
K11153 Cover 5/16/12 10:20 AM Page 1 

C M Y CM MY CY CMY K

K11153

Stephens
Devlin

Cheeseman

6000 Broken Sound Parkway, NW
Suite 300, Boca Raton, FL 33487
711 Third Avenue
New York, NY 10017
2 Park Square, Milton Park
Abingdon, Oxon OX14 4RN, UK

an informa business

Spectroscopy for
Organic Chemists

VCD
Philip J. Stephens • Frank J. Devlin
James R. Cheeseman

VCD
Spectroscopy for Organic Chem

ists

Stimulated by the increasing importance of chiral molecules as
pharmaceuticals and the need for enantiomerically pure drugs,
techniques in chiral chemistry have been expanded and refined,
especially in the areas of chromatography, asymmetric synthesis,
and spectroscopic methods for chiral molecule structural
characterization. In addition to synthetic chiral molecules,
naturally occurring molecules, which are invariably chiral and
generally enantiomerically enriched, are of potential interest as
leads for new drugs.

VCD Spectroscopy for Organic Chemists discusses the
applications of vibrational circular dichroism (VCD) spectroscopy
to the structural characterization of chiral organic molecules.
The book provides all of the information about VCD spectroscopy
that an organic chemist needs in order to make use of the
technique. The authors, experts responsible for much of the
existing literature in this field, discuss the experimental
measurement of VCD and the theoretical prediction of VCD. In
addition, they evaluate the advantages and limitations of the
technique in determining molecular structure.

Given the availability of commercial VCD instrumentation
and quantum chemistry software, it became possible in the late
1990s for chemists to use VCD in elucidating the stereochem-
istries of chiral organic molecules. This book helps organic
chemists become more aware of the utility of VCD spectroscopy
and provides them with sufficient knowledge to incorporate the
technique into their own research.
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Preface
Chiral organic molecules are currently of widespread interest to organic chemists 
and pharmaceutical chemists. In addition to synthetic chiral molecules, naturally 
occurring molecules, which are invariably chiral and generally enantiomerically 
enriched, are of potential interest as leads for new drugs. The increasing impor-
tance of chiral molecules has stimulated the development of improved research 
techniques, especially chromatography, and of new asymmetric synthesis 
methods as well as spectroscopic methods for their structural characterization. 

Circular dichroism (CD) is the differential absorption of left- and right-circularly 
polarized light. The vibrational circular dichroism (VCD) spectrum of a molecule, 
first observed in the mid 1970s, is the CD resulting from vibrational excitations of 
the molecule. The VCD spectra of the two enantiomers of a chiral molecule are of 
equal magnitude and opposite sign: mirror-image enantiomers give mirror-image 
VCD spectra. In principle, the absolute configuration (AC) of a chiral molecule can 
therefore be determined from its VCD spectrum. In practice, the determination of 
the AC of a chiral molecule from its experimental VCD spectrum requires a method-
ology that reliably predicts the VCD spectra of its enantiomers. The development of 
a rigorous quantum-mechanical theory of VCD and its implementation in quantum 
chemistry programs provides a reliable systematic technique for determining ACs 
from experimental VCD spectra.

Given the availability of commercial VCD instrumentation and quantum 
chemistry software, it became possible in the late 1990s for chemists to utilize VCD 
in elucidating the stereochemistries of chiral organic molecules. The purpose of 
this book is to increase the awareness of organic chemists of the utility of VCD 
spectroscopy and to provide them with sufficient knowledge to incorporate the 
technique into their own research.
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1 Introduction to Vibrational 
Circular Dichroism

Molecules are not totally rigid. Even at absolute zero (0 K), the lengths of bonds 
between atoms oscillate, the angles between adjacent bonds oscillate, and the 
dihedral angles between bonds separated by a bond oscillate. These motions are 
termed molecular vibrations. According to quantum mechanics, the energies of the 
vibrational states of molecules are quantized, the lowest energy state being termed 
the ground vibrational state.

When a molecule is exposed to electromagnetic radiation (light), the interaction 
between the radiation and the molecule can cause light photons to be absorbed by 
the molecule, and the molecule to be excited from the ground vibrational state, g, to 
higher energy vibrational states, e. The excitation g → e, of energy ΔE = Ee – Eg, is 
caused by photons of energy hν = ΔE, where hν = hc/λ = hcv– (ν, λ, c, and v– are the 
light frequency, wavelength, velocity, and reciprocal wavelength, respectively, and h 
is Planck’s constant).

The absorption of light, resulting from vibrational excitations of a molecule, as a 
function of the light frequency, is termed the vibrational absorption spectrum of the 
molecule. The vibrational absorption spectrum of a molecule is measured using an 
infrared (IR) absorption spectrometer, in which IR light is passed through a sample 
containing the molecule. The sample can be a pure solid, liquid, or gas, or a solid, 
liquid, or gaseous solution of the molecule in a solvent. When the molecules in the 
sample are selectively oriented, as in a crystalline solid sample, the absorption spec-
trum is dependent on the linear polarization of the light. When the molecules are 
randomly oriented, as is the case in pure liquid and gaseous samples, and in liquid 
and gaseous solutions, the absorption spectrum is linear polarization independent. 
Most commonly, vibrational absorption spectra are measured using unpolarized IR 
light and samples in which the molecules are randomly oriented. An example of a 
molecular vibrational absorption spectrum is shown in Figure 1.1. The molecule is 
camphor; the spectrum was measured using unpolarized IR light, in a cell of path-
length 236 microns (μ), and over the IR frequency range, of reciprocal wavelengths 
(wavenumbers) 1,530–825 cm–1. Absorption is observed at many frequencies, dem-
onstrating the existence of many vibrationally excited states.

All molecules belong to one of two classes: achiral and chiral. By definition, an 
achiral molecule is identical to its mirror image; i.e., if the molecule is reflected 
in a mirror and then rotated, it can be superimposed on the original, unreflected 
molecule. A chiral molecule is different: the molecule and its mirror image are not 
superimposable, and therefore constitute different molecules. The two forms of 
the molecule are termed enantiomers. Since human left and right hands are mirror 
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images, and not superimposable, the two mirror image forms of a chiral molecule 
are sometimes also referred to as left-handed and right-handed.

A simple example of a chiral molecule is CHFClBr. The two enantiomers are:

H

F
Br

Cl

H

F
Br

Cl

Any molecule of the formula CR1R2R3R4 (R1, R2, R3, and R4 all being different) is 
also chiral. Of great biological significance is the chirality of amino acids, in which 
R1 = H, R2 = NH2, R3 = COOH, and R4 depends on the specific amino acid (e.g., in 
alanine, R4 = CH3). A C atom bonded to four different groups is termed a stereogenic 
C atom. Many chiral organic molecules contain multiple stereogenic C atoms. For 
example, in the steroid natural product cholesterol, C atoms 1, 2, 3, 4, 5, 6, 7, and 8 
are stereogenic:

Wavenumbers (cm–1)
900100011001200130014001500
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Figure 1.1 The mid-IR vibrational absorption spectrum of a 0.38 M CCl4 solution of 
1R,4R camphor. A is the absorbance (defined in Chapter 2).
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In 1956, Cahn, Ingold and Prelog introduced a notation that specifies the chi-
ralities of stereogenic C atoms: a C atom is either R or S [1]. The overall three-
dimensional (3D) structure of an enantiomer of a chiral molecule can then be defined 
by listing which atoms are R or S. For example, naturally occurring cholesterol is 
1S,2R,3S,4S,5S,6R,7R,8R [2]. This label is termed the absolute configuration (AC).

Although the 3D geometries of the two enantiomers of a chiral molecule are not 
identical, they do possess considerable similarity. In particular, all bond lengths, 
bond angles, and nonbonded interatomic distances are unchanged on reflection in 
a mirror. As a result, the vibrational excitation energies of the two enantiomers and 
the vibrational absorption spectra, measured using samples of randomly oriented 
molecules and unpolarized IR light, are identical.

The electric and magnetic fields of a linearly polarized light wave each oscillate 
sinusoidally in a plane containing the propagation direction, the electric field and 
magnetic field planes being perpendicular to each other. Passage of a linearly polar-
ized light wave through an optical device called a quarter-wave plate [3] converts 
the light wave into a circularly polarized (CP) light wave. Two forms of CP light can 
be generated, termed right circularly polarized (RCP) and left circularly polarized 
(LCP). In both RCP and LCP light, the electric and magnetic fields rotate helically 
about the propagation direction of the wave. In RCP light the helix is right-handed 
and in LCP light the helix is left-handed. Thus, RCP and LCP light waves of the 
same frequency are mirror images.

The vibrational absorption spectrum of a molecule can also be measured using 
CP light. If the molecule is achiral and randomly oriented, the spectra obtained using 
RCP and LCP light are identical. However, if the molecule is chiral, this is not the 
case. The difference in absorption of RCP and LCP light is termed circular dichro-
ism (CD). Conventionally, CD is defined as the absorbance (defined in Chapter 2) of 
LCP light (AL) minus the absorbance of RCP light (AR): CD = ΔA = AL – AR. CD 
is therefore positive if AL > AR and negative if AL < AR. For the two enantiomers 
of the chiral molecule, the CD at every light frequency is of equal magnitude, but 
is opposite in sign; their CD spectra are thus mirror images. The vibrational circu-
lar dichroism (VCD) spectrum of a molecule is the CD resulting from vibrational 
excitations of the molecule. Examples of the VCD spectra of the enantiomers of a 
chiral molecule are shown in Figure 1.2. The chiral molecule is camphor. The two 
enantiomers are:
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The VCD spectra of the two enantiomers were measured using 0.38 M solutions 
of camphor in the achiral solvent CCl4 and a cell of pathlength 236 μ. The mirror 
image property of the VCD spectra of the two enantiomers is qualitatively obvi-
ous. Quantitatively, it is proven by addition of the two VCD spectra; as shown 
in Figure 1.2, the sum of the two VCD spectra is very close to zero at all frequencies.

The phenomenon of circular dichroism was first discovered by the French scien-
tist Aimé Cotton in 1896 [4] and subsequently became known as the Cotton effect. 
The CD measured by Cotton was in the near-ultraviolet (UV) spectral region and 
originated in electronic excitations of molecules. As with the vibrational states of 
molecules, the electronic states of molecules are quantized. Light photons of the 
same energy as the energy of excitation from the lowest energy (ground) electronic 
state to a higher energy (excited) electronic state are absorbed by the molecule. 

Wavenumbers (cm–1)
800900100011001200130014001500

∆ A × 104

–1

1

1R, 4R
1S, 4S
1/2 ∑

Figure 1.2 (See color inSert.) The mid-IR VCD spectra of 0.38 M CCl4 solutions of 
1R,4R and 1S,4S camphor, using a cell of pathlength 236 μ. Σ is the sum of the spectra. The 
measurement of the spectra is discussed in Chapter 2.
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Electronic absorption and CD typically occur in the visible-ultraviolet (VIS-UV) 
spectral region (200–1,000 nm, 10,000–50,000 cm–1), where light frequencies are 
much higher than in the IR spectral region.

Electronic CD (ECD) spectra of chiral molecules were not widely studied until 
after the Second World War, when new instrumentation for VIS-UV CD measure-
ment was developed, using modulation techniques and electro-optic modulators 
named Pockels cells, permitting ECD spectra to be more efficiently measured [5]. 
This led rapidly to a much higher level of interest in the application of ECD spec-
tra to the elucidation of the stereochemistries of organic molecules. An important 
development, which facilitated such applications, occurred in 1961 when Moffitt, 
Woodward, Moscowitz, Klyne, and Djerassi proposed the octant rule, which predicts 
the sign of the ECD of the lowest energy electronic excitation of a carbonyl (C=O) 
group in a chiral molecule [6]. The octant rule enabled the ACs of chiral molecules 
containing carbonyl groups to be determined. In addition, it led to the development 
of similar rules for the electronic excitations of other functional groups, which fur-
ther widened the application of ECD spectra to the determination of ACs [7,8].

The reason for the interest in the determination of the ACs of chiral molecules 
using ECD spectroscopy was that it provided a less laborious procedure than other 
available methods. Two approaches were predominant in determining ACs prior to 
the introduction of the ECD approach: (1) x-ray crystallography and (2) chemical 
synthesis. X-ray crystallography was used in two ways. One procedure was devel-
oped by Bijvoet et al. [9] and used the anomalous x-ray scattering dispersion of a 
high atomic number atom (a “heavy atom”) in the molecule. For example, the AC of 
camphor was determined by replacing one of its H atoms by a Br atom and determin-
ing the AC of the resulting 3-Br-camphor [10]. Since the bromination of camphor 
does not change its AC, the AC of the 3-Br-camphor is identical to that of camphor. 
A second x-ray crystallography procedure used a derivatization reaction of the chiral 
molecule with a second chiral molecule, of known AC. Determination of the relative 
stereochemistry of the product molecule via x-ray crystallography then determines 
the AC of the underivatized chiral molecule. Since x-ray crystallography is widely 
used, and the most definitive method for determining the geometry of a molecule, 
these two procedures are highly reliable ways to determine the ACs of chiral mol-
ecules. However, there are disadvantages: (1) in the first procedure, if the molecule 
does not possess a heavy atom, a chemical reaction must be carried out; (2) in the 
second procedure, a chemical reaction must always be carried out; and (3) in both 
procedures, single crystals of sufficient size to permit x-ray crystallography must 
be obtainable. Since, sometimes, neither the reactions chosen nor the crystalliza-
tion of the products are practical, x-ray crystallography is not always easily used in 
determining ACs. The principal alternative approach to x-ray crystallography was 
to synthesize the chiral molecule of interest from a precursor chiral molecule of 
known AC, using reactions whose mechanisms are understood and whose impacts 
on the molecular stereochemistry are predictable. This procedure is useful if such a 
synthetic procedure is practical, which is often, but not always, the case.

An additional application of ECD spectroscopy was also of interest to organic 
chemists after the development of ECD instrumentation: the conformational anal-
ysis of conformationally flexible chiral molecules. In the 1950s, it became clear, 
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especially due to the work of Barton [11], that some organic molecules can have more 
than one structure: the multiple structures are termed conformations, and such mol-
ecules are termed conformationally flexible. An early example of a conformationally 
flexible molecule was cyclohexane, whose C6 ring can have two structures, termed 
chair and twist-boat conformations, discussed in Chapter 5:

Chair Twist-boat

When the energy barriers between the conformations of a conformationally flex-
ible molecule are not very high, the conformations can interconvert rapidly at room 
temperature, and therefore exist in equilibrium. The percentage populations of the 
conformations are determined by their relative free energies and the temperature, 
according to Boltzmann statistics [12]. Since the ECD of a molecule is sensitive to its 
geometry, different conformations of a given enantiomer of a chiral molecule exhibit 
different ECD spectra. Consequently, ECD spectroscopy provides a technique for 
elucidating the conformations populated in a chiral molecule [13].

In addition to CD, chiral molecules exhibit other properties, which are different for 
the two enantiomers. The earliest such property to be discovered was optical rotation 
(OR) [14]. When linearly polarized light is passed through a sample containing ran-
domly oriented chiral molecules, the plane of the polarization is rotated by an angle 
α. The OR α is equal in magnitude, but opposite in sign, for the two enantiomers. 
Historically, OR was most often measured using light emitted by a sodium lamp at a 
wavelength referred to as the sodium D line (589 nm), and converted to the specific 
rotation, [α]D, defined by [α]D = α/ℓc, where ℓ is the cell pathlength in dm and c is the 
concentration of the chiral molecule in the sample in g/100 ml. The two enantiomers 
with positive and negative [α]D values were then termed (+) and (–), respectively. The 
AC of a chiral molecule is determined for either the (+) or the (–) enantiomer. In 
reporting the conclusion, both the AC and OR sign are listed. Thus, for example, the 
AC of (+)-camphor is (1R,4R)-(+) and the AC of (–)-camphor is (1S,4S)-(–).

Following the development of efficient instrumentation for the measurement of 
VIS-UV ECD spectra and the widespread application of ECD spectra to the elucida-
tion of the ACs and/or conformational structures of chiral organic molecules, the 
obvious questions arose: Can CD due to vibrational excitations, vibrational circular 
dichroism (VCD), be measured in the IR spectral region, and if so, can VCD also be 
used to determine the ACs and/or conformational structures of chiral organic mol-
ecules? As a result, in the early 1970s, instruments capable of measuring CD in the IR 
spectral region were designed and built in two laboratories: the Stephens laboratory 
at the University of Southern California (USC) [15] and the Holzwarth laboratory at 
the University of Chicago (UC) [16]. In the 1970s experimental VCD spectra of chiral 
organic and organometallic molecules were measured and published: one molecule, 
2,2,2-trifluoro-1-phenylethanol, at UC [17] and the 23 molecules listed in Table 1.1 
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at USC [18]. This work proved that VCD spectra could indeed become a practical 
technique for determining the stereochemistries of chiral organic molecules. In order 
to realize this promise, two developments remained to be accomplished. First, the 
frequency range of the existing VCD instrumentation, which was limited to frequen-
cies of >1,600 cm–1, had to be extended, to permit a wider fraction of the IR spectral 
region to be accessed, and the sensitivity (i.e., the signal-to-noise ratio) of the existing 
VCD instrumentation had to be increased, to permit VCD to be measured reliably 
for a larger number of molecules. Second, a methodology by which molecular ste-
reochemistries could be reliably deduced from experimental VCD spectra had to be 
developed; otherwise, the spectra would be of no practical value. By the mid-1980s 
the frequency range of the USC VCD instrument had been greatly expanded by 
Devlin and Stephens [19], the lower frequency limit having been extended to ~650 
cm–1, and the sensitivity substantially increased. At the same time, a rigorous quan-
tum mechanical theory of VCD had been developed by Stephens [20], which was 
implemented for a number of chiral molecules using the ab initio Hartree-Fock (HF) 
molecular orbital theory [21]. Comparison of ab initio HF calculations of VCD spec-
tra using the Stephens theory to experimental VCD spectra led to great optimism that 
VCD spectroscopy could soon become a widely used technique. Two further devel-
opments added to this optimism. First, the explosion in the late 1980s of ab initio 

table 1.1
chiral Molecules Whose VcD was Measured at uSc in the 1970s

 1. 2,2,2-Trifluoro-1-phenylethanol

 2. α-Methylbenzylamine

 3. N,N-α-Trimethylbenzylamine

 4. 3-Methyl-cyclopentanone

 5. 3-Methyl-cyclohexanone

 6. Menthol

 7. α-Pinene

 8. β-Pinene

 9. Camphor

10. 3-Br-camphor

11. Borneol

12. Tris (3-trifluoromethylhydroxymethylene-d-camphorato) praseodymium

13. Tris (3-trifluoromethylhydroxymethylene-d-camphorato) europium

14. Poly-1-methyl-propyl-vinyl-ether

15. Poly-4-methyl-1-hexene

16. Dimethyl tartrate

17. Alanine

18. Camphoric anhydride

19. 1,6-Spiro [4.4] nonadiene

20. Exo-3-deutero-isoborneol

21. Exo-3-deutero-camphor

22. α-Deutero-propylbenzene

23. Fe(C5H5) (P(C6H5)3) (CO) (Et)
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density functional theory (DFT) and the documentation of its much greater accuracy 
than HF theory in predicting molecular properties made it desirable to implement the 
Stephens theory of VCD using DFT. This was carried out in the 1990s by Cheeseman 
and Frisch at GAUSSIAN, Inc. [22], using the GAUSSIAN program, which was orig-
inally developed in John Pople's laboratory and subsequently has become a widely 
distributed program, frequently used by both quantum chemists and organic chem-
ists for predicting molecular properties. Comparison of the VCD spectra of chiral 
organic molecules, calculated using DFT in the Gaussian programs G92, G98, G03, 
and G09 [23], to experimental VCD spectra proved the superior accuracy of DFT 
VCD spectra [24]. Second, the extension of the methodology used by Stephens and 
Holzwarth for measuring VCD using dispersive IR spectrometers to Fourier trans-
form IR (FTIR) spectrometers demonstrated that VCD spectra could also be obtained 
using FT instrumentation [25]. Following the DFT implementation of the Stephens 
theory of VCD, several companies manufacturing and marketing FTIR spectrom-
eters realized that a market for commercial FT VCD instrumentation could exist, and 
began the manufacturing and marketing of VCD instruments. As a result, potential 
users of VCD spectroscopy no longer had to build their own instrumentation.

Given the availability of commercial software, permitting the prediction of VCD 
spectra using DFT, and of commercial VCD instrumentation, it became possible in 
the late 1990s for chemists to utilize VCD in elucidating the stereochemistries of 
chiral organic molecules. As a result, the number of publications per year report-
ing VCD studies of chiral organic molecules substantially increased. Despite this 
boom, many organic chemists remain unfamiliar with VCD spectroscopy. The pur-
pose of this book is to increase the awareness of organic chemists of the utility of 
VCD spectroscopy. To achieve this purpose, we discuss in detail the experimental 
measurement of VCD spectra and their analysis using the Stephens theory of VCD, 
implemented using ab initio DFT. In Chapter 2, we discuss the experimental mea-
surement of vibrational absorption and VCD spectra. In Chapter 3, we discuss the 
fundamental quantum mechanical theory of the vibrational states of molecules and 
of their vibrational absorption and VCD spectra. In Chapter 4, we discuss the appli-
cation of the ab initio HF and DFT methods of quantum chemistry to the prediction 
of the molecular structures and vibrational states of organic molecules. In Chapter 5, 
we discuss the conformational analysis of conformationally flexible molecules. In 
Chapter 6, we discuss the analysis of the vibrational absorption and VCD spectra of 
a number of conformationally rigid chiral organic molecules, in order to define the 
optimum basis sets and DFT functionals for calculations of vibrational absorption 
and VCD spectra, and to define the methodology by which ACs are deduced from 
VCD spectra. Finally, in Chapter 7, we present studies of a set of chiral organic mol-
ecules that further document the power of VCD spectroscopy and make clear how 
wide is the applicability of this technique.

reFerenceS

 1. (a) R.S. Cahn, C.K. Ingold, V. Prelog, The Specification of Asymmetric Configuration in 
Organic Chemistry, Experientia, 12, 81–94, 1956; (b) R.S. Cahn, C.K. Ingold, V. Prelog, 
Specification of Molecular Chirality, Angew. Chem. Int. Ed. Engl., 5, 385–415, 1966.



9Introduction to Vibrational Circular Dichroism

 2. (a) E.J. Westover, D.F. Covey, The Enantiomer of Cholesterol, J. Membrane Biol., 202, 
61–72, 2004; (b) J.W. Cornforth, I. Youhotsky, G. Popjak, Absolute Configuration of 
Cholesterol, Nature, 173, 536, 1954.

 3. E. Hecht, A. Zajac, Optics, Addison-Wesley, 1975.
 4. A. Cotton, Absorption and Dispersion of Light, Ann. Chim. Physique, 8, 347, 1896.
 5. L. Velluz, M. Legrand, M. Grosjean,  Optical Circular Dichroism, Principles, 

Measurements and Applications, Academic Press, 1965.
 6. W. Moffitt, R.B. Woodward, A. Moscowitz, W. Klyne, C. Djerassi, Structure and the 

Opti cal Rotatory Dispersion of Saturated Ketones, J. Am. Chem. Soc., 83, 4013–4018, 
1961.

 7. (a) P. Crabbé,  Optical Rotatory Dispersion and Circular Dichroism in Organic 
Chemistry, Holden-Day, 1965; (b) P. Crabbé, ORD and CD in Chemistry and 
Biochemistry, Academic Press, 1972.

 8. D.A. Lightner, J.E. Gurst, Organic Conformational Analysis and Stereochemistry from 
Circular Dichroism Spectroscopy, Wiley, 2000.

 9. (a) J.M. Bijvoet, A.F. Peerdeman, A.J. van Bommel, Determination of the Absolute 
Configuration of Optically Active Compounds by Means of X-Rays, Nature, 168, 271–
272, 1951;  (b) J.M. Bijvoet, Determination of the Absolute Configuration of Optical 
Antipodes, Endeavour, 14, 71–77, 1955; (c) J.M. Bijvoet, Structure of Optically Active 
Compounds in the Solid State, Nature, 173, 888–891, 1954; (d) C. Giacovazzo, H.L. 
Monaco, G. Artioli, D. Viterbo, G. Ferraris, G. Gilli, G. Zanotti, M. Catti, Fundamentals 
of Crystallography, 2nd ed., Oxford University Press, Oxford, 2002.

 10. (a) F.H. Allen, D. Rogers, A Redetermination of the Crystal Structure of 
(+)-3-Bromocamphor and Its Absolute Configuration, Chem. Comm., 837–838, 1966; 
(b) M.G. Northolt, J.H. Palm, Determination of the Absolute Configuration of 
3-Bromocamphor, Recueil des Travaux Chimiques des Pays-Bas, 85, 143–146, 1966.

 11. (a) D.H.R. Barton, The Conformation of the Steroid Nucleus, Experientia, 6, 316–
329, 1950; (b) D.H.R. Barton, The Principles of Conformational Analysis, Science, 169, 
539–544, 1970.

 12. A.H. Carter, Classical and Statistical Thermodynamics, Prentice-Hall, 2001.
 13. Chapter 5 of reference 8: Conformational Analysis of substituted cyclohexanones.
 14. T.M. Lowry, Optical Rotatory Power, Longmans, Green and Co., 1935.
 15. G.A. Osborne, J.C. Cheng, P.J. Stephens, A Near-Infrared Circular Dichroism and 

Magnetic Circular Dichroism Instrument, Rev. Sci. Instrum., 44, 10–15, 1973.
 16. I. Chabay, G. Holzwarth, Infrared Circular Dichroism and Linear Dichroism 

Spectrometer, Appl. Opt., 14, 454–459 1975.
 17. G. Holzwarth, E.C. Hsu, H.S. Mosher, T.R. Faulkner, A. Moscowitz, Infrared 

Circular Dichroism of Carbon-Hydrogen and Carbon-Deuterium Stretching Modes. 
Observations, J. Am. Chem. Soc., 96, 251–252, 1974.

 18. (a) L.A. Nafie, J.C. Cheng, P.J. Stephens, Vibrational Circular Dichroism of 2,2,2-Tri-
fluoro-1-Phenylethanol, J. Am. Chem. Soc., 97, 3842, 1975; (b) L.A. Nafie, T.A. 
Keiderling, P.J. Stephens, Vibrational Circular Dichroism, J. Am. Chem. Soc., 98, 
2715–2723, 1976; (c) T.A. Keiderling, P.J. Stephens, Vibrational Circular Dichroism 
of Overtone and Combination Bands, Chem. Phys. Lett., 41, 46–48, 1976; (d) T.A. 
Keiderling, P.J. Stephens, Vibrational Circular Dichroism of Dimethyl Tartrate: 
A Coupled Oscillator, J. Am. Chem. Soc., 99, 8061–8062, 1977; (e) R. Clark, P.J. 
Stephens, Vibrational Optical Activity, Proc. Soc. Photo-Opt. Inst. Eng., 112, 127–131, 
1977; (f)  P.J. Stephens, R. Clark, Vibrational Circular Dichroism: The Experimental 
Viewpoint, in Optical Activity and Chiral Discrimination, ed. S.F. Mason, D. Reidel 
Publishing, Dordrect, The Netherlands, 1979, pp. 263–287; (g) T.A. Keiderling and 
P.J. Stephens, Vibrational Circular Dichroism of Spirononadiene. Fixed Partial Charge 
Calculations, J. Am. Chem. Soc., 101, 1396–1400, 1979.



10 VCD Spectroscopy for Organic Chemists

 19. F. Devlin, P.J. Stephens, Vibrational Circular Dichroism Measurement in the Frequency 
Range of 800 to 650 cm–1, Appl. Spectrosc., 41, 1142–1144, 1987.

 20. (a) P.J. Stephens, Theory of Vibrational Circular Dichroism, J. Phys. Chem., 89, 748–
752, 1985; (b) P.J. Stephens, M.A. Lowe, Vibrational Circular Dichroism, Ann. Rev. 
Phys. Chem., 36, 213–241, 1985; (c) P.J. Stephens, Gauge Dependence of Vibrational 
Magnetic Dipole Transition Moments and Rotational Strengths, J. Phys. Chem., 91, 
1712–1715, 1987; (d) P.J. Stephens, The Theory of Vibrational Optical Activity, in 
Understanding Molecular Properties, ed. J. Avery, J.P. Dahl, A.E. Hansen, D. Reidel, 
Dordrect, The Netherlands, 1987, pp. 333–342.

 21. (a) P.J. Stephens, M.A. Lowe, Vibrational Circular Dichroism, Ann. Rev. Phys. Chem., 
36, 213–241, 1985; (b) M.A. Lowe, P.J. Stephens, G.A. Segal, The Theory of Vibrational 
Circular Dichroism: Trans 1,2-Dideuteriocyclobutane and Propylene Oxide, Chem. 
Phys. Lett., 123, 108–116, 1986; (c) M.A. Lowe, G.A. Segal, P.J. Stephens, The Theory 
of Vibrational Circular Dichroism: Trans-1,2-Dideuteriocyclopropane, J. Am. Chem. 
Soc., 108, 248–256, 1986; (d) P. Lazzeretti, R. Zanasi, P.J. Stephens, Magnetic Dipole 
Transition Moments and Rotational Strengths of Vibrational Transitions: An Alternative 
Formalism, J. Phys. Chem., 90, 6761–6763, 1986; (e) P.J. Stephens, The Theory of 
Vibrational Optical Activity, in Understanding Molecular Properties, ed. J. Avery, J.P. 
Dahl, A.E. Hansen, D. Reidel, Dordrect, The Netherlands, 1987, pp. 333–342; (f) R.D. 
Amos, N.C. Handy, K.J. Jalkanen, P.J. Stephens, Efficient Calculation of Vibrational 
Magnetic Dipole Transition Moments and Rotational Strengths, Chem. Phys. Lett., 
133, 21–26, 1987; (g) K.J. Jalkanen, P.J. Stephens, R.D. Amos, N.C. Handy, Theory 
of Vibrational Circular Dichroism: Trans-1(S), 2(S)-Dicyanocyclopropane, J. Am. Chem. 
Soc., 109, 7193–7194, 1987; (h) K.J. Jalkanen, P.J. Stephens, R.D. Amos, N.C. Handy, 
Basis Set Dependence of Ab Initio Predictions of Vibrational Rotational Strengths: 
NHDT, Chem. Phys. Lett., 142, 153–158, 1987; (i) K.J. Jalkanen, P.J. Stephens, R.D. 
Amos, N.C. Handy, Gauge Dependence of Vibrational Rotational Strengths: NHDT, 
J. Phys. Chem. 92, 1781–1785, 1988; (j) K.J. Jalkanen, P.J. Stephens, R.D. Amos, 
N.C. Handy, Theory of Vibrational Circular Dichroism: Trans-2,3-Dideuterio-Oxirane, 
J. Am. Chem. Soc., 110, 2012–2013, 1988; (k) R.W. Kawiecki, F. Devlin, P.J. Stephens, 
R.D. Amos, N.C. Handy, Vibrational Circular Dichroism of Propylene Oxide, Chem. 
Phys. Lett., 145, 411–417, 1988; (l) R.D. Amos, K.J. Jalkanen, P.J. Stephens, Alternative 
Formalism for the Calculation of Atomic Polar Tensors and Atomic Axial Tensors, 
J. Phys. Chem., 92, 5571–5575, 1988; (m) K.J. Jalkanen, P.J. Stephens, P. Lazzeretti, 
R. Zanasi, Nuclear Shielding Tensors, Atomic Polar and Axial Tensors and Vibrational 
Dipole and Rotational Strengths of NHDT, J. Chem. Phys., 90, 3204–3213, 1989; 
(n) P.J. Stephens, The A Priori Prediction of Vibrational Circular Dichroism Spectra: 
A New Approach to the Study of the Stereochemistry of Chiral Molecules, Croat. Chem. 
Acta, 62, 429–440, 1989; (o) P.J. Stephens, Vibronic Interactions in the Electronic 
Ground State: Vibrational Circular Dichroism Spectroscopy, in Vibronic Processes in 
Inorganic Chemistry, ed. C.D. Flint, Kluwer, 1989, pp. 371–384; (p)  K.J. Jalkanen, 
P.J. Stephens, P. Lazzeretti, R. Zanasi, Random Phase Approximation Calculations 
of Vibrational Circular Dichroism: Trans-2,3-Dideuteriooxirane, J. Phys. Chem., 93, 
6583–6584, 1989; (q) P.J. Stephens, K.J. Jalkanen, R.D. Amos, P. Lazzeretti, R. Zanasi, 
Ab Initio Calculations of Atomic Polar and Axial Tensors for HF, H2O, NH3 and CH4, 
J. Phys. Chem., 94, 1811–1830, 1990; (r) K.J Jalkanen, R.W. Kawiecki, P.J. Stephens, 
R.D. Amos, Basis Set and Gauge Dependence of Ab Initio Calculations of Vibrational 
Rotational Strengths, J. Phys. Chem., 94, 7040–7055, 1990; (s) R. Bursi, F.J. Devlin, P.J. 
Stephens, Vibrationally Induced Ring Currents? The Vibrational Circular Dichroism of 
Methyl Lactate, J. Am. Chem. Soc., 112, 9430–9432, 1990; (t) R. Bursi, P.J. Stephens, 
Ring Current Contributions to Vibrational Circular Dichroism? Ab Initio Calculations 



11Introduction to Vibrational Circular Dichroism

for Methyl Glycolate-d1 and -d4, J. Phys. Chem., 95, 6447–6454, 1991; (u)  R.W. 
Kawiecki, F.J. Devlin, P.J. Stephens, R.D. Amos, Vibrational Circular Dichroism of 
Propylene Oxide, J. Phys. Chem., 95, 9817–9831, 1991.

 22. Gaussian, www.gaussian.com.
 23. M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G. 

Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P. 
Hratchian, A.F. Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. Hada, M. Ehara, K. 
Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, 
T. Vreven, J.A. Montgomery Jr., J.E. Peralta, F. Ogliaro, M.J. Bearpark, J. Heyd, E.N. 
Brothers, K.N. Kudin, V.N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, 
A.P. Rendell, J.C. Burant, S.S. Iyengar, J. Tomasi, M. Cossi, N. Rega, N.J. Millam, M. 
Klene, J.E. Knox, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. 
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, R.L. Martin, 
K. Morokuma, V.G. Zakrzewski, G.A. Voth, P. Salvador, J.J. Dannenberg, S. Dapprich, 
A.D. Daniels, Ö. Farkas, J.B. Foresman, J.V. Ortiz, J. Cioslowski, D.J. Fox, Gaussian 
09, Gaussian, Wallingford, CT, 2009. For previous versions, see www.gaussian.com.

 24. (a) P.J. Stephens, F.J. Devlin, C.F. Chabalowski, M.J. Frisch, Ab Initio Calculation of 
Vibrational Absorption and Circular Dichroism Spectra Using Density Functional Force 
Fields, J. Phys. Chem., 98, 11623–11627, 1994; (b) P.J. Stephens, F.J. Devlin, C.S. 
Ashvar, C.F. Chabalowski, M.J. Frisch, Theoretical Calculation of Vibrational Circular 
Dichroism Spectra, Faraday Discuss., 99, 103–119, 1994; (c) K.L. Bak, F.J. Devlin, 
C.S. Ashvar, P.R. Taylor, M.J. Frisch, P.J. Stephens, Ab Initio Calculation of Vibrational 
Circular Dichroism Spectra Using Gauge-Invariant Atomic Orbitals, J. Phys. Chem., 99, 
14918–14922, 1995; (d) F.J. Devlin, J.W. Finley, P.J. Stephens, M.J. Frisch, Ab Initio 
Calculation of Vibrational Absorption and Circular Dichroism Spectra Using Density 
Functional Force Fields: A Comparison of Local, Non-Local and Hybrid Density 
Functionals, J. Phys. Chem., 99, 16883–16902, 1995; (e) P.J. Stephens, F.J. Devlin, 
C.S. Ashvar, K.L. Bak, P.R. Taylor, M.J. Frisch, Comparison of Local, Non-Local and 
Hybrid Density Functionals Using Vibrational Absorption and Circular Dichroism 
Spectroscopy, in Chemical Applications of Density-Functional Theory, ed. B.B. Laird, 
R.B. Ross, T. Ziegler, ACS Symposium Series 629, 1996, chap. 7, pp. 105–113; (f) J.R. 
Cheeseman, M.J. Frisch, F.J. Devlin, P.J. Stephens, Ab Initio Calculation of Atomic 
Axial Tensors and Vibrational Rotational Strengths Using Density Functional Theory, 
Chem. Phys. Lett., 252, 211–220, 1996; (g) C.S. Ashvar, F.J. Devlin, K.L. Bak, P.R. 
Taylor, P.J. Stephens, Ab Initio Calculation of Vibrational Absorption and Circular 
Dichroism Spectra: 6,8-Dioxabicyclo[3.2.1]Octane, J. Phys. Chem., 100, 9262–9270, 
1996; (h) P.J. Stephens, C.S. Ashvar, F.J. Devlin, J.R. Cheeseman, M.J. Frisch, Ab 
Initio Calculation of Atomic Axial Tensors and Vibrational Rotational Strengths Using 
Density Functional Theory, Mol. Phys., 89, 579–594, 1996; (i) F.J. Devlin, P.J. Stephens, 
J.R. Cheeseman, M.J. Frisch, Prediction of Vibrational Circular Dichroism Spectra 
Using Density Functional Theory: Camphor and Fenchone, J. Am. Chem. Soc., 118, 
6327–6328, 1996; (j) F.J. Devlin, P.J. Stephens, J.R. Cheeseman, M.J. Frisch, Ab Initio 
Prediction of Vibrational Absorption and Circular Dichroism Spectra of Chiral Natural 
Products Using Density Functional Theory: Camphor and Fenchone, J. Phys. Chem. A, 
101, 6322–6333, 1997; (k) F.J. Devlin, P.J. Stephens, J.R. Cheeseman, M.J. Frisch, Ab 
Initio Prediction of Vibrational Absorption and Circular Dichroism Spectra of Chiral 
Natural Products Using Density Functional Theory: α-Pinene, J. Phys. Chem. A, 101, 
9912–9924, 1997; (l) C.S. Ashvar, P.J. Stephens, T. Eggimann, H. Wieser, Vibrational 
Circular Dichroism Spectroscopy of Chiral Pheromones: Frontalin (1,5-Dimethyl-
6,8-Dioxabicyclo [3.2.1] Octane), Tetrahedron Asymmetry, 9, 1107–1110, 1998; 
(m) C.S. Ashvar, F.J. Devlin, P.J. Stephens, K.L. Bak, T. Eggimann, H. Wieser, 



12 VCD Spectroscopy for Organic Chemists

Vibrational Absorption and Circular Dichroism of Mono- and Di-Methyl Derivatives 
of 6,8-Dioxabicyclo [3.2.1] Octane, J. Phys. Chem. A, 102, 6842–6857, 1998; (n) F.J. 
Devlin, P.J. Stephens, Ab Initio Density Functional Theory Study of the Structure and 
Vibrational Spectra of Cyclohexanone and Its Isotopomers, J. Phys. Chem. A, 103, 
527–538, 1999; (o) C.S. Ashvar, F.J. Devlin, P.J. Stephens, Molecular Structure in 
Solution: An Ab Initio Vibrational Spectroscopy Study of Phenyloxirane, J. Am. Chem. 
Soc., 121, 2836–2849, 1999; (p) A. Aamouche, F.J. Devlin, P.J. Stephens, Determination 
of Absolute Configuration Using Circular Dichroism: Tröger’s Base Revisited Using 
Vibrational Circular Dichroism, J. Chem. Soc., Chem. Comm., 361–362, 1999; 
(q) F.J. Devlin, P.J. Stephens, Conformational Analysis Using Ab Initio Vibrational 
Spectroscopy: 3-Methyl-Cyclohexanone, J. Am. Chem. Soc., 121, 7413–7414, 1999; 
(r) P.J. Stephens, F.J. Devlin, Determination of the Structure of Chiral Molecules Using 
Ab Initio Vibrational Circular Dichroism Spectroscopy, Chirality, 12, 172–179, 2000; 
(s) A. Aamouche, F.J. Devlin, P.J. Stephens, Structure, Vibrational Absorption and 
Circular Dichroism Spectra and Absolute Configuration of Tröger’s Base, J. Am. Chem. 
Soc., 122, 2346–2354, 2000; (t) A. Aamouche, F.J. Devlin, P.J. Stephens, Conformations 
of Chiral Molecules in Solution: Ab Initio Vibrational Absorption and Circular 
Dichroism Studies of 4, 4a, 5, 6, 7, 8-Hexa Hydro-4a-Methyl-2(3H)Naphthalenone, and 
3,4,8,8a,-Tetra Hydro-8a-Methyl-1,6(2H,7H)-Naphthalenedione, J. Am. Chem. Soc., 
122, 7358–7367, 2000; (u) A. Aamouche, F.J. Devlin, P.J. Stephens, J. Drabowicz, B. 
Bujnicki, M. Mikolajczyk, Vibrational Circular Dichroism and Absolute Configuration 
of Chiral Sulfoxides: tert-Butyl Methyl Sulfoxide, Chem. Eur. J., 6, 4479–4486, 2000; 
(v) P.J. Stephens, F.J. Devlin, A. Aamouche, Determination of the Structures of Chiral 
Molecules Using Vibrational Circular Dichroism Spectroscopy, in Chirality: Physical 
Chemistry, ed. J.M. Hicks, Vol. 810, ACS Symposium Series, 2002, chap. 2, pp. 18–33.

 25. (a) L.A. Nafie, M. Diem, D.W. Vidrine, Fourier Transform Infrared Vibrational Circular 
Dichroism, J. Am. Chem. Soc., 101, 496–498, 1979; (b) E.D. Lipp, C.G. Zimba, L.A. 
Nafie, Vibrational Circular Dichroism in the Mid-Infrared Using Fourier Transform 
Spectroscopy, Chem. Phys. Lett., 90, 1–5, 1982; (c) E.D. Lipp, L.A. Nafie, Fourier 
Transform Infrared Vibrational Circular Dichroism: Improvements in Methodology and 
Mid-Infrared Spectral Results, Appl. Spectrosc., 38, 20–26, 1984.



13

2 The Experimental 
Measurement of 
Vibrational Absorption 
and Vibrational Circular 
Dichroism Spectra

In this chapter we discuss the measurement of the vibrational absorption spectrum 
and the vibrational circular dichroism (VCD) spectrum of a solution of a chiral solute 
in an achiral solvent.

Vibrational abSorption MeaSureMent

The vibrational absorption spectrum of a solution is measured as follows. A cell of 
pathlength ℓ (cm) is filled with the solution and placed in an IR absorption spectrom-
eter between the IR light source, S, and the IR detector, D:

S Cell D
I0(ν) I (ν) 

ℓ

The absorption of the solution causes the intensity of the light of frequency ν 
entering the cell, I0(ν), to be reduced to I(ν). The transmittance T and the absorbance 
A of the solution at frequency ν are defined by:

 
T

I

I
( )

( )
( )

ν ν
ν

=
0  

A T( ) log ( )ν ν= − 10

If T = 10–1, i.e., 90% of the light is absorbed, A = 1. The intensities I and I0 are measured 
by the detector with the cell inside and outside the spectrometer, respectively. The IR 
absorption spectrometer measures T and A over a range of frequencies, generating the 
vibrational absorption spectrum of the solution, now termed the IR absorption spectrum.

The IR absorbance of the solution is the sum of the absorbances of the solute 
molecules and solvent molecules:

 A(solution) = A(solute) + A(solvent)
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In order to determine the IR absorbance of the solute, the solvent absorbance must 
be subtracted. To do this, the solution is replaced in the cell by the pure solvent, the 
IR absorption spectrum of the solvent measured and subtracted from the solution 
spectrum, to give the absorbance spectrum of the solute.

For a dilute solution, the absorbance of the solute obeys Beer’s law:

 A(solute) = ε c ℓ

where c is the concentration in moles/L of the solution and ε is the molar extinction coef-
ficient. Determination of the frequency-dependent molar extinction coefficient spec-
trum of the solute is the ultimate goal in measuring the IR absorption of the solution.

Historically, commercial IR absorption spectrometers were dispersive spectrom-
eters, in which the light from the light source was passed through a monochromator 
to make the light passing through the solution and measured by the detector mono-
chromatic (i.e., of single frequency) [1]. Subsequently, Fourier transform IR (FTIR) 
spectrometers, in which an interferometer replaces the monochromator of a disper-
sive spectrometer, have become the dominant instrumentation for the measurement 
of IR absorption spectra [2]. Currently, many FTIR spectrometers are commercially 
available. Throughout the book, the IR vibrational absorption spectra presented 
have been measured using a Thermo Nicolet Nexus 670 FTIR spectrometer in the 
Stephens laboratories at USC. This spectrometer uses a silicon carbide globar light 
source (Ever-Glo), a CsI beamsplitter, and a deuterated triglycine sulfate (DTGS) 
room temperature pyroelectric bolometer detector with a CsI window, and measures 
spectra over the frequency range 200–6,400 cm–1.

In measuring the vibrational absorption spectrum of an organic solute, the choices 
of cell and solvent are important. The IR absorption of both the cell windows and the 
solvent needs to be as small as possible to optimize the signal-to-noise ratio (S:N) of 
the solute absorption spectrum. Cells with windows of highly IR-transparent solids, 
such as crystalline KBr, are widely available. The greater problem is that organic 
solvents always exhibit IR absorption. For a given solute molecule, it is important 
to examine the IR absorption of the solvents, in which it is soluble and chemically 
stable, and select the solvent with the minimum absorption. The IR spectra of the 
organic solvents, CHCl3, CCl4, CS2, C6H6, CH3CN, and C6H12, over the frequency 
range 800–2,000 cm–1, are shown in Figure 2.1.

If a solvent contains H atoms, the possibility exists to measure the solute IR spec-
trum in the deuterated solvent as well, since the substitution of H atoms by D atoms 
substantially shifts the vibrational frequencies of the solvent molecule. For exam-
ple, the IR absorption spectra of CHCl3 and CDCl3 over the range 800–2,000 cm–1, 
shown in Figure 2.2, are substantially different, so the use of both CHCl3 and CDCl3 
solutions permits the IR absorption of a solute to be measured reliably over most of 
the frequency range 800–2,000 cm–1.

A further issue of importance in selecting the solvent to be used is the magnitude 
of the solute-solvent interaction. In using the IR absorption of the solute molecule 
to analyze its structure, it is important that the solute be as little perturbed by the 
solvent as possible, so solute-solvent intermolecular interactions should be mini-
mized as much as possible. For example, solute-solvent intermolecular hydrogen 
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bonding should be avoided. For this reason, nonpolar solvents such as CS2 and CCl4 
are ideal.

Given the choice of solvent, it remains to choose the solution concentration, c, and the 
cell pathlength, ℓ. The concentration must be sufficiently low that Beer’s law is obeyed. 
The pathlength must be sufficiently low that the absorption of the solvent is small. Beer’s 
law is obeyed only when solute-solute intermolecular interactions are zero. For solute 
molecules that do not have a significant tendency to aggregate, it is generally the case 
that Beer’s law is obeyed up to concentrations of ~1 M. For example, the concentration 
dependences of the IR absorption spectra of camphor and of α-pinene in CCl4 solutions 
are shown in Figure 2.3 for the concentration ranges 0.981–0.033 and 2.965–0.099 M. For 
both molecules the molar extinction coefficient spectra are concentration independent over 
the concentration ranges studied. In the case of α-pinene, Beer’s law is obeyed up to 3 M.

In contrast, alcohols and carboxylic acids are well known to aggregate at concentra-
tions much lower than 1 M, due to intermolecular hydrogen bonding. For example the 
concentration dependences of the IR absorption of the alcohol endo-borneol in CCl4 
solution [3a] and the acid benzoic acid in CHCl3 solution [3b] are shown in Figures 2.4 
and 2.5 for the concentration ranges 0.306–0.008 M and 0.4–0.005 M, respectively. 
In both cases the O–H stretching IR spectra are very concentration dependent, dem-
onstrating that Beer’s law is not obeyed over these concentration ranges, due to inter-
molecular hydrogen bonding. In the case of benzoic acid, the C=O stretching IR 
spectrum at ~1,700 cm–1 is also very concentration dependent, since the C=O group 
participates in intermolecular hydrogen bonding. For alcohols and carboxylic acids, 
very low concentrations must be used in measuring their IR absorption spectra.
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Figure 2.2 (See color inSert.) The IR absorption spectra of CHCl3 and CDCl3; 
 pathlength 236 μ.
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Given the choice of solvent, solution concentration, and cell pathlength, there 
remain instrumental parameters that affect the solute IR absorption spectrum. These 
include the spectrometer resolution and the scan time. The resolution determines the 
degree to which bands close in frequency are resolved in the absorption spectrum. 
For solutions in which solute-solute intermolecular interactions are minimal, and 
the widths of vibrational absorption bands are consequently also minimal, 1 cm–1 
resolution is generally sufficient to ensure a fully resolved absorption spectrum. The 
scan time determines the signal-to-noise ratio of the spectrum. By increasing the 
scan time, the noise level is decreased and the S:N ratio is increased. A typical solute 
IR absorption spectrum is the average of 32 scans and requires a collection time 
of about 1 min. However, if the sample solution is very dilute or if the solute has 
a particularly small molar extinction coefficient, then longer collection times are 
required in order to obtain a spectrum with an acceptable S:N ratio.

We have assumed so far that the solute is 100% pure. Since the IR absorption 
spectrum of a molecule is a sensitive function of both its formula and its geometri-
cal structure, it follows that the presence of an impurity in the solute sample can be 
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Figure 2.3 The concentration dependences of the IR absorption spectra of (1R,4R)-(+) 
camphor (a) and (1R,5R)-(+) α-pinene (b) in CCl4 solutions.
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expected to give rise to additional bands in the absorption spectrum. As a result, 
the IR absorption spectrum is sensitive to the presence of impurities. Ideally, the 
solute is purified to 100% before its IR absorption spectrum is measured. However, 
this is not always the case. When only a single sample is available, there is no easy 
way to identify which bands in the absorption spectrum might be due to impurities. 
However, in the case of chiral solutes, one often has available samples of both enan-
tiomers and the racemate. In such cases, it often occurs that their chemical purities 
vary, and as a result, their IR absorption spectra are not exactly identical. Absorption 
bands that are of different intensity in different samples can be assigned to impuri-
ties, and the sample for which these bands are the least intense is that of highest 
purity. For example, the IR absorption spectra of both enantiomers and the racemate 
of an oxadiazol-3-one derivative in CDCl3 solution are shown in Figure 2.6. Both 
enantiomers show additional bands in their absorption spectra when compared to the 
racemate spectrum. Since the racemate has the least number of bands, it is therefore 
the compound of highest purity.

VcD MeaSureMent

The vibrational circular dichroism (VCD) of a solution is

 ΔA = AL – AR

where AL and AR are the absorbances of left circularly polarized (LCP) and right 
circularly polarized (RCP) light. ΔA is termed the differential absorbance. When 
Beer’s law is obeyed,
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Figure 2.4 (See color inSert.) The concentration dependence of the IR absorption in 
the O–H stretching region of endo-borneol in CCl4 solution.
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 ΔA = (Δε) cℓ

where Δε is the differential molar extinction coefficient,

 Δε = εL – εR

The ratio of Δε to ε, Δε/ε, is termed the anisotropy ratio. VCD anisotropy ratios are 
typically <10–4.

All measurements of VCD have been made using a technique termed modula-
tion spectroscopy. This technique was developed after World War II and applied 
to the measurement of ECD in the visible ultraviolet spectral region [4]. In a CD 
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instrument using modulation spectroscopy, the light from the source, S, is linearly 
polarized, using a linear polarizer, P, and then passed through a phase modulator, 
M, which generates light oscillating between right and left circular polarizations at a 
frequency νM. The RCP and LCP light waves have the same intensities, I0(ν). Passage 
of this light through a cell containing a solution of a chiral molecule with CD at the 
light frequency causes the intensities of the RCP and LCP light waves to be differ-
ently reduced, due to the difference in the absorbances, AR and AL. As a result, the 
intensity of light at the detector, D, oscillates between unequal intensities IR and IL 
at the frequency νM. The magnitude of the oscillation is proportional to the CD, ΔA.

S

M

SAMPLE
AL ≠ AR

D

P

The earliest CD instruments based on modulation spectroscopy used electro-optic 
modulators, in which an electric voltage, oscillating at frequency νM, is applied to a 
crystal of potassium di-deuteriumphosphate (KD2PO4); these modulators were also 
termed Pockels cells. Subsequently, in the 1960s, a new type of phase modulator, 
termed photoelastic modulator (PEM), was invented, in which oscillating stress is 
applied to a solid optical element [5]. The earliest PEMs used such solid optical 
elements as fused quartz and crystalline CaF2, which are transparent in the visible 
ultraviolet spectral region, and therefore can be used to measure ECD spectra.
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Figure 2.6 (See color inSert.) The IR absorption spectra of 0.04 M CDCl3 solutions 
of (+), (–), and (±) (8-(4-bromophenyl)-8-ethoxy-5-methyl-8H-[1,4]thiazino[3,4-c][1,2,4]-oxa-
diazol-3-one; pathlength 597 μ.
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To measure CD in the IR spectral region, a modulator transparent in the IR is required. 
The instruments that yielded the first measurements of VCD both used PEMs; the UC 
instrument used a Ge PEM [6] and the USC instrument used a ZnSe PEM constructed 
at USC [7]; both were new PEMs. Subsequently, ZnSe PEMs were commercialized by 
Hinds International [8], and thereafter almost all VCD instruments constructed have 
used commercial ZnSe PEMs. ZnSe is IR transparent down to ~650 cm–1. The VCD of 
vibrational transitions at frequencies <650 cm–1 cannot be measured using a ZnSe PEM.

For a PEM to turn linearly polarized light of frequency ν into light oscillating between 
right and left circular polarizations, a specific magnitude of stress must be applied to the 
optical element. This magnitude is a function of ν. To measure VCD over a range of fre-
quencies, the PEM stress magnitude has to be tuned. In order for a given solid to be usable 
as the optical element of a PEM, the stress magnitudes required to create oscillating cir-
cularly polarized light must be below the level of stress that causes the solid to fracture.

The magnitude of the oscillation of the light intensity at the detector, of frequency 
νM, is measured by the detector electronics, using a lock-in amplifier tuned to νM. In 
order to obtain the magnitude of the CD, ΔA, responsible for the oscillation, calibra-
tion is required. The calibration method used in the earliest VCD measurements at 
USC involved the substitution of the sample and cell by a linear polarizer and a crystal-
line window possessing linear birefringence, which together cause the intensity at the 
detector to oscillate at frequency νM with a predictable magnitude [9]. Comparison of 
the magnitudes of the oscillation of the light intensity due to the CD of the sample and 
the polarizer/birefringent window device permits the magnitude of the CD, ΔA, to be 
determined. This calibration method remains the standard used in VCD instruments.

The earliest VCD instruments were dispersive. Eventually, the modulation spec-
troscopic techniques used by these instruments were extended to Fourier transform 
IR (FTIR) instruments [10]. Currently, FTVCD instruments are commercially avail-
able [11]. Throughout the book, VCD spectra presented have been measured using a 
Bomem/BioTools FTVCD spectrometer in the Stephens laboratories at USC.

The accurate measurement of VCD requires that the optical elements of the instru-
ment perform perfectly. In addition to the linear polarizer and the PEM performing 
perfectly, the windows of the cell and detector must be without linear birefringence 
and the detector must be insensitive to the polarization of the light. The use of a mir-
ror to focus the light beam on the detector can cause distortion of the polarization; a 
lens without linear birefringence should be used instead. If these requirements are not 
satisfied, VCD spectra exhibit errors termed artefacts. To determine whether artefacts 
are present or not, the VCD spectra of the solvent and of the racemate of the chiral 
molecule of interest should be measured. In both cases, the VCD should be zero at all 
frequencies. In practice, when artefacts do occur, they are generally of larger magni-
tude at frequencies corresponding to strong absorption of the solvent or the racemate. 
For this reason, choosing the solvent to have minimal absorption over the frequency 
range being studied is important. In addition, the absorbance of the racemate should 
be limited to <1.0. When artefacts do occur, and are caused by the absorbance of the 
solution, the VCD spectra of the (+) and (–) enantiomers and the racemate of the chiral 
molecule should be measured using identical concentrations and cell pathlengths, so 
that their absorbances are identical. The VCD spectrum of the racemate is then used 
as the baseline for the spectra of the enantiomers, to cancel their artefact contributions. 
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When the (+) and (–) enantiomers have identical ee’s the resulting racemate-subtracted 
VCD spectra, Δε(+) and Δε(–), should then be mirror images if their artefacts have 
been successfully removed by subtraction of the racemate VCD. To determine whether 
or not this is the case, the half-difference and half-sum spectra are plotted:

 ½ Δ = [Δε(+) – Δε(–)] × 0.5

 ½ Σ = [Δε(+) + Δε(–)] × 0.5

In the absence of artefacts the half-sum spectrum is zero at all frequencies; if this is 
the case, the half-difference spectrum is the VCD spectrum of the (+) enantiomer.

Unfortunately, in some cases, for example, natural products, only a single enan-
tiomer is available. In this case, the half-sum spectrum is not measurable and the 
magnitude of the artefact contributions cannot be determined. In such cases, the VCD 
spectrum of the solvent has to be used as the baseline for the VCD spectrum of the 
solution. The magnitudes of artefacts to be expected in the solvent-baseline-subtracted 
VCD spectrum of the solution can be estimated by measurement of the difference 
between the solvent-baseline-subtracted spectrum of another chiral molecule in the 
same solvent and its racemate-subtracted VCD spectrum. In 1975, Dr. Cheng at USC 
developed an instrumental technique for reducing artefact contributions to VCD spec-
tra [12], in which a second PEM was inserted prior to the detector. This technique has 
been incorporated in the Bomem FTVCD instrument at USC. All of the VCD spectra 
in the book, including the spectra of camphor and α-pinene in the next sections of this 
chapter, have been measured using the Cheng artefact reduction technique.

ir abSorption anD VcD Spectra oF SpeciFic MoleculeS

The performance of a VCD instrument is optimally evaluated using measurements 
of the VCD spectra of conformationally rigid chiral molecules, whose enantiomers 
are both available, and both optically pure and chemically pure, and whose race-
mates are also available and chemically pure. Here, we present measurements of the 
VCD spectra of the two chiral molecules, camphor and α-pinene:
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whose optically and chemically pure enantiomers and chemically pure racemates 
are commercially available. As discussed in Chapter 5, both molecules are confor-
mationally rigid. The IR absorption spectra of camphor and α-pinene are simultane-
ously measured.

VCD spectra of camphor and α-pinene were first measured at USC in the 1970s 
[13]. Subsequently, these molecules were frequently used to test the performance of 
VCD instruments and the reliability of VCD theories [14].

caMphor

The IR and VCD spectra of camphor were measured using samples of (1R,4R)-(+), 
(1S,4S)-(–), and (±) camphor obtained from Aldrich [15]. According to Aldrich, the 
purities of the (+), (–), and (±) samples were 98, 99, and 96% respectively. In order to 
assess the optical purities of the (+) and (–) samples, their [α]D values were measured 
in ethanol solutions. According to Ramachandran et al. [16], for 100% ee (+) cam-
phor [α]D = + 43.6 (c5, EtOH). The Aldrich (+) and (–) samples at c5 concentration 
in EtOH had [α]D values of +44.0 and –43.5, respectively, and therefore are both 
optically pure (ee 100%). The solvent used in measuring the IR and VCD spectra 
of camphor was CCl4, to minimize the solvent IR absorption and the  solute-solvent 
intermolecular interaction. Solutions of concentrations 0.38 M were used and Harrick 
cells [17] with KBr windows and pathlengths 236 and 546 μ.
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Figure 2.7 The IR absorption spectra of 0.38 M CCl4 solutions of (+), (–), and (±) 
camphor; pathlength 236 μ.
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The IR spectra obtained using the 236 and 546 μ cells are shown in Figures 2.7 
and 2.8, respectively, over the frequency range 800–2,000 cm–1. The excellent super-
position of the spectra of the (+), (–), and (±) solutions confirms that their purities are 
identical, as specified by Aldrich. At the pathlength 236 μ, the absorbances of all 
bands are <1.0, except for the C=O stretching band at 1,745 cm–1, whose absorbance 
is >>1.0. At the pathlength 546 μ, the absorbances of several bands in the range 
1,000–1,500 cm–1 are >1.0. The IR spectra in Figures 2.7 and 2.8 are obtained using 
the IR spectra of neat CCl4 as the baselines. The IR spectra of neat CCl4 at 236 and 
546 μ pathlengths are shown in Figure 2.9. The strongest absorption of CCl4 is at the 
frequencies 790 cm–1 and 1,550 cm–1. The impact of the absorption of CCl4 on the IR 
spectra of camphor at these frequencies can be seen in Figures 2.7 and 2.8. In the 
region 800–825 cm–1, the spectra are very noisy. At frequencies close to 1,550 cm–1, 
the absorbances are negative.

The VCD spectra of the CCl4 solutions of the (+), (–), and (±) samples, using the 
236 and 546 μ cells, are shown in Figures 2.10 and 2.11, over the range 800–1,550 cm–1. 
The VCD spectra of the (±) solution are compared to the VCD spectra of neat CCl4 
in Figure 2.12. At each pathlength the spectra of the (±) solution and neat CCl4 differ. 
The largest difference is at the 546 μ pathlength at 1,045 cm–1, coincident with the 
IR band at 1,045 cm–1, whose absorbance is 1.6. The difference at this frequency at 
the 236 μ pathlength is smaller, demonstrating that the VCD artefact is absorbance 
dependent. To reduce the artefacts in the VCD spectra of the (+) and (–) solutions, the 
(±) VCD spectrum is subtracted, leading to the (±)-baseline-corrected VCD spectra 
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Figure 2.8 The IR absorption spectra of 0.38 M CCl4 solutions of (+), (–), and (±) cam-
phor; pathlength 546 μ.
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Figure 2.9 The IR absorption spectra of neat CCl4; pathlengths 236 and 546 μ.
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Figure 2.10 (See color inSert.) The VCD spectra of 0.38 M CCl4 solutions of (+), (–), 
and (±) camphor; pathlength 236 μ.


