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During the last 60 years JASCO has been one of the foremost companies developing molecular spec-
troscopy for research and development and we can offer deep insight into the measurement of chiral 
molecules in both the ground and excited states using some of these techniques. In chiral spectroscopy 
it is possible to exploit the differential interactions of polarized light with molecules at both the electronic 
and vibronic levels. 

In this eBook we provide an overview of the fundamentals and application of three different techniques for 
chiral molecular spectroscopy; this is not intended as an exhaustive treatise on the subject as we will not 
cover some techniques, such as simple polarimetric measurement using plane polarized light to measure 
optical rotation, or the more esoteric applications of Raman optical activity (ROA). Instead, this document 
operates as a primer for each technique and how it can be applied in practice. 

The three techniques covered in this book are firstly, electronic circular dichroism (ECD), which probes the 
differential absorption of circularly polarized light in the UV-visible to NIR region by chiral chromophores. 
ECD is most often used to understand the secondary and tertiary structures of proteins and peptides but 
can equally be applied to chiral small molecules and polymers. Secondly, vibrational circular dichroism 
(VCD), which is typically used for determining the absolute stereochemistry of small molecules by mea-
suring bond vibrations caused by the absorption of circularly polarized light in the near- to mid- IR with 
chiral bonds. VCD has proved a very useful technique for confirming theoretical prediction from ab-initio 
calculation with real-world ‘measurement.’ The last technique we will look at is circularly polarized lumines-
cence (CPL), which by comparison to the first two techniques is a much more recent development. CPL 
measures the emission of circularly polarized light following excitation by unpolarized light to investigate 
excited state structure. This is particularly useful for emerging technologies such as biosensors, optical 
devices and displays (like organic LEDs OLEDS). 

These techniques all exploit only one simple but key phenomenon, the interaction of polarized light with 
molecular structure, but the range of applications and practical uses are extremely broad and cover many 
areas of biophysics and material science.
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Circular Dichroism (CD) is an essential analytical technique used to analyze chirality in molecules through their 
optical activity. CD spectroscopy measures the difference in the absorption of left and right circularly polarized 
light in optically active substances. CD signals are observed for optically active (chiral) materials; however chirality 
can also be induced via covalent bonding to a chiral chromophore or when the chromophore is placed in a an 
asymmetric environment. CD can be applied to a wide variety of molecular structures, but has found favor in the 
scientific community for the elucidation of macromolecular structure, especially proteins and nucleic acids.

Electromagnetic waves contain electric and magnetic field components that oscillate perpendicularly in the direction 
of a light beam’s propagation. The directionality of these components defines the waves’ polarization. In unpolarized 
light or white light, the electric and magnetic fields oscillate in many different directions. In linearly polarized light, 
the electromagnetic wave oscillates along a single plane (Figure 1, left), while in circularly polarized light (CPL) two 
electromagnetic wave planes are at a 90° phase difference to one another and this plane rotates as the light beam 
propagates (Figure 1, right).

Optically active molecules can be described by their chirality, or the asymmetry in a molecule’s structure. Chiral 
molecules exhibit circular birefringence or optical rotation (OR), where the velocity of the light passing through 
an optically active medium will differ depending on the medium’s refractive index, and rotate the plane of linearly 
polarized light. The wavelength dependence of OR is called optical rotational dispersion (ORD). 

Circular Dichroism spectroscopy exploits the fundamental property described by the Cotton Effect, or the 
dependence of CD and optical rotation on wavelength (Figure 2). While CD may only be observed in the vicinity of 
a chromophore’s absorption band, ORD may be detected in the absence of an electronic transition since it is only 
dependent on the unequal refraction of light. 

Fig. 1 Linearly (left) and circularly (right) polarized light.
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In CD, left-handed CPL propagates through a chiral sample at a different speed than its right-handed counterpart. 
When a chiral molecule absorbs left- and right- handed CPL to different degrees the resulting electric field vector 
traces out an ellipse. Since linearly polarized light can be thought of as a superposition of equal intensities of left- 
(El) and right-handed (Er) circularly polarized light, as the circularly polarized light travels through the birefringent 
material, the phase relationship between the CPL waves changes and the linearly polarized wave is rotated and 
the elliptically polarized light is now tilted (Figure 3). This ellipticity (θ) as a function of wavelength defines a circular 
dichroism spectrum.

Instrumentation
 
Photoelastic Modulator (PEM) 
In a circular dichroism spectrophotometer, linearly polarized light is created to later produce circularly polarized light. 
Unpolarized light first passes through a polarizer in which the crystal axes and the orientation of the molecules are 
aligned. A photoelastic modulator (PEM) is then used to convert the linearly polarized light into circularly polarized 
light. The PEM is a piezoelastic element, cemented to a block of fuzed quartz. When a 50 kHz frequency is applied 
to the piezoelastic element, it stresses the quartz piece, inducing birefringence and two polarization components. 
Circular polarization occurs when the phase of an orthogonal electric field deviates by 1/4 wavelength. 

Fig. 3 El and Er components when they are absorbed 
equally (left), resulting in linearly polarized light, and 
unequally (right), resulting in elliptically polarized light.

Nitrogen Purge
The xenon arc lamp creates a substantial amount of UV radiation. When this radiation interactions with oxygen 
molecules, it creates ozone. Ozone oxidizes the surface of the mirrors in the instrument, decreasing their reflectivity 
and efficiency to focus light through the monochromator, reducing the S/N. Additionally, oxygen itself is absorbed 
in the UV region. By purging the monochromator with nitrogen, not only do the mirrors retain their reflectivity and 
longevity, but the oxygen absorption is decreased, allowing sample data to be acquired further into the far-UV. 

High Tension Voltage
The photomultiplier tube (PMT) detector has great sensitivity 
combined with a very wide linear dynamic range to measure both 
low and high absorbing samples from the far UV to visible regions 
of the spectrum. The high tension voltage (HTV) applied to the 
PMT is used to amplify the detector’s sensitivity.  Since different 
wavelengths have different light energies, the HTV accommodates 
for fluctuations in the light levels by changing the gain. Since the 
light energy changes when the wavelength is different, the DC 
signal output is kept constant by changing the HTV according to 
the wavelength, enabling measurement with a wide dynamic range. 
As shown in Figure 4, when a sample has an optimal concentration, 
a sufficient amount of  light is transmitted through the sample and 
reaches the detector, keeping the HTV low. However, if a sample 
absorbs too much light, not enough photons will reach the detector 
and the gain must increase. If the HTV is equal to or above 700 
V, there are not enough photons being sampled by the PMT to 
measure a reliable or valid CD signal and the data points should not 
be used. The more photons reaching the detector, the better the 
S/N so at higher HTVs, while the HT may be below 600 V, the CD 
signal may begin to look noisier. Additionally, farther into the far-UV 
(below 200 nm), less light is available so the HTV will also increase 
at shorter wavelengths.

 

Fig. 4 High tension voltage when a sufficient 
amount of light is transmitted through the 
sample (top) and when the light is absorbed too 
strongly at lower wavelengths (bottom). 

Fig. 2 The relationship between the CD/
ORD spectra and the UV spectrum in the 
absorption wavelength region.

θ



98

CD is an ensemble technique that provides information on the molecular and electronic structure of chiral 
chromophores, both quantitatively or empirically. Chromophores that are not intrinsically chiral can be placed in an 
asymmetric environment or coupled to chiral chromophores, where CD can be induced into these achiral electronic 
transitions. Most CD experiments require little sample preparation, are easy to perform, and are non-destructive so 
sample can be recovered. Sample measurements can be acquired in in liquid phase or as solid, films, or gels, at low 
concentrations compared to other molecule structure techniques. 

Protein Structure
 
Secondary Structure
Proteins adopt unique conformations, optimized to perform specific 
functions. Therefore, the information on the protein structure is 
paramount to elucidating how proteins function. The far-UV (180-250 
nm) region probes the peptide backbone chain, whose phi and psi 
angles rotate depending on the protein conformation. There are two 
absorption bands which make up the far-UV CD spectrum: a strong 
π --> π * around 190 nm and a weaker but broader n --> π * transition 
between 210-220 nm, seen in Figure 5. 

These two absorption bands give rise to different characteristic bands 
(Figure 6) that can be deconvoluted to estimate the secondary structure 
components of the protein under different solution and environmental 
conditions.  While  each  of  the  four  secondary  structure  components  
(α-helical, β-sheet, turn, and unordered) have distinguishing CD 
spectra,  deconvolution  is  more  complex  than  assigning  a  band  to  
each  component. Therefore, protein secondary structure estimation 
algorithms have been studied for a long time, and various estimation 
methods have been developed, such as CLS / quadratic programming 
problem, self-consistent methods using singular value decomposition, 
ridge regression, neural networks, PCR/PLS. However, due to the 
structural diversity of β-structure it has been challenging to analyze the 
secondary structure of β-sheet-rich proteins by CD spectra. Recently, 
the BeStSel(https://bestsel.elte.hu/), which classifies β-sheets into left-
hand twisted, relaxed, right-hand twisted, and parallel types, has been 
developed for secondary structure estimation algorithm, and β-sheet-
rich protein can now be analyzed with high accuracy, increasing the 
utility of secondary structure estimation using CD spectra.

Tertiary Structure
The near-UV CD spectrum (250-320 nm) reflects the protein tertiary structure, made up of the aromatic amino 
acid side chains. The three residues, phenylalanine, tyrosine and tryptophan, exhibit fine structure peaks between 
255-270 nm, 275-285 nm, and 290-305 nm, respectively. The number and proximity of the aromatic residues will 
affect the strength of the CD signal, as well as the disulfide bonds, degree of hydrogen bonding, and rigidity of the 
chromophores in folded conformations.

DNA Structure
The CD spectra of DNA provides information on the molecule’s 
secondary structure that is dependent on the stacking orientation of 
the base pairs. While the base pairs themselves are not intrinsically 
chiral and alone would not exhibit a CD signal, they are covalently 
bound to the DNA backbone chain composed of sugar moieties. 
The chirality of the sugar groups induces a CD signal in the base 
pair’s π --> π * transition, observed from 200-300 nm. 

Each DNA conformation displays a distinct CD spectrum. The most 
well known B-form, discovered by Watson and Crick, is a right-
handed double helix whose base pairs are perpendicular to the 
helix. A positive maximum at 290 nm, negative maximum around 
245 nm, and a broad positive peak between 260-280 nm are 
typically seen for B-form structures. The A-form is more compact, 
right-handed double helix structure that is typically observed for 
RNA and exhibits a positive peak at 260 nm and a negative peak 
at 210 nm. The Z-form structure is a left-handed double helix that 
displays a negative band at 290 nm, a positive peak at 260 nm, 
and negative maximum ~200 nm. G-quadruplex (G4) secondary 
structures are unique in that they fold into four-strands that are rich 
in guanine. These quadruplexes can form either parallel or anti-
parallel structures depending on the stacking interactions of the 
guanosine residues. Parallel G4 structures have a positive band at 
260 nm while the anti-parallel structures exhibit a negative band at 
260 nm and a positive peak at 290 nm.

Thermal Stability
Changes in temperature can affect biomolecular structure 
and induce aggregation, leading to various disease-related 
conformations, as well as influence the stability during storage and 
efficacy of biopharmaceuticals. These studies are used to monitor 
protein folding/unfolding, as well as the effect of solvents, pH, and 
ligands on the thermal stability of biomolecules. Thermal stability is 
assessed either by monitoring single wavelengths at the peak of 
interest as a function of temperature (Figure 8, top) or by acquiring 
spectral scans at increasing temperatures (Figure 8, bottom).  

Protein folding reversibility is commonly investigated to verify whether a protein can undergo structural changes 
when heated and revert back to its native form when cooled back down to the initial temperature. If the protein 
folding is reversible during temperature measurements, then thermodynamic parameters such as the Gibb’s free 
energy, (ΔG) enthalpy (ΔH) and entropy (ΔS) changes, and melting temperature (Tm) can be acquired by fitting the 
thermal melting curve.

Fig. 5 The peptide bond (top) and the 
corresponding UV transitions observed in the 
far-UV CD spectrum (bottom).

Fig. 6 Far-UV CD spectra of samples with a 
majority of α-helical (black), β-sheet (red), turn 
(blue), and unordered (green) components.

Fig. 7 CD spectrum of DNA derived from 
bovine thymus.

Fig. 8 Thermal melting curve (top) 
obtained at 222 nm and CD spectral 
scans (bottom) from 20°C to 90°C 
measured to evaluate the thermal stability 
of lysozyme’s secondary structure.
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Beer’s Law: Sample Concentration and Cell Pathlength
CD is an absorption technique based on Beer’s Law 

A=εlc 

where A is the absorbance, ε is the molar absorptivity constant, l is the cell pathlength, and c is the chromophore 
concentration. Therefore, the amount of light absorbed by the sample is dependent on concentration and pathlength 
and critical to obtaining accurate CD data. Usually, the optimal S/N is obtained when the optical density of the 
absorption maximum wavelength is ~1. Figure 10 shows additional concentration and cell pathlength guidelines for 
a variety of chromophores.

Conveniently, the sample concentration and cell pathlength can be adjusted to account for absorbance limitations. 
For example, if the sample absorbance is too large but the concentration cannot be reduced for experimental 
purposes, the cell pathlength can be shortened to acquire the necessary measurements. Likewise, if only one cell 
pathlength is available, the sample concentration can be increased to obtain data with a sufficient S/N. 

Aside from the pathlength selection, the cuvette or cell material and volume are also important parameters to 
consider when performing circular dichroism experiments. For measurements below 200 nm, quartz cuvettes are 
necessary due to their transparency in the far-UV. While most quartz rectangular cuvettes have little to no birefrigence 
and flat baselines, baseline measurements should be performed to ensure no optical artifacts are observed due to 
the strain on the cuvettes. Additionally, these cell baseline measurements can elucidate the cleanliness of the cell. 
While demountable cells hold much smaller volumes than the tradition 1 and 10 mm pathlength cuvettes, these cells 
cannot be used for temperature dependent measurements since they are not completely sealed, resulting in heat 
lose. It is also important to verify the pathlength of demountable cells after sample as been loaded to ensure the 
correct pathlength, especially is the molar ellipticity or mean residue molar ellipticity is later calculated. Rectangular 
microcells are available for small volume measurements and come in a variety of volumes and pathlengths. JASCO 
also offers two microsampling accessories; a disc for spectral scans using only 2 or 10 μL and a capillary cell for 
thermal stability studies. 

Solvent Effects
The buffer or solvent the sample is in will also affect the CD spectrum. Solvents used for absorption measurements 
will typically suffice, however the following conditions should be taken in consideration when choosing a solvent 
for CD measurements: (1) solubility, (2) transparency in the wavelength range being probed, (3) optically inactive, 
and (4) sample stability. Condition 2 is especially important for secondary structures studies in the far-UV, since 
many solvents absorb strongly below 200 nm, as well as denaturing agents such as guanidinium chloride and urea.  
The addition of salts to buffers will may also increase absorbance and potentially induce scattering, reducing the 
S/N. Sugar-based formulation buffers not only absorb highly in the far-UV but also have a CD signal and should be 
avoided for CD measurements. 

Fig. 10 Various buffers and their corresponding wavelength limits in 10, 1, 
and 0.1 mm pathlength cells.

Solvent
Useable Short Wavelength Limit (nm)

1 cm 1 mm 0.1 mm

Ethanol/Methanol (4:1) ~220 ~200

Distilled Water

~185

~180

~175

10 mM Sodium Phosphate ~182

0.1 M Sodium Phosphate ~190

0.1 M Sodium Chloride ~195

0.1 M Tris-HCl ~200

0.1 M Ammonium Citrate ~220

Methanol ~210
~195 ~185

Ethanol ~220

Hexanes ~210 ~185 ~180

Chloroform ~240 ~230 ~220

Trifluoroacetic Acid ~260 ~250 ~240

THF ~220 ~210 ~204

Fig. 9 Common chromophores and their corresponding concentration and cell pathlength requirements.

Chromophore Transition Wavelength (nm) Concentration (w/v%) Cell Pathlength (mm)

-C=C- π --> π * 220-190 0.1 1-0.5

-C=C- π --> π * 200-185 0.1 0.5-0.1

-C=C-C=C- π --> π * 300-250 0.01-0.05 10

C=O, -CHO n --> π * 350-240 0.1 10

-C=C-C=O
n --> π * 400-260

0.1
10

π --> π * 280-200 1-0.2

-COOH, Lactone, Ester n --> π * 250-200 0.1 10-1

S-S n --> σ * 300-200 0.1 10

Protein, 
Polypeptide

Aromatic

π --> π *

350-250 0.1 5

Amide
260-185 0.02

1-0.5
260-200 0.1

DNA, RNA π --> π * 300-200 0.1 1-10

Co-chelate Complex
D --> d * 700-300 0.1 10

CT 300-180 0.01 1

--

Compound No Absorbance 
Above (nm)

Absorbance of a 10 mM Solution in a 1 mm Cuvette

210 nm 200 nm 190 nm 180 nm

NaClO4 170 0 0 0 0

NaF, KF 170 0 0 0 0

NaCl 205 0 0.02 >0.5 >0.5

Na2HPO4 210 0 0.05 0.3 >0.5

NaH2PO4 195 0 0 0.01 0.15

Na Acetate 220 0.03 0.17 >0.5 >0.5

NaOH (pH 12) 230 >0.5 >2 >2 >2

Diethylamine 240 0.4 >0.5 >0.5 >0.5

Boric Acid 180 0 0 0 0

TRIS (pH 8) 220 0.02 0.13 0.24 >0.5

MOPS (pH 7) 230 0.1 0.34 0.28 >0.5

HEPES (pH 7.5) 230 0.37 0.5 >0.5 >0.5

MES (pH 6) 230 0.07 0.29 0.29 >0.5

Fig. 11 Absorption of various salts and buffers in the far-UV region.
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Digital Integration Time and Scanning Speed
The digital integration time or D.I.T. is the amount of time that the data 
is integrated over or the length of time the detector collects photons 
before transferring the signal to the A/D converter for processing. The 
square root of the D.I.T. is proportional to the signal to noise, so the 
longer the D.I.T. the better the S/N. Increasing the D.I.T. will have a more 
substantial effect when a sample’s CD signal is small since there is less 
signal.

The scanning speed determines how quickly the monochromator 
scans through the specified wavelength range to acquire data points 
at the specified data pitch. When used in continuous scan mode, the 
scanning speed must be selected with an appropriate D.I.T. to prevent 
distortion in the measured spectrum. The following guideline can be 
used when selecting the D.I.T. and scanning speed

D.I.T.  × Scanning speed <  

where FHWM is the full width at half the peak height of the target 
peak. Figure 14 illustrates the effects of the scanning speed and digital 
integration time on the far-UV CD spectra.

Accumulations
The number of spectral scans that are automatically obtained 
and averaged together are specified by the accumulations. The 
spectrum S/N is proportional to the square root of the product of the 
D.I.T. and number of accumulations. While increasing the number of 
accumulations will increase the S/N, it will also increase the measurement acquisition time. When selecting the 
number of accumulations and D.I.T., baseline drift and peak widths should be taken into account. 

CD Units
CD spectra are reported as ellipticity, θ and measured in units of mdeg but can easily be converted based on the 
user’s application. Molar absorptivity (∆ε) normalizes the circular dichroism spectra based on concentration and 
pathlength,

∆ε=εl-εr=           = 

where εl-εr  is the difference in the extent the left-(εl ) and right-(εr ) circularly polarized light components are absorbed 
at a given wavelength, ∆A is the difference in absorbance, c is the concentration (mol/L), and l is the pathlenth (cm).
When analyzing the secondary structure components, the number of amino acid residues in the protein must be 
accounted for and ellipticity is converted to mean residue molar ellipticity (MRME) 

[θ]MR=         

where θ is the ellipticity (mdeg), c is the protein concentration in mol/L, l is the cell pathlength (cm), and R is the 
number of amino acid residues in the protein. 

θ∙c∙l
R

θ
c∙l∙3298

∆A
c∙l

           

Fig. 12 The effects of D.I.T. (top) and 
scanning speed (bottom) on the far-
UV spectrum. Myoglobin spectra were 
measured using a 50 nm/min scanning 
speed and 1 (black), 2 (red), and 4 (blue) 
second D.I.T. Bovine serum albumin was 
acquired using a 4 second D.I.T. and 10 
(black), 20 (red), 50 (blue), and 100 (green) 
nm/min scanning speed.

FWHM
10
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Introduction to Vibrational Circular Dichroism 
Vibrational circular dichroism (VCD) is a spectroscopy technique used to measure the absorption difference 
between left-handed and right-handed circularly polarized light in the infrared region. This is distinguished from 
electronic circular dichroism (ECD or CD), which focuses on the ultraviolet region. 

Substances that exhibit CD are called optically active compounds. They have enantiomers that cannot be 
superimposed on their mirror image, as is the case of human hands. The example shown here is for alanine.  

In addition to point chirality involving asymmetric 
carbon atoms as in the case of alanine, optically active 
compounds can also exhibit planar chirality involving 
their front and back sides, axial chirality associated with 
rotation about a particular axis,  and helical chirality 
associated with helical structures. 

Information that can be obtained from VCD, First, since 
all organic compounds absorb in the infrared region, 
there is no need to add a chromophore to the sample. 

In addition to the identification of chiral compounds, a 
big advantage is that the absolute configuration can be 
determined by comparing the measured spectrum with 
that based on molecular orbital calculations

Fig. 1 Right and left polarized light going through a sample

Fig. 2 Alanine enantiomers cannot be superimposed on their 
mirror image
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However, there are some disadvantages associated with VCD. The 
first is that a high sample concentration is needed, implying a large 
amount of sample. The second is that VCD signals are very weak. In 
fact, the signal intensity is more than two orders of magnitude lower 
than that for ECD, and a measurement can take more than one hour. 
As a consequence, the sensitivity and stability of the instrument are of 
primary importance 

Instrumentation
A VCD instrument uses an FTIR bench, with a Michelson interferometer 
VCD can be a dedicated instrument or attachment accessory. A ceramic 
light source is used as the infrared source, polarization optics and highly 
sensitive detector. Interferometer has an angle of incidence of 28º,  
increasing the sensitivity of the instrument. This is a high throughput 
FTIR.

The detector used in the JASCO VCD instrument is a photovoltaic 
mercury cadmium telluride (PV-MCT) detector, which is a highly 
sensitive detector and does not become saturated even if no metal 
mesh is used, so there is no loss of sensitivity. In fact, the sensitivity is 
about three to four times higher than that for a photoconductive MCT 
(PC-MCT).

Stability
A ceramic light source is used as the infrared source, and is located outside in an isolated mount from the optical 
bench and main cover to reduce the thermal drift. This light is then collimated and sent to a polarizer and continues 
to a photo elastic modulator (PEM); combination of these elements reduces the creation of artifacts. Thermostatted 
blocks in the interferometer and the PEM maintain a constant temperature inside the instrument, avoiding any 
perturbation in the data. 

Fig. 5 VCD instrumentation, left VCD dedicated bench (FVS-6000), 
right VCD accessory (VFT-4000)

Sample Preparation
For VCD measurements made using IR transmission method, a liquid sample 
cell is used. Two types of cell material window plates are used, barium fluoride 
and calcium fluoride. Barium fluoride window transmits light up to 800 cm-1 

and is slightly soluble in water. On the other hand, the calcium fluoride plate 
transmits light up to 1100 cm-1 and is insoluble in water. So, the calcium fluoride 
plate can be used with aqueous solution samples, and the barium fluoride 
plate can be used with non-aqueous solution samples. 

Solvents 
In VCD measurements, better results are obtained with a solvent with less IR absorption. If light absorption by the 
solvent is too large, the detector will not be able to detect light from the sample. Therefore, for VCD measurements, 
carbon tetrachloride, chloroform and dichloromethane are better because they absorb only weakly in the infrared 
region. 

Also, since solvents such as hexane, toluene and others have absorption bands associated with –CH bonds, the 
sample cannot be measured in this region. 

For water, IR light is absorbed at almost all wavenumbers.

Fig. 6 Liquid sample cell

Fig. 3 IR and VCD spectra of L – alanine 
and D – alanine

Fig. 4 Schematic of JASCO VCD instrument

Fig. 7 Infrared spectra of different solvents



1918

Determination of conformers  

Conformation for Carnitine Family 

L-carnitine is the nutrient used when converting fat into energy and it is used for diet foods and food additives. 
On the other hand, since D-carnitine is toxic, synthesis of enantiopure carnitine and analysis of excess enantiomer 
percentage is important. 

Analysis of carnitine by ECD and optical rotation has been reported, but there are almost no examples of VCD 
measurements that obtained useful information. Measurements of the carnitine family members such as carnitine 
nitrile chloride and estimation of the conformation were calculated. 

VCD spectrum measurements were performed for carnitine nitrile chloride, stable conformations were calculated, 
and a comparison was made between the experimental and calculation results. 

These three conformations were found to be the most stable for this molecule and it is assumed that all parts 
except the CH2CN group had a rigid structure. Since the information obtained from the VCD spectrum is abundant, 
in addition to chirality recognition, determination of absolute configuration and examination of conformational 
characteristics can be performed.

References  

Vibrational Circular Dichroism (VCD) Reveals Subtle Conformational Aspects and Intermolecular Interactions 
in the Carnitine Family

Fig. 9 Measured and calculated VCD spectrum

Fig. 8 Infrared spectra of water, up 50 um spacer, 
down 4 um spacer

Fig. 10 Right, VCD spectra of L-carnitine conformers.  
Left, L-carnitine molecule conformers

Consider the case for water. The use of heavy water decreases solvent absorption, but it still remains strong. Optical 
path length can be shortened to reduce the amount of absorption. However, a higher concentration sample will be 
required.

Applications  
The main application for VCD instrumentation is the absolute configuration of chiral organic molecules. Analysis 
usually starts with the simulation of infrared spectrum using the dipole moment of molecules, or enthalpy energy of 
bonds. Then calculated VCD spectrum optimized based on the molecular structure, after VCD spectrum is measured, 
calculated and measured VCD spectra are compared and configuration is determined.
 

REFERENCES
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CIRCULARLYCIRCULARLY
POLARIZED  POLARIZED  
LUMINESCENCELUMINESCENCE

Instrumentation

 Fig. 1 CPL-300 spectrophotometer

CPL-300 Features 

• Double-prism monochromator  
Low stray light, no second-order radiation and no Wood’s anomalies to minimize artifacts. 

• 180° sample geometry with unpolarized excitation light  
Samples with different transition moments for absorption and fluorescence, and do not become 
depolarized, can be measured 

• Excitation (Ex) and emission (Em) monochromators  
Possible to set optimized Ex wavelength and Em spectral bandwidth 

• High-throughput optical system and highly sensitive PMT  
Increased fluorescence sensitivity 

• Data collection and processing  
Simultaneous measurements of CPL and fluorescence intensity  
One-click data conversion to DI and *glum  
*glum: luminescence dissymmetry factor 
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Fig. 2 Optical system for CPL-300

Optical System
Light from a light source is first passed through a monochromator. Afterwards the light is collimated and passed 
through a depolarization plate. Depolarization of light is essential for CPL measurements. CPL is the conversion of 
unpolarized light to circularly polarized light and any bias towards polarization can impact results. After depolarization 
the beam is refocused to irradiate the sample. The left- and right-handed circularly polarized fluorescence emitted 
by the sample is alternately linearly polarized at a frequency of 50 kHz using a PEM. A polarizer is placed at the 
back of the PEM, and the polarized fluorescence is transmitted synchronously with the modulation of the PEM, and 
is passed through a monochromator and then detected by a detector. 

Photoelastic Modulator (PEM) 
In the circularly polarized luminiscence spectrophotometer, emitted circularly polarized light is converted into linearly 
polarized light. When the circularly polarized emission passes through the PEM, it is converted into linearly polarized 
light by applying a frequency of 50 kHz. This leads to the oscilation between orthogonal linear polarizations. The 
PEM is a pizoelastic element, cemented to a block of fused quartz. When a 50 kHz frequency is applied to the 
pizeoelastic element, it stresses the quartz piece, inducing birefringence and two polarization components.  

 

Probing Structure with CPL – camphorquinone in Ethanol

To demonstrate CPL in a basic system we present the CPL and CD spectra of two camphorquinone enantiomers, 
(1R)-(-)-camphorquinone (blue) and (1S)-(+)-camphorequinone (red) in figure 1a.  

The CD signal and CPL signal in the 480 nm region are mirror images to one another (Figure 3a). This mirror image 
behavior is common for standard absorption and emission spectra (Figure 3b) as the lowest energy states are often 
the ones observed by emission as per Kashas rule. This leads to emission spectra looking like the low energy 
excitation spectra (Absorbance spectra). Comparison of CD and CPL takes this information a bit further. Not only 
does mirror image of CD and CPL indicate similarity in electronic state, but also a similarity in the structure or nuclear 
positions of those electronic states. 

In figure 3c the glum factor is lower than that of the gabs factor for the lowest energy state from 400-480 nm. Variation 
in the dissymmetry factor can inform about differences in ground and excited state conformations. In the case of 
camphorquinone the dihedral angle between two carbonyl groups impacts the nπ* electronic transition in the 480 
nm region. Because they are twisted out of plane from one another they give rise to achirality and in turn circular 
dichroism and circularly polarized luminescence signals. Because the glum factor is lower than that of the gabs 
factor this indicates that the dihedral twist between the two carbonyl groups is smaller in the excited state than in 
the ground state.

Fig. 3 a) CD/CPL, b) absorption/fluorescence, and c) calculated 
gabs/glum for (1R)-(-)-camphorquinone (blue) and (1S)-(+)-

camphorequinone (red). d) structures of (1R)-(-)-camphorquinone 
(blue) and (1S)-(+)-camphorequinone (red).
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High-resolution measurements of complexes exhibiting very narrow CPL and fluorescence bands 

Lanthanoid complexes are widely used as LED materials because of their strong sharp optical emission. They also 
have potential applications in products such as 3D displays and security markers, and synthesis and evaluation of 
lanthanoid complexes exhibiting CPL are underway. 

Figure 4 shows the change in the CPL spectrum of Eu(facam)3 with fluorescence bandwidth (SBW). Even for 
compounds producing a very sharp CPL spectrum like Eu(facam)3, the CPL-300 is capable of high-resolution 
measurements with a small fluorescence bandwidth.

Magnetic CPL 

In cases where a molecule or sample do not exhibit CPL signal, a magnetic field 
can potentially be employed to induce CPL. This can be accomplished through 
use of a permanent magnet (Figure 5) or an electromagnet. Notably use of a 
magnetic field allows for measure of CPL from substances that are achiral. Organic 
substance, such as pyrene and pyrene derivatives, are sensitive to MCPL effects, 
but commonly organic-inorganic complexes are of most interest. Metal binding to 
organics often leads to charge transfer like states that can act as antennae for the 
magnetic field to interact with.

Fig. 5 The permanent magnet 
holder used for magnetic CPL 

measurements 

Fig. 4 High-resolution CPL spectra of Eu(facam)3 

The CPL spectrum for phthalocyanine zinc (Figure 6) is inverted according 
to the direction of the magnetic field. Without a magnetic field the zinc 
complex exhibits no CPL signal.

Solid Samples 

In the case of a solid sample such as a powder, the spectrum may be 
affected by artifacts due to birefringence. To determine whether such 
artifacts are present, it is necessary to measure enantiomers to obtain 
symmetric spectra, and to rotate the sample around the optical axis to find 
whether the spectral shape changes or not. Rotation can be accomplished 
through the use of specialized sample holders such as the pellet holder 
shown in Figure 7.

Fig. 8 shows spectra of powdered Eu(facam)3 in a KBr pellet. The spectra were obtained at rotation angles of 0°, 45° 
and 90°. It can be seen that there is no significant change in spectral shape with rotation angle, indicating that there 
are no birefringence artifacts.

Fig. 6 Magnetic CPL spectra of  
phthalocyanine zinc

Fig. 7 The CPL-300 sample chamber with 
the solid sample holder in place 

Fig. 8 CPL and fluorescence spectra of 
Eu(facam)3 in a KBr pellet 
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Circularly polarized luminescence and Fluorescence 

CPL is defined as 

∆I= IL−IR

Where IL and IR are the emissive intensity for left-handed and right-handed circularly polarized emission respectively. 
The fluorescence is calculated from these two components as 

IL+IR 

2
 
The luminescence dissymmetry factor (glum) is then easily found as

∆I
I

 
Generally, this factor is proportional to the absorbance dissymmetry factor gabs. 

Measurement Strategies 

Sample concentration and path length 

Like circular dichroism spectroscopy sample concentrations and path length play an important role in acquiring proper 
CPL data. Like emission spectroscopy consideration must be paid to sample absorbance to avoid reabsorption 
artifacts. Collection of CD and absorbance spectra are essential for determining proper CPL sample concentrations 
and path lengths. Likewise, the strength and position of the fluorescence or emission signal are also important to 
consider. Collection of emission spectra in addition to CD spectra allow for the finding an ideal concentration and 
pathlength where emission signals are high while CD and absorbance signals are low enough to avoid artifacts. 

Accumulations 

Signal to Noise of CPL experiments relies heavily on the accumulating multiple scans. This is largely due to the fact 
that CPL is a difference measurement where the difference between left- and right-handed polarized emission is 
much less in orders of magnitude that standard emission. Increasing number of acquisitions will greatly aid signal 
to noise. 

Fig. 10 (a) shows CPL spectra of wild-type GFP.  Although the sample 
concentration was only 30 μg/mL and the optical path length was only 10 
mm, the CPL spectrum could be clearly observed by increasing the number 
of accumulations. 

Although the S/N could be further improved by using a larger number of 
accumulations, proteins can become photodegraded under prolonged 
illumination. Therefore, the temporal change in the fluorescence spectrum 
was monitored. Fig. 10 (b) shows the 1st, 9th, 25th and 36th fluorescence 
spectrum obtained during the CPL measurements. It can be seen that even 
after 36 accumulations, no change in the spectral shape occurred.

Fig. 9 Structure of GFP from  
PDB entry 1 EMA  

Image courtesy of http://www.ebi.ac.uk/ 

I=

glum= 
 

Correction of CPL signals for CD artifacts 

In fluorescence spectroscopy one of the common artifacts to avoid is reabsorption and CPL has a similar struggle 
to overcome. CD bands overlapping with CPL bands can lead to distortion in the CPL signal. These effects can be 
corrected using the equation 

[(a*ln(10)* ∆A*Fobs)+CPLobs] 
T

Where T is the observed transmittance in the CPL spectrometer, Fobs  is the observed fluorescence signal, CPLobs 
is the observed CPL signal and a is a correction factor to compensate for differences between CD and CPL path 
lengths. It is defined in the equation  

∆A= a*∆A
 
Where ∆A is the absorbance of the sample in the CPL experiment and ∆A is the absorbance difference in the CD 
experiment. An in depth explanation of this correction procedure is provided by Castiglioni et al.1
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