, its physical properties, or both.

Exercises

? Exercise 5.8.1

The molecule below is 2-pentanone, what would the splitting pattern be for the two hydrogens explicitly indicated (below) in
an 'H NMR spectrum.

H H o

PN

The indicated hydrogens (H. below) in the spectrum of 2-pentanone appears as a sextet. They would be split by the five
combined protons (Hy and Hq below). Since the intervening bonds are the same, Jy. and J.q4 would be very similar and the
n+1 rule can be followed. Technically, this 'sextet' could be considered to be a 'triplet of quartets' with overlapping sub-
peaks.

Answer
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H,
Ha O Hy Ho Hy
| | | |
OG- g
Ha Hb Hc Hd
JML |
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H,
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3.0 2.5 2.0 15 1.0 0.5 0.0
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? Exercise 5.8.2

The following spectrum is for C3HgO. Determine the structure. The ratio of integrals from left to right is 2:1:2:3.

@ _m‘ m| m‘

_m‘ \“ .\“

g

o

‘m‘m‘p‘u“a‘»lm'_

—

Answer

\/\OH

o
1SS
o
=5

The total number of hydrogens is 2+1+2+3 = 8. All the hydrogens are accounted for.

Typically, integrations of 3 or multiples of 3 are methyl groups. The peak at 0.9 ppm is a methyl group with two neighbors,
since the peak is split into a triplet. n +1 = 3, n = 2, n = number of neighbors. The first fragment is a -CH,-CHj.

The peak just above 1.5 ppm integrates to 2 protons and is a sextet (split into 6 peaks). The integration of 2 indicates this is
a methylene group (-CH;-) and the spin-spin splitting pattern tells us that there are 5 neighbors. A methylene makes two
more bonds, so one side must be the methyl group and the other side must be another methylene in order to have 5 total

neighbors. The next fragment is -CH,-CH,-CH3.

The peak just below 3.0 ppm is a broad singlet. Broad singlets typically come from exchangeable protons like an -OH or -
NH-. In our molecular formula we have no N, but we do have an O, so this peak must be due to the -OH.

The final peak at 3.5 ppm integrates to 2 and is a triplet. The integration indicates it is another methylene group and since it
is a triplet, it must have two neighbors. So far, the fragment would be -CH,-CH,-. It is also very far downfield for a proton
just bonded to other carbons with hydrogens, which would typically be around 1.2-1.7 ppm (see the table in Section 5.5).
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This means it must be attached to an electron withdrawing group. The electron withdrawing group in this molecule is the -
OH. Our final fragment is -CH,-CH,-OH.

If we look at all of our fragments, we can see that it is too many carbons and hydrogens if they all represented a separate
piece to include. However, spin-spin splitting is the information from neighboring hydrogens. This means that the
fragments overlap each other. Let's take the first two fragments (-CH,-CHj3 and -CH,-CH,-CHj). The integration
information indicates that there is only one peak that integrates to 3, so there is only one methyl group, not two. This means
one of the methyl groups is a duplicate and there is actually only one methyl group. In the second fragment, the splitting
pattern indicated that there must be a neighboring methyl group, but the information is actually about the central methylene
in that fragment. Considering this, the molecule must be HO-CH,-CH,-CHs. It has four different types of hydrogens, with
the correct ratios as well as splitting pattern.

? Exercise 5.8.3

For the molecule below, what would the coupling pattern be in a '"H NMR spectrum?

Ha Hp

H¢ NH,
Hq
Hq

Answer

Hyp, would be a doublet of doublet of triplets. H. splits Hy by trans coupling into a doublet. H, splits Hy, by cis coupling into
a doublet. The two Hg protons split Hy, into a triplet. All of the J coupling constants are different, so you cannot use the n+1
rule.

? Exercise 5.8.4

Unknown compound D (C;5H;,0) has the following spectral properties.

Infrared spectrum:

3010 cm ™! (medium)
1715 cm™! (strong)
1610 cm ™! (strong)
1500 cm ™! (strong)

'H NMR spectrum:
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6 (ppm) Relative Area Multiplicity
3.00 2 triplet
3.07 2 triplet
7.1-7.9 10 Multiplets

Answer

Contributors and Attributions

e Dr. Dietmar Kennepohl FCIC (Professor of Chemistry, Athabasca University)

e Prof. Steven Farmer (Sonoma State University)

e Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

5.8: More Complex Spin-Spin Splitting Patterns is shared under a not declared license and was authored, remixed, and/or curated by Lauren
Reutenauer.
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5.9: Uses of Proton NMR Spectroscopy

After completing this section,

o understand how 'H NMR data can be used to distinguish between two (or more) possible structures for an unknown organic
compound

o determine if your reaction went to completion based on how clean the 'H NMR spectrum is

o understand how the ratio of mixtures can be obtained

The two major areas where NMR has proven to be of critical importance is in the fields of medicine and chemistry, with new
applications being developed daily.

Nuclear magnetic resonance imaging, better known as magnetic resonance imaging (MRI) is an important medical diagnostic tool
used to study the function and structure of the human body. It provides detailed images of any part of the body, especially soft
tissue, in all possible planes and has been used in the areas of cardiovascular, neurological, musculoskeletal and oncological
imaging. Unlike other alternatives, such as computed tomography (CT), it does not used ionized radiation and hence is very safe to
administer.

Figure 5.9.1: 'H MRI of a human head showing the soft tissue such as the brain and sinuses. The MRI also clearly shows the spinal
column and skull.
In many laboratories today, chemists use nuclear magnetic resonance to determine structures of important chemical and biological
compounds. In NMR spectra, different peaks give information about different atoms in a molecule according specific chemical
environments and bonding between atoms. The most common isotopes used to detect NMR signals are 'H and '3C but there are
many others, such as 2H, 3He, 1°N, 1°F, etc., that are also in use.

NMR has also proven to be very useful in other area such as environmental testing, petroleum industry, process control, earth’s
field NMR and magnetometers. Non-destructive testing saves a lot of money for expensive biological samples and can be used
again if more trials need to be run. The petroleum industry uses NMR equipment to measure porosity of different rocks and
permeability of different underground fluids. Magnetometers are used to measure the various magnetic fields that are relevant to
one’s study.

'"H NMR spectroscopy provides a lot of information. Each signal in the spectrum is a unique proton(s). Chemical shift indicates the
type of environment protons are in. Integration tells how many of the unique protons there are. Spin-spin coupling tells how many
neighbors a particular proton has. Each adding a bit more complexity, but how can "H NMR be used?

1) There will be cases in which you already know what the structure might be. In these cases:

¢ You should draw attention to pieces of data that most strongly support your expected structure. This approach will demonstrate
evaluative understanding of the data; that means you can look at data and decide what parts are more crucial than others.

¢ You should also draw attention to negative results: that is, peaks that might be there if this spectrum matched another, possible
structure, but that are in fact missing.

2) One of the most complicated problems to deal with is the analysis of a mixture. This situation is not uncommon when running a
reaction in lab.

¢ Sometimes the spectra shows a little starting material mixed in with the product.
¢ Sometimes solvents show up in the spectrum.
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¢ As you might expect, the minor component usually shows up as smaller peaks in the spectrum. If there are fewer molecules
present, then there are usually fewer protons to absorb in the spectrum.

o In this case, you should probably make two completely separate sets of data tables for your analysis, one for each compound, or
else one for the main compound and one for impurities.

It can be helpful to either take a 'H NMR spectrum of your starting materials or look it up in a database, which can be used as a
reference for the product 'H NMR.

3) Remember that integration ratios are really only meaningful within a single compound. If your NMR sample contains some
benzene (CgHg) and some acetone (CH3COCH3), and there is a peak at 7.15 that integrates to 1 proton and a peak at 2.10 ppm
integrating to 6 protons, you may think it might mean there are 6 protons in acetone and 1 in benzene, but you can tell that isn't true
by looking at the structures. Both benzene and acetone have six protons. In benzene, they should all show up near 7 ppm and in
acetone they should all show up near 2 ppm. Assuming that small integral of 1H for the benzene is really supposed to be 6H, then
the large integral of 6H for the acetone must also represent six times as many hydrogens, too. It would be 36 H. There are only six
hydrogens in acetone, so it must represent six times as many acetone molecules as there are benzene molecules.

Similarly, if you have decided that you can identify two sets of peaks in the 'H spectrum, such as starting material and product,
analyzing them in different tables makes it easy to keep the integration analysis completely separate too; 1 H in one table will not
be the same size integral as 1 H in the other table unless the concentrations of the two compounds in the sample are the same.
Comparing the ratio of two integrals for two different compounds can give you the ratio of the two compounds in solution, just as
we could determine the ratio of benzene to acetone in the mixture described above.

v/ Example 5.9.1

Three students performed a synthesis of a fragrant ester, ethyl propanoate, CH;CH,CO,CH,CHj3. During their reactions, they
each used a different solvent (acetonitrile, tetrahydrofuran, and dichloromethane). Did any of the students see just ethyl
propanoate?

See the first student's spectrum:

CH,CN (

CHCl, [ J
_— I
Jli H‘gl U

I B

See the second student's spectrum:
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See the third student's spectrum:

[
CH,Cl,

i
CHCl,4 J
L ) Ji
il ",LJ‘ Lb i
[ [ [ [ [ T [ [
8 7 6 5 4 3 2 1 0
PPM

Solution

The students saw peaks in the NMR spectrum for ethyl propanoate, chloroform (CHCls, in the CDCl3 they used to make their
NMR samples), and trace amounts of solvent from running the reaction. They were also able to determine that they had some

leftover solvent in their samples by consulting a useful table of solvent impurities in NMR (which they found in Goldberg et.
al., Organometallics 2010, 29, 2176-2179).

Exercises

? Exercise 5.9.1

How could you tell the difference between o-xylene and p-xylene in {H NMR?

o-xylene:
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p-xylene:

Answer

There are a variety of ways to determine the difference between these two molecules. In o-xylene, there are 3 types of
protons and in p-xylene there are two types of protons. There will be spin-spin splitting in the o-xylene aromatic protons,
since there are two types of aromatic protons and the protons are neighbors. p-Xylene will show now splitting in the
aromatic protons, since there is just one type of aromatic proton with no neighbors.

Contributors and Attributions

e Dr. Dietmar Kennepohl FCIC (Professor of Chemistry, Athabasca University)

e Prof. Steven Farmer (Sonoma State University)

e Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

e Chris P Schaller, Ph.D., (College of Saint Benedict / Saint John's University)

: Uses of Proton NMR Spectroscopy is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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5.10: Interpreting Proton NMR Spectra

4b Objectives

o understand how chemical shift, integration, spin-spin splitting all come together to solve 'H NMR problems.
e solve unknown 'H NMR problems given the molecular formula.

This page is devoted to explaining solved "H NMR problems to help guide you through different scenarios. The first will be a case

in which you know the structure of the product you are synthesizing, but need to prove you did indeed make it. Your strategy
should be:

o Draw your attention to pieces of data that most strongly support your expected structure. A skill necessary for this will be your
ability to demonstrate evaluative understanding of the data. In other words, you can look at the data and decide what parts are
more important than other parts.

¢ Draw you attention to negative results: what peaks might be there if the spectrum matched another possible structure, but is
missing.

v/ Example 5.10.1

In the laboratory, you performed an esterification to make ethyl acetate. Based on the 'H NMR spectrum, did you make your
desired product?

(0]

Expected Product: )L o N

'H NMR: The ratio of protons is 2:3:3.

RLE

g
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Solution

Yes, ethyl acetate was synthesized. First, the ratio of protons equals the number of protons in our expected product.

The peak at 1.20 ppm is a triplet that integrates to 3 protons. The integration indicates that the peak corresponds to a methyl

group. The splitting pattern of a triplet indicates that there are two neighboring. All of this information together gives the piece
-CH,CHj.

The peak at 1.98 ppm is a singlet that integrates to 3 protons. The integration tells us the peak corresponds to a methyl group.
The splitting pattern of a singlet indicates that there are no neighbors. The chemical shift is quite far downfield at 1.98 ppm (a
methyl group attached to another carbon would be at about 0.9 ppm). Being further downfield means that the methyl group is
attached to an electron-withdrawing group, which could be directly to an oxygen or the carbonyl carbon. All of this
information together gives the piece -EWG-CH3. EWG = Electron-Withdrawing Group
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The peak at 4.06 ppm is a quartet that integrates to 2 protons. The integration tells us the peak corresponds to a methylene
group (-CHy-). The splitting pattern of a quartent indicates that there are 3 neighbors. The chemical shift is quite far downfield
at 4.06 ppm (a methylene group attached to another carbon would be at about 1.2 ppm). Being the furthest downfield, the
methylene group needs to be attached to the electron-withdrawing group that will be the most deshielding for the protons
(Chemical Shift information). This is the proton must be directly attached to the oxygen. All of this information together gives
the piece -O-CH,CHj3, which means the methyl group at 1.98 ppm is directly attached to the carbonyl carbon.

From this analysis, it can be concluded that yes, ethyl acetate was synthesized as expected.

Next, we will look at a 'H NMR spectrum of an unknown and determine its structure.

v/ Example 5.10.2

Using the chemical formula and 'H NMR spectrum, determine the structure of your unknown molecule.
Chemical Formula: C;HqoCIO

Unknown molecule "H NMR spectrum: The ratio of protons is 2:2:2:3.

Solution

~ A

First, if the molecular formula is known, then start by calculating the degree of unsaturation (DU), which will tell how many
double bond, triple bond, or rings are present in the molecule. A double bond is a DU = 1. A ring is a DU = 1. A triple bond is
a DU = 2. The degree of unsaturation for CsHgClO is 1. Therefore, the molecule either contains a ring or a double bond.

Unknown molecule: !

The peak at 1.05 ppm is a triplet that integrates to 3 protons. The integration indicates that the peak corresponds to a methyl
group. The splitting pattern of a triplet indicates that there are two neighboring. All of this information together gives the piece
-CH,CHs.

The peak at 2.40 ppm is a quartet that integrates to 2 protons. The integration tells us the peak corresponds to a methylene
group. The splitting pattern of a quartet indicates that there are 3 neighboring protons. The chemical shift is quite far downfield
at 2.40 ppm (a methylene group attached to another carbon would be at about 1.2 ppm). Being further downfield means that the
methylene group is attached to an electron-withdrawing group, which could be directly to the chlorine or carbonyl carbon. All
of this information together gives the piece -EWG-CH,CH;. EWG = Electron-Withdrawing Group

The peak at 2.90 ppm is a triplet that integrates to 2 protons. The integration tells us the peak corresponds to a methylene
group. The splitting pattern of a triplet indicates that there are 2 neighboring protons. The chemical shift is quite far downfield
at 2.90 ppm. Being further downfield means that the methylene group is attached to an electron-withdrawing group, which
could be directly to the chlorine or carbonyl carbon. All of this information together gives the piece -EWG-CH,CH>-.
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The peak at 3.77 ppm is a triplet that integrates to 2 protons. The integration tells us the peak corresponds to a methylene
group. The splitting pattern of a triplet indicates that there are 2 neighbors. The chemical shift is quite far downfield at 3.77
ppm. Being the furthest downfield, the methylene group needs to be attached to the electron-withdrawing group that will be the
most deshielding for the protons (Chemical Shift information). This is the proton must be directly attached to the chlorine. All
of this information together gives the piece CI-CH,CH>-, which means the methylene groups at 2.40 and 2.90 ppm are directly
attached to the carbonyl carbon, since the chlorine only makes one bond.

o

In the example just discussed, the number of hydrogens in the spectrum was equal the number of hydrogens in the molecular
formula. What if this is not the case? Symmetry in a molecule can complicate your ability to determine a structure because the 'H
NMR spectrum seems more simple than expected.

v/ Example 5.10.3

Using the chemical formula and 1H NMR, determine the structure of the unknown molecule.

All of this information yields the unknown molecule structure to be ¢!

Molecular formula: CgH7N

Unknown molecule 'H NMR spectrum: The ratio is 1:1:2.

Solution

Unknown molecule: H

Thus far, we have not needed to use the J-coupling constants from the splitting patterns, because the constants would have all been
very similar of about 7 Hz. However, they can be very useful in determining your final product and ruling out other possibilities.

v/ Example 5.10.4

Using the chemical formula and the "H NMR spectrum, determine the structure of the unknown molecule.
Molecular formula: CgH;(O.

Unknown molecule "H NMR spectrum: The proton ratio is 2:1:1:6. The coupling constant for the doublet (6.93 ppm) and
triplet (6.71 ppm) is 8 Hz.
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Solution
DU = 4. Anytime there is a DU of at least 4, it is often an aromatic ring. Each double bond is 1 DU and the ring is 1 DU, so
31)+1=4.

To double check this, look to see if there are any protons in the aromatic proton region (6.5 ppm - 8 ppm). This spectrum does
in fact have aromatic protons, so there must be an aromatic ring. There is a total of 3 protons in the aromatic region, which
means that there are three hydrogens coming of the aromatic ring and three groups coming off the aromatic ring. The coupling

constant of 8 Hz indicates that the aromatic protons are ortho to one anther. The piece from this information is
Group

H Group

H Group
H

For the groups, since there are only two types of aromatic protons, this means that the groups ortho to the hydrogens must be
the same.

The peak at 4.66 ppm is broad and small and integrates to one proton. Broad peaks typically are from exchangeable protons
attached to oxygen or nitrogen. Since our molecular formula contains an O, this must be a hydroxyl group (-OH).

The singlet at 2.20 ppm integrates to 6 protons. The most common way to have 6 equivalent protons is that there are two
methyl groups with no neighbors. Two methyl groups would be two of the same group and therefore are the groups ortho to the
protons on the aromatic ring.

All of this information yields the unknown molecule structure to be

The final example brings in a more complex splitting pattern.

v/ Example 5.10.5

Using the chemical formula and the "H NMR spectrum, determine the structure of the unknown molecule.
Molecular formula: C,HgO.

Unknown molecule "H NMR spectrum: The proton ratio is 1:1:1:1:2. The coupling constant for the doublet of doublet of
triplets (5.93 ppm) has three coupling constants which are 17 Hz, 10 Hz, and 7 Hz. and triplet (6.71 ppm) is 8 Hz. The doublet
of doublets at 5.20 ppm has coupling constants of 10 Hz and 2 Hz and the doublet of doublets at 5.10 ppm has coupling
constants of 17 Hz and 2 Hz. The doublet at 3.12 ppm has a coupling constant of 7 Hz.
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Solution

DU = 2. Therefore, there is either a double bond or a ring. If we look at chemical shifts, there are peaks in the double bond
region, so the molecule has at least one double bond.

Another thing to note is that the ratio of protons equals our total number of protons of 6. Therefore, all the protons are
accounted for and there is not integration of 3, so this molecule has NO methyl groups.

The peak out at 10 ppm is an aldehyde proton. Very few peaks show up that far downfield and using the chemical shift table, it
indicates that it is an aldehydic proton. An aldehyde contains a carbonyl (C=0), which is our second degree of unsaturation.

The peak at 3.12 ppm is a methylene (-CH,-) group, since the integration is 2. It is quite far downfield, so it must be near an
electron-withdrawing group. So far, there is an aldehyde, which would be an "end" to the molecule much like a methyl group.

& o

\_{

The fragment piece could be H.

This brings us to the double bond region. In total, there are three double bond protons, which means we have a terminal double

bond. There is only one way to have a double bond with three protons, but let's consider the splitting. If we combine the double
Ha Hc

Hg

bond with the fragment we have, then our molecule would be H.Hp is a doublet of doublets. It is split by cis
coupling to H¢ of 10 Hz and geminal coupling to Hp of 2 Hz, which yields a doublet of doublets. Hg is a doublet of doublets. It
is split by trans coupling to H. of 17 Hz and geminal coupling to Ha of 2 Hz, which yields a doublet of doublets. The doublet
of doublet of triplets is Hc. As we just discussed, it couples through cis bonding to Ha (10 Hz) and trans to Hg (17 Hz). The
triplet comes from regular 3-bond coupling to the methylene group, which is J = 7 Hz.

H H

asg

All of this information yields the unknown molecule structure to be

The next section will have problems for you to solve.

5.10: Interpreting Proton NMR Spectra is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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5.11: Proton NMR problems

4b Objectives

e Solve unknown problems using 'H NMR spectra and molecular formula.

Helpful resources for solving these types of problems:
1. Degree of Unsaturation Equation

2. Chemical Shift Data Table

3. Coupling Constant Data Table

4. IR Data Table

You may also want to read through some worked problems on how to solve unknown structure determination problems
(Section 5.10).

? Exercise 5.11.1

Determine the structure for the unknown molecule with the molecular formula of C5H;05.

'H NMR: The ratio of protons is 2:3:2:3. J = 7 Hz for all coupling.

40 35 30 25 20 15 10

Answer
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Determine the structure for the unknown molecule with the molecular formula of C5H;40O,.

'H NMR: The ratio of protons is 1:1:1:1:3:3. The peak at 9.5 ppm is a singlet. The peak at 2.41 ppm is sextet (J = 7 Hz). The
peak at 1.72 ppm is a multiplet (J = 7Hz, 25 Hz). The peak at 1.53 ppm is a multiplet (J = 7 Hz, 25 Hz). The peak at 1.20ppm is
a doublet (J = 7 Hz). The peak at 0.95 ppm is a triplet (J = 7 Hz).
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Answer

OH

Note: The -CH,- protons are diastereotopic, so they show up differently in 'H NMR spectra.

? Exercise 5.11.3

Determine the structure for the unknown molecule with the molecular formula of C1gH1205.

'H NMR: The ratio of protons is 5:1:3:3. The peak at 7.5 ppm is a multiplet. The peak at 3.70 ppm is quartet (J = 7 Hz). The
peak at 3.58 ppm is a singlet. The peak at 1.48 ppm is a doublet (J = 7 Hz).
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Answer

? Exercise 5.11.4

Determine the structure for the unknown molecule with the molecular formula of C;oH15N.

'H NMR: The ratio of protons is 1:2:2:4:6. The peak at 7.3 ppm is a triplet (J = 2Hz) and the peak at 6.24 ppm is a doublet (J =
2 Hz).

=._
N =

Answer
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? Exercise 5.11.5

Determine the structure for the unknown molecule with the molecular formula of C7H140.

'H NMR: The ratio of protons is 1:3:2:3:2:3. The peak at 4.36 ppm is a triplet of quartets (J = 17 Hz and 7Hz). The peak at
3.37 ppm is a singlet. The peak at 2.04 ppm is a doublet of triplets (J = 17 Hz and 7Hz). The peak at 1.56 ppm is a doublet (J =
7 Hz). The peak at 1.48 ppm is a sextet (J = 7 Hz). The peak at 0.85 ppm is a triplet (J = 7 Hz).

51

7

G-'"'I'""""I'""""I""""'I""""'I""""'I""""I""""'I"_'_"""I

Answer

)

5.11: Proton NMR problems is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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5.S: Summary

Concepts & Vocabulary

5.1: Chapter Objectives and Preview of Nuclear Magnetic Resonance Spectroscopy

o Nuclear magnetic resonance spectroscopy is based on the function of nuclei as they interact with a magnetic field.
5.2 Theory of NMR

¢ Some types of atomic nuclei act as though they spin on their axis similar to the Earth.

¢ Atomic nuclei with even numbers of protons and neutrons have zero spin and all the other atoms with odd numbers have a non-
zZero spin.

e The magnetic moment of the nucleus acts as a tiny bar magnet.

o In the absence of an external magnetic field, each magnet is randomly oriented. However in the presence of an external
magnetic field, the nuclear spins will either align with the magnetic field or oppose it.

o In order for the NMR experiment to work, a spin flip between the energy levels must occur.

e The local electronic environment surrounding the nucleus will slightly change the magnetic field experienced by the nucleus,
which in turn will cause slight changes in the energy levels.

o Hydrogens attached to single or triple bonds are more shielded than alkenyl hydrogens due to position of induced magnetic
fields of the electrons.

o Relaxation refers to the phenomenon of nuclei returning to their thermodynamically stable states after being excited to higher
energy levels.

5.3 Instrumentation

o NMR spectroscopy works by varying the machine’s emitted frequency over a small range while the sample is inside a constant
magnetic field.

o The magnets used by NMR instruments are superconducting to create the magnetic field range from 6 to 24 T.

o A sample is inserted into the NMR probe, which sits in a uniform magnetic field, and is irradiated by radio wave frequency. A
detector interprets the results.

5.4 Types of Protons

e There are homotopic, enantiotopic, and diastereotopic protons.

¢ Homotopic protons are identical protons and will be chemically equivalent. These will show up at the same location in NMR
spectroscopy.

o Enantiotopic protons are chemically equivalent. These will show up at the same location in NMR spectroscopy.

o Diastereoptopic protons are different protons and will be chemically nonequivalent. These will show up at different locations in
NMR spectroscopy.

5.5 Chemical Shift

e NMR spectra are displayed on a plot that shows the applied field strength increasing from left to right.

o The left side of the plot is low-field or downfield and the right side of the plot is high-field or upfield.

o The different local chemical environments surrounding any particular nuclei causes them to resonate at slightly different
frequencies. This means that nuclei which have different chemical environments will show up in different regions of the NMR
plot or spectrum.

o Chemical shift is dependent on the applied field of the spectrometer, so TMS is used as a standard in order to use the units parts
per million (ppm). This allows scientists to talk about the same peak in the same units regardless of field strength.

o The main "things" that effect the shielding of a nucleus are electronegative of atoms, magnetic anisotropy of pi systems, and
hydrogen bonding.

o Electron with-drawing groups can decrease the electron density at the nucleus, deshielding the nucleus, resulting in a larger
chemical shift.

e The m electrons in a compound, when placed in a magnetic field, will move and generate their own magnetic field. The new
magnetic field will have an effect on the shielding of atoms within the field.

o Protons that are involved in hydrogen bonding (i.e.-OH or -NH) are usually observed over a wide range of chemical shifts since
hydrogen bonds are dynamic
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5.6 Integration of Proton Spectra

o The area of a peak in a 1H NMR is proportional to the number of hydrogens to which the peak corresponds.

e The integration curve appears as a series of steps with the height being proportional to the area of the corresponding absorption
peak, and the number of protons responsible for the absorption.

o Integration can be used to determine the relative amounts of two or more compounds in a mixed sample.

5.7 Spin-Spin Splitting in Proton NMR spectra

o The split peaks (multiplets) arise because the magnetic field experienced by the protons of one group is influenced by the spin
arrangements of the protons in an adjacent group.

o There is a recognizable pattern which is usually referred to as the n + 1 rule: if a set of hydrogens has n neighboring, non-
equivalent hydrogens, it will be split into n + 1 subpeaks.

o Splitting occurs primarily between hydrogens that are separated by three bonds.

o The spin-spin coupling effect is quantified by the coupling constant, J. The coupling constant is simply the difference,
expressed in Hz (not ppm), between two adjacent sub-peaks in a split signal.

5.8 More Complex Spin-Spin Splitting Patterns

o When a proton is coupled to two different neighboring proton sets with identical or very close coupling constants, the splitting
pattern that emerges often appears to follow the simple “n + 1 rule” of non-complex splitting.

o If the set of protons is coupled to two or more sets of nonequivalent neighbors, the result is complex coupling.

o Complex coupling occurs when the coupling constants are different from each other on the neighboring protons.

o The stronger our magnet is, the more resolution we get in our spectrum. This means a clearer picture to gather more
information.

5.9 Uses of 'H NMR Spectroscopy

¢ Nuclear magnetic resonance imaging (MRI) is an important medical diagnostic tool developed from NMR spectroscopy.
o Scientists use NMR spectroscopy to determine the structure of a molecule.

Skills to Master

o Skill 5.1 Distinguish between different types of protons in a molecule.

o Skill 5.2 Estimate the chemical shift of protons.

o Skill 5.3 Know which protons will be more downfield.

o Skill 5.4 Determine the ratio of different types of protons present in an organic compound.
o Skill 5.5 Provide a splitting diagram for a proton.

o Skill 5.6 Predict splitting patterns using a splitting diagram or the n + 1 rule.

o Skill 5.7 Interpret complex splitting in a spectrum.

o Skill 5.8 Solve unknown structure determination problems with 'H NMR spectroscopy.

5.5: Summary is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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6.1: Chapter Objectives and Preview of C-13 Nuclear Magnetic Resonance
Spectroscopy

4) Learning Objectives

After completing this chapter, you should be able to

o fulfill all of the detailed objectives listed under each individual section.
« solve road-map problems which will require the interpretation of '>C NMR spectra in addition to other spectral data.
o define, and use in context, the key terms introduced in this chapter.

In the previous chapter, H Nuclear Magnetic Resonance (NMR) was discussed. The theory for NMR spectroscopy is the same for
all NMR spectroscopy. In the presence of a magnetic field, a sample can absorb electromagnetic radiation, specifically in the
radiofrequency (rf) region, based on the function of certain nuclei in the molecule. This chapter will focus on carbon nuclear
magnetic spectroscopy (}3C NMR) and what type of information you can glean from spectra and how it complements 'H NMR
for the determination of a structure of a molecule.

6.1: Chapter Objectives and Preview of C-13 Nuclear Magnetic Resonance Spectroscopy is shared under a not declared license and was authored,
remixed, and/or curated by Lauren Reutenauer.

« Interpreting C-13 NMR Spectra by Jim Clark is licensed CC BY-NC 4.0.
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6.2: C-13 NMR Spectroscopy- Signal Averaging and FT-NMR

&b Learning Objectives

e Learn how !H NMR and !3C NMR are similar and different.
e Understand the basics of how 13C NMR works.

Why are we talking about '>C NMR when the '%C isotope of carbon - which accounts for up about 99% of the carbons in organic
molecules? The '2C isotope does not have a nuclear magnetic moment, and thus is NMR-inactive (cannot be seen by the NMR).
Fortunately for organic chemists, however, the 'C isotope, which accounts for most of the remaining 1% of carbon atoms in
nature, has a magnetic moment just like protons, which is why we will be discussing 3C NMR spectroscopy and not ?C NMR
spectroscopy. Most of what the theory we have learned about 'H-NMR spectroscopy also applies to '>*C-NMR, although there are
several important differences.

The basics of 13C NMR spectroscopy

The magnetic moment of a '3C nucleus is much weaker than that of a proton. This means that NMR signals from '3C nuclei are
inherently much weaker than proton signals. Combining the weaker magnetic moment with the low natural abundance of 13C,
means that it is much more difficult to observe carbon signals: more sample is required, and often the data from hundreds of scans
must be averaged in order to bring the signal-to-noise ratio down to acceptable levels.

Chemical Shift

The resonance frequencies of >C nuclei are lower than those of protons in the same applied field - in a 7.05 Tesla instrument,
protons resonate at about 300 MHz, while carbons resonate at about 75 MHz. This is fortunate, as it allows us to look at '3C signals
using a completely separate 'window' of radio frequencies. Just like in 'H-NMR, the standard used in '*C NMR experiments to
define the 0 ppm point is tetramethylsilane (TMS), although of course in '>C NMR it is the signal from the four equivalent carbons
in TMS that serves as the standard. Chemical shifts for >C nuclei in organic molecules are spread out over a much wider range
than for protons — up to 200 ppm for >C compared to 12 ppm for protons (see Table 3 for a list of typical **C NMR chemical
shifts). This is also fortunate, because it means that the signal from each carbon in a compound can almost always be seen as a
distinct peak, without the overlapping that often plagues "H NMR spectra. The chemical shift of a >C nucleus is influenced by
essentially the same factors that influence a proton's chemical shift: bonds to electronegative atoms and diamagnetic anisotropy
effects tend to shift signals downfield (higher resonance frequency). In addition, sp? hybridization results in a large downfield shift.
The '>C NMR signals for carbonyl carbons are generally the furthest downfield (170-220 ppm), due to both sp® hybridization and
to the double bond to oxygen. Symmetry will also play a role in how many signals are observed on a '>*C NMR spectrum. If there is
no symmetry, then each carbon should show up as a signal in the spectrum. If symmetry is present in the molecule, then there will
be less than the total number of carbons in the molecule. Only non-equivalent carbons will appear as a signal in 1>*C NMR.

v/ Example 6.2.1

How many sets of non-equivalent carbons are there in ethyl benzene?

Solution
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There are 5 different carbons in ethyl benzene. There is symmetry in ethyl benzene in the aromatic ring. > On the
labeled molecule, there are two carbon 3's and two carbon 4's due to the symmetry of the molecule.

Integration

Unlike '"H NMR signals, the area under a '3C NMR signal cannot be used to determine the number of carbons to which it
corresponds. This is because the signals for some types of carbons are inherently weaker than for other types — peaks corresponding
to carbonyl carbons, for example, are much smaller than those for methyl or methylene (CH,) peaks. There are some
quantitative "3C NMR experiments that when enriched with 'C can be integrated, but typically it is not done.

Spin-spin Splitting

Because of the low natural abundance of 13C nuclei, it is very unlikely to find two 13C atoms near each other in the same molecule,
which means that spin-spin coupling is not observed between neighboring carbons in a 3C NMR spectrum. However,there
is heteronuclear coupling between 13C carbons and the hydrogens to which they are bound. Carbon-proton coupling constants are
very large, on the order of 100 — 250 Hz. Proton-coupled !3C spectra show complex overlapping multiplets, which makes for a very
difficult interpretation. For clarity, chemists generally use a technique called broadband decoupling , which essentially turns off' C-
H coupling, resulting in a spectrum where all carbon signals are singlets. Below is the proton-decoupled 13C NMR spectrum of
ethyl acetate, showing the expected four signals, one for each of the carbons with no spin-spin splitting.
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PPM (9)

While broadband decoupling results in a much simpler spectrum, useful information about the presence of neighboring protons is
lost. However, there are other '3C NMR experiments that can give more information, such as Distortionless Enhancement by
Polarization Transfer (DEPT) allows us to determine how many hydrogens are bound to each carbon.

? Exercise 6.2.1

How many sets of non-equivalent carbons are there in:

o
a. 2-pentanone: )k/\

b. para-xylene:
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NH,
HO

C. serotonin:

Answer
a. 5 non-equivalent carbons
b. 3 non-eqgivalent carbons

c. 10 non-equivalent carbons

Contributors and Attributions
e Prof. Steven Farmer (Sonoma State University)

o Chris P Schaller, Ph.D., (College of Saint Benedict / Saint John's University)

6.2: C-13 NMR Spectroscopy- Signal Averaging and FT-NMR is shared under a not declared license and was authored, remixed, and/or curated

by Lauren Reutenauer.
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6.3: Characteristics of C-13 NMR Spectroscopy

&b Learning Objectives

e Understand where different types of carbon appear on the spectrum

Simply, '>C NMR allows you to determine how many different carbons are in a molecule. It will also be seen that information on
functional groups present in a molecule can be determined using *C NMR. In a spectrum, each signal represents a resonance for a
different carbon atom. The typical range for the resonance frequencies is 0 to 220 ppm from tetramethylsilane (TMS) reference.
Like 'H NMR, the chemical shift of 3C nuclei is influenced by its chemical environment like the 'H nuclei.

One of the greatest advantages of 13C-NMR compared to 'H-NMR is the breadth of the spectrum - carbons resonate from 0-220
ppm relative to the TMS standard, as opposed to only 0-12 ppm for protons. Because of this, 3C signals rarely overlap, meaning
we can almost always distinguish separate peaks for each carbon, even in a relatively large compound containing carbons in very
similar environments. In a 1H NMR spectrum of 1-heptanol, for example, many of the signals overlap and it becomes difficult to
analyze, only the signals for the alcohol proton (H,) and the two protons on the adjacent carbon (Hy,) are easily analyzed.

1.6 14 12 10 08 06
CH;CH,CH,CH,CH,CH,CH,0H
h & f e d ¢ b a H, - Hy

H,

39 38 87 36 35 34 33

PPM (8)

In the '3C spectrum of 1-heptanol, we can easily distinguish each carbon signal, and we know from this data that our sample has
seven non-equivalent carbons. (Notice also that, as we would expect, the chemical shifts of the carbons get progressively smaller as
they get farther away from the deshielding oxygen.)

C
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CH3CH,CH,CH,CH,CH,CH,OH
7 6 5 4 3 2 1
CDCl,
I
T T T T T T T T T T T T T T T T T T T T 1
100 2 80 70 60 50 40 30 20 10 0

PPM (5)

This property of 13C NMR makes it very helpful in the elucidation of larger, more complex structures.
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Predict the number of carbon resonances expected in a 13C NMR spectrum of ethyl prop-2-enoate, CsHgO,.

(¢]

A

There is no symmetry in this molecule, so you would expect 5 resonances - one for each C in the molecule - in a '3C NMR
spectrum.

Solution

13C NMR spectrum of ethyl prop-2-en-oate:

12891
12971\

6035 14.30
i N N

165.99
N

T T T T T T T
180 170 160 150 140 130 120 110 100 9 8 70 6 50 40 30 20 10 0

3C NMR Chemical Shifts

The 13C NMR is used for determining functional groups based on characteristic shift values. 3C chemical shifts are
greatly affected by electronegative effects and magnetic anisotropy. If a H atom in an alkane is replaced by substituent
X, electronegative atoms (O, N, halogen), *3C signals for nearby carbons shift downfield (left; increase in ppm) with the
effect diminishing with distance from the electron withdrawing group just as in 'H NMR. Below, a typical 13C chemical
shift table shows the regions of some of the common organic functional groups.
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ketones and aldehydes
D
mrboxyl'“id, ester, amide
urethanes{NC{0)O)
[}
‘- l.aromatic
2. olefinic{C=C}
amn
nitrile(C=N)
[ ]
anomericIO-C-O)
s CR,OH
s CH,0H
= CH,;0
CcO
]
CN
]

-C->-CH->CH,>CH3

220 200 190 180 160 140 120 100 80 60 40 20 0(TMS}
Chemical shift(5¢)

13C Chemical shift range for organic compounds

v/ Example 6.3.2

Assign the resonances in a 13C NMR spectrum of ethyl prop-2-enoate, CsHgO».

[¢]
\)ko/\
il
105 128.91
12971 6035 14.30
I N — N

3| 18599

Solution
There are 5 carbons in the molecule, which equate to the 5 peaks in the 13C NMR spectrum.
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165.99 ppm
129.711){ - 60.35 ppm
o/\

128.91 ppm 14.30 ppm

? Exercise 6.3.1

Using 13C NMR spectrum, how could you tell the difference between the isomers acetone and methoxy ethene?

(¢]

)K vs. —~NF

Answer

There are a few ways to tell the difference between the two molecules. Acetone would have 2 different resonances in a
13C NMR spectrum due to the symmetry of the molecule. Acetone is a ketone and ketone carbons appear far downfield
180-220 ppm. Methoxy ethene is difunctional molecule with an ether and an alkene. It would show 3 resonances in the 13C
NMR spectrum, which all would be lower than the ketone resonance. Alkene resonances are 100-150 ppm and a C-O bond

would be 40-85 ppm.

? Exercise 6.3.2

Assign as many peaks as you can to the 13C NMR spectrum to specific carbons in the N-ethylbenzamide.

13C NMR spectrum:
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Answer

While there are 9 total carbons, there are only 7 non-equivalent carbons.

Labeled Carbon Number Chemical Shift (ppm)
1 14.80
2 34.80
3 134.40
4 126.70
5 128.10
6 130.90
7 167.20
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6.4: DEPT C-13 NMR Spectroscopy

&b Learning Objectives

 Understand the difference between 1D 3C NMR and DEPT.
e Determine what information is gained when using DEPT

There are many types of experiments that can be run using the NMR spectrometer, including gathering information from '3C NMR
spectra and while broadband decoupling gives a simpler spectrum, it loses information about neighbors. Distortionless
enhancement by polarization transfer, DEPT, is one of these techniques to gain this type of information back and making it possible
to distinguish between methyl (CHj3), methylene (CH>), methine (CH), and quaternary carbons. In other words, the number of
hydrogens attached to a particular carbon can be determined. In DEPT, it takes advantage of the 3C to 'H coupling that is removed
in broadband-decoupled '3C spectra.

DEPT experiments often start by running an ordinary '3C spectrum (typically broadband-decoupled spectrum). This allows one to
know where the chemical shifts for the carbons in a molecule to be known. For a DEPT, there is a final step in the data acquisition
that has a final flip angle of 90 or 135. During the experiment, polarization is transferred from one nuclei to another. Typically, the
small gyromagnetic nuclei is observed, so the transfer would be from 1H to 13C. This allows for the DEPT to determine which
carbons are attached to hydrogens. In a DEPT-135 spectrum, the CH; and CH resonances are upright or positive,
the CH, resonances are inverted or negative, and quaternary carbons do not show up since these carbons are not directly attached to
a hydrogen. Another DEPT experiment is the DEPT-90. While DEPT-135 showed all of the resonances of protonated carbons,
DEPT-90 only shows CH peaks (upright/positive).

v/ Example 6.4.1

Propose a structure for an alcohol, CgH, 4,0, that has the following '>*C NMR spectral data.

Broadband-decoupled '3C NMR spectrum:
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DEPT-135:
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DEPT-90: No positive peaks.

Solution

From the '3C NMR spectrum, the resonances inform that there are 6 distinct carbons. There are only 6 carbons in our
molecular formula, therefore they are all different. Based on chemical shift, there are no multiple bonds in the molecule. You
can also begin by calculating the degrees of unsaturation, which indicates know multiple bonds or rings. The DEPT-135 shows
5 negative peaks and 1 positive peak. The negative resonances are methylenes and the positive peak is either a methyl or
methine. The DEPT-90 indicates that there are no CH peaks in the molecule. Therefore, the resonance at 14.20 ppm is a methyl
group. Our structure is:

NN T

There are many more complicated experiments as well, but that is beyond the scope of this chapter.

? Exercise 6.4.1

Propose a structure for an alcohol, CgH1¢O3, that has the following 13Cc NMR spectral data.
Broadband-decoupled >C NMR spectrum:

10485 5511 3130 1597
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DEPT-135:

i d 9988844398548 3.3
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DEPT-90:
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Answer

There are 2 degrees of unsaturation. The '3C NMR spectrum indicates that all 6 carbons are different. The resonance at 196
ppm indicates a C=0 based on chemical shift and the resonances at 170 and 104 ppm indicate a C=C bond. This would
account for both degrees of unsaturation. The DEPT-135 shows no negative resonances, so there are no CH,s. The loss of
the resonances at 196 and 170 ppm means that they are quaternary carbons (not attached to hydrogen). The DEPT-90 shows
one resonance at 104 ppm, which means it is a CH and before was indicated as part of a double bond. The peaks at 56, 31,
and 20 ppm are all methyl groups. The one at 56 ppm must be attached to an electron withdrawing group, which in this
example an O. The fragment is -OCHjz. To have a quaternary carbon that is not the carbonyl, there must be a methyl group
attached to the one of the carbon of the C=C double bond. 196 ppm indicates a ketone, which would be where the last
methyl group goes. The final structure based on chemical shift and DEPT is:
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6.5: Interpreting C-13 NMR Spectra

&b Learning Objectives

o understand how chemical shift and number of peaks come together to determine functional groups.
e solve unknown 13C NMR problems given the molecular formula.

This section will help identify how to interpret information from '3C NMR spectra.

Starting with the 13C NMR spectrum for ethanol, C,HgO.
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Remember that each peak identifies a carbon atom in a different environment within the molecule. In this case there are two peaks
because there are two different environments for the carbons. The carbon in the CH; group is attached to 3 hydrogens and a carbon.
The carbon in the CH, group is attached to 2 hydrogens, a carbon and an oxygen. So which peak is which?

You might remember from Section 6.2 that the external magnetic field experienced by the carbon nuclei is affected by the
electronegativity of the atoms attached to them. The effect of this is that the chemical shift of the carbon increases if you attach a
more electronegative atom like oxygen to it. That means that the peak at about 60 (the larger chemical shift) is due to the CHp
group because it has a more electronegative atom attached.

In principle, you should be able to work out the fact that the carbon attached to the oxygen will have the larger chemical shift.
In practice, you always work from tables of chemical shift values for different groups (see below).

What if you needed to work it out? The electronegative oxygen pulls electrons away from the carbon nucleus leaving it more
exposed to any external magnetic field. That means that you will need a smaller external magnetic field to bring the nucleus
into the resonance condition than if it was attached to less electronegative things. The smaller the magnetic field needed, the
higher the chemical shift.

A table of typical chemical shifts in '3C NMR spectra

carbon environment chemical shift (ppm)
C=0 (in ketones) 205 - 220
C=0 (in aldehydes) 190 - 200
C=0 (in acids and esters) 170 - 185
C in aromatic rings 125-150
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C=C (in alkenes) 115 - 140
RCH,0H 50 - 65
RCH,Cl 40 - 45
RCH,NH, 37-45
R3CH 25-35
CH3CO- 20- 30
R,CHy 16 - 25
RCH; 10- 15

In the table, the "R" groups will not necessarily be simple alkyl groups. If a substituent is very close to the carbon in question, and
very electronegative, that might affect the values given in the table slightly. For example, ethanol has a peak at about 60 because of
the -CH,OH group. No problem! It also has a peak due to the RCH; group. The "R" group this time is -CH,OH. The electron
pulling effect of the oxygen atom increases the chemical shift slightly from the one shown in the table to a value of about 18 ppm.

A simplification of the table:

carbon environment chemical shift (ppm)
C-C 0-50
C-0 50 - 100
C=C 100 - 150
C=0 150 - 200

Now, we will look at 3-buten-2-one:

0]

The structure for the compound is: /“\/ . This molecule has carbons and all four are in different chemical environments.
Therefore, in the 13C NMR spectrum there should be four signals.

The '3C NMR spectrum for 3-buten-2-one is:

13705 12838 %0
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Using the table above, you can assign each peak to each carbon.
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e The peak at just under 200 ppm is due to a carbon-oxygen double bond. The two peaks at 137 ppm and 129 ppm are due to the
carbons at either end of the carbon-carbon double bond. And the peak at 26 is the methyl group which, of course, is joined to
the rest of the molecule by a carbon-carbon single bond. If you want to use the more accurate table, you have to put a bit more
thought into it - and, in particular, worry about the values which do not always exactly match those in the table!

o The carbon-oxygen double bond in the peak for the ketone group has a slightly lower value than the table suggests for a ketone.
There is an interaction (resonance) between the carbon-oxygen and carbon-carbon double bonds in the molecule which affects
the value slightly. This will be observed in many conjugated systems. Discrepencies can also happen in more complicated
systems.

e The two peaks for the carbons in the carbon-carbon double bond are exactly where they would be expected to be. Notice that
they aren't in exactly the same environment, and so do not have the same shift values. The one closer to the carbon-oxygen
double bond has the larger value.

e And the methyl group on the end has exactly the sort of value you would expect for one attached to C=0. The table gives a
range of 20 - 30, and that's where it is.

One final important thing to notice. There are four carbons in the molecule, but they aren't all the same height. In 3C NMR, you
cannot draw any simple conclusions from the heights of the various peaks.

Working out Structures from *3C NMR Spectra

So far, the structures of them molecules have been known and we have just been trying to see the relationship between carbons in
particular environments in a molecule and the spectrum produced. Now let's make it a little more difficult - by looking at
isomers! How could you tell from just a quick look at a '*C NMR spectrum whether you had propanone or propanal (assuming

those were the only options)?

o} 0
& &
CHa-C. CH3CHy-C
CH3 “H
propanchne propanal

Because these are isomers, each has the same number of carbon atoms, but there is a difference between the environments of the
carbons which will make a big impact on the spectra. In propanone, the two carbons in the methyl groups are in exactly the same
environment, and so will produce only a single peak. That means that the propanone spectrum will have only 2 peaks - one for the
methyl groups and one for the carbon in the C=0 group. However, in propanal, all the carbons are in completely different
environments, and the spectrum will have three peaks.

v/ Example 6.5.1

There are four alcohols with the molecular formula C4H;(O.
A. NN OH
)\/ on

C.
JFOH
D.

Which one produced the "*C NMR spectrum below?
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Solution
You can do this perfectly well without referring to chemical shift tables at all.

In the spectrum there are a total of three peaks - that means that there are only three different environments for the carbons,
despite there being four carbon atoms.

In A and B, there are four totally different environments. Both of these would produce four peaks.

In D, there are only two different environments - all the methyl groups are exactly equivalent. D would only produce two
peaks.

That leaves C. Two of the methyl groups are in exactly the same environment - attached to the rest of the molecule in exactly
the same way. They would only produce one peak. With the other two carbon atoms, that would make a total of three. The
alcohol is C.

v Example 6.5.2

This follows on from previous example, and also involves an isomer of C4H19O but which isn't an alcohol. TIts 13¢c NMR
spectrum is below. Work out what its structure is.
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Solution
Because we do not know what sort of structure we are looking at, this time it would be a good idea to look at the shift values.
The approximations are perfectly good, and we will work from this table:

carbon environment chemical shift (ppm)
C-C 0-50

C-0 50 - 100

C=C 100 - 150

C=0 150 - 200

The peak at 66.75 ppm indicates there is a peak for carbon(s) in a carbon-oxygen single bond. The peak at 15.55 ppm indicates
that there is a peak for carbon(s) in a carbon-carbon single bond. That would be consistent with C-C-O in the structure.

It is not an alcohol (you are told that in the question), and the molecular formula is C4H1pO. With only two peaks, but four total
carbons there must be symmetry in the carbons within the molecule. The only solution to that is to have two identical ethyl
groups either side of the oxygen. The compound is ethoxyethane (diethyl ether), CH3CH,OCH,CH3.

v/ Example 6.5.3

Using the simplified table of chemical shifts above, work out the structure of the compound with the following '*C NMR
spectrum. Its molecular formula is C4HgO».

13C NMR Spectrum:
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Solution
Let's sort out what we've got.

e There are four peaks and four carbons. No two carbons are in exactly the same environment, so all of our carbons are
accounted for since there are only four in the molecular formula. This means no symmetry within the molecule.

o The peak at just over 50 must be a carbon attached to an oxygen by a single bond.

o The two peaks around 130 must be the two carbons at either end of a carbon-carbon double bond.

o The peak at just less than 170 is the carbon in a carbon-oxygen double bond.

Putting this together is a matter of playing around with the structures until you have come up with something reasonable. But
you can't be sure that you have got the right structure using this simplified table. In this particular case, the spectrum was for

the compound:
A( 0\

(¢]

If you refer back to the more accurate table of chemical shifts towards the top of the page, you will get some better
confirmation of this. The relatively low value of the carbon-oxygen double bond peak suggests an ester or acid rather than an
aldehyde or ketone.

It can't be an acid because there has to be a carbon attached to an oxygen by a single bond somewhere - apart from the one in
the -COOH group. We've already accounted for that carbon atom from the peak at about 170. If it was an acid, you would
already have used up both oxygen atoms in the structure in the -COOH group. Without this information, though, you could
probably come up with reasonable alternative structures. If you were working from the simplified table in an exam, your
examiners would have to allow any valid alternatives.

Contributors and Attributions

e Jim Clark (Chemguide.co.uk)

This page titled 6.5: Interpreting C-13 NMR Spectra is shared under a CC BY-NC 4.0 license and was authored, remixed, and/or curated by
Lauren Reutenauer.

« Interpreting C-13 NMR Spectra by Jim Clark is licensed CC BY-NC 4.0.
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6.6: Uses of C-13 NMR Spectroscopy

Learning Objectives

« understand how 3C NMR data can be used to distinguish between two (or more) possible structures for an unknown
organic compound
e determine if you made the correct product

13C NMR spectroscopy derives information that is helpful for structure determination, especially when paired with 'H NMR
spectroscopy. 13C allows the organic chemist a way to determine how many non-equivalent carbons are in a molecule of interest.
This allows one to understand if there is symmetry in the molecule or not. The chemical shift of each of the resonances in 13C
NMR spectra gives information about the electronic environment, which can indicate what type of functional group is present or
what type of bond is present. If you add in DEPT, then the organic chemist can determine how many hdyrogens are attached to
each of the carbons.

v/ Example 6.6.1

The E2 reaction follows Zaitsev's rule, but how do we know that? Let's consider the reaction below:

Br /\/
NaOH
Ethanol or
/\/

1) How can you tell the difference between 1-butene and 2-butene in a '*C NMR spectrum?
2) Which product was made based on the 3C NMR spectrum of the product?
13C NMR spectrum of the product:
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Solution
1) IR spectroscopy and mass spectrometry would not be helpful in elucidation of this problem. It is very difficult to address the
structural differences in either of those spectroscopic methods. "H NMR could be used, but there would be overlapping peaks,
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so it would again be difficult. In a '*C NMR spectrum, 1-butene would have 4 different signals in the spectrum where as 2-
butene would have 2 distinct signals in the spectrum.

2) With just 2 signals in the spectrum, the product is 2-butene.

v/ Example 6.6.2

The 'H NMR spectrum had overlapping peaks, which lead to inconclusive results on if the product, ipsenol, was isolated. The
structure of ipsenol is below. A '3C NMR spectrum along with a DEPT-135 and DEPT-90 to identify the product.

HO
13C NMR spectrum:
120
T15:
0 2150
_ 7308
105 138.32 11768 11328 67.08 4600 4021 W\\
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DEPT-135 spectrum:
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DEPT-90 spectrum:

13632 67.08 2409

Solution

Carbon NMR along with DEPT can be a great tool in structure determination. The range for carbon NMR is wider than for 1H
NMR, so it can help spread the spectrum out and remove overlapping peaks. In the '3C NMR spectrum, there are 10 distinct
peaks, so all of the carbons have been accounted for. If we consider the structure for a moment, then it can be seen that there is
1 quaternary carbon, 3 methines (CH), 4 methylenes (CH>), and 2 methyl groups (CH3). In the DEPT-135, the peak at 142.79
ppm has gone away. This is the quaternary carbon, since it is not attached to any hydrogens directly, it is not observed. The
negative peaks are methylene groups and there are four - just as expected. There are 5 peaks that are either a methine or methyl
group. Finally, the DEPT-90 informs that there are 3 methine groups, which means the peaks at 23.08 ppm and 21.50 ppm
would be methyl groups. These 1D-carbon spectra do correlate with the structure.

Contributors and Attributions
e Prof. Steven Farmer (Sonoma State University)
o William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry

e Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)
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6.7: Structure Determination Problems with C-13 NMR and 1-H NMR

4b Learning Objectives

« Solve unknown problems using!3C and 'H NMR spectra and molecular formula.

? Exercise 6.7.1

Which isomer of ortho, meta, or para xylene do you have based on the >C NMR spectrum?
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Answer

There are 5 different carbons in the spectrum with four different aromatic carbons. p-Xylene would have 2 types of
aromatic carbons and o-xylene would have 3 types. m-Xylene is the only one with 4 different types of aromatic carbons,
which fits this spectrum. The methyl groups would all be similary, so not a point of difference.

? Exercise 6.7.2

Propose a structure using the spectral data below for CgH1(0O.

13C broadband decoupled spectrum:
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1H NMR spectrum: Integration: 1 (doublet; J = 1 Hz):5 (multiplet):1 (quartet of doublets;J = 7 Hz and 1 Hz):3 (doublet; J = 7
Hz)

Answer
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? Exercise 6.7.3

Propose a structure using the spectral data below for CgH;,0,.

13C broadband decoupled spectrum:
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1H NMR spectrum: Integration: 3 (singlet):1 (sextet; J = 8 Hz):1 (multiplet;J = 25 Hz and 8 Hz):1(multiplet; J = 25 Hz and 8
Hz):3 (doublet; J = 8 Hz):3 (triplet; J = 8 Hz)
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6.7: Structure Determination Problems with C-13 NMR and 1-H NMR is shared under a not declared license and was authored, remixed, and/or
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6.S: Summary

Concepts & Vocabulary
6.2 C-13 NMR Spectroscopy- Signal Averaging and FT-NMR

« The magnetic moment of a *C nucleus is much weaker than that of a proton. This means that NMR signals from '3C nuclei are
inherently much weaker than proton signals, which makes '3C NMR harder to acquire good data.

o Chemical shift is similar to 'H, where the environment around the carbon changes for each carbon in the molecule.

« Integration is not done in '3C NMR spectroscopy because the signals for some types of carbons are inherently weaker than for
other types.

o Because of the low natural abundance of 'C nuclei, it is very unlikely to find two '3C atoms near each other in the same
molecule, which means that spin-spin coupling is not observed between neighboring carbons in a '>C NMR spectrum.

o There is heteronuclear coupling between '>C carbons and the hydrogens to which they are bound, proton-coupled '3C spectra
show complex overlapping multiplets, which makes for a very difficult interpretation. For clarity, broadband decoupling is used,
which essentially 'turns off' C-H coupling, resulting in a spectrum where all carbon signals are singlets.

6.3 Characteristics of C-13 NMR Spectroscopy
e Carbons resonate from 0-220 ppm relative to the TMS standard, as opposed to only 0-12 ppm for protons. Because of
this, C signals rarely overlap, meaning we can almost always distinguish separate peaks for each carbon.

o The '>C NMR is used for determining functional groups based on characteristic shift values.
o 13C chemical shifts are greatly affected by electronegative effects and magnetic anisotropy.

6.4 DEPT C-13 NMR Spectroscopy

o Distortionless enhancement by polarization transfer, DEPT, is one of these techniques and making it possible to distinguish
between methyl (CH3), methylene (CH,), methine (CH), and quaternary carbons.
o In DEPT, it takes advantage of the 13C to 'H coupling that is removed in broadband-decoupled '3C spectra.

6.5 Interpreting C-13 NMR Spectra

o Chemical shift is a big indicator into what type of carbon is at that resonance.
o Different carbons are carbons in distinct chemical environments and each different carbon will appear at a different resonance.
o Tables of chemical shift data can be used to distinguish different types of carbons.

6.6 Uses of 3C NMR Spectroscopy

 13C NMR spectroscopy derives information that is helpful for structure determination.
« Scientists use 13C as a way to determine how many non-equivalent carbons are in a molecule of interest.

Skills to Master

o Skill 6.1 Distinguish between different types of carbons in a molecule.

o Skill 6.2 Estimate the chemical shift of carbons.

o Skill 6.3 Know which carbons will be more downfield.

o Skill 6.4 Determine which carbons are attached to hydrogens using DEPT

e Skill 6.5 Solve unknown structure determination problems with 'H and !3C NMR spectroscopy.

6.S: Summary is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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7.1: Chapter Objectives and Preview of Correlation NMR Spectroscopy

Chapter Objectives and Preview Correlation NMR Spectroscopy; 2-D NMR

4} Learning Objectives

After completing this chapter, you should be able to

o fulfill all of the detailed objectives listed under each individual section.
e solve road-map problems which may require the interpretation of 2D NMR spectra in addition to other spectral data.
o define, and use in context, the key terms introduced in this chapter.

In Section 5 and Section 6, the focus was on one-dimensional (1D) techniques to elucidate structures of organic molecules.
Complex molecules like polymers or biomolecules can be hard to elucidate solely with proton and carbon NMR, which while
powerful techniques don't quite solve the entire picture. This is where correlation NMR spectroscopy can be used and many of
these experiments are two-dimensional (2D) techniques. While there are many correlation NMR spectroscopy experiments that can
be run, this chapter will focus on the more common ones to be used.

7.1: Chapter Objectives and Preview of Correlation NMR Spectroscopy is shared under a not declared license and was authored, remixed, and/or
curated by Lauren Reutenauer.
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7.2: Theory

&b Learning Objectives

o Learn the difference between 1-D and 2-D NMR spectroscopy

In 1971, Jean Jeener introduced the two dimensional variation of NMR spectroscopy. Since then, scientists have applied the
concept to develop the many techniques of two-dimensional (2-D) NMR. Correlation itself is not a new concept in NMR. In 'H
NMR spectroscopy, the splitting of resonances indicates that groups were "correlated" to each other due to the spins within each
group. Spin-spin splitting gives information about the neighboring nuclei and in the case of 'H NMR, it was how many neighboring
hydrogens there were in the molecule. This coupling of hydrogens will be one type of coupling 2-D NMR will consider. The use of
2-D NMR allows for better resolution in signals that normally overlap in 1-D NMR.

All the basic NMR theory for 1-D NMR still applies. In 1-D Fourier transform NMR, a magnetic field is applied to a sample,
which is then hit with a series of pulsed radiofrequency (rf), as seen in the pulse sequence below. The Fourier transform of the
outgoing signal results in a 1-D spectra as a function chemical shift.

I I ”\\/\\/ ;

Two-dimensional NMR adds additional experimental variables and thus introducing a second dimension to the resulting spectrum.
A simple 2-D experiment pulse sequence consists of a relaxation delay, a pulse, a variable time interval (t;), a second pulse, and

acquisition (t,). The pulse sequence is repeated many times while varying the length of time (t;) the system is allowed to evolve
during the first pulse. In 2-D experiments, the signal detected during acquisition is a function of acquisition time (t,), which has
been modulated as a function of the time interval (¢;). This means that magnetization evolves around one frequency during ¢; and a
different frequency during t,. The output once Fourier transformed is a 2-D spectrum with two axes. One axis (v,) represents the
nucleus detected during acquisition (t,), while the other axis (v1) can represent the same nucleus or a different nucleus. With two
axes, it leads to cross peaks along a diagonal connecting coupled nuclei. Due to the nature of how the experiment is run,
magnetization is redistributed equally in both directions (just like spin-spin coupling), the cross peaks will be symmetrically
disposed about the diagonal.

References

Silverstein, R.M, Webster, F.X, and Kiemle D.J. Spectrometric Identification of Organic Compounds. 7th ed. John Wiley & Sons,
Inc. 2005.

7.2: Theory is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.

https://chem.libretexts.org/@go/page/432212


https://libretexts.org/
https://chem.libretexts.org/@go/page/432212?pdf
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Introduction_to_Organic_Spectroscopy/07%3A_Two-Dimensional_NMR_Spectroscopy/7.02%3A_Theory
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Introduction_to_Organic_Spectroscopy/05%3A_Proton_Nuclear_Magnetic_Resonance_Spectroscopy_(NMR)/5.02%3A_Theory_of_NMR
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Introduction_to_Organic_Spectroscopy/05%3A_Proton_Nuclear_Magnetic_Resonance_Spectroscopy_(NMR)/5.07%3A_Spin-Spin_Splitting_in_Proton_NMR__Spectra
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Introduction_to_Organic_Spectroscopy/07%3A_Two-Dimensional_NMR_Spectroscopy/7.02%3A_Theory
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Introduction_to_Organic_Spectroscopy/07%3A_Two-Dimensional_NMR_Spectroscopy/7.02%3A_Theory?no-cache

LibreTextsm

7.3: Two Dimensional Homonuclear NMR Spectroscopy

&b Learning Objectives

o Understand what correlation spectroscopy is and why it is used
e Learn about different types of homonuclear 2-D NMR spectroscopy

The previous sections have discussed one-dimensional NMR techniques, but for particularly complicated molecules it is hard to get
the full picture of what is happening. Two-dimensional NMR spectra provide more information about a molecule than one-
dimensional NMR spectra in these situations. In this section, homonuclear 2-D NMR spectroscopy is going to be considered and
what is meant by homonuclear is looking at the correlation of the same nuclei in a molecule.

Correlation Spectroscopy (COSY)

The most basic form of 2-D NMR is the COSY (COrrelation SpectroscopY) experiment. This experiment looks at 'H coupling to
'H through bonds typically 3 bonds away. It relies on the J-coupling to provide spin-spin correlation to indicate which protons are
close to each other on the cross peak. In a "H-"H COSY experiment, the pulse sequence consists of proton pulses separated by the
required evolution period (t;), and the acquisition period (t;). The evolution period is systematically incremented during the
repeated pulse sequences. Specifically, it consists of a 90° RF pulse followed by an evolution time and an additional 90° pulse
(shown below). The resulting oscillating magnetization (symbolized by decaying the sinusoidal curve) is then acquired during t,.

90 deg 90 deg
1 - 1=
VA

A COSY takes a 1-D 'H NMR and spreads it across two dimensions, which means the peaks are spread out into an array. The
spectra of COSY give rise to cross peaks (off diagonal) for all protons that have spin-spin coupling. This means that the peaks off
the diagonal are coupled protons. The purpose of a COSY is to determine which protons are coupled to what other protons in the
molecule through bonds. In the example below, you will use a simpler molecule, propyl acetate, to understand how to read a COSY
and what information you can glean from it.

v/ Example 7.3.1

The COSY spectrum for propyl acetate is below:
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Assign all of the correlations for propyl acetate and indicate the coupling as geminal, vicinal, or long range.

\/\o)k

From the chapter on 1-D 'H NMR spectroscopy, the methyl group attached to the carbonyl will be a singlet. It does not have
any neighboring carbons to couple with. The other hydrogens will have coupling neighbors, so while you may only need 1-D
'H NMR to correlate the coupling hydrogens, this knowledge will help flesh out how to read a COSY.

Solution

The structure of propyl acetate

First, the COSY is set out in an array and spread across two dimensions. The peaks are displayed on the axis. In the above
spectrum, it is the same proton spectrum for propyl acetate on each of the axis because it is a homonuclear experiment where
you look at the same nuclei. The peaks are then plotted against each other. There peak at 3.9 ppm on both axis, so there is a
data point at (3.9, 3.9). This is repeated with all the peaks, which ends up being a diagonal. This information along the diagonal
is the same information from the 1-D 'H NMR.

The points of interest are those not along the diagonal or the cross peaks. These peaks inform about which hydrogens are
coupled to what other hydrogens. There is a cross peak at (0.9, 1.6). There is also a cross peak at (1.6, 0.9) because these
protons are coupled to each other and if you recall coupling is reciprocal. The peak at 0.9 ppm corresponds to the methyl group
with a neighboring -CH,- and the 1.6 ppm peak is the -CH,- with the neighboring methyl group. However, the peak at 1.6 ppm
has another cross peak (1.6, 3.9), which indicates that it is also coupled to the -CH,- on the other side. And of course, there is a
cross peak at (3.9, 1.6) since the coupling goes both ways.

All the cross peaks have now been identified and the bonding between these hydrogens is all vicinal coupling.

Total Correlation Spectroscopy (TOCSY)

The next type of 'H to 'H correlation spectroscopy is TOtal Correlation SpectroscopY (TOCSY). In this type of coupling, the
information obtained creates correlations between all protons within a given spin system. A molecule can have just one spin system
or hundreds in more complex systems. The goal in TOCSY is to transfer the magnetization beyond directly coupled spins. This is
not just looking at geminal and vicinal correlations as in COSY, but the entire spin system. The pulse sequence is similar to COSY,
but in TOCSY, a mixing period is added to the pulse sequence. This allows the magnetization to be relayed from one spin to its
neighbor to its neighbor throughout the entire spin system. The longer this mixing period, the further out the transfer of
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magnetization can travel with the goal being the entire spin system. The spectra of TOCSY give rise to cross peaks for all protons
that are part of a coupled spin network. TOCSY spectra display the entire chain of protons, each coupled to the next.

v/ Example 7.3.2

Below is the TOCSY of propyl acetate:

J Tocsy

F1 [ppm]

1.5

3.5

wn ) L

4.0

M
#

40 35 30 25 20 15 1.0 F2[ppm]

Does what you know of the structure of propyl acetate match what the TOCSY is indicating?

Solution

YES! Remember that TOCSY tells information about the entire spin system. As a reminder, a spin system includes nuclei
where spin-spin interaction exists between them. In propyl acetate, this is the chain where the hydrogens are coupled. Just like
in COSY, the peaks that show up along the diagonal in a TOCSY is the same information as a 'H NMR spectrum and it is the
cross peaks that inform about the chain of connection. The peak at 2.0 ppm has no cross peaks since it is a methyl group with
no neighboring hydrogens. The other peaks are much more interesting. There is a cross peak at (0.9, 1.6) just like in COSY.
This is because those protons are coupled to each other. There is also a cross peak at (1.6, 0.9) again because the
reciprocality of how coupling works. However, there is a new cross (0.9, 3.9) because the methylene at 3.9 ppm is coupled to
the methylene at 1.6 ppm. For the 1.6 ppm methylene, there are two cross peaks (1.6, 0.9) and (1.6, 3.9) like in COSY because
it is coupled to those protons. Then in the 3.9 ppm methylene, there is again two cross peaks (3.9, 0.9), which is new from
COSY and (3.9, 1.6), which was the same as COSY. The cross peak (3.9, 0.9) appears for the same reason the cross peak (0.9,
3.9) appeared when looking at the 0.9 ppm peak because the methylene at 1.6 ppm is coupled to the 0.9 ppm methyl group.
The TOCSY does corroborate what we know about the connectivity of propyl acetate.

Nuclear Overhauser Effect (NOE) Correlation Spectroscopy

Thus far, only the coupling of nuclei through bonds has been considered. In this type of coupling, the magnetization of nuclei affect
those closely bound to them through the electrons that make up those bonds. This is not the only type of coupling that occurs.
Coupling directly between nuclei that are in close spatial proximity to each other also occurs. This is called the Nuclear Overhauser
Effect (NOE), and it arises when the spin relaxation of nuclei A is felt by nearby nuclei B, stimulating a corresponding change in
magnetization in B. In a typical NMR spectrum, the interference of electrons makes this coupling undetectable. However, a sample
can be decoupled to “neutralize” the bond coupling through electrons, allowing the space coupling of the NOE to be detected. This
is called NOESY (Nuclear Overhouser Effect SpectroscopY) and is another type of homonuclear NMR. The purpose of NOESY is
to determine which signals arise from protons athar are close to each other in space, even if they are not bonded. NOESY can be
very useful for looking at stereochemistry and 3-D structure.
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Like COSY, the first step is a 90° pulse followed by a variable evolution time. Unlike COSY, however, pulse two actually consists
of two 90 degree pulses separated by a short delay. The first pulse converts the bulk magnetization from the transverse plane to the
z-plane, eliminating the effect of electron-aided bond coupling. Then, during the tty, there is cross relaxation between spatially
adjacent nuclei. Finally, the last 90 degree pulse converts the space coupling of nuclei into an observable transverse magnetization,
which can be detected during t.The pulse sequence for a NOESY NMR experiment is depicted below.

90 deg 90 deg 90 deg
I ‘ I = I q AN
\/ oY

Just like in COSY, the peaks that show up along the diagonal in a NOESY is the same information as a "H NMR spectrum and it is
the cross peaks that inform about the through space relationships. The cross peaks correlate the spin of one nuclei to that
illuminated by the source spin (other nuclei) if nearby. In the example below, you will use a simpler molecule, propyl acetate, to
understand how to read a NOESY and what information you can glean from it.

v/ Example 7.3.3

Lactide is a product of the fermentation of corn and soybeans; it can be polymerized to make a sort of brittle plastic, PLA. PLA
is used for food packaging because it can be composted in industrial and municipal waste management sites. However, there
are three isomers of lactide (D-lactide, L-lactide, and Rac-lactide). L-lactide and Rac-lactide are depicted below:

L-LA Rac-LA

Using the spectral data, do you have L-lactide, or rac-lactide?

IH NMR:

o
|
| —

a5 4o 35 30 25 20 45 i os

o,
o

NOESY:
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Solution

rac-Lactide is the diastereomer L-lactide (or D-lactide). It has different physical properties, including different NMR spectra.
We could carefully compare the spectrum below to reported spectra for rac-LA and L-LA (or D-LA) to see which isomer we
have. On the other hand, we could just look at the NOESY spectrum. In rac-LA, the methyl on one end of the molecule is on
the same face of the ring as the hydrogen on the other end. NOESY would allow us to see that through-space relationship. We
wouldn't see it in L-LA or D-LA, since the two methyl groups are on the same face. Just like in a COSY spectrum, all of the
peaks that show up along the diagonal of a NOESY spectrum are simply the ones we would see in a regular 'H spectrum. The
peaks that show up off the diagonal tell us about through-space relationships. In this case, the relationship between the methyl
hydrogen and the alpha hydrogen suggest we have a sample of rac-LA.

? Exercise 7.3.1

The magnetic effect of which type of particle must be removed from an NMR experiment in order to observe an NOE?

Answer

Electrons.

? Exercise 7.3.2

What type of information do you get from:

1. COSY?
2. NOESY?
3. TOCSY?

Answer
1. COSY gives information on which spins are coupled to each other through bonds.
2. NOESY determines which signals arise from protons that are close to each other in space, even if not bonded.

3. TOCSY creates correlations between all the protons within a spin system (not just geminal and vicinal coupling as in
COSY).

? Exercise 7.3.3

The following COSY spectrum is for an isomer of dinitrobenzene. Which isomer is it?
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Answer

02N \©/ N02
: meta isomer

References
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7.4: Two Dimensional Heteronuclear NMR Spectroscopy

&b Learning Objectives

e Understand what HSQC is and when to use it
o Understand what HMBC is and when to use it

The previous section discussed the correlation of 'H to 'H, but those are not the only NMR active nuclei in a molecule.
Heteronculear 2-D NMR is the correlation between different nuclei, such as a 'H to '3C and heteronuclear 2-D NMR is especially
important in biological chemistry, especially in the elucidation of the three-dimensional structure of proteins.

Heteronuclear Single Quantum Coherence

Hetereonuclear Single Quantum Coherence (HSQC) is used to determine the proton to carbon or heteroatom (often nitrogen) single
bond correlations. It is also known as heteronuclear multiple quantum coherence (HMQC). While the DEPT may give the same
information for 13C to 'H correlations, HSQC is more sensitive, therefore, it may be more adventageous to use this type of
experiment in complex situations. In an HSQC experiment, polarization is transferred from a 'H nuclei to a neighboring heteroatom
(*3C or ®N). This polaraization is then transferred back to the 'H nuclei. The signal from the 'H nuclei is recorded. The pulse
sequence for a typical HSQC experiment is detailed below involving 'H and '°N nuclei.

90 180 90 180 90 180

1[4 14
I It JI I " JI Decoupling

In an HSQC spectrum, a '3C or heteroatom spectrum is displayed on one axis and a 'H spectrum is displayed on the other axis.
Cross-peaks show which proton is attached to which carbon or heteroatom. The purpose of a HSQC is to determine which protons
are coupled to what other specific carbon or heteroatom in the molecule through bonds.

v/ Example 7.4.1

The HSQC of propyl acetate is below:
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HSQC

F1 [ppm]

T
100

T
150

—_—_ M M _—_———————————— ——— —— ——————————
40 35 3.0 25 2.0 1.5 1.0 F2 [ppm]

Assign which hydrogens are attached to which carbons.

Solution

An HSQC experiment spreads things out into two dimensions just like the homonuclear experiments did in the previous
section. Looking along the x axis, we the 'H NMR spectrum and along the y axis we see the 3C NMR spectrum displayed.
The peak at 171 ppm in the '3C has no cross peak. This means that this carbon does not have any hydrogens attached,
therefore, this is our carbonyl carbon. The peak at 77 ppm is residual solvent, in this case CDCl;. The cross peak at (3.9, 66) is
a methylene attached to a carbon that is attached to an electron-withdrawing group. If you look at a '3C data table, then you can
see where different carbon groups show up. In propyl acetate, oxygen is the most electron withdrawing group, so the piece we
have at this cross peak is -CH,-O. The cross peak at (2.0, 21.8) is the methyl group that has no coupling neighboring
hydrogens. The next cross peak at (1.6, 20.8) is a methylene group, The final cross peak is (0.9, 10.2) is a methyl group.

Another example HSCQ spectrum from ubiquitin is shown below.
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1H15N HSQC spectrum of ubiquitin

Notice the greater clarity of spectra of the HSQC experiment. This is a strong advantage of heteronuclear NMR. In this diagram,
each peak corresponds to a cross peak, showing coupling between sets of 'H and '°N nuclei. Each peak represents the '>"N—!H of a
unique amino acid along the backbone of the amino acid.

Heteronuclear Multiple Bond Correlation (HMBC)

Hetereonuclear Multiple Bond Correlation (HMBC) is used to determine long range 'H to 3C connectivity. This experiment gives
the correlation between 'H and '>C when separated by two, three, and even four (if through a conjugated system) bonds away. In an
HSQC experiment, direct one bond correlations are suppressed as part of the sequence and like HSQC is proton detected. The time
delay in the pulse sequence can be optimized for different coupling constants, J. The signal from the 'H nuclei is recorded. The
spectra of HSQC give rise to cross peaks that correlate one nuclei to another. These correlations help determine which protons are
coupled to what other specific heteroatom more than one bond away.

v/ Example 7.4.2

Below is the HMBC of propyl acetate:
( ]
| ‘
J/ ) A 7 jkﬂh
HMBC 7?
R . @ @ @l "
an ki
_ - @
‘ 410 T 3‘.5 S 3‘.0 T 215 S 210 T 1.‘5 T 1!0 ‘ ‘FZ[p‘pm]’
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Does the HMBC corroborate with the structure of propyl acetate?

Solution

Yes! While propyl acetate is a simpler structure than typically analyzed by 2D NMR spectroscopy, it helps illuminate how to
read the spectra and what information to gather from it. By using the HSQC (above), we already know which hydrogen(s) are
directly attached to which carbons. The cross peaks here indicate what other carbons are attached beyond one bond away.
Below is propyl acetate with the atoms labeled:

7
(o}

o 6
. )zj\o/\s/
3

Focus on a column from one hydrogen peak. If we start with the 0.9 ppm methyl group (6), there are two cross peaks in the
column (09., 20.8) and (0.9, 65.9). These correspond to a methylene group (5) and the methylene group attached to the oxygen
(4). If we move the the methylene (5) at 1.6 ppm, then it has two cross peaks that correspond to C6 and C4. The methyl (1) at 2
ppm has not shown any correlations in previous spectra, but in HMBC there is a cross peak. The methyl (1) is attached to the
carbonyl carbon (2). Finally, the methylene at 3.9 ppm has 3 cross peaks. It shows that it is connected through bonds to a
methyl (6), a methylene (5), and the carbonyl carbon (2). All of this does match the structure for propyl acetate.

? Exercise 7.4.1

Analyze the data to determine which of the two isomers (below) we are dealing with.

@°ﬂ m /
(o}
/O or OH

JL - 7.'.4L L - - 4[|L

HMQC
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? Exercise 7.4.2

What type of information do you get from:
1. HSQC?
2. HMBC?

Answer

1. HSQC determines the proton-carbon single bond correlations. It could also be other heteroatoms to hydrogen single
bonds.

2. HMBC gives the correlations between carbon and hydrogen separated by 2 to 4 bonds away. This gives more
information about connectivity within the molecule.

References
Silverstein, R.M, Webster, F.X, and Kiemle D.J. Spectrometric Identification of Organic Compounds. 7th ed. John Wiley & Sons,
Inc. 2005.

7.4: Two Dimensional Heteronuclear NMR Spectroscopy is shared under a not declared license and was authored, remixed, and/or curated by
Lauren Reutenauer.
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7.5: Uses for 2-D NMR Spectroscopy

&b Learning Objectives

o Learn in what instances scientists use 2-D NMR
e Understand practical applications of 2-D NMR

It has been previously mentioned in this chapter that the major advantage for using 2-D NMR over 1-D NMR is the ability to
distinguish between overlapping signals that exist in larger molecules. 2-D NMR is incredibly important in biological and polymer
chemistry to elucidate te three-dimensional structure of these large macromolecules. In these cases, HSQC can be used to
determine the profile of metabolites in low concentrations (microMolar) accurately. TOCSY has been utilized to show changes in
tumor cells and identify biomarkers associated with these cells. Molecular dynamics can be studied using 2-D NMR spectroscopy
to map the molecule's internal mobility patterns. With molecular dynamics the loose ends of proteins can be studied and
elucidated to learn more about the flexible surface areas often lost in other methods. 2D NMR has many more applications beyond
protein NMR, including characterization of pharmaceuticals, temperature dependence of carbohydrate conformations, and
metabolomics, to just name a few.

2-D NMR is often used in metabolic profiling like in the example below. This is due to the fact that NMR is not a destructive
analysis, quantitative, reproducible and gives a lot of information about the sample.

Y Li
) ‘t

1D Proton NMR, 2D Proton-Proton NMR

PCA 1D Variable Bin PCA 2D Variable Bin
ical Analysis

L]

Using TOCSY, this particular study compared the global metabolic profiles of urine obtained from two types of mice, specifically
of wild-type and a knockout. Both 1-D and 2-D NMR experiments were run to determine if statistical differences between the
techniques, especially when looking at low abundance metabolites. Both 1-D and 2-D NMR data could differentiate between the
two types of mice, but only the 2-D data could be used to show statistically relevant changes in the low abundance metabolites. The
con of 2-D NMR data is that it takes longer to obtain the data compared to 1-D NMR data collection, however, the data obtained
resulted in a more meaningful and comprehensive metabolic profile, aided in metabolite identifications, and minimized ambiguities
in peak assignments.? This is just one example of how 2-D NMR has been applied.

References
1. https://www.news-medical.net/life-sc...lications.aspx; Accessed July 29, 2022.

2. J. Proteome Res. 2008, 7, 2, 630-639 Publication Date:December 15, 2007 https://doi.org/10.1021/pr700594s
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7.6: Interpreting 2-D NMR Spectra

4b Learning Objectives

o understand how to analyze the different 2-D spectra and what information you can gather from each.
o determine the structure of an unknown molecule using different types of NMR spectroscopy.

This page is devoted to explaining solved structure elucidation problems using different types of 1-D and 2-D NMR spectra to help
guide you through different scenarios. The first scenario involves analyzing different types of NMR spectra to determine if you

made the desired product.

v/ Example 7.6.1

Did you synthesize menthyl anthranilate? The spectra were taken in DMSO-d6. Use the spectra to determine whether the

product desired was made.

1H:
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Solution

With this example, we have the advantage to knowing what our structure is. It would be helpful to look up what menthyl
anthranilate's structure is to start before moving on.
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Atoms Numbered in Menthyl Anthranilate: 16

Step 1: Characterization of the peaks in 'H NMR spectrum by considering chemical shift, integration, spin-spin splitting, and
coupling constants. Remember if protons are coupled to each other, they will have the same coupling constant, J.

The deuterated solvent is DMSO and the peak for residual solvent appears at 2.50 ppm, which is why this peak is missing
integration. The peak at 0.7 ppm is the methyl group at position 7 on the numbered structure. The integration is 3 and there is
no other peak that will have that integration. The next peak at 0.9 ppm are the other methyl groups labeled 9 and 10. Both of
these peaks are doublets, which correlates to them having one neighboring hydrogen (positions 6 and 8) and this is the case for
both. The next three peaks to come all integrate to 2 protons, which will correspond to positions 1, 2, and 5. The hydrogens at
position 5 will be the furthest downfield since it is closest to an electron-withdrawing group. Remember, the closer the
hydrogen is to an electron-withdrawing group, the more the magnetic field surrounding the hydrogen is influenced. The peak at
4.8 ppm is H4. It is directly attached to an electron-withdrawing group and it integrates to 1H. The broad peak at 3.4 ppm
corresponds to the NH,. Broad peaks in NMR often correspond to an averaging and do not show spin-spin splitting. In this
case, the hydrogens attached to nitrogen are exchangeable leading to an averaging of "seeing" a different H spin state
depending on if an H is attached or not. The peaks in the 6.5 to 8.0 ppm range are the aromatic protons. COSY will help
identify the peaks that were not labeled specifically in the 'H spectrum.

Step 2: Even with the COSY, it is difficult to completely elucidate the structure. The cross peaks in the 6.5-8.0 ppm range are
all protons that are part of an aromatic ring. The correlations are indicating that the two groups coming off the ring will be
ortho to each other. The correlations indicate that the peak at 7.7 ppm has two other neighbors, which leads to the doublet of
doublets. This is the same for the peak at 6.6 ppm, which is also a doublet of doublets. The 7.2 ppm peak is a triplet of
doublets, so a total of 3 neighbors and there are 3 cross peaks to confirm this. The peak at 6.5 ppm is also a triplet of doublets
and has 3 cross peaks. The only way this pattern can occur is to have ortho groups coming off the aromatic ring. The next
protons that can be used to help elucidate the structure come from the peak at 4.8 ppm. This is the methine group attached to
the oxygen at C4. The cross peak at (4.8, 1.1) is a methylene group (C5) attached to C4. The cross peak at (4.8, 1.5) indicates a
correlation to another methylene group (possibly C2). The cross peak at (4.8, 1.9) is a correlation to another methine group
(C3). The peak at 0.9 ppm is a methyl group. The cross peaks of this methyl group indicate that it is attached to a methine
group (C6). The remaining correlations are difficult to decipher since it is squished into a small region with overlapping cross
peaks.

Step 3: '3C NMR analysis is a necessary step in full structural characterization. However, 3C NMR alone does not provide
enough information to assign the carbons in the molecule. It can be used to confirm the number of carbons in the molecule and
this is where DEPT or 2-D NMR will assist. The 'C spectrum above does indeed show all seventeen carbons. The group of
peaks around 40 ppm is DMSO-d6, so will not be counted towards the seventeen. However, the peak at 41 ppm is one of the
seventeen total carbons.

Step 4: DEPT will tell what kinds of carbons do we have in the molecule. There are three quaternary carbons (absent from the
DEPT spectrum compared to the 13C spectrum), three methylene groups (negative peaks), and eleven methine and methyl
groups.
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Step 5: In the HMBC, there are cross peaks that extend to our carbonyl at 167 ppm. These cross peaks indicate that the
carbonyl is attached to the aromatic ring just as we can see in the structure. It also shows that there is a correlation between the
carbonyl carbon and the methine attached to the oxygen, this confirms the ester functionality. The two other quaternary carbons
(152 ppm and 110 ppm) also have cross peaks indicating connection as part of the aromatic ring. Because the carbon spectrum
is a wider range, it spreads out the cross peaks and there is less overlap and it is easier to analyze each cross peak. As this is
done, each one confirms that the structure is indeed menthyl anthranilate.

This process can be used for known and unknown structure elucidation. You can also see that in more complicated molecules,
multiple spectra help shine light on all parts of the molecule.

This next example show how you attempt to determine an unknown structure from molecular formula and different types of 1-D
and 2-D NMR spectra.

v/ Example 7.6.2

Identify the compound C8H10 from the spectra below. The sample was dissolved in CDCls.
1
H:

T
frel]

T
20

3028
2988
2842
2705
2658
2592
2098
2046
1928
+ 7.1746
1695
1566
2.6817
2.6627
1-2.6437
2.6246
—1.5310
1.2608
-1.2418
“1.2227
—-0.0002

T
15

4.6104==
2,00
17
0

T T T T T T T T T T T T T T T T T T T
6 4 2 0 tppm]

Note: The peak at 0 ppm is TMS and the peak at 1.5 ppm is water. These can be disregarded in analysis.
COsY:
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Solution

Degrees of unsaturation = 4.

IH NMR spectrum: At 1.2 ppm there is a triplet that integrates to 3H. This means the fragment must be -CH,-CHj. The peak at
2.67 ppm is a quartet that integrates to 2H, so this is also a -CH,-CHj;. The multiplet at 7.2 ppm that integrates to 4.6 is in the
aromatic region and with a degree of unsaturation of 4, these are most likely 5 aromatic protons.

COSY: The COSY corroborates with the fragment of a methylene coupling to a methyl group. This information was
determined from the two cross peaks: (1.2, 2.67) and (2.67, 1.2). Coupling is reciprocal, so it makes sense that there is
symmetry with the coupling. The aromatic region protons do not couple beyond that system itself.
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13C: The 3C indicates that there are 6 different types of carbon nuclei. This means there must be some symmetry within the
carbons since there should be a total of 8. The peak at 76 ppm is CDCls3.

HSQC: The first cross peak (1.2, 15) corresponds to the methyl group. The next cross peak (2.4, 29) corresponds to the
methylene group. The final cross peaks (7.27, 125), (7.27, 128), and (7.27, 128.4) all correspond to the aromatic protons. These
carbons are also in the double bond region. There is no cross peak for the carbon at 144 ppm, so this carbon must not have any
hydrogens attached to it.

HMBC: Cross peak (1.2, 29) indicates that the methyl group is attached to the methylene group carbon. The cross peak at (2.4,
15) is the reciprocity of this correlation. The methyl hydrogens also have a cross peak at (1.2, 144), so the methylene must be
attached to that carbon. When looking down the column for the methylene, there is a cross peak to corroborate this as well as a
cross peak at (2.4, 128). This indicates that beyond its attachment to the quarternary carbon is the aromatic system. The cross
peaks under the 7.2 ppm peak confirm this.

Final structure: :

7.6: Interpreting 2-D NMR Spectra is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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7.7: 2-D NMR Problems

4b Learning Objectives

e Solve unknown problems using a variety of spectra and the molecular formula.

? Exercise 7.7.1

Propose a structure using the spectral data below for C;0H140. Note: You may need to check for solvent peaks. This sample
was dissolved in CDCls.

IR:

IR Spectrum (cm™)
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HMBC:
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0
? Exercise 7.7.2

Present an analysis of the following data and propose a structure.
MW: 131 amu
The full '"H NMR spectrum in D,0:

6.00

2.77
2.92

J @L £§ J

4.0 3.0 2.0 10

An expansion:
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v/ Example 7.7.3

Propose a structure using the spectral data below for C;0H140. Note: You may need to check for solvent peaks. This sample
was dissolved in CDCls.

Mass Spectrum:
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7.S: Summary
7.1: Chapter Objectives and Preview of Correlation NMR Spectroscopy

o Complex molecules can be hard to elucidate solely with 1-D NMR because it doesn't quite solve the entire picture. This is
where correlation NMR spectroscopy can be used.

7.2 Theory

o The splitting of resonances indicates that groups were "correlated" to each other due to the spins within each group.

o A simple 2-D experiment pulse sequence consists of a relaxation delay, a pulse, a variable time interval (¢;), a second pulse, and
acquisition (ty).

e In 2-D experiments, the signal detected during acquisition is a function of acquisition time (t,), which has been modulated as a
function of the time interval (t;). This means that magnetization evolves around one frequency during t; and a different
frequency during t,.

¢ The output once Fourier transformed is a 2-D spectrum with two axes.

¢ One axis (v») represents the nucleus detected during acquisition (tp), while the other axis (v1) can represent the same nucleus or
a different nucleus.

o With two axes, it leads to cross peaks along a diagonal connecting coupled nuclei.

7.3 Two Dimensional Homonuclear NMR Spectroscopy

o Homonuclear 2-D NMR spectroscopy is looking at the correlation of the same nuclei in a molecule.

o COSY looks at 'H coupling to 'H through bonds typically 3 bonds away and relies on the J-coupling to provide spin-spin
correlation to indicate which protons are close to each other.

e TOCSY obtains correlations between all protons within a given spin system and begin to chain together fragments of a
molecule.

¢ A molecule can have just one spin system or hundreds in more complex systems.

e The goal in TOCSY is to transfer the magnetization beyond directly coupled spins.

e NOESY determines which signals arise from protons athar are close to each other in space, even if they are not bonded.

7.4 Two Dimensional Heteronuclear NMR Spectroscopy

o Heteronculear 2-D NMR is the correlation between different nuclei, such as a 'H to 13C.

e HSQC is used to determine the proton to carbon or heteroatom (often nitrogen) single bond correlations.

o The purpose of a HSQC is to determine which protons are coupled to what other specific carbon or heteroatom in the molecule
through bonds.

o HMBC is used to determine long range 'H to 13C connectivity.

o HMBC gives the correlation between 'H and 13C when separated by two, three, and even four (if through a conjugated system)
bonds away.

7.5 Uses of 2-DNMR Spectroscopy

o Complex structure elucidation often requires 2-D NMR spectroscopy.

e HSQC can be used to determine the profile of metabolites in low concentrations (microMolar) accurately.

e TOCSY has been utilized to show changes in tumor cells and identify biomarkers associated with these cells.

¢ Molecular dynamics can be studied using 2-D NMR spectroscopy to map the molecule's internal mobility patterns.

Skills to Master

o Skill 7.1 Distinguish between 1-D and 2-D techniques.

o Skill 7.2 Learn to read COSY, TOCSY, NOESY, HSQC, HMBC spectra.

o Skill 7.3 Know what type of experiment to use to gain the information needed.

o Skill 7.4 Understand applications of 2-D NMR spectroscopy.

o Skill 7.5 Solve unknown structure determination problems with 2-D spectroscopy.

7.S: Summary is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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CHAPTER OVERVIEW

8: Structure Elucidation Problems

8.1 Chapter Objectives and Preview
8.2 Problem 1
8.3 Problem 2
8.4 Problem 3
8.5 Problem 4
8.6 Problem 5
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8.1 Chapter Objectives and Preview

4b Learning Objectives

After completing this chapter, you should be able to

o fulfill all of the detailed objectives listed under each individual section.
e solve road-map problems which may require the interpretation of spectral data.

This chapter is devoted to using your skills obtained in the previous sections to practice structure determination. There are five
structure elucidation problems in this chapter using a variety of different spectral data to help solve the structures.

8.1 Chapter Objectives and Preview is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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8.2 Problem 1

4b Learning Objectives

e Determine the structure for the following problem.

Solve the structure using the following spectral data.
Molecular Formula: CgH1,03

IR Spectrum:
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8.3 Problem 2

4b Learning Objectives

e Determine the structure for the following problem.

Solve the structure using the following spectral data.
Molecular Formula: CgH;BrO
13C Spectrum:
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Chemical Shift Splitting Coupling Constant (Hz)

3.8 doublet 2
7 triplet of doublets 7 and 2

7.2 doublet of doublets 7 and 2

7.3 triplet of doublets 7 and 2

7.5 doublet of doublets 7 and 2

9.8 triplet 2

Answer
o
Br.

8.3 Problem 2 is shared under a not declared license and was authored, remixed, and/or curated by Lauren Reutenauer.
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8.4 Problem 3

4b Learning Objectives

e Determine the structure for the following problem.

Solve the structure using the following spectral data.
Molecular Formula: C¢gH1,0O

IR spectrum:
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8.5 Problem 4

4b Learning Objectives

e Determine the structure for the following problem.

Solve the structure using the following spectral data.

Mass Spectrum:
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8.6 Problem 5

4b Learning Objectives

e Determine the structure for the following problem.

Solve the structure using the following spectral data.
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