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Understandings: 

1. Explain the general overview of the instruments that are used to analyze the structure 

of an unknown molecule.  

-  

Infrared spectroscopy identifies the types of bonds in a molecule. Different bonds absorb 

different frequencies!  

Mass spectrometry (MS) identifies the relative atomic mass (the one we are used to) and 

molecular mass (the one that may be a bit new for you).  

Nuclear magnetic resonance (NMR) spectroscopy identifies the structure of the molecule 

and it’s conceptually the most difficult analysis, but we will work through it don’t worry.  

2. Explain how mass spectrometry works.  

- Up until now, we have looked at relative atomic masses. Now, we can use similar principle 

to find out relative molecular masses.  

What scientists do is that they shoot the species with electrons and make it break into cation 

fragments (yes the electron knocks out another electron as well). What we get is something 

similar to this.  

 

 

 

 

 

 

The fragments detected are relatively stable compounds and don’t forget that they are 

cations! 
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3. Explain what index of hydrogen deficiency is and how to calculate it.  

- Index of hydrogen deficiency simply tells us how saturated the molecule is. The index is 

given in integers and the number tells how much H2 molecules you can add.  

The formula to calculate IHD from a molecular formula is: 

𝐼𝐻𝐷 =
1

2
(2 ∗ 𝑐𝑎𝑟𝑏𝑜𝑛 + 2 − ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 − ℎ𝑎𝑙𝑜𝑔𝑒𝑛 + 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛) 

To explain this formula, 2*carbon+2 is when carbon is fully saturated. From that, we take 

minus number of hydrogen and halogen since each of them can occupy where hydrogen can 

bond. You add one per nitrogen because it is the same as adding one carbon and one 

hydrogen.  

4. Explain how infrared spectroscopy works.  

- It is all about using the energy from infrared waves to stretch and bend bonds, just like a 

spring. Different type of bond absorbs different type and amount of energy. Note that only 

polar bonds can interact with electromagnetic radiations.  

Higher frequencies Lower frequencies 

Light atoms 
Multiple bonds 

Heavy atoms 
Few bonds 

 

So, the strength of bonds is given by wavenumber. It is a new term, but it is actually nothing 

new. Wavenumber is simply: 

𝑊𝑎𝑣𝑒𝑛𝑢𝑚𝑏𝑒𝑟 =
1

ʎ
= 𝑘 ∗

1

𝑐𝑚
 

But recall the relationship between wavelength and frequency! 

𝑐 = ʎ ∗ 𝑓 

𝑓 =
𝑐

ʎ
=

1

ʎ
(𝑐) = 𝑤𝑎𝑣𝑒𝑛𝑢𝑚𝑏𝑒𝑟 ∗ 𝑐 

𝐸 = ℎ𝑓 

Frequency and wavenumber is directly proportional to energy! So you can think of the 

wavenumber as frequency or energy. The list of bonds with its corresponding wavenumber 

is given in booklet.  

Now, let’s talk more about stretch and bends. As mentioned, only vibrations that change the 

dipole moment are seen in IR spectrum. The way bonds are affected can be as symmetric 

stretch, asymmetric stretch and also a bend. Symmetric stretch takes less energy 

(wavenumber) than asymmetric stretch.  
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Below is an example of an IR spectroscopy. There are essentially three things you should 

look for: wavenumber, shape and intensity. Note that anything below wavenumber 1500 is 

called fingerprint region (we match known with unknown) so we are really just analyzing 

anything above it for now.  

 

 

 

 

 

 

 

 

 

Wavenumber: 

This is obviously the first obvious thing you should notice. The general trend from lowest to 

highest wavenumber is C-O, double bonds, triple bonds, and finally hydrogen bound bonds.  

It may be helpful to know that ≡ 𝐶 − 𝐻 has higher wavenumber (≈3300) than = 𝐶 − 𝐻 

(≈3100); and = 𝐶 − 𝐻 has higher wavenumber than −𝐶 − 𝐻 (≈2900). This is mentioned 

above that multiple bonds give higher frequencies. Think in terms of hybridization. Sp 

hybridization has more 50% s-orbital character, sp2 has 33% s-orbital character and sp3 has 

25% s-orbital character. The closer to the nucleus (s-orbital) the stronger it is.  

Shape: 

If you see this really broad spectrum at around 3000 wavenumber, it probably hints 

hydrogen bonding. Hydrogen bonding may weaken and strengthen dipole moment at the 

same time, depending on how it resonates with the vibrations. Thus it will give a variety of 

wavenumber. In addition, when you see two dips next to each other of identical intensity, 

the higher one is asymmetric stretch and the lower one is symmetric stretch.  

Intensity: 

Intensity is about how high the transmittance is, thus how “deep” the “valley in the graph” is. 

Since we know that the IR spectrum is related to dipole moment, stronger dipole moment 

will result in higher intensity and weaker dipole moment in lower intensity. This means that 

symmetric vibrations that cause no change in dipole will not appear in the IR spectrum. 



©Ibling 

 

5. Explain how nuclear magnetic resonance spectroscopy works.  

- This is all about using radio waves to see how much energy it is required to stimulate the 

protons (H+) in an element. Hydrogen atoms in different position in the molecule will require 

different amount of energy.  

Okay, let’s explain more thoroughly from the basics.   

A proton has a spin that creates a magnetic field, just like a magnet bar. For those who have 

taken physics, you can use right-hand rule to verify the direction of magnetic field. As shown 

in the picture below, proton in its low energy state spins in a certain direction that creates 

this magnetic field, where N gets attracted to the southern magnetic pole (which is 

geographically the North Pole) and S gets attracted to the northern magnetic pole (which is 

geographically the South Pole). 

 

 

 

 

In a molecule, hydrogen atoms behave very much like a proton because it is basically an 

atom with a proton and a moving electron. So, what we do with NMR is to simply apply 

energy in form of radio waves to flip the direction of magnetic field of hydrogen atoms. This 

requires energy because we are making the south pole of proton get near the southern 

magnetic pole, and vice versa. When these flipped protons flip back again to its low energy 

state, it gives out energy that is recorded in NMR spectrometer.  

 

 

 

 

 

Therefore, it implies that the x-axis on NMR spectrum is in nature simply frequency/energy. 

The exact frequency needed to flip hydrogen in a certain environment is called resonance. It 

is written in chemical shift because it is a way to standardize the value for all different NMR’s.  
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There are four things you should look for: number of peaks, integration trace, chemical shift 

and splitting pattern.  

 

 

 

 

 

 

 

 

Number of peaks/signals: 

Number of peaks is simply how many possible “chemical environments” a hydrogen can be 

in. For the example above, hydrogen can be in three fundamentally different 

“environments”. Yes, example above has 8 different hydrogens but those hydrogens can be 

rotated and therefore fundamentally in the same location. Therefore it has three peaks.  

Area under peak (integration trace): 

This is essentially the area under the signal and it tells the how many protons/hydrogen are 

sending the peak/signal. This then naturally reveals the ratio of hydrogen in the molecule.  

Chemical shift: 

This as mentioned practically the energy required to flip the proton in relation to energy 

required to flip TMS (tetramethylsilane, Si(CH3)4). Depending on the environment, the 

energy hence the chemical shift is different. We are given a list of these in the data booklet.  

Splitting pattern: 

If you have noticed, the signals/peaks are not straight, but rather split. There is a very 

physical reason for that. For now however, think of splitting as how the proton/hydrogen 

responds to its neighboring carbon’s hydrogen. The number of splitting is equivalent to 

number of neighbor protons + 1. This will be explained more in the HL section.   
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Applications and skills: 

1. Be able to determine the IHD from a molecular formula. 

- Yes, understand the formula explained above. Then you can practically use the formula for 

all molecular formulas! 

2. Be able to deduce of information about the structural features of a compound from 

percentage composition data, MS, IR or 1HNMR.  

- Try on your own! 

TOK: 

1. Electromagnetic waves can transmit information beyond that of our sense perceptions. 

What are the limitations of sense perception as a way of knowing?  

 

 


