Resonance methods

Nuclear Magnetic Resonance, NMR

In our discussion of spectroscopy, we have shown that absorption of electromagnetic radiation occurs on resonance: When the frequency of applied E.M. field matches the energy splitting between two quantum states.
Magnetic resonance differs from these other methods in the sense that we need to immerse the sample in a magnetic field in order to separate energetically the levels that we probe with an external (radio frequency or microwave) field. (Two fields: Static magnetic and E.M.)
We will be probing the energy levels associated with the spin angular momentum of nuclei and electrons: NMR--nuclear magnetic resonance and ESR/EPR--electron spin resonance.

Angular momentum:

In our treatment of rotational energy levels, we said that the energy levels was quantized, 
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J = 0, 1, 2… rotation quantum number

Degeneracy of J was (mJ  = 0,…, ± J) →(2J +1)
Actually, all angular momentum is quantized.

If a particle can spin, it has angular momentum and quantized E levels.
In particular, we also have to be concerned with the spin of individual nuclei and electrons.
Electron Spin Angular Momentum

The magnitude of electron spin angular momentum is 
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1.

Where s is the electron spin quantum number, its value is 1/2 for each unpaired electron.

The number of spin states, ms, can be given as


ms = -s, -s + 1, ... +s







2.

and is restricted to 

2s + 1 

values. 

	electron configuration
	s
	spin states

	1 unpaired e- (radical)
	½
	-1/2, +1/2

	2 paired e- (singlet)
	½
	0

	2 unpaired e- (triplet)
	1
	-1, 0, +1


Figure 1. Different spin states. Singlet state: all electrons in the molecule are spin-paired, triplet state: one set of electron spins is unpaired.
Nuclear spin angular momentum.

The magnitude of nuclear spin angular momentum is 
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3.

Where I is the nuclear spin quantum number.

The number of nuclear spin states, mI, can be given as, similarly to Eq. 2.


mI = -I, -I + 1, ... +I







4.

and is restricted to 

2I + 1 
 values. 

 What is I ? Each proton or neutron has a spin quantum number of 1/2.

 Spin of many nucleons add up vectorially to give I.

 Spins pair up so that even number of spins are paired → I = 0 .
1. For even number of protons plus even number of neutrons: I=0. e.g. 

12C, 16O.

2. For one unpaired nucleon → I = 1/2, mI = +1/2 or –1/2. The number of possible spin states (degeneracy): 2I + 1. Examples: 

1H, 13C, 15N.
So the proton and electron are similar—both spin half particles . We’ll talk about these two particles more specifically.

3. Two unpaired nucleons → I = 1 mI = 0, +1, -1

2H, 14N.
For spin ½ particles (I or s = ½) there are two degenerate energy states.
When putting spin half particles in a magnetic field you get a splitting.
A low energy state is aligned with the field, and a high energy state is aligned against the field.

If we immerse this system in a magnetic field, B, which is oriented along the z axis the spins align along the magnetic field has an interaction energy:
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5.
where μz is the projection of magnetic moment to the z-axis.

Since 
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Where γe and γN are the gyromagnetic ratio of electron and nucleon respectively.

For electrons 
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6a.

for nuclei
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6b.

The energy difference between spin states, which is absorbed by the system:

1. For electrons α spin state (ms = +1/2) has higher energy and energy difference is defined as: 
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7a.

2. For nuclei β spin state (ms = +1/2) has higher energy and energy difference is defined as: 
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7b.

So, as we increase the magnetic field strength, the two energy levels − originally

degenerate – split, one increasing in energy and one decreasing in energy. This is known as the Zeeman effect.
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Figure 2. By applied external field the degenerate, equal energy states can be splitted.

Now we have a system that can absorb E.M. radiation on resonance: ΔE=hν.

ν is the applied frequency in radio frequency range (NMR) or microwave range (ESR),
Frequency domain spectrometer: Typically sweep B and hold ν constant.
The Chemical Shift
The resonance frequency depends on the “effective” (local) magnetic field that a proton feels.

The resonance frequency can differ for different types of 1H due to local electron currents that counteract the applied field. → Shielding
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Figure 3. The effect of shielding.
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Figure 4. For the explanation of shielding. An s electron spins.

Chemical shift is a function of the nucleus and its environment. It is measured relative to a reference compound. For 1H NMR, the reference is usually tetramethylsilane, Si (CH3)4.
The local magnetic field, Bloc differs from the external field, B 
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8.

depending on the sign and magnitude of σ, the shielding constant.

The s-electrons in a molecule circulate in the applied field owing to their spherical symmetry, and producing a magnetic field which opposes the applied field. This means that the applied field strength must be increased for the nucleus to absorb at its transition frequency. This upfield shift is also termed diamagnetic shift. External field induces ring current which produces a magnetic field that counteracts, diamagnetic contribution, σd. And σd  > 0

Paramagnetic contribution, σp opposite sign compared to diamagnetic contribution.
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 is dominant the local field (Eq. 8.) is greater than applied field, downfield shift will be occured. This means that the applied field strength must be decreased for the nucleus to absorb at its transition frequency.
Table 1.

	Isotope
	Natural %
Abundance
	Spin (I)
	Magnetic
Moment (μ)
	Magnetogyric
Ratio (γ) *

	1H
	99.9844
	1/2
	2.7927
	26.753

	2H
	0.0156
	1
	0.8574
	4,107

	11B
	81.17
	3/2
	2.6880
	--

	13C
	1.108
	1/2
	0.7022
	6,728

	17O
	0.037
	5/2
	-1.8930
	-3,628

	19F
	100.0
	1/2
	2.6273
	25,179

	29Si
	4.700
	1/2
	-0.5555
	-5,319

	31P
	100.0
	1/2
	1.1305
	10,840


*   γ has units of 107rad T-1 sec-1 

In general, 13C NMR spectra provide more detailed information than 1H spectra, but there is a time cost for this. Since 12C, the most abundant isotope of carbon, does not give an NMR signal, only the 1.1% of carbon atoms that naturally occur as 13C are observable (see Table 1.). This 1.1% is called the natural abundance of 13C. Since there are usually more hydrogen atoms than carbons in an organic molecule, and because of the low natural abundance of 13C, it takes much longer to record the NMR spectrum of carbon than of hydrogen. 

NMR instrument

A typical CW-spectrometer is shown in the following Figure 5. A solution of the sample in a uniform 5 mm glass tube is oriented between the poles of a powerful magnet, and is spun to average any magnetic field variations, as well as tube imperfections. Radio frequency radiation of appropriate energy is broadcast into the sample from an antenna coil. A receiver coil surrounds the sample tube, and emission of absorbed rf energy is monitored by dedicated electronic devices and a computer. An nmr spectrum is acquired by varying or sweeping the magnetic field over a small range while observing the rf signal from the sample. An equally effective technique is to vary the frequency of the rf radiation while holding the external field constant.
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Figure 5. A continuous wave (CW) NMR instrument.

The NMR spectrum

4. For spin 1/2 nuclei the energy difference between the two spin states at a given magnetic field strength will be proportional to their magnetic moments. For the four common nuclei the magnetic moments are: 1H μ = 2.7927, 19F μ = 2.6273, 31P μ = 1.1305 & 13C μ = 0.7022. The following diagram gives the approximate frequencies
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that correspond to the spin state energy separations for each of these nuclei in an external magnetic field of 2.34 T. The formula in the box shows the direct correlation of frequency (energy difference) with magnetic moment. The proton resonance at B0 = 2.34 T occurs at 100 000 Hz.

The PNMR spectrum

The instruments have different built in magnets producing different resonance conditions, but data measured on different instruments should be compared.

One method of solving this problem is to report the location of an NMR signal in a spectrum relative to a reference signal from a standard compound added to the sample. Such a reference standard should be

 chemically unreactive, 

and easily removed from the sample after the measurement, 

it should give a single sharp nmr signal that does not interfere. Tetramethylsilane, (CH3)4Si, usually referred to as TMS, meets all these characteristics, and has become the reference compound of choice for proton and carbon nmr.


One additional step must be taken in order to provide an unambiguous location unit. To correct these frequency differences for their field dependence, we divide them by the spectrometer frequency (e.g. 100 or 500 MHz). The resulting number would be very small, since we are dividing Hz by MHz, so it is multiplied by a million, as shown by the formula in the blue shaded box. Note that νr is the resonant frequency of the reference, TMS signal and νs is the frequency of the sample signal. This operation gives a locator number called the Chemical Shift, having units of parts-per-million (ppm), and designated by the symbol δ.
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It is often convenient to describe the relative positions of the resonances in an NMR spectrum.  For example, a peak at a chemical shift, , of 10 ppm is said to be downfield or deshielded with respect to a peak at 5 ppm, or if you prefer, the peak at 5 ppm is upfield or shielded  with respect to the peak at 10 ppm.
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Figure 6. Relative scale of protons with different shielding. The most shielded compound is TMS. Above of arrows the Δν values are written.

Spin - spin coupling
Consider the structure of ethanol;
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The 1H NMR spectrum of ethanol (Fig. 7.) shows the methyl peak has been split into three peaks (a triplet) and the methylene peak has been split into four peaks (a quartet). This occurs because there is a small interaction (coupling) between the two groups of protons. The spacings between the peaks of the methyl triplet are equal to the spacings between the peaks of the methylene quartet. This spacing is measured in Hertz and is called the coupling constant, J.
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Figure 7. The 1HNMR spectrum of ethanol. The δ-scale with δ = 0 at TMS signal.

To see why the methyl peak is split into a triplet, let's look at the methylene protons. There are two of them, and each can have one of two possible orientations (aligned with or opposed against the applied field). This gives a total of four possible states;
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In the first possible combination, spins are paired and opposed to the field. This has the effect of reducing the field experienced by the methyl protons; therefore a slightly higher field is needed to bring them to resonance, resulting in an upfield shift. Neither combination of spins opposed to each other has an effect on the methyl peak. The spins paired in the direction of the field produce a downfield shift. Hence, the methyl peak is split into three, with the ratio of areas 1:2:1.

Similarly, the effect of the methyl protons on the methylene protons is such that there are eight possible spin combinations for the three methyl protons;
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Out of these eight groups, there are two groups of three magnetically equivalent combinations. The methylene peak is split into a quartet. The areas of the peaks in the quartet have the ratio 1:3:3:1.
In a first-order spectrum (where the chemical shift between interacting groups is much larger than their coupling constant), interpretation of splitting patterns is quite straightforward.
The multiplicity of a multiplet is given by the number of equivalent protons in neighbouring atoms plus one, i.e. the n + 1 rule 

Equivalent nuclei do not interact with each other. The three methyl protons in ethanol cause splitting of the neighbouring methylene protons; they do not cause splitting among themselves 

The coupling constant is not dependant on the applied field. Multiplets can be easily distinguished from closely spaced chemical shift peaks.

Signal intensity

The intensity of nmr resonance signals is proportional to the molar concentration of the sample. If we take the nmr spectrum of equal molar amounts of benzene and cyclohexane in carbon tetrachloride solution, the resonance signal from cyclohexane will be twice as intense as that from benzene because cyclohexane has twice as many hydrogens per molecule. 

The magnitude of integrated signal is proportional to the number of chemically identical (distinct set) hydrogen atoms in the molecule.
Samples containing two or more different sets of hydrogen atoms are examined, allows the ratio of hydrogen atoms in each distinct set to be determined. From integrated intensities, we are able to identify the peaks in NMR spectrum.
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Figure 8. Integrated intensities
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