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Abstract
Keywords: In this review paper we have information about determination of  organic
NMR,UV-VIS, spin, compounds , techniques of characterization ,analysis of peaks and frequency ,
spectra, identification, applications of spectroscopic techniques through explanation of figures.
HNMR.
INTRODUCTION

An obvious difference between certain compounds is their color. Thus quinone is yellow; chlorophyll is green; the 2,4-
dinitrophenylhydrazone derivatives of aldehydes and ketones range in color from bright yellow to deep red, depending on
double bond conjugation; and aspirin is colorless. In this respect the human eye is functioning as a spectrometer analyzing
the light reflected from the surface of a solid or passing through a liquid. Although we see sunlight (or white light) as
uniform or homogeneous in color, it is actually composed of a broad range of radiation wavelengths in the ultraviolet
(UV), visible and infrared (IR) portions of the spectrum. As shown on the right, the component colors of the visible
portion can be separated by passing sunlight through a prism, which acts to bend the light in differing degrees according to
wavelength. Electromagnetic radiation such as visible light is commonly treated as a wave phenomenon, characterized by
a wavelength or frequency. Wavelength is defined on the left below, as the distance between adjacent peaks (or troughs),
and may be designated in meters, centimeters or nanometers (10 meters). Frequency is the number of wave cycles that
travel past a fixed point per unit of time, and is usually given in cycles per second, or hertz (Hz). Visible wavelengths
cover a range from approximately 400 to 800 nm. The longest visible wavelength is red and the shortest is violet. Other
common colors of the spectrum, in order of decreasing wavelength, may be remembered by the mnemonic: ROY G BIV.
The wavelengths of what we perceive as particular colors in the visible portion of the spectrum are displayed and listed
below. In horizontal diagrams, such as the one on the bottom left, wavelength will increase on moving from left to right.

Violet: 400 - 420 nm
Indigo: 420 - 440 nm
Blue: 440 - 490 nm
Green: 490 - 570 nm
Yellow: 570 -585nm
Orange: 585 - 620 nm
Red: 620 - 780 nm

When white light passes through or is reflected by a colored substance, a characteristic portion of the mixed
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wavelengths is absorbed. The remaining light will then assume the complementary color to the wavelength(s)
absorbed. This relationship is demonstrated by the color wheel shown on the right. Here, complementary colors are
diametrically opposite each other. Thus, absorption of 420-430 nm light renders a substance yellow, and absorption
of 500-520 nm light makes it red. Green is unique in that it can be created by absorption close to 400 nm as well as
absorption near 800 nm.Early humans valued colored pigments, and used them for decorative purposes. Many of
these were inorganic minerals, but several important organic dyes were also known. These included the crimson
pigment, kermesic acid, the blue dye, indigo, and the yellow saffron pigment, crocetin. A rare dibromo-indigo
derivative, punicin, was used to color the robes of the royal and wealthy. The deep orange hydrocarbon carotene is
widely distributed in plants, but is not sufficiently stable to be used as permanent pigment, other than for food
coloring. A common feature of all these colored compounds, displayed below, is a system of extensively
conjugated pi-electrons.

THE ELECTROMAGNETIC SPECTRUM

The visible spectrum constitutes but a small part of the total radiation spectrum. Most of the radiation that surrounds
us cannot be seen, but can be detected by dedicated sensing instruments. This electromagnetic spectrum ranges
from very short wavelengths (including gamma and x-rays) to very long wavelengths (including microwaves and
broadcast radio waves). The energy associated with a given segment of the spectrum is proportional to its frequency.
The bottom equation describes this relationship, which provides the energy carried by a photon of a given
wavelength of radiation.

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/mole, and the near ultraviolet region,
out to 200 nm, extends this energy range to 143 kcal/mole. 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". A diagram showing the
various kinds of electronic excitation that may occur in organic molecules is shown on the left. Of the six transitions
outlined, only the two lowest energy ones (left-most, colored blue) 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. 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 isoprene spectrum shown below. Since isoprene is colorless, it does not absorb in the visible
part of the spectrum and this region is not displayed on the graph. Absorbance usually ranges from 0 (no absorption)
to 2 (99% absorption), and is precisely defined in context with spectrometer operation. Because the absorbance of a
sample will be proportional to the number of absorbing molecules in the spectrometer light beam (e.g. their molar
concentration in the sample tube), it is necessary to correct the absorbance value for this and other operational
factors if the spectra of different compounds are to be compared in a meaningful way. The corrected absorption
value is called "molar absorptivity", and is particularly useful when comparing the spectra of different compounds
and determining the relative strength of light absorbing functions (chromophores). Molar absorptivity (¢) is defined
as:

Molar Absorptivity, (where A= absorbance, ¢ = sample concentration in moles/liter & 1= length
g=A/cl of light path through the sample in cm.)
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If the isoprene spectrum on the right was obtained from a dilute hexane solution (¢ = 4 x10~° moles per liter) in a 1
cm sample cuvette, a simple calculation using the above formula indicates a molar absorptivity of 20,000 at the
maximum absorption wavelength. Indeed the entire vertical absorbance scale may be changed to a molar
absorptivity scale once this information about the sample is in hand.

Chromophore Exp Excitation ﬁ"l;:"’ £ Solvent
Cc=C Ethene n —> 7* 171 15,000 || hexane
C=C 1-Hexyne n —> w* 180 10,000 || hexane
- n —> ¥ 290 15 hexane
=0 Ethanal T > * 180 10,000 | hexane
_ . n —> 7* 275 17 ethanol
N=0 Nitromethane | /o 7 200 [5,000 | ethanol
C-X X=Br Methyl bromide [|n —> o* 205 200 hexane
X=1 Methyl lIodide ||n —> o* 255 360 hexane

From the chart above it should be clear that the only molecular moieties likely to absorb light in the 200 to 800 nm
region are pi-electron functions and hetero atoms having non-bonding valence-shell electron pairs. Such light
absorbing groups are referred to as chromophores. A list of some simple chromophores and their light absorption
characteristics is provided on the left above. The oxygen non-bonding electrons in alcohols and ethers do not give
rise to absorption above 160 nm. Consequently, pure alcohol and ether solvents may be used for spectroscopic
studies. The presence of chromophores in a molecule is best documented by UV-Visible spectroscopy, but the
failure of most instruments to provide absorption data for wavelengths below 200 nm makes the detection of isolated
chromophores problematic. Fortunately, conjugation generally moves the absorption maxima to longer wavelengths,
as in the case of isoprene, so conjugation becomes the major structural feature identified by this technique.

Molar absorptivities may be very large for strongly absorbing chromophores (>10,000) and very small if absorption
is weak (10 to 100). The magnitude of & reflects both the size of the chromophore and the probability that light of a
given wavelength will be absorbed when it strikes the chromophore.

THE IMPORTANCE OF CONJUGATION

A comparison of the absorption spectrum of 1-pentene, Amax = 178 nm, with that of isoprene (above) clearly
demonstrates the importance of chromophore conjugation. Further evidence of this effect is shown below. The
spectrum on the left illustrates that conjugation of double and triple bonds also shifts the absorption maximum to
longer wavelengths. From the polyene spectra displayed in the center diagram, it is clear that each additional double
bond in the conjugated pi-electron system shifts the absorption maximum about 30 nm in the same direction. Also,
the molar absorptivity (¢) roughly doubles with each new conjugated double bond. Spectroscopists use the terms
defined in the table on the right when describing shifts in absorption. Thus, extending conjugation generally results
in bathochromic and hyperchromic shifts in absorption.

The appearance of several absorption peaks or shoulders for a given chromophore is common for highly conjugated
systems, and is often solvent dependent. This fine structure reflects not only the different conformations such
systems may assume, but also electronic transitions between the different vibrational energy levels possible for each
electronic state. Vibrational fine structure of this kind is most pronounced in vapor phase spectra, and is increasingly
broadened and obscured in solution as the solvent is changed from hexane to methanol.
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Terminology for Absorption Shifts

Nature of Shift Descriptive Term
‘ To Longer Wavelength Bathochromic
‘ To Shorter Wavelength Hypsochromic
‘ To Greater Absorbance Hyperchromic
To Lower Absorbance Hypochromic

To understand why conjugation should cause bathochromic shifts in the absorption
maxima of chromophores, we need to look at the relative energy levels of the pi-
orbitals. When two double bonds are conjugated, the four p-atomic orbitals combine to
generate four pi-molecular orbitals (two are bonding and two are antibonding). This
was described earlier in the section concerning diene chemistry. In a similar manner, the

three double bonds of a conjugated triene create six pi-molecular orbitals, half bonding
and half antibonding. The energetically most favorable 1 —> n* excitation occurs from
the highest energy bonding pi-orbital (HOMO) to the lowest energy antibonding pi-
orbital
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To understand why conjugation should cause bathochromic shifts in the absorption maxima of
chromophores, we need to look at the relative energy levels of the pi-orbitals. When two double bonds
are conjugated, the four p-atomic orbitals combine to generate four pi-molecular orbitals (two are
bonding and two are antibonding). This was described earlier in the section concerning diene chemistry.
In a similar manner, the three double bonds of a conjugated triene create six pi-molecular orbitals, half
bonding and half antibonding. The energetically most favorable 1 —> m* excitation occurs from the
highest energy bonding pi-orbital (HOMO) to the lowest energy antibonding pi-orbital
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1. HINMR Spectroscopy :
Over the past fifty years nuclear magnetic resonance spectroscopy, commonly referred to as nmr , has become
the preeminent technique for determining the structure of organic compounds. Of all the spectroscopic methods , it
is the only one for which a complete analysis and interpretation of the entire spectrum is normally expected.
Although larger amounts of sample are needed than for mass
spectroscopy , nmr is non-destructive, and with modern instruments good data may be obtained from samples
weighing less than a milligram. To be successful in using nmr as an analytical tool, it is necessary to
understand the physical principles on which the methods are based.
The nuclei of many elemental isotopes have a characteristic spin (I). Some nuclei have integral spins (e.g. I=1, 2,
3 ....), some have fractional spins (e.g. I = 1/2, 3/2, 5/2 ....), and a few have no spin, I = 0 (e.g. '°C, '°0, S, ....).
Isotopes of particular interest and use to organic chemists are 'H, 1*C, °F and 3'P, all of which have I = 1/2. Since
the analysis of this spin state is fairly straightforward, our discussion of nmr will be limited to these and other [ = 1/2
nuclei.
The following features lead to the NMR phenomenon:

1. A spinning charge generates a magnetic field, as shown by the animation on the right.
The resulting spin-magnet has a magnetic moment (p) proportional to the spin.

2. In the presence of an external magnetic field (Bo), two spin states exist, +1/2 and -1/2.
The magnetic moment of the lower energy +1/2 state is aligned with the external field, but that of
the higher energy -1/2 spin state is opposed to the external field. Note that the arrow representing
the external field points North.
Ol' Ot iy Ol' J,
Spln Energy States

3. The difference in energy between the two spin states is dependent on the external magnetic field strength, and is always very
small. The following diagram illustrates that the two spin states have the same energy when the external field is zero, but diverge
as the field increases. At a field equal to Bx a formula for the energy difference is given (remember I = 1/2 and p is the magnetic
moment of the nucleus in the field).
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Strong magnetic fields are necessary for nmr spectroscopy. The international unit for magnetic flux is the tesla (T). The earth's
magnetic field is not constant, but is approximately 10 T at ground level. Modern nmr spectrometers use powerful magnets
having fields of 1 to 20 T. Even with these high ficlds, the energy difference between the two spin states is less than 0.1 cal/mole.
To put this in perspective, recall that infrared transitions involve 1 to 10 kcal/mole and electronic transitions are nearly 100 time
greater.

For nmr purposes, this small energy difference (AE) is usually given as a frequency in units of MHz (10° Hz), ranging from 20 to
900 Mz, depending on the magnetic field strength and the specific nucleus being studied. Irradiation of a sample with radio
frequency (rf) energy corresponding exactly to the spin state separation of a specific set of nuclei will cause excitation of those
nuclei in the +1/2 state to the higher -1/2 spin state. Note that this electromagnetic radiation falls in the radio and television
broadcast spectrum. Nmr spectroscopy is therefore the energetically mildest probe used to examine the structure of molecules.
The nucleus of a hydrogen atom (the proton) has a magnetic moment p = 2.7927, and has been studied more than any other
nucleus. The previous diagram may be changed to display energy differences for the proton spin states (as frequencies) by mouse
clicking anywhere within it.

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 noted above, the magnetic moments are: '"H p = 2.7927, 'F p=2.6273, 3'P
pw=1.1305 & '3C n=0.7022. These moments are in nuclear magnetons, which are 5.0507810-?7 JT-'. The following diagram
gives the approximate frequencies that correspond to the spin state energy separations for each of these nuclei in an external
magnetic field of 2.35 T. The formula in the colored box shows the direct correlation of frequency (energy difference) with
magnetic moment (h = Planck's constant = 6.626069+10-4 Js).

B,=2.35T _ pB, 4684
ST
13C 31p 1‘9F lH
0 25,2  40.5 04 100
YV (MHz)

2. Proton NMR Spectroscopy

This important and well-established application of nuclear magnetic resonance will serve to illustrate some of the
novel aspects of this method. To begin with, the nmr spectrometer must be tuned to a specific nucleus, in this case
the proton. The actual procedure for obtaining the spectrum varies, but the simplest is referred to as the continuous
wave (CW) method. A typical CW-spectrometer is shown in the following diagram. 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 (colored red).
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As an example, consider a sample of water in a 2.3487 T external magnetic field, irradiated by 100 MHz radiation.
If the magnetic field is smoothly increased to 2.3488 T, the hydrogen nuclei of the water molecules will at some
point absorb rf energy and a resonance signal will appear. An animation showing this may be activated by clicking
the Show Field Sweep button. The field sweep will be repeated three times, and the resulting resonance trace is
colored red. For visibility, the water proton signal displayed in the animation is much broader than it would be in an
actual experiment.Since protons all have the same magnetic moment, we might expect all hydrogen atoms to give
resonance signals at the same field / frequency values. Fortunately for chemistry applications, this is not true. By
clicking the Show Different Protons button under the diagram, a number of representative proton signals will be
displayed over the same magnetic field range. It is not possible, of course, to examine isolated protons in the
spectrometer described above; but from independent measurement and calculation it has been determined that a
naked proton would resonate at a lower field strength than the nuclei of covalently bonded hydrogen's. With the
exception of water, chloroform and sulfuric acid, which are examined as liquids, all the other compounds are
measured as gases.

= Irnduuced Field

LCFrorm s=lectrormm racoaoticr )

‘Why should the proton nuclei in different compounds behave differently in the nmr experiment ?

The answer to this question lies with the electron(s) surrounding the proton in covalent compounds and ions. Since
electrons are charged particles, they move in response to the external magnetic field (Bo) so as to generate a
secondary field that opposes the much stronger applied field. This secondary field shields the nucleus from the
applied field, so B, must be increased in order to achieve resonance (absorption of rf energy). As illustrated in the
drawing on the right, B, must be increased to compensate for the induced shielding field. In the upper diagram,
those compounds that give resonance signals at the higher field side of the diagram (CHs, HCI, HBr and HI) have
proton nuclei that are more shielded than those on the lower field (left) side of the diagram.

The magnetic field range displayed in the above diagram is very small compared with the actual field strength (only
about 0.0042%). It is customary to refer to small increments such as this in units of parts per million (ppm). The
difference between 2.3487 T and 2.3488 T is therefore about 42 ppm. Instead of designating a range of nmr signals
in terms of magnetic field differences (as above), it is more common to use a frequency scale, even though the
spectrometer may operate by sweeping the magnetic field. Using this terminology, we would find that at 2.34 T the
proton signals shown above extend over a 4,200 Hz range (for a 100 MHz rf frequency, 42 ppm is 4,200 Hz).
Most organic compounds exhibit proton resonances that fall within a 12 ppm range (the shaded area), and it is
therefore necessary to use very sensitive and precise spectrometers to resolve structurally distinct sets of hydrogen
atoms within this narrow range. In this respect it might be noted that the detection of a part-per-million difference is
equivalent to detecting a 1 millimeter difference in distances of 1 kilometer.
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CHEMICAL SHIFT

Unlike infrared and uv-visible spectroscopy, where absorption peaks are uniquely located by a frequency or
wavelength, the location of different nmr resonance signals is dependent on both the external magnetic field
strength and the rf frequency. Since no two magnets will have exactly the same field, resonance frequencies will
vary accordingly and an alternative method for characterizing and specifying the location of nmr signals is needed.
This problem is illustrated by the eleven different compounds shown in the following diagram. Although the eleven
resonance signals are distinct and well separated, an unambiguous numerical locator cannot be directly assigned to
each.
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