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1.8: STRUCTURE DETERMINATION IN CONJUGATED SYSTEMS -
ULTRAVIOLET SPECTROSCOPY

After completing this section, you should be able to

1. identify the ultraviolet region of the electromagnetic spectrum which is of most use to organic chemists.
2. interpret the ultraviolet spectrum of 1,3-butadiene in terms of the molecular orbitals involved.
3. describe in general terms how the ultraviolet spectrum of a compound differs from its infrared and NMR spectra.

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

o ultraviolet (UV) spectroscopy
e Molar absorptivity

As we’ve seen, mass spectrometry, infrared spectroscopy, and nuclear magnetic resonance spectroscopy are techniques of structure
determination applicable to all organic molecules. In addition to these three generally useful methods, there is a fourth—ultraviolet (UV)
spectroscopy—that is applicable only to conjugated compounds. UV is less commonly used than the other three spectroscopic techniques
because of the specialized information it gives, so we’ll only discuss it briefly.

Mass spectrometry Molecular size and formula
IR spectroscopy Functional groups present

NMR spectroscopy Carbon-hydrogen framework
UV spectroscopy Conjugated 7 electron systems

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. Ultraviolet-visible absorption spectroscopy provides much less information about the structure of molecules than do the
spectroscopic techniques studied earlier (infrared spectroscopy, mass spectroscopy, and NMR spectroscopy) and mainly provides
information about conjugated pi systems. For an organic chemist, the most useful ultraviolet region of the electromagnetic spectrum
involves radiation with a wavelength between 200 and 400 nm (Figure 1.8.1). UV/Vis absorption spectra also involve radiation from the
visible region of the electromagnetic spectrum with wavelengths between 400 and 800 nm.
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Figure 1.8.1: The ultraviolet (UV) and neighboring regions of the electromagnetic spectrum.
A diagram highlighting the various kinds of electronic excitation that may occur in organic molecules is shown below. Of the six transitions
outlined, only the two lowest energy ones, n to pi* and pi to pi* (colored blue) are achieved by the energies available in the 200 to 800 nm
range of a UV/VIs spectrum. These energies are sufficient to promote or excite a molecular electron to a higher energy orbital in many
conjugated compounds.
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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. With UV radiation, the energy absorbed corresponds to
the amount needed to promote an electron from a lower-energy orbital to a higher-energy one in a conjugated molecule. The conjugated
diene 1,3-butadiene, for instance, has four 7 molecular orbitals. The two lower-energy, bonding MOs are occupied in the ground state, and
the two higher-energy, antibonding MOs are unoccupied.

On irradiation with ultraviolet light (hv), 1,3-butadiene absorbs energy and a 7 electron is promoted from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). Because the electron is promoted from a bonding 7 molecular orbital
to an antibonding * molecular orbital, we call this a # — m* excitation (read as “pi to pi star”). The energy gap between the HOMO and the
LUMO of 1,3-butadiene is such that UV light of 217 nm wavelength is required to effect the 7 — m* electronic transition (Figure 1.8.2).
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Figure 1.8.2: Ultraviolet excitation of 1,3-butadiene results in the promotion of an electron from i, the highest occupied molecular orbital
(HOMO), to 3*, the lowest unoccupied molecular orbital (LUMO).

A UV/Vis spectrometer records the wavelengths at which absorption occurs, together with the degree of absorption at each wavelength.
Absorbance, abbreviated 'A’, is a unitless number which contains the same information as the 'percent transmittance' number used in IR
spectroscopy. 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 (Iy), divides this value by the intensity of the same wavelength after it passes through
the sample (I), then takes the log;o of that number:
Iy
A= log( 7 >

The resulting spectrum is presented as a graph of absorbance (A) versus wavelength, as in the isoprene spectrum shown below. Since 1,3-
butadiene is colorless, it does not absorb in the visible part of the spectrum and this region is not displayed on the graph. Notice 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) rather than in cm! as is the convention in IR spectroscopy.

Typically, there are two things that are noted and recorded from a UV-Vis spectrum. The first is Aypax, which is the wavelength at maximal
light absorbance. As you can see, isoprene has Amax, = 217 nm. The second valuable piece of data is the absorbance at the Apyax. In the
isoprene spectrum the absorbance at the value Apax 0f 217 nm is about 0.88. (Figure 1.8.3).
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Figure 1.8.3: The ultraviolet spectrum of 1,3-butadiene, A, = 217 nm.

MOLAR ABSORPTIVITY

Molar absorptivity (epsilon) is a physical constant, characteristic of the particular substance being observed and thus characteristic of the
particular electron system in the molecule. Molar absorptivities may be very large for strongly absorbing chromophores (>100,000) and
very small if absorption is weak (10 to 100). The magnitude of epsilon reflects both the size of the chromophore and the probability that
light of a given wavelength will be absorbed when it strikes the chromophore. Molar absorptivity (¢) is defined via Beer's law as:

A

cl

where

e A is the sample absorbance
e c is the sample concentration in moles/liter
o [is the length of light path through the sample in cm

If the isoprene spectrum show above was obtained from a dilute hexane solution (c = 4 * 10> 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, symbolized as
Amaz.

The only molecular moieties likely to absorb light in the 200 to 800 nm region are functional groups that contain pi-electrons 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 are provided below. 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.

Chromophore Example Excitation Amax, nm € @ Amax Solvent
Cc=C Ethene T - * 171 15,000 hexane
C=C 1-Hexyne ™ - T* 180 10,000 hexane

ok
C=0 Ethanal n-n 290 15 hexane
- ¥ 180 10,000 hexane

I
N=0 Nitromethane nen 275 17 CiiELL
T - * 200 5,000 ethanol
C-X X=Br Methyl bromide n - o* 205 200 hexane
X=I Methyl Iodide n - o* 255 360 hexane

ELECTRONIC TRANSITIONS (CAUSE OF UV-VISIBLE ABSORPTION)

As previously noted, electronic transitions in organic molecules lead to UV and visible absorption. 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. The molecular orbital picture for the hydrogen molecule (Hy) 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).
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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 m - m* transition. Because m- m*
energy gaps are narrower than o - o* gaps, ethene absorbs light at 165 nm - a longer wavelength than molecular hydrogen.

|

—— t* (LUMO) —n*
H:CZCiH 173 kcal/n?fl %’
H H T l T

—— 1t (HOMO) —n

The electronic transitions of both molecular hydrogen and ethene are too energetic to be accurately recorded. Where electronic transition
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. The MO diagram for 1,3-
butadiene, the simplest conjugated system. Recall that we can draw a diagram showing the four pi MO’s that result from combining the four
2p, atomic orbitals. The lower two orbitals are pi bonding, while the upper two are pi antibonding.

Py s
H\ H 3 — 5"
H c=C AE 217 nm
\C:C/ \H 132 kcal/mol T i -

H H {1 !

Yy
H

Py T l ¥,

Comparing this MO picture to that of ethene, our isolated pi-bond example, we see that the HOMO-LUMO energy gap is indeed smaller for
the conjugated system. 1,3-butadiene absorbs UV light with a wavelength of 217 nm.

As conjugated pi systems become larger, the energy gap for a m - n* transition becomes increasingly narrow, and the wavelength of light
absorbed correspondingly becomes longer. The absorbance due to the n - m* transition in 1,3,5-hexatriene, for example, occurs at 258 nm,
corresponding to a AE of 111 kcal/mol.

V" Ve
ws* W5*
H\ H:C :CiH Yy —
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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.

@ 0 @ 1.8.4 https://chem.libretexts.org/@go/page/500353



https://libretexts.org/
https://creativecommons.org/licenses/by-sa/4.0/
https://chem.libretexts.org/@go/page/500353?pdf

LibreTextsm

B-carotene

The conjugated pi system in 4-methyl-3-penten-2-one gives rise to a strong UV absorbance at 236 nm due to a m - * 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 * antibonding MO:

Yy | L2y
H  CHs AE Vs s
. C=C
Q:C\/ \CH3 91 keal/mol T_l T_ln —’(jim::*) T_ H n
) L2
N, N

This is referred to as an n — 7* transition. The nonbonding () MO’s are higher in energy than the highest bonding p orbitals, so the energy
gap for an n— 7" transition is smaller that that of a 7w — #* transition — and thus the n — 7* peak is at a longer wavelength. In general,
n— 7" transitions are weaker (less light absorbed) than those due to = — 7* transitions.

USE OF UV/VIS SPECTROSCOPY IN BIOLOGICAL SYSTEMS
The bases of DNA and RNA are good chromophores:

NH, 0] NH, (o]
H HiC H
7l ] | |
<N N/J fN N¢I\NH2 N’J\o N/&
‘--.i__ I I I

o]

DNA DNA DNA DNA

Adenine Guanine Cytosine Thymine

Biochemists and molecular biologists often determine the concentration of a DNA sample by assuming an average value of € = 0.020 ng"
IxmL for double-stranded DNA at its Apax of 260 nm (notice that concentration in this application is expressed in mass/volume rather than
molarity: ng/mL is often a convenient unit for DNA concentration when doing molecular biology).

Because the extinction coefficient of double stranded DNA is slightly lower than that of single stranded DNA, we can use UV spectroscopy
to monitor a process known as DNA melting. If a short stretch of double stranded DNA is gradually heated up, it will begin to ‘melt’, or
break apart, as the temperature increases (recall that two strands of DNA are held together by a specific pattern of hydrogen bonds formed
by ‘base-pairing’).
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As melting proceeds, the absorbance value for the sample increases, eventually reaching a high plateau as all of the double-stranded DNA
breaks apart, or ‘melts’. The mid-point of this process, called the ‘melting temperature’, provides a good indication of how tightly the two
strands of DNA are able to bind to each other.
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Later we will see how the Beer - Lambert Law and UV spectroscopy provides us with a convenient way to follow the progress of many
different enzymatic redox (oxidation-reduction) reactions. In biochemistry, oxidation of an organic molecule often occurs concurrently with
reduction of nicotinamide adenine dinucleotide (NAD?, the compound whose spectrum we saw earlier in this section) to NADH:

H o0 HH O
reduced = | NH, oxidized . NH,
molecule " . molecule | |

'\Il N

I
R R
NAD+ NADH
€340 = 6290 M"!

Both NAD" and NADH absorb at 260 nm. However NADH, unlike NAD™, has a second absorbance band with A, = 340 nm and € = 6290
L«moll«cm™. The figure below shows the spectra of both compounds superimposed, with the NADH spectrum offset slightly on the y-axis:
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By monitoring the absorbance of a reaction mixture at 340 nm, we can 'watch' NADH being formed as the reaction proceeds, and calculate
the rate of the reaction.

UV spectroscopy is also very useful in the study of proteins. Proteins absorb light in the UV range due to the presence of the aromatic
amino acids tryptophan, phenylalanine, and tyrosine, all of which are chromophores.

HO
H—N _
proteiryﬂ‘,\ \\E)rotcin pmtcir:j’i \\\pmtcin protein ’f(; \{wamin
\ \ I
H (0] H o H (0]
phenylalanine tyrosine tryptophan

Biochemists frequently use UV spectroscopy to study conformational changes in proteins - how they change shape in response to different
conditions. When a protein undergoes a conformational shift (partial unfolding, for example), the resulting change in the environment
around an aromatic amino acid chromophore can cause its UV spectrum to be altered.

? EXERCISE 1.8.1

What is the energy range for 300 nm to 500 nm in the ultraviolet spectrum? How does this compare to energy values from NMR and IR
spectroscopy”?

Answer
E =hc/A Example calculation for For A= 300 nm
E = (6.62 x 107>* J5)(3.00 x 108 m/s)/(3.00 x 1077 m)
E=6.62x10719J
The range of 3.972 x 10"% to 6.62 x 107! joules. This energy range is greater than NMR and IR energy.
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Identify all isolated and conjugated pi bonds in lycopene, the red-colored compound in tomatoes. How many pi electrons are contained
in the conjugated pi system?

lycopene

Answer

isolated alkene conjugated pi bonds

isolated alkene

? EXERCISE 1.8.3

If pure vitamin A has A, = 325 (¢ = 50,100), what is the vitamin A concentration in a sample whose absorbance at 325 nm is A =
0.735 in a cell with a pathlength of 1.00 cm?

Answer

Using € = A/c, we plug in our values for € and A and find that ¢ = 1.46 x 107> M.

? EXERCISE 1.8.4

50 microliters of an aqueous sample of double stranded DNA is dissolved in 950 microliters of water. This diluted solution has a
maximal absorbance of 0.326 at 260 nm. What is the concentration of the original (more concentrated) DNA sample, expressed in
micrograms per microliter?

€ = 0.020 ng"'xmL for double-stranded DNA

Answer

Using & = A/c, we plug in our values for € and A and find that ¢ = 3.27 x 10-°M, or 32.7 mM.
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