
 

 
 
 
 

Dissertation 
 

Vibrational Circular Dichroism in the liquid phase – 
Opportunities through mid-IR lasers 

 
A thesis submitted for the degree of 

Doctor of Technical Sciences (Dr. techn.) 
at 

Technische Universität Wien 
Faculty of Technical Chemistry 

Institute of Chemical Technologies and Analytics 
 

under supervision of 

Univ. Prof. Dr. Bernhard Lendl 
& 

Dr. Georg Ramer 

defended by 

Daniel-Ralph Hermann, MSc 
Mat. Nr. 51818034 

 
 
 
 
 
 

Vienna, July 2024      



 

  



 iii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

“No one can pass through life, any more than he can pass through a bit of country, without leaving 
tracks behind, and those tracks may often be helpful to those coming after him in finding their way.” 
- Robert Baden-Powell 

  



 iv 

  



 v 

Abstract 
Chirality refers to the inability of a compound to be superimposed on its mirror structure. This 
characteristic is prevalent in the biochemical world, occurring both in small molecules as well as in 
the large structures of enzymes and receptors. Due to this broad occurrence of chirality, a closer 
understanding of the specific chirality of a given analyte is essential in fields such as pharmaceutical 
production or catalysis.  
One of the most versatile chiral analytical methods is vibrational circular dichroism (VCD), which 
relies on the difference in absorbance for left and right-handed circular polarized light. Due to its 
operation in the infrared spectral region, it is broadly applicable for the study of organic and 
inorganic molecules. However, VCD is also characterized by its low signal intensity, commonly in 
the order of 10-5 less compared to its absorbance counterpart. As a result, typical measurements 
using state of the art Fourier-transform infrared (FT-IR) spectrometers require several hours of 
averaging to achieve satisfactory signal to noise ratios (SNR), limiting its applicability to carefully 
controlled end of the line experiments instead of possible monitoring applications.  
In this thesis a quantum cascade laser (QCL) based VCD system was constructed as a possible way 
to counteract the challenges of VCD measurements. QCLs constitute high power, tunable lasers in 
the mid-infrared region. Their inherently polarized emission lends itself well to VCD applications. 
The constructed system was based on a balanced detection scheme, which compensates for the 
intensity noise introduced by the light source. In this way it was possible to report for the first time 
the outperformance of FT-IR-VCD in terms of SNR and acquisition time. It was possible to record 
low noise VCD spectra at measurement times of a few minutes. Indeed, this enabled monitoring of 
chiral changes at a time resolution below 3 minutes for small molecules in organic solvents. 
Dedicated chemometrics were explored to further advance the instrument design as sensor 
application.  
QCL-VCD was further employed to explore secondary structure evaluation of proteins in solution. 
For this, the system was optimized by tailoring the emission spectrum in order to compensate for 
the strong absorbance of H2O. Therefore a longer pathlength (26 µm vs 8 µm) could be used and 
concentrations down to 10 mg/mL were accessible. Following this, even lower concentrated 
solutions were investigated by switching from H2O to D2O and increase the pathlength to 204 µm. 
With the constructed QCL-VCD system it was possible to measure low concentrations of proteins in 
D2O down to 2 mg/mL over the amide I and amide II spectral range at 1 h measurement time. Since 
most of the structural information is contained in the amide I band, the laser could be set to only 
cover this area. This enabled secondary structure evaluations at a measurement time of 5 minutes. 
This is a significant improvement compared to the FT-IR measurement time for the equivalent noise 
which was 40 min. This proved both the versatility of QCL-VCD and also the potential applications 
it enables, ranging from sensor design to protein structure evaluation at a dynamic level. 
 
 
 
 
 
 
 
Keywords: Mid-infrared spectroscopy | Vibrational circular dichroism | Quantum cascade lasers | 
Chiral monitoring | Liquid-phase analytics | Protein analytics 
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Kurzfassung 
Unter Chiralität versteht man die Unfähigkeit einer Verbindung, sich mit ihrem Spiegelbild zu 
überlagern. Diese Eigenschaft ist in der biochemischen Welt weit verbreitet, sie kommt sowohl in 
kleinen Molekülen als auch in den großen Strukturen von Enzymen und Rezeptoren vor. Aufgrund 
dieses breiten Vorkommens von Chiralität ist ein genaueres Verständnis der spezifischen Chiralität 
eines bestimmten Analyten in Bereichen wie der pharmazeutischen Produktion oder der Katalyse 
von entscheidender Bedeutung.  
Eine der vielseitigsten chiralen Analysemethoden ist Vibrationszirkulardichroismus (VCD), der auf 
dem Unterschied in der Absorption für links- und rechtsdrehend zirkular polarisiertes Licht beruht. 
Da die Technik im infraroten Spektralbereich arbeitet, ist sie für die Untersuchung organischer und 
anorganischer Moleküle vielseitig einsetzbar. VCD zeichnet sich jedoch auch durch eine geringe 
Signalintensität aus, die üblicherweise in der Größenordnung von 10-5 weniger im Vergleich zu 
seinem Gegenstück in der Absorption liegt. Daher erfordern typische Messungen mit Stand der 
technik Fourier-transform infrared (FT-IR) Instrumenten Mittelungen über mehrere Stunden, um 
zufriedenstellende Signal-Rausch-Verhältnisse (SNR) zu erzielen, was ihre Anwendbarkeit auf 
sorgfältig kontrollierte End-of-the-Line-Experimente anstelle möglicher Monitoring-Anwendungen 
einschränkt.  
In dieser Arbeit wurde ein auf einem Quantenkaskadenlaser (QCL) basierendes VCD-System 
konstruiert, um die Herausforderungen von VCD-Messungen auszugleichen. QCLs sind 
leistungsstarke, durchstimmbare Laser im Infrarotbereich. Ihre inhärent polarisierte Emission 
eignet sich gut für VCD-Anwendungen. Das konstruierte System basierte auf einem „Balanced 
detection“ Schema, dass das durch die Lichtquelle verursachtes Intensitätsrauschen kompensiert. 
Auf diese Weise war es erstmals möglich, eine bessere Leistung als Fourier-Transform-Infrarot (FT-
IR) VCD in Bezug auf SNR und Aufnahmezeit zu melden. Es konnten rauscharme VCD-Spektren bei 
Messzeiten von wenigen Minuten aufgenommen werden. Dies ermöglichte tatsächlich die 
Überwachung chiraler Veränderungen mit einer Zeitauflösung von weniger als 3 Minuten für kleine 
Moleküle in organischen Lösungsmitteln. Dezidierte Chemometrie wurde untersucht, um das 
Instrumentendesign als Sensoranwendung weiter voranzutreiben.  
QCL-VCD wurde außerdem eingesetzt, um die Sekundärstrukturanalyse von Proteinen in Lösungen 
zu untersuchen. Dafür wurde das System optimiert indem das Emissionsspektrum angepasst hat 
um die starke Absorption von H2O zu kompensieren. Daher konnte eine längere Schichtdicke 
(26 µm gegenüber 8 µm) verwendet werden und Konzentrationen bis hinunter zu 10 mg/mL waren 
messbar. Anschließend wurden noch niedriger konzentrierte Lösungen untersucht, indem von H2O 
auf D2O umgestellt hat und die Schichtdicke auf 204 µm erhöht wurde. Mit dem konstruierten QCL-
VCD-System war es möglich, niedrige Proteinkonzentrationen in D2O bis hinunter zu 2 mg/mL über 
den Amid-I- und Amid-II-Spektralbereich bei einer Messzeit von 1 Stunde zu messen. Da die meisten 
Strukturinformationen im Amid-I-Band enthalten sind, konnte der Laser so eingestellt werden, dass 
er nur diesen Bereich abdeckte. Dies ermöglichte Sekundärstrukturanalysen bei einer Messzeit von 
5 Minuten. Dies ist eine erhebliche Verbesserung im Vergleich zur FT-IR-Messzeit für das 
äquivalente Rauschen, die 40 Minuten betrug. Dies bewies sowohl die Vielseitigkeit von QCL-VCD 
als auch die damit verbundenen potenziellen Anwendungsmöglichkeiten, die vom Sensordesign bis 
zur Bewertung der Proteinstruktur auf dynamischer Ebene reichen. 
 
Schlagworte: Mid-infrarot Spektroskopie | Vibrationszirkulardichroismus | Quantenkaskadenlaser 
| Chirales Monitoring | Flüssigphasen Analytik | Proteinanalytik 
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1. Introduction 
1.1 Motivation and scope of the work  

The mid-infrared (mid-IR) is an information rich spectral region, containing structural information 
on nearly all organic molecules. In addition, this information is accessible in a label-free and non-
destructive manner through vibrational spectroscopy. This wealth of information can be even 
further increased by adding a chiral dimension to the analytical workflow, a technique called 
vibrational circular dichroism (VCD). However, this added dimension also comes with additional 
challenges, since the low intensity of chiral signals necessitates very low noise floors, corresponding 
to long measurement times.1  
Around the same time the first commercial VCD instruments were introduced, the field of 
vibrational spectroscopy was revolutionized by the development of quantum cascade lasers (QCL). 
Providing powerful, highly polarized and coherent laser light in the mid-IR range, they opened 
additional avenues for accessing the vibrational information outside of classical absorption 
techniques. Besides new techniques, adaptations of already established methods to include laser 
spectroscopy had the potential of improving sensitivity and time resolution. One of the fields that 
would obviously improve significantly by the implementation of QCLs is VCD. Since VCD relies on 
quantifying small differences in the absorption of alternatingly circular polarized light, a powerful, 
inherently polarized light source seems to be the perfect fit. Indeed, the first combination of QCL 
and VCD technology was published in 2011.2 However, by the time this thesis was started QCL based 
VCD measurements had yet to outperform commercial instruments and no new developments 
were reported.3,4   
The work presented in this thesis was performed in the research group for Process Analytics, 
internationally known as Chemical Analysis and Vibrational Spectroscopy (CAVS), at TU Wien. This 
group is headed by Prof. Bernhard Lendl, and its research revolves around solving analytical 
challenges by vibrational spectroscopy, with an emphasis on developing novel optical systems. 
Consequently, the aim was to improve upon QCL-VCD spectroscopy and help to realize its potential 
as an important analytical technique. This endeavor was based on combining the experience 
present in the research group on low noise laser spectroscopy with the new avenue of QCL-VCD. 

1.2 Chirality in the chemical world 
To better understand the importance of VCD, it needs to be evaluated in the broader context of 
chirality, its implications for biological organisms and state of the art analytical methods. This will 
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be done in the following, with an emphasis on when which method could prove to be the superior 
analytical tool to solve a given research question.  

1.2.1 Definitions and impact of chirality 

In the International Union of Pure and Applied Chemistry (IUPAC) Compendium of Chemical 
Terminology (= “Gold Book”) chirality is defined as a “The geometric property of a rigid object (or 
spatial arrangement of points or atoms) of being non-superposable on its mirror image”.5 Chirality 
is of interest to a large variety of fields, but for the purposes of the chemical world, the “spatial 
arrangement of [..]atoms” takes center stage.5 This characteristic can be found in both inorganic 
and organic molecules and also be present regardless of the state of matter.6,7 In the chemical 
world, the main focus of chiral studies is on organic molecules based on a carbon backbone.8 The 
most basic form of chirality in the organic world is the result of a change in rotation at a single 
carbon atom (called carbon center), resulting in a pair of molecules called enantiomers. An example 
of this can be seen in Figure 1, which shows the enantiomers of the pharmaceutical active 
ingredient thalidomide.  

 
Should an equal amount of both enantiomers be present, the mixture would be defined as a 
racemate, or racemic mixture, and express no sum chirality. In more complex molecules, two or 
more chiral centers can exist, resulting in several possible stereoisomers. If the molecules differ on 
more than one, but not all chiral centers, they are called diastereomers, if they differ on all of them 
they are again classified as enantiomers.9,10 Quinine is a well-known example of a system of 
diastereomers, with its multiple conformers exhibiting differences in their chemical activity.9  
However, the most prominent source of chirality is the biological world, including the human body. 
This aspect begins on the smallest level, with a universal preference in most organisms for the L-
form of the proteinogenic amino acids. As a consequence, chemical reactions catalyzed by enzymes 
(made up of only L-amino acids) show a stereoselectivity.11 In addition to the chirality of their 
building blocks, protein exhibit macromolecular chirality as well.12,13 Due to the different residuals 
of the amino acids making up a protein and their sequence along the chain, different secondary 

Figure 1 | The two enantiomers of the pharmaceutical active ingredient thalidomide. The chiral 
center is marked by the green ellipse.  
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structures are formed. The secondary structure is a combination of β-sheets, α-helixes and turns, 
which then in turn define the proteins tertiary structure.12,14 Protein chemistry relies heavily on 
enzymatic reactions, during which the correct reaction partners are brought into close contact as a 
result of the interaction between the proteins structure and the substrate. It can therefore be 
reasoned that understanding the chirality involved with proteins forms the basis for understanding 
their behavior, as the majority of their structure can be directly linked to their chirality.15,16  
With chirality ingrained in the basic workings of the human body, it stands to reason that the whole 
organism expresses significant stereoselectivity in its interaction with chemical agents. A benign 
example of this is the smell of limonene, either reminiscent of lemons or of oranges, depending on 
the enantiomer present.12 However, the less then benign ramifications have galvanized the interest 
in chirality and resulted in regulatory consequences. The text book example for a negative impact 
of chirality is the thalidomide scandal of the 1950s-1960s.11,17,18 Thalidomide, see Figure 1, is a 
pharmaceutical agent possessing one chiral center, resulting in two enantiomers, and was 
marketed as a sleeping agent or sedative. Since it was effective for this indication, it was also 
marketed to relieve morning sickness during pregnancy. However, thalidomide, more precisely its 
S-enantiomer, also possesses teratogenic properties. This characteristic and its specific marketing 
group lead to thousands of children being born with limb deformities, causing public outrage and 
judicial consequences for the scientists and officials involved in releasing this drug to the 
market.10,11,17 Later research on the drug rebutted the simplification that an enantiomeric pure drug 
could have prevented the tragedy, as significant in-vivo racemization seems to play a role for 
thalidomide’s toxicity.10,17 Nevertheless, it was made clear that an accurate understanding of a 
promising drug’s chirality is essential to prevent adverse effects and improve efficacy. Indeed, 
proceedings specifically addressing chiral drug design with an emphasis on enantiopurity have been 
implemented by the European Medicines Agency (EMA) since 1994.11  
Consequently, drug design has raced to implement both asymmetric synthetic routes as well as 
chiral analytics to monitor and control enantiomeric purity during production and product quality 
control.19,20  

1.2.2 Chiral analytics 

Chiral analytics is a diverse field, relying on a number of underlying principles to determine the 
absolute configuration of an analyte. As is often the case for analytical problems, the choice of 
method depends on the environment of the analyte, the analyte itself and, especially critical for 
chiral analytics, the availability of suitable instrumentation.  
Single crystal X-ray diffraction has been regarded as the gold standard for structure elucidation for 
decades.10,19,21 It is based on illuminating a crystal formed from the molecule with X-ray radiation 
at specified angles. By recording and analyzing the diffraction pattern, a 3-dimensional map of the 
analyte’s electron density can be created and converted to its atomic configuration. The absolute 
configuration can then be determined based on this data.19 While a very powerful technique and 
rightly regarded as the gold standard, X-ray diffraction relies on the presence of a crystal of suitable 
quality. However, obtaining this crystal is not possible for all analytes, and even if theoretically 
possible, the practical workflow of crystal growth is everything except straight forward. It’s success 
relies on the experience and skill of the operator and is even in the best case very time 
consuming.10,19 It therefore constitutes a bottle neck in a chiral analytical workflow and also the 
provided information is only a snapshot of the analyte conformation in a non-natural environment. 
Also, for the purpose of chiral monitoring and process analytical technology (PAT) it is unsuitable 
due to the time and labor-intensive sample preparation.  
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While nuclear magnetic resonance (NMR) spectroscopy on itself cannot distinguish between 
enantiomers, it can gain this capability by a dedicated sample pretreatment.19 In 1973 Dale and 
Mosher introduced a derivatization of the analyte with both enantiomers of α-Methoxy-α-
trifluoromethylphenylacetic acid, resulting in the formation of diastereomers.22 By comparing the 
H1 spectrum of each produced diastereomer and calculating the differences in chemical shifts 
between them one can assign the absolute configuration of the analyte.19,22 The big advantage of 
this method, which is known after it’s inventor as Mosher NMR, is the broad availability of NMR 
instruments in most chemical labs, However, the obvious disadvantage is the intensive pre-
treatment and also the limited applicability, since suitable functional groups (alcohols or amides) 
must be present on the analyte. The pre-treatment also makes it not suitable for real time process 
monitoring applications.  
Chiral separation techniques are mainly composed of liquid chromatography and capillary 
electrophoresis (CE). Chiral liquid chromatography is an extension of chromatography, commonly 
known as the workhorse of any modern analytical lab, that is also suitable for chiral analysis.23–25 
This chiral sensitivity is introduced by modifications of the stationary or mobile phase with chiral 
compounds. Among the most popular compounds are cyclodextrin, poly-saccharides or macrocyclic 
antibiotics.23–25 Both cyclodextrin and poly-saccharides form chiral macrostructures, that selectively 
complex and retain one enantiomer, resulting in differences in retention time for the 
enantiomers.24 Macrocyclic antibiotics on the other hand contain multiple chiral centers and 
functional group, enabling a range of interaction with the analyte. The result is the same, a 
separation of the two enantiomers in time. The construction of chiral stationary phases based on 
these materials is a very mature field, and high separation efficiencies can be achieved.  
Capillary electrophoresis is generally characterized by a reduced analysis time and buffer volume 
compared to liquid chromatography.23,24 In contrast to chromatography, in CE the mobile phase is 
not actively pumped but instead moved by an electric field between the two ends of the capillary. 
Chiral CE is for the most part operated in the electrokinetic chromatography mode, in which the 
selector is directly dissolved in the mobile phase and then forms temporary complexes with the 
analyte.23,26,27 These interactions influence the traveling speed as a function of the molecules chiral 
identity. Like for chromatographic methods, cyclodextrin is also the most used chiral selector for CE 
applications. Cyclodextrin can also be implemented in micellar electrokinetic CE, in which chiral 
micelles are formed. In this case the migration of the analyte into the micelle is affected by its 
absolute configuration, resulting in a chiral separation.26,27 However, while chiral separation is very 
efficient, neither chromatography nor CE can assign absolute configuration on its own. This 
determination can only be achieved by coupling to optical techniques or by comparing the 
chromatogram to one obtained from a similar compound with known absolute configuration.28 
One of the optical techniques that can be coupled to chromatographic methods but also employed 
as a stand-alone method is optical rotation (OR). It relies on the change of rotation linearly polarized 
light experiences when travelling through an optically active sample.10,19,28 The fairly simple 
measurement scheme, only relying on two linear polarizers and a light source has resulted in its 
broad acceptance and till recently it was the only chiral method accepted by the federal drug 
administration.29 Generally it is measured on the Sodium D line (589 nm) and in defined solvents. 
However, it is heavily influenced by temperature, impurities and solvent interactions which can 
even result in a reversal of the OR response. Due to this instability, is has not been further expanded 
for more complex or mixed samples.10,19  
Another optical technique is electronic circular dichroism (ECD) which analyses the differences in 
absorbance for left and right-handed circularly polarized in the UV-vis region (~190 -900 nm) of the 
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electromagnetic spectrum. The difference in absorbance between the two polarization states is in 
most cases minimal, in the order of 10-3 less compared to the parent absorbance.30–32 Due to the 
broader wavelength range, changes in solvent and temperature, which detrimentally affect OR, can 
be compensated more easily and do not affect the evaluation of absolute configuration. For two 
enantiomers of equal concentration, their ECD spectrum would be equal in intensity, but opposite 
in sign, allowing for an assessment of the absolute configuration.30–32 Additionally, the analyte can 
be evaluated in its natural environment, without any pretreatment necessary. However, for a 
molecule to be ECD active, it needs to contain suitable chromophores providing for example -* 
transitions, restricting its broad applicability. Possible examples of chromophores are double bonds 
or carbonyl containing functional groups.10,19  
Vibrational circular dichroism and Raman optical activity (ROA) are both grouped under the 
umbrella term vibrational optical activity (VOA) and will therefore be discussed together. Like ECD, 
these techniques analyze the interaction of the analyte with circularly polarized light.1,13 VCD can 
be viewed as either the extension of ECD in the infrared (IR) spectral region, or as the chiral 
counterpart to classical IR spectroscopy. It measures the chiral absorbance differences occurring in 
vibrational transitions in the chemical bonds of the analyte, resulting in +/- couplets, similar to ECD 
spectra. ROA on the other hand is also based on vibrational transitions in the analyte, however it 
evaluates the differences in circularly polarized light components in inelastically scattered 
photons.13,33 It is therefore an extension of the classical Raman effect. Since both techniques rely 
on vibrational transitions, they are not limited in applicability, as all organic molecules express 
vibrational transitions that are accessible by at least one of these techniques.10,34 Like ECD, both 
VCD and ROA are capable of assessing the chirality of an analyte in its natural environment, giving 
more insight in its actual structure. The consistent challenge of both techniques however is their 
weak signal intensity, resulting in the necessity of long measurement times, up to one day , to 
achieve satisfactory signal-noise ratios (SNR).34–37 This is especially true for ROA, being a derivative 
of spontaneous Raman, which is characterized by a small cross section and therefore rather weak 
scattering intensities. In addition, the long exposure of the sample to the high energy laser beam 
can lead to sample deterioration. While commonly faster than ROA, VCD is challenged by sample 
interference, especially by water, a commonly used solvent in biological studies. These 
interferences limit the applicable pathlength, and therefore the signal intensity, for IR and VCD 
spectroscopy severely.  
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Table 1 | Overview of the discussed chiral analytical methods.  

Method Requirements Advantages Disadvantages 

X-ray diffraction crystal Absolute 
determination 

Crystal formation is 
challenging 

Mosher NMR alcohols, amines Easy accessibility Derivatization is necessary 
Chiral  
separation 

- High performance, 
high throughput 

No absolute 
determination, no 
monitoring capabilities 

OR - Easy accessibility and 
measurements 

 

ECD chromophores Good SNR Limited applicability 

VOA 

VCD - Near universal 
applicability 

Weak signal, solvent 
absorbance interferences 

ROA - Near universal 
applicability 

Weak signal, possible 
sample deterioration  

NMR … nuclear resonance spectroscopy; OR … optical rotation; ECD … electronic circular dichroism; SNR … signal-
noise ratio; VOA … vibrational optical activity; VCD … vibrational circular dichroism; ROA … Raman optical activity 

 
 

2. Vibrational circular dichroism 
As already mentioned, vibrational circular dichroism can be viewed as the chiral analysis of 
vibrational transitions.1,6,38 Vibrational transitions are commonly assessed in the mid-infrared 
spectral range, between 2.5 - 25 µm (4000-400 cm-1), although for commercial instruments the long 
wave cut-off for VCD is located around 600 cm-1.1 In this part of the spectrum, fundamental 
vibrations arising from the chemical composition and arrangement of the analytes can be observed. 
Indeed, as will be shown, analyzing the vibrational transitions allows for the understanding of both 
the chemical composition and inter- and intramolecular interactions of a given molecule. The 
theoretical basis for VCD will be built up by way of explaining the fundamentals of light-matter 
interaction, the origin of vibrational motions, and how the combination of different oscillators in a 
molecule will affect the observed spectrum both in classical IR spectroscopy as well as in the context 
of VCD. Following this, the necessary instrumentation for the realization of VCD measurements will 
be explained. For more detailed information about vibrational spectroscopy, the interested reader 
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is referred to ref. 39–42. A more in depth discussion of VCD and VOA in general can be found in ref. 1,43. 

2.1 Fundamentals of spectroscopy 
Vibrational spectroscopy, like all spectroscopic techniques, relies on measuring the interaction of 
light and a chosen sample.40,41 Energy can be stored in molecules in quantized amounts. The 
electronic, vibrational and rotational energy levels are important for optical spectroscopy. To get a 
better picture of this interaction first the nature of light needs to be discussed, followed by the 
energy levels involved in vibrational transitions.  
Light can be described as the combination of an electric field and an orthogonally oriented magnetic 
field component. The defining characteristic of this combination is the distance between two 
subsequent maxima of the fields, which is called the wavelength λ. Based on the wavelength, �̅� and 𝜈  being the wavenumber and frequency of the light respectively, both further important 
characteristics can be derived: 

�̅� = 1𝜆 = 𝜈𝑐𝑛λ  (1) 

with c being the speed of light in vacuum and 𝑛λ being the refractive index of the medium the light 
is travelling through at the specified wavelength. The frequency is defined as the cycles per unit of 
time and is normally expressed in Hz. Wavenumber on the other hand defines the number of 
wavelengths fitting in a specific distance and is generally expressed as cm-1. �̅� is also the preferred 
quantity for vibrational spectroscopy. The wavelength could theoretically be expressed as the SI-
unit m, but for the wavelength range interesting for chemical analysis, nm or µm are more 
appropriate. Alternatively, the spectral area could also be mapped by the corresponding energy in 
joule or eV. 
The wave characteristics of light can also be used to visualize the polarization of light. A common 
case for this is to assume that the light beam is propagating along the z-axis, with two electric field 
vectors of orthogonal (horizontal and vertical) orientation being visualized on the x- and y-axis 
respectively. The two fields can differ in their amplitude (Εx, Εy) and can experience a phase shift 
(∆𝜙) relative to each other on the z-axis. Their combination, when viewed at the XY-plane (i.e. the 
detector) is generally described as an ellipse and can be called elliptic polarization. By varying ∆𝜙 
one arrives at different special polarization states. If ∆𝜙 = 0, the ellipse shrinks to a line, resulting 
in linear polarization, with an angle of tan-1(Εy/Εx). If Εx =  Εy  and ∆𝜙 =  ± π2 , the resulting 
polarization states are called right-handed (+) and left handed circular polarized light (-). In Figure 
2 the different polarization states are depicted.44  
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Most real-life light sources will emit field vectors of various orientations, amplitude and 
wavelength. The overlap of all these vectors yields no clear orientation and shape at the XY plane, 
and it is therefore called unpolarized light. Spectrometers relying on specific polarization states 
throughout the optical train are based on polarization optics. Unpolarized light can be converted to 
linear polarized light of the desired orientation by a polarizer, which transmits only one orientation 
of field vectors. Subsequent retarding elements (waveplates, modulators) can introduce the desired ∆𝜙 to produce elliptic or circular polarization of different orientations. 

In addition to describing light as an electromagnetic wave, light can be defined on a particle levels, 
being made up of photons carrying specific energy packets called quanta.40,41 The energy 
transmitted by light is related to its frequency by:  𝐸 = ℎ𝜈 (2) 

This equation combines the already known quantity of frequency and the Planck constant 
(ℎ = 6.626 x 10-34 Js). The interaction of light with matter is defined by the transfer of energy. 
Photons can be absorbed, transferring energy to the molecule, or a photon can be emitted, for 
example during fluorescence processes, transferring energy from the molecule to the emitted 
photon. For absorption phenomena, the transfer of energy leads to the elevation of the molecule 
to a higher energy level.  
However, like the energy contained in photons, a molecule has defined discrete levels. The 
consequences of this can be seen in Figure 3, where light composed of two different frequencies is 
directed at L-alanine. Since Eb matches the energy gap E0-E1, it is absorbed, and L-alanine is elevated 
to E1. Ea matches no energy gap and is therefore fully transmitted.  

Figure 2 | Polarized light, achieved by the combination of horizontal and vertical oriented field vectors with 
different phase shifts relative to each other. 
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The depicted energy levels changes of L-alanine can be traced back to several distinct changes in 
the molecule. High energy light, like the UV-vis spectral range, between ~190 and 800 nm, can 
trigger changes in the electronic energy (Eel) in the molecule. Changes in Eel are characterized by 
the excitation of electrons in chromophores to higher energy level orbitals.  
If incoming light is characterized by lower energy (=longer λ) the excitation of electrons is no longer 
possible. Instead, vibrational (Evib) and in some cases rotational transitions (Erot) in the molecule are 
occurring. Several vibrational energy levels are located between the different electronic energy 
levels, with several rotational energy levels occurring between different vibrational energy levels, 
see Figure 3. In contrast to Eel, those transitions do not result in changes in the electron distribution 
but in changes in the relative motions of two or more atoms in a given molecule. However, their 
occurrence is dependent on two conditions: the energy gap must be equal to the energy of the 
incoming light and the corresponding movement must lead to a change in the dipole element of 
the molecule. Due to this characteristic, analyzing vibrational transitions, or vibrational 
spectroscopy, is sensitive to the structure of a molecule and is also broadly applicable since it does 
not rely on specific chromophores. As is obvious from the name, vibrational spectroscopy is based 
on the analysis of these transitions, and the applicable spectral area ranges from ~800 nm to 1 mm.  
Due to this broad wavelength area, the energy delivered by the photons varies greatly and 
correspondingly the effects on the absorbing molecule also vary significantly. In a practical context, 
the spectral range is divided into the near-infrared (NIR), the mid-infrared (mid-IR) and the far-
infrared (FIR) or terahertz spectral areas.  
The NIR region ,12 500 - 400 cm-1, contains high enough energy to excite overtone and combination 
vibrations.39 These transitions are not easily attributable to the different parts of a given molecule, 
and extensive chemometrics is therefore often necessary for interpretation. Experimentally, it is 
characterized by the highest source power and highest detector efficiency of the discussed 
areas.34,45 It is commercially available as an effortless extension of mid-IR-VCD instruments, with 
only an exchange of the source being necessary. As a consequence, while not as widespread as MIR, 
NIR-VCD spectra have been measured and indeed good chiroptical spectral data exist up to 
11 000 cm-1.34,45,46 
The mid-IR region, 4000 – 400 cm-1 (or 600 cm-1), is home to fundamental vibrations of chemical 
bonds.1,41 It is therefore the easiest to interpret the spectral data and directly link it to the chemical 
composition and arrangement of a given molecule.39 This characteristic makes it the most used area 

Figure 3 | Light of two different frequencies (a and b) illuminating L-alanine. Since Eb matches the electronic energy 
gap, L-alanine is elevated to E1, absorbing Eb, resulting in no transmission. Ea does not match any energy gap and is 
therefore fully transmitted. Besides the electronic levels, also the vibrational and rotational energy levels are depicted. 
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for both classical IR spectroscopy, as well as for VCD, being the focus of design for all commercial 
VCD instruments. All experimental work discussed in this study has been performed in the mid-IR 
spectral region. Experimentally, it is characterized by short pathlength, and low detector sensitivity 
at room temperature, resulting in the need for cryogenic cooling.  
The FIR region, 400 – 10 cm-1, analyses rotational transitions as well as low frequency skeletal 
vibrations. Due to the hard cut-off at 600 cm-1 imposed by the optics used for commercial VCD 
instrument, FIR-VCD is not a common research technique, and any implementations necessitates 
custom built instruments.47 Modern realizations mostly focus on utilizing the lower frequency 
(<50 cm-1) radiation for chiral sensing for very specific scenarios.48,49  

2.2 Vibrational transitions 
Above the conditions of the incident light and how it is changed by interaction with molecules are 
discussed. However, also the origin of the fundamental vibrations and an approximation of their 
location in the spectral frequency domain needs to be discussed.  

2.2.1 Harmonic vs. anharmonic oscillator 

A given molecule can undergo numerous possible vibrations, rotations and translation. The number 
of possible fundamental vibrations depends on the number of atoms in the molecule and its 
geometry, and it can be calculated by: 𝐷𝑂𝐹 (𝑙𝑖𝑛𝑒𝑎𝑟) = 3 ∗ 𝑁 − 6 𝐷𝑂𝐹 (𝑛𝑜𝑛 − 𝑙𝑖𝑛𝑒𝑎𝑟) = 3 ∗ 𝑁 − 5 

(3) 
(4) 

with DOF referring to the number of possible vibrations (degree of freedom), N being the number 
atoms in the molecule and a specific loss of DOF being introduced based on the geometry (linear or 
non-linear) of the molecule. 
To visualize these vibrations, the concept of a harmonic oscillator, based on Hooke’s law, was 
borrowed from classical mechanics. The simplest case is depicted in Figure 4 (a), with two atoms of 
different masses (m1, m2) connected by a spring defined by a force constant (k, equaling the bond 
strength in this chemical model). With no external energy applied, the masses are separated by the 
equilibrium distance xe, which is the distance probable at the energy minimum for this molecule. If 
energy is applied, the masses will begin to oscillate, resulting in a displacement 𝑥. The amplitude of 
their movement being inversely proportional to their respective mass.39 The motion of this 
oscillator can be described by: 𝑚𝑎 =  −𝑘𝑥 𝑜𝑟 𝑚�̈� =  −𝑘𝑥 (5) 

With 𝑎 being the acceleration or the second derivative of the displacement 𝑥. This can be rewritten 
as: 

�̈� + 𝑘𝑚 𝑥 =  0 (6) 

which can be solved as to describe the position of the oscillator as a function of time as  

𝑥(𝑡) = 𝐴 cos (√ 𝑘𝑚 𝑡 + 𝛼) (7) 
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With 𝐴 being the amplitude of the motion, √ km being the angular frequency (𝜔) and 𝛼 being the 

phase. This equation can be used to calculate the frequency of the oscillator depending on the 
masses of the oscillating atoms (𝑚1, 𝑚2) and the strength of their chemical bond (𝑘) according to: 

𝜈 = 12𝜋 𝜔 =  12𝜋 √ 𝑘𝑚 =  12𝜋 √𝑘 ( 1𝑚1 + 1𝑚2) (8) 

In the context of vibrational spectroscopy, the wavenumber position, �̅�, is more frequently used for 
the interpretation of spectral data than the classical frequency or the related photon energy. 
Therefore eq. (8) is adapted according to eq. (1): 

�̅� =  12𝜋𝑐 √𝑘 ( 1𝑚1 + 1𝑚2) (9) 

In addition to the wavenumber position of a given vibrational mode, the harmonic oscillator model 
can be employed to calculate potential energy (V) and the kinetic energy (T) corresponding to the 
displacement (𝑥) of the spring:  

𝑇 =  12 𝑚�̇�2 (10) 

𝑉 =  12 𝑚𝑥2 (11) 

In a chemical context, the oscillation always occurs in reference to an equilibrium position (𝑥e), 
therefore Eq. (11) can be substituted according to 𝑟 = 𝑥 − 𝑥e . The result of this equation as a 
function of the distance can be seen in Figure 4 (c), which traces a parabolic function.42  
However, as already mentioned the energy contained in a molecule is portioned in discrete energy 
packages, so the actual energy levels for the molecule oscillating at the given frequency  are given 
by: 𝐸i = ℎ𝜈(𝜐i + 0.5) (12) 

with 𝐸i  being the energy level corresponding to the vibrational quantum number 𝜐i, with 𝜐i being 
an integer non-negative value. The resulting allowed energy levels are depicted as horizontal lines 
in Figure 4 c, with the minimum occurring for 𝜐i = 0 at 𝑥e.  
Based on these energy levels it is possible to calculate the spectral response of a given molecule, as 
the required energy can be translated to spectral frequencies according to eq. (2).  
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However, while the classical Hooke’s model assists in understanding vibrational transitions, does 
not reflect reality. If the energy is too high and the corresponding oscillation of the molecules too 
large, the bond will break. In other direction, if the atoms are oscillating too close together, the 
electric repulsion of the nuclei prevents further decrease of the internuclear distance Thus the 
oscillations of atoms can no longer be viewed as a harmonic oscillator and instead must be treated 
as an anharmonic oscillator. The first mathematical model for this was introduced by Morse in 1929 
and it is still in use today (although for more accurate simulations modifications were introduced in 
the meantime).50 The potential energy of an anharmonic oscillator according to Morse is traced by 
the solid line in Figure 4 c and can be calculated according to: 

𝑉 =  𝐷0 (1 − 𝑒-r√ fc2Dο)2
 (13) 

with 𝐷0 being the dissociation energy, see Figure 4, and 𝑓c being the force constant at the potential 
minimum.42 As a result of the anharmonicity, an increased broadening of the potential with 
increasing displacement can be observed. An intrinsic limit now appears at the dissociation energy 
(D0), at which point the energy introduced by incident light leads to the breakage of the chemical 
bond, see Figure 4 (b). Due to the anharmonicity introduced, an additional term is introduced to 
eq. 7, resulting in: 𝐸i = ℎ𝜈(𝜐i + 0.5) − ℎ𝜈𝜒e(𝜐i + 0.5)2 (14) 

with 𝜒e being the anharmonicity constant specific to the vibration. The calculated allowed energy 
levels are depicted in Figure 4 c as solid horizontal lines, with the quantum number indicated 
besides them. As is evident in the plot, the added term results in differences in the spacing for the 
energy levels with increasing 𝜐i . While for the harmonic oscillator the spacing between the 
vibration energy levels is equidistant, the broadening of the anharmonic oscillator with increasing 
displacement results in parallel narrowing of the spacing for higher energy levels.  
Accordingly, for the harmonic oscillator model only |Δ𝜐i| = 1  transitions, called fundamental 

Figure 4 | (a) Schematic of a classic harmonic oscillator. m1 and m2 are the masses of the involved molecules and Xe is 
the distance at the lowest energy level. (b) If the incident light is equal to D0, the increased motion will lead to the 
dissociation of the chemical bond. (c) Comparison of the potential energy of a harmonic and an anharmonic oscillator. 
D0 represents the dissociation energy needed to dissolve the bond and De is the depth of well of a given oscillator. 
Horizontal lines indicate the energy levels possible for integer quantum numbers. 
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transitions, are allowed. With the onset of anharmonicity, overtone bands ( |Δ𝜐i| > 1 ) and 
combination of modes at different spectral frequencies are possible, leading to corresponding 
additional bands in the IR spectrum. However, due to lower probability for those modes, their 
intensity is reduced compared to the fundamental vibrations.  

2.2.2 IR absorption processes 

By applying the oscillator model, one can calculate the spectral frequency for each possible 
transition in a given molecule. However, even though a movement is possible, this does not 
necessarily mean that a corresponding infrared absorption band is observed. According to the 
selection rules of IR spectroscopy, the occurrence of an IR absorption band depends on two 
conditions: the light’s frequency must match the natural frequency of the oscillator, and the dipole 
moment of the molecule must change during the transition. For a given molecule with i atoms the 
dipole moment µ is function of the atoms charge 𝑒i   and their position 𝑥i according to: 

µ =  ∑ 𝑒i𝑥i (15) 

The atomic charge of an atom can be calculated based on molecular orbital calculations, or, as a 
rough estimate, be based upon the relative electronegativity of the bonded atoms, e.g. for HCl, H 
would be assigned a positive partial charge and Cl a negative one.  
 

 
The interaction between incoming radiation and a simple molecule can be described as depicted in 
Figure 5. If the radiation frequency 𝜐 matches one of the molecule’s oscillators natural frequencies 
(see equation (8)), the electric field component of the light can apply force on the molecule and 
induce a movement of the involved atoms. This will change the positions 𝑟i of the atoms, and in 
combination with an inequality in their atomic charge 𝑒i (or electronegativity), can lead to a change 
in the molecule’s dipole moment, depending on the relative movement of the atoms. The IR 
absorption process can consequently occur, if the change in dipole moment relative to the 
movement of the atoms is nonzero: 

Figure 5 | Interaction between the electric field component of an incoming photon and a diatomic molecule. In this 
case the frequency of the light matches the natural frequency of one of the possible motions of the atoms, resulting in 
an application of force on the atoms by the light. As a result, the chemical bond expands and contracts over the course 
of one photon cycle.  
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( 𝛿𝜇𝛿𝑄i)0  ≠ 0  (16) 

With 𝑄i  being the vibrational amplitude of the atom 𝑖 along the normal coordinate away from its 
equilibrium position. The normal coordinate is an alternative way of mapping the movement of 
atoms during a vibrational mode. One can define the position of atoms in a molecule by their 
locations on a cartesian coordinate system (x, y, z) with its origin in the center of mass of a molecule. 
A vibrational mode can result in the movement of atoms along all 3 axes in reference to its 
equilibrium position. This movement can also be weighted by the mass of the atoms. Alternatively, 
this can be described by summing up the movements of the atoms along x, y and z, including the 
correct signs to account for the directions of the movements. This corresponds to the normal 
coordinate for this vibrational mode. In this way the combined movement of the atoms can be 
described by one coordinate.42 The corresponding strength of the IR absorption is proportional to 
the square of the change in dipole moment (𝛿𝜇)2. 
With these limitations in place, the discrepancy between the multitude of possible oscillations 
according to the equations (3) and (4) and the observable IR absorption bands can be explained. 
Since homonuclear diatomic molecules, e.g. H2, exhibit no change in the dipole moment during 
their vibrations, they are IR inactive molecules. Also, the relative movement of the atoms can result 
in IR inactive vibrations, even though the involved atoms possess different atomic charges.  
An example for this is CO2, a symmetric molecule comparable in geometry to the linear molecule in 
Figure 6 (a) and (b). For the symmetric movement (b) the molecule’s dipole moment remains 
unchanged, rendering the vibration IR inactive. The anti-symmetric motion (a) however, results in 
a net shift of the molecules charge, and the consequent dipole moment satisfies eq. (16), qualifying 
this vibration as IR active.  
However, due to the symmetry of the molecule, some of the IR active motions do not result in 
additional absorption bands. The motion depicted in Figure 6 (a) can occur in both horizontal 
directions, resulting in the same vibrational frequency. Consequently, although multiple oscillations 
are occurring, only one vibrational band will be observed.  
 

2.2.3 Coupled oscillators 

The above models perform very well when considering only simple molecules, with two oscillating 
atoms. However, when considering larger molecules, which undoubtedly constitute more 
interesting analytes, oscillators cannot be considered as isolated entities, but instead coupling 
between them can and will happen. For practicability, these effects will be explained by the 
example of the simplest pair of coupled oscillators, which is a molecule composed of 3 atoms in a 
linear orientation.39,41 An example of this molecule can be seen in Figure 6 (a) and (b).  



15 Vibrational circular dichroism
 

 

 
Shown here are the stretch-stretch vibrations possible for this system. The first case (a) is the out-
of-phase or anti-symmetric stretching vibration, wherein the direction of the vectors for both outer 
atoms point in the same direction. A result of this movement is that one bond is compressed, while 
the other is prolonged. The central atom also moves in this case. To calculate the resulting 
frequency, the center atom is split into two and two separate oscillators are considered according 
to eq. (5), with m1 = m2: 

�̅� =  12𝜋𝑐 √𝑘 ( 1𝑚1 + 2𝑚2) =  12𝜋𝑐 √ 𝑘𝑚1  √3 (17) 

However, if the outer molecules move in-phase or symmetrically, as depicted in Figure 6 (b), they 
both apply the same force to the central atom, but in opposite orientation. Therefore, the central 
atom does not move, and it can be considered an immovable object, meaning its mass is infinite. 
eq. (5) is therefore modified to: 

�̅� =  12𝜋𝑐 √𝑘 ( 1𝑚1 + 1∞) =  12𝜋𝑐 √ 𝑘𝑚1  √1 (18) 

As is obvious from the above expressions, anti-symmetrically coupled vibrations are located at 
higher wavenumber locations (and therefore higher energy) than symmetrically coupled vibrations.  
If the atoms are arranged not in a linear molecule, but in a non-linear (Figure 6 c), the effect of 
symmetric and anti-symmetric vibrations is not as clearly divided.41,42 The change in geometry has 
to be considered by introducing an angle dependence to the vibration, resulting in: 

�̅�op =  12𝜋𝑐 √𝑘 ( 1𝑚1 + 1 − cos 𝛼𝑚2 )   (19) 

�̅�ip =  12𝜋𝑐 √𝑘 ( 1𝑚1 + 1 + cos 𝛼𝑚2 ) (20) 

With �̅�op , �̅�ip  being the wavenumber location for the out-of-phase and in-phase oscillation 

Figure 6 | (a) and (b) depict the out-of-phase (anti-symmetric) and in-phase (symmetric) oscillations of a linear 
triatomic molecule. (c) Oscillations for a non-linear triatomic molecule with a bond angle of α. The movement of the 
symmetric oscillations are indicated in black, the anti-symmetric in grey and movement occurring for both cases are 
indicated by striped arrows in both colors.  



16 Vibrational circular dichroism
 

respectively, and α being the bond angle. If α = 180°, which equals a linear molecule, the anti-
symmetric and symmetric vibrations can be calculated by (17) and (18). However, these shifts 
reduce in scope as the angle is reduced, and are reversed in orientation once α < 90°, as the sign of 
cos(α) changes.  
The result of coupled oscillations is the sensitivity of the oscillator frequencies to their neighboring 
oscillators, which significantly influence the resulting oscillation frequencies and therefore the 
position of the corresponding absorption band in the IR spectrum. One of the restrictions for this is 
that the coupled oscillators must be of similar frequencies for effective coupling to happen. If this 
is the case, those frequencies, called group frequencies, constitute useful tools to identify different 
molecules, as the shift in e.g. the C=O band can provide information about adjacent atoms.41,42  
In addition to shifts though coupled oscillators, the frequency of a vibrational mode is also affected 
by changes in the force constant 𝑘. Neighboring atoms can lead to change the e- distribution in a 
chemical bond, called inductive or mesomeric effects. This in turn changes the strength of the 
chemical bond and therefore the location of the vibrational band.42 
While the above definitions are straightforward for small molecules, the complexity increases 
significantly for each atom added, especially since only fundamental vibrations are counted. As 
outlined in 2.2.1 for a given vibration frequency, overtones, occurring at integer multiples of the 
original frequency, can be observed. These overtones can also contribute to coupling processes, 
e.g. Fermi resonance.41  
So far, coupling is only described for directly connected oscillators. However, coupling can also 
happen in longer chain aliphatic or cyclic molecules. Here cooperation or opposition between 
multiple vibrations can occur over longer distances, involving multiple oscillators. Vibrations like 
these, which couple over large parts of the molecule are called skeletal vibrations, and the spectral 
region they are located in is called fingerprint region. Due to the multiple couplings, the resulting 
vibrations cannot be straightforwardly interpreted. At the same time, they are very specific, 
enabling the identification of a molecule based on band shifts and band maxima in these vibrations. 
These circumstances lead to the name convention of the region, as they are akin to a human 
fingerprint.40,42 
In the special case of gas analysis, the normal vibrational modes can be superimposed by rotational 
transitions. For a given vibrational transition, several lower energy rotational transitions are 
possible, giving rise to a multitude of sharp bands around the vibrational mode. Since the transitions 
are closely matched, high resolution spectrometers are necessary to be able to differentiate them. 
Liquid samples in contrast are characterized by broad absorption bands, resulting from overlapping 
bands originating from the different rotational isomers in the solution and from inter and 
intramolecular interplay like hydrogen bonding. For solid samples the preparation method and 
resulting structure, crystalline or amorphous, has a significant impact on the spectra. Amorphous 
samples will exhibit broadened bands akin to liquid samples, while the limited flexibility of 
molecules in crystalline samples results in sharp defined bands.  
 

2.2.4 Oscillators in optical active molecules  

Coupled oscillators can also be utilized as the basis for one interpretation of vibrational circular 
dichroism. First described in detail by Kuhn in 1929, and later on extended by Holzwarth and Chabay 
during the measurement of the first VCD spectrum, this model is called degenerated coupled 
oscillator model. According to this model, the phenomena of optical activity can be described based 
on two oscillators in a molecule, i.e. two stretching vibrations as see in Figure 7.51,52 For the case of 
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optical activity, those molecules are spaced along the transmission vector of incoming light, and 
separated by a vector 𝐷--⃗ . The oscillators are oriented perpendicular to the transmission vector 
(=their separation vector). In addition, the oscillators are not oriented parallel to each other, and 
move only in the Y and Z direction respectively. The distance between them, due to being on the 
atomic scale, can be assumed to be significantly smaller than the wavelength of the incoming light. 
Due to their orientation not parallel to each other, their movement is differently affected by 
incoming left or right-handed circular polarized light. Therefore they constitute the simples 
representation of a chiral vibrational mode. 51–53 
The deductions and utilizable equation resulting from this interpretation are described here briefly, 
to provide an understanding of the early basis of VCD calculations. For the complete derivation and 
more in depth discussion an interested reader is referred to ref52,53. 
 

If |𝐷--⃗ | is sufficiently small, these two oscillators will couple. Consequently, they can move either in-
phase (+) and out-phase (-), generating two vibrational modes, as described in the previous section. 
The expected VCD intensities of these bands correspond to their respective rotational strength (𝑅-⃗ ). 
The general equation for the rotational strength is based on the electronic dipole transition 
moment (�⃗�T) and the magnetic dipole transition moment (𝑚--⃗ T) according to52: 𝑅-⃗ = 𝐼𝑚(𝜇T ∙ 𝑚--⃗ T) (21) 

For the stretching modes shown in Figure 7, the magnetic dipole transition moments are 0, and 
therefore eq. (22) can be rewritten to describe the rotational strength for the in-phase and out of 
phase according to: 

𝑅-⃗ ± = ∓ (𝜋𝜈2𝑐) 𝐷--⃗ ∙ (𝜇T,1 × 𝜇T,2) (22) 

with 𝜈 being the frequency of the underlying vibrational transition. This equation states that the 
VCD bands are equal in intensity, but opposite in sign, which is observed in reality for a large share 
of all VCD bands.52 The advantage of this interpretation of VCD is that the value of �⃗�T for a given 
vibration transition 𝜈  can be obtained from the molar absorptivity spectrum. Also, with this 
interpretation the wavenumber position of the VCD bands can be estimated by treating the system 
as a dimer, applying the dipolar coupling equation and calculating the band position shift (𝑉12) 

Figure 7 | An optical active pair of oscillators (1,2). The two coupled oscillators are arranged orthogonally to each other 
and to the propagation direction of the electromagnetic wave (sine curve). Furthermore, they are separated from each 
other by the separation vector 𝐃--⃗  along the propagation direction of the beam.  
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according to:54,55 

𝑉12 = 1|𝐷--⃗ |3 (𝜇T,1 ∙ 𝜇T,2 − 3(𝐷--⃗ ∙ 𝜇T,1)(𝐷--⃗ ∙ 𝜇T,2)|𝐷--⃗ |2 ) (23) 

The expected band positions are then calculated by: 𝜈± =  𝜈 ± 𝑉12 (24) 

Based on these assumptions, the expected VCD spectra can be calculated based on the underlying 
absorption spectrum and by the distance between the two coupled oscillators on the molecule 
itself.54 This interpretation therefore relies on a close understanding of the chemical structure of 
the molecule in order to identify the correct coupled oscillators and the distance. While very useful 
as an early approximation of VCD intensities, it relies on finding two near identical vibrational 
modes in the molecule, restricting its general applicability.1 In addition, according to eq. (22) the 
signs above and below the zero line are equal, resulting in VCD bands of equal intensity but opposite 
sign. This condition is called net zero VCD signal for all modes. Such bands, called couplets, are 
indeed the most prominent band shape for VCD signals. However, this condition is not general 
applicable, as prominently demonstrated by the unbalanced Cα-H stretching mode of amino acids, 
with a comparatively intensive positive band being matched by a weak negative band.56  
The charge flow model and the localized molecular orbital model were developed as a more general 
description of VCD.57,58 These models are not built on specific oscillators, but instead are based on 
the varying distribution of charge during a vibrational mode, making them broadly applicable.  
The later developed ring current model was the first non-conservative model, meaning the net zero 
condition of VCD bands was not applicable, which closer matched the observed reality.59 This model 
assumed that a single oscillator induces a current, which in turn generates an oscillating magnetic 
dipole moment, without an additional movement of any nuclei. The original oscillator is enhanced 
by the secondary magnetic dipole moment, producing an enhanced monosignate VCD band.59  
However, while the above models can provide an elucidation of the origin of the observed VCD 
bands, later developments have resulted in them being replaced for all practical applications 
outside of teaching.1 The Born-Oppenheimer approximation does not cover the dynamical response 
of the electron density in a molecule to nuclear velocity, preventing it from being used to describe 
VCD.1 In 1983 this was solved by the theory of vibronic coupling, allowing for a description of the 
magnetic-dipole transition moment occurring during a vibrational mode.1 A later development of 
the magnetic field perturbation formulation built upon this, and reduced the necessary 
computational efforts significantly.60 Consequently, it became possible to simulate VCD spectra 
directly from ab initio calculations without underlying approximations.1 The implementation of 
these algorithms in commercial software resulted in the current state of the field, in which most 
VCD spectra are accompanied by the corresponding calculations. This ensures that the 
conformation of the measured molecule can be evaluated directly by the comparison between 
experimental data and simulations.1 In this way it was possible to determine the 3D structure of an 
molecule in solution without the need to prepare a crystal as required in crystallography.  
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2.3 Instrumentation for vibrational circular dichroism 
Having discussed the origins of vibrational transitions, their instrumental accessibility will now be 
elaborated on. As the focus of this thesis is VCD, this will also be the focus of this part. Similar to 
classical IR spectrometer, VCD instruments have undergone significant changes and updates since 
the first proof of concept experiments.38,61 However, while changes in experimental workflows as 
well as in the electronic signal path have undoubtedly lead to advances in their performance, the 
general optical configuration has undergone only small modifications.1  

For commercial and most custom built instruments alike, a globar provides the broadband IR light 
used for the measurement. In order to provide information on a spectral scale, this broadband light 
needs to be either divided into monochromatic light, or modulated in a way that the collected 
detector signal can be related to the spectral profile.38 In modern VCD instruments, this is achieved 
by a Michelson interferometer, schematically shown in Figure 8 (I). In this implementation, the light 
from the globar is collimated and directed onto a beam splitter (commonly made up of thin layers 
of Ge on KBr). This beam splitter partially transmits and reflects the light, creating two orthogonal 
beams which are afterwards back reflected by a mirror respectively. One of the mirror is fixed, while 
the other is constantly moving, creating a path difference between the two returning light beams. 
As a consequence, upon their recombination, the two beams interfere constructively or 
destructively, depending on the path difference and the wavelength of the light.39 Digitizing the 
detector intensity for the whole traveling range will result in an interferogram, e.g. Figure 9 (left 
panels), with a characteristic center burst and low intensity components away from it.39 The 
centerburst corresponds to equal traveling distances in both arms in the interferometer, leading to 
constructive interference for the complete wavelength range.  
Since the interferogram contains all the spectral components and their intensities as a function of 
the mirror position, a translation to spectral frequencies is necessary. This is done by applying a 
Fourier transform during the post processing.1,39 This process will be covered later in this thesis 
while discussing the data acquisition in FT-IR.  
Following the spectrometer compartment, the modulated light is directed to the optical path 
necessary for VCD measurements, depicted in Figure 8 (II). Depending on the spectral region of 
interest, the light may pass an optical long pass filter, designed to transmit only light with longer 

Figure 8 | General optical configuration of a VCD spectrometer. (I) Spectrometer compartment, containing a Michelson 
interferometer. It is comprised of a globar IR source (S), an aperture wheel (A), and the actual interferometer part. This 
consists of a beam splitter (BS), directing the split beams to a fixed mirror (FM) and a moving mirror (MM), moving the 
distance δ along the beam path. After recombination, the light is directed via a focusing mirror through the exit port. 
(II) VCD optical train, consisting of an optical long pass filter (F), a linear polarizer (P), the photoelastic modulator (PEM), 
the sample cell (SC), a refocusing lens (L) and the detector (D). The polarization states of the light are indicated by the 
arrows, undergoing a transition from linear polarized to alternating left and right-handed circular polarized light. 
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wavelengths than the design filter cut-off. This may prove necessary if only a reduced spectral 
region is of interest and highly absorbing samples/solvents are studied. In this way, saturation of 
the detector is avoided and the transmitted energy is focused on the spectral area of interest. 38 
Following this, a polarizer (normally wire grid based) produces a linear polarized output, cutting off 
~50 % of the randomly polarized electric field vectors. This output is directed onto the photoelastic 
modulator (PEM), with the stress axis of the PEM oriented 45 ° relative to the polarizer’s 
transmission axis. The PEM is the heart of a VCD instrument and is composed of an IR transparent 
crystal (commonly ZnSe) and two piezo actuators. The piezo actuators are arranged on both sides 
of the crystal, orthogonal to the light beam. By applying a sine modulated voltage to the actuators, 
a positive and negative strain can be applied to the crystal, which translates to a positive and 
negative phase shift for transmitted light. The applied strain is directly proportional to the voltage 
applied, and the frequency of the modulation is indirectly proportional to the crystal size, but 
generally varies from 37 kHz to 50 kHz. After the factory side calibration of the voltage, it is possible 
to precisely set a desired phase shift, i.e. ∆𝜙 =  π2, located at any wavenumber position higher than 
the transmission cut-off of ZnSe at 600 cm-1 and below the destruction point of the crystal. For VCD 
operation, the PEM is set to ∆𝜙 =  ± π2 at the center of the wavenumber area of interest. With 
these settings, it acts as a quarter wave retarder, generating a train of alternating right and left-
handed circular polarized light at its modulation frequency.  
The polarization modulated beam passes the sample, which is commonly placed near the focus 
point of the incoming light. In most applications of VCD the sample is comprised of an analyte 
dissolved in a suitable solvent in a cell with a pathlength between ~6 µm and 1 mm. If substantial 
degrees of birefringence are expected, the sample cell can also be rotated constantly around the 
light axis during the measurement. As the average of all scans is calculated, the different orientation 
of the cell will also be averaged, eliminating the birefringence effect on the VCD spectrum. While 
optional for liquid samples it is essential if solid samples, i.e. KBr pressed pellets, are measured. For 
theses samples this continuing rotation is essential to guarantee an artifact free spectrum. This is 
due to the intrinsic orientation of solid samples, which generates large artifacts which would 
otherwise overlap with and distort the actual VCD signal.6,62  
After the sample the beam is refocused onto the detector element by a lens, commonly made of 
ZnSe. The usage of lenses is preferred in this case, as upon reflection on a mirror the incoming light 
undergoes a phase shift dependent on the angle of incidence and the incoming polarization. For a 
focusing mirror, this angle of incident varies over the beam diameter. When this light is collected 
by a polarization sensitive detector, which all detectors are at least to some degree, a bias in the 
collected intensity is introduced. This bias would then be detected as VCD signal, as it shows a 
difference for the incoming polarization state, resulting in a non-zero baseline.38,63  
While for classical FT-IR measurements also room temperature pyro detectors are viable 
alternatives, the low intensity of VCD signals necessitates high sensitivity, low noise detectors. This 
is only possible by the utilization of mercury-cadmium-telluride (MCT) elements. For FT-IR 
applications, those detectors are cooled to cryogenic temperatures by liquid nitrogen. In modern 
instruments, the detector intensity is digitized, and a digital lock-in amplifier routine is applied: The 
detector intensity is lowpass filtered to extract the 𝐼DC(�̅�)  interferogram. In parallel, the data 
stream is high pass filtered, mixed with the reference signal obtained from the PEM and again 
lowpass filtered. This results in the 𝐼AC(�̅�)  interferogram. Older instruments or custom made 
optical setups employ an external lock-in amplifier to obtain the same results.38 
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Figure 9 | Interferograms obtained from a FT-IR VCD instrument equipped with a broadband source. The upper part 
depicts the interferogram and the calculated IR spectrum, corresponding to the “classical” FT-IR signal. The lower 
panels depict the high frequency interferogram, extracted based on the PEM frequency, and the calculated VCD 
spectrum, shown as a ratio of IAC and IDC. 

 
As mentioned, this information is a function of the mirror position, and needs to be converted to 
the wavenumber scale for interpretation. This can be done by applying the following expression: 

𝐼DC(�̅�) = 𝐹𝑇[𝐼DC(𝛿)] =  12𝜋 ∫ 𝐼DC(𝛿) cos(2𝜋𝛿�̅�)𝑑𝛿∞
0  (25) 

with 𝐼DC being the intensity arriving at the detector corresponding to the “classical” FT-IR single 
channel spectrum and 𝛿 being the optical path difference between the two mirrors.1 In Figure 9 
this transformation is depicted in the upper panels, showing 𝐼DC as a function of both 𝛿 and �̅�.  
The high pass filtered component of the detector intensity also needs to be converted to the 
wavenumber scale, and the same equation can be applied, just with 𝐼DC being replaced with 𝐼AC. 
The main difference between these two conversions is the phase correction used. While for the 𝐼DC 
the automatic phase correction can easily identify the correct phase, the 𝐼AC interferogram is more 
complicated since the resulting VCD spectrum will contain both positive and negative intensities. 
Modern instruments are calibrated by an artificial all positive VCD signal generated by a birefringent 
plate, which is done at the manufacturing site and then stored in the instrument software.1  
For the IR absorption information, the 𝐼DC,S(�̅�) of the sample needs to be corrected by the 𝐼DC,B(�̅�) 
of the background to yield either the transmission spectrum, 𝑇(�̅�) , or the absorbance 
spectrum, 𝐴(�̅�), according to: 

𝑇(�̅�) = 𝐼DC,S(�̅�)𝐼DC,B(�̅�) (26) 

𝐴(�̅�) = − log10 (𝐼DC,S(�̅�)𝐼DC,B(�̅�)) (27) 

Those spectra can be used for the qualitative and quantitative evaluation of the sample.  
VCD spectra acquisition on the other hand is in theory a baseline free technique, as a perfectly 
aligned VCD baseline should be a true zero line throughout the spectral range. The definition for 
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 𝐼AC(�̅�) and 𝐼DC(�̅�) are as follows: 𝐼AC(�̅�) =  0.5[𝐼R(�̅�) − 𝐼L(�̅�)] sin[𝛼M0 (�̅�)] (28) 𝐼DC(�̅�) =  0.5[𝐼R(�̅�) + 𝐼L(�̅�)] (29) 

With 𝛼M0 (�̅�) being the phase shift applied by the PEM as a function of the wavenumber and 𝐼R(�̅�) 
and 𝐼L(�̅�) are the intensities for right and left-handed circularly polarized light. For the acquisition 
of a VCD signal the difference in intensity between left and right-handed circularly polarized light is 
normalized by the total intensity. Therefore, the 𝐼AC(�̅�)  and 𝐼DC(�̅�)  spectra of a given analyte 
should be sufficient to obtain a VCD spectrum, ∆𝐴(�̅�), according to: 

∆𝐴(�̅�) =  12𝐽1[𝛼M0 (�̅�)]1.1513 |𝐹𝑇[𝐼AC(𝛿)]𝐹𝑇[𝐼DC(𝛿)]| (30) 

with 𝐽1[𝛼M0 (�̅�)] being the first order Bessel function of the phase shift applied by the PEM for each 
wavenumber in radians.1 The factor 2𝐽1[𝛼M0 (�̅�)] can be traced back to the modulation cycle of the 
PEM, the introduced phase shift and the detection system. A modern PEM is operated by a 
sinusoidal voltage signal, imposing a modulation of the phase shift, at the angular frequency 𝜔m. 
The modulation imposed upon 𝐼AC according to eq. (28) to can therefore be defined as function of 
time (𝑡) according to: sin[𝛼M0 (�̅�)] =  sin[𝛼M0 (�̅�) sin 𝜔M𝑡] (31) 

This can be rewritten according to trigonometric identities as: 

sin[𝛼M0 (�̅�) sin 𝜔M𝑡] =  ∑ 2n=odd 𝐽n[𝛼M0 (�̅�)] sin 𝑛𝜔M𝑡 (32) 

The resulting signal is demodulated at the fundamental PEM frequency (n=1) by a lock-in amplifier 
or a corresponding digital modulation scheme, extracting the amplitude of sin 𝜔M𝑡. Consequently, 
the above equation imposes the PEM efficiency parameter of 2𝐽1[𝛼M0 (�̅�)] on the measured CD 
signal.1  
Since 𝐽1[𝛼M0 (�̅�)] is dependent on the retardation angle set during PEM operation and the optical 
alignment in the VCD train, but not on the sample measured, it can be calibrated for and applied to 
each new sample measurement.64–66 For this calibration measurement, a birefringent plate is 
placed at the sample position with its fast axis at ±45° relative to the horizontal axis, followed by a 
polarizer set to either vertical or horizontal orientation. Two of the possible configurations are 
measured, their absolute spectra are plotted and the crossing points between them are noted. A 
line directly connecting these crossing points traces out the function 2𝐽1[𝛼M0 (�̅�)]. While this value 
can also be calculated, the experimental procedure is the preferred option as it also accounts for 
possible effects of the optical alignment and instrument specific scaling effects.38 This curve is stable 
enough to not need frequent remeasurement and the intensity corrected VCD spectrum can be 
calculated according to: 

∆𝐴(�̅�) =  11.1513 |𝐼AC(�̅�)𝐼DC(�̅�)| |𝐼AC(�̅�)𝐼DC(�̅�)|cal
-1

 (33) 

with |IAC(ν-)IDC(ν-)|cal being the curve resulting from connecting the crossing points. 

With the calibration spectrum obtained, the VCD spectrum can be calculated, with a possible result 
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seen in Figure 9, lower right. It is obvious, that while in theory VCD is a baseline free technique, in 
practice the numerous artifacts and noise sources in the optical train result in often significant 
deviation from the true zero line. Therefore, the VCD spectrum needs to be corrected by a baseline 
as well. This can be done by subtracting a spectrum obtained for the solvent or, if available, the 
racemic mixture. Alternatively, a spectrum collected for the opposite enantiomer could be 
subtracted and the result divided by 2.  
The solvent baseline also contains the artifacts in the optical train, and therefore they are cancelled 
by subtraction. The advantage of using the racemic mixture or the opposite enantiomer, is that this 
represents the artifacts in the optical train as well as absorbance artifacts arising from the sample 
itself. A correction with these will therefore always yield the correct VCD spectrum, even if the 
instrument is not perfectly aligned. However, since pure enantiomers are often difficult to acquire, 
or in the case of biomolecules impossible to be obtain, a well aligned instrument should acquire 
baselines of sufficient quality for the solvent correction to be adequate.38,67,68  
The need for a well aligned, flat zero baseline can offset some of the advantages of FT-IR 
spectroscopy compared to classical dispersive spectroscopy. There are three main advantages of 
using FT-IR spectrometer compared to dispersive spectrometer:39 

 Fellgett’s advantage, which states that the increased SNR of FT-IR is equal to √𝑚 with m 
being the number of resolution elements 𝑚 =  ν-max-ν-minΔν- . This advantage scales with an 
increase in spectral coverage. 

 Jacquinot’s advantage, which arises from the fact that the resolution of a dispersive 
spectrometer is defined by the slit width, and therefore inversely proportional to the 
throughput. In contrast the resolution of an FT-IR spectrometer is solely defined by the 
optical path difference. Also, FT-IR spectrometers allow the use of circular apertures, 
allowing for a higher throughput. Consequently, an FT-IR instrument retains a high 
throughput, even at high resolutions. In a first approximation this advantage scales with 
higher resolutions. 

 Connes advantage, originating from the parallel modulation of a HeNe laser by the 
interferometer. The intensity of this laser can be collected by a diode and will be digitized 
on the same time resolution as the IR interferogram. Since the wavelength of the HeNe 
laser is known, this interferogram can be utilized to calculate the exact optical path 
difference 𝛿 for each sampling point of the IR interferogram. This results in an increased 
accuracy of the calculated wavenumber axis.  

Consequently, an FT-IR instrument is vastly superior to dispersive instruments if broad coverage 
with high resolution is needed, which makes it the instrument of choice for routine and high-end IR 
spectroscopy. However, for VCD applications the typical resolutions are 4 cm-1 for small molecules 
in organic solvents and 8 cm-1 for biomolecules in aqueous solution.37,37,69–73 As a consequence, the 
Jacquinot’s advantage, while still present, is limited as further resolution enhancement is not 
desirable, due to a resulting increase in measurement time.  
The increased spectral coverage offered by FT-IR spectrometers is of course relevant and 
advantageous also for VCD experiments. However, again there is a limit to its effectiveness, due to 
the inherent characteristics of VCD. These limitations relate back to the PEM. Since the PEM is only 
a perfect quarter wave retarder at one spectral position, the resulting polarization states change 
significantly when moving away from this position. 
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This is visualized in Figure 10, where for a PEM set to quarter wave setting at 1400 cm-1 the phase 
shift changes from nearly 32 𝜋 at 4000 cm-1 to 18 𝜋 at 400 cm-1. Over the same range, the efficiency of 

the PEM (𝐽1[𝛼M0 (�̅�)]) also varies significantly, including a reversal of it’s sign and therefore the 
orientation of the VCD bands around 3400 cm-1. These changes constitute challenges for the 
attainment of a correct baseline and for the measurement of accurate VCD bands over broader 
spectral ranges. A possible remedy is the collection of the VCD spectrum in snippets of <2000 cm-1 
each, adjusting the PEM retardation accordingly, a time consuming approach due to the long 
measurement times necessary when aiming for low noise VCD spectral acqusition.1 Nevertheless, 
this approach is indeed used when i.e. both NIR and mid-IR  spectral information is required.34,45  
Most studies take the opposite approach, analyzing only a small spectral area, often adding the 
already mentioned optical filters to increase the throughput in the area of interest.37,62,71,72,74,75 In 
this way the optical alignment is simplified and artifacts can be reduced more effectively, since 
wavelength dependent shifts in PEM efficiency and polarization states are less disruptive.  
The above detailed challenges of VCD spectra acquisition lead to the curious persistence of 
dispersive VCD instruments as competitive alternatives to FT-IR instruments, albeit only as custom 
built research instruments.62,76–78 The low resolution customary for VCD spectra allows for the use 
of relatively broad slit apertures, increasing the optical throughput. Dispersive instruments collect 
the spectral data as a function of the angle of the internal grating, which is moved over the course 
of the data acquisition. This sequential scanning can be slowed down enough to enable the 
adjustment of the PEM in accordance with the transmitted wavelength, providing perfect 
polarization states for each collected data point.61 This is of course not possible for FT-IR 
instruments, where all spectral elements are transmitted simultaneously, with all existing 
advantages and disadvantages.  
Nevertheless, while the profits gained from FT-IR VCD are less overwhelming than for classical FT-
IR spectroscopy, they are still substantial. The most compelling evidence for this is that all modern 
commercial VCD instruments are built around FT-IR technology.79–81  
However, the challenges FT-IR VCD faces regarding polarization purity and PEM efficiency are 
obvious starting points for academic research. Further optical development, based on newer 
inventions regarding light source or polarization modulation technology could manage to counter 
the monopoly FT-IR spectroscopy currently enjoys.  
 

Figure 10 | Phase shift in multiples of  and the 𝑱𝟏(𝝂-) of the PEM retardation, calculated 
for the mid-IR range for a PEM set to quarter wave retardation at 1400 cm-1. 



25 Vibrational circular dichroism
 

2.4 Mid-IR laser technology 
When discussing possible optimization opportunities in a typical IR spectrometer, the light source 
is the first and most obvious candidate. As mentioned, commercial IR spectrometers rely on a 
globar to provide the necessary radiation. Globars are silicon carbide rods that are resistively 
heated to around 1400 K, providing broadband blackbody IR emission between 2 to 25 µm.82,83 They 
are inexpensive and fairly stable, and their broad emission makes them ideal sources for FT-IR 
spectrometer. However, while they provide radiant power of ~ 40 mW in the sample compartment 
of an FT-IR spectrometer, this power is spread out over the emission range, resulting in only a few 
µW of power at each wavenumber.84 In addition, their emission spectrum can only roughly be 
changed by modulating their temperature, which also changes the overall spectral power density, 
and the light they provide is spatially incoherent and not polarised.82,85 In the UV-vis spectral region, 
the realization of ruby lasers (light amplification by stimulated emission of radiation) offered the 
first opportunity for a light source characterized by high brilliance and spatial coherence, leading to 
significant advancements in spectroscopy.83,86  
The first mid-IR laser sources did not lag far behind and were realized in 1964 for 6.7 µm and 
8.5 µm.87,88 These lasers relied on gain material composed of lead salts, PbTe and PbSe respectively, 
and were in use for several decades after their introduction. However, in contrast to their UV-vis 
counterparts, they were never in general use as they suffered from significant drawbacks. Due to 
the very low thermal conductivity of both the gain medium and the substrates (BaF2), lasing 
operating leads to significant self-heating of the instrument. As a result of the complicated cooling 
necessary, lead salt laser were restricted to research use.83  
With the advent of commercial non-linear crystal manufacturing, difference-frequency generation 
(DFG) and optical parametric oscillators (OPO) enabled the mid-IR community to take advantage of 
the developments made in the UV-vis and NIR laser technology. A NIR pump and a NIR signal beam, 
for DFG, or a single pump laser in an optical resonator configuration, for OPO, are directed through 
a non-linear crystal, resulting in the generation of an idler photon at 𝜈i = 𝜈p − 𝜈s.89 By changing 
the non-linear crystal temperature, or by phase shift and angle modulation the idler emission can 
be tuned broadband in the IR range. While these technologies proved to be easier to commercialize 
than lead salt diode lasers, their implementation requires challenging optical engineering, also 
limiting their application to carefully controlled laboratory conditions.  
Although the above-mentioned technologies have provided useful alternatives to classical globars, 
an actual equivalent to UV-vis laser technology in terms of applicability was not developed till the 
middle of the 1990s. In 1994 Faist et al. published the first implementation of quantum cascade 
technology in the form of a quantum cascade laser operating at 4.26 µm.90 Their approach 
constitutes a radical divergence from the classical semiconductor laser design and was dubbed 
quantum cascade laser (QCL) by them.  
When one disregards the materials used, the aforementioned lead salt diode lasers and their 
counterparts in the UV-vis and NIR region rely on the same physical principle, interband 
transitions.85,91 During interband transitions electrons from the conduction band recombine with 
holes in the valence band, leading to a transition of the electron to a lower energy state. This 
difference in energy is compensated by a radiative process according to 𝐸 = ℎ𝜈, leading to the 
emission of light at 𝜈, see also Figure 11 (a). This process requires a constant supply of energy to 
maintain population inversion. This energy is provided by an electric current or an external light 
source and an optical resonator for stimulated emission.83,91,92 
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In a standard semiconductor laser, the wavelength of the emission can be set by changing the 
bandgap in the semiconductor material. This can be achieved by combination of different materials 
in an alloy.83 However, achieving the necessary bandgaps in the mid-IR is non-trivial and comes with 
drawbacks, e.g. as observed for lead salt diodes. 
A QCL in contrast does not rely on interband transitions but rather on inter-subband (ISB) 
transitions in the conduction band. These transitions are achieved by complex heterostructures, 
comprised of layers of different semiconductor materials of varying but precisely defined bandgaps 
and thickness, see Figure 11 (b). When a current is applied, an electron is injected at the highest 
energy level, starting in a so-called “active region”. In this region, the electron transitions to a lower 
ISB energy level, again compensated for by emission of radiation. The frequency of this radiation 
corresponds to the energy difference between the ISB levels, which can be tailored by adapting the 
thickness of the involved layers. This characteristic decouples the emission properties from the 
bandgap of the involved material, enabling the construction of suitable gain medium over the entire 
mid-IR spectral region while only relying on a few material combinations (mostly InGaAs/AlInAs). 
While the layer thickness defines the emission profile of a QCL, it’s emission is further characterized 
by an inherent polarization bias. According to the selection rule of optical transitions, only light with 
electrical field vectors parallel to the growth direction is emitted during the lasing scheme. This 
leads to a near perfect linearly polarized emission. This emission is only reduced in purity by 
birefringence in the collimating lenses or the waveguides. 82,83,90,93  
In addition to the active region, a QCL also comprises a subsequent “injection region”, depicted as 
narrow layers in the schematics. This region allows for non-radiant resonant tunneling, extracting 
electrons from the lower ISB energy level, ensuring population inversion persists. This tunneling 
occurs with a time constant of ~ 0.5 ps, significantly quicker than the radiant relaxing (time constant 
~ 4.3 ps), leading to electrons accumulating in the injection region.90 The injection region borders 
another active region, in which the radiative transitions start anew. This constitutes another 
advantage of QCLs, as each chip encompasses 40 or more active/injection region pairs, permitting 
the recycling of already transitioned electrons. Since the layers are constructed equal, this leads to 
the emission of multiple identical photons for each electron, increasing the efficiency of the lasing 
scheme dramatically. 82,83,90 Indeed, the wall plug efficiency, which is the conversion rate of supplied 
electronical energy to radiative energy, for QCLs can reach ~20 % and ~16 % for CW and pulsed 
operation respectively.94,95  
 

Figure 11 | Electron transitions and radiative processes for interband and inter-subband transitions.  
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Figure 12 | Comparison of the typical optical power of a globar (=blackbody radiation) with the spectral density of one 
of the EC-QCLs (pulsed mode, 5 % duty cycle) used in this study. Adapted from ref 84. 

As a result, QCLs emit highly brilliant light with a comparatively low energy consumption, evidenced 
by the optical power of modern QCLs reaching several hundred milliwatt in optical power at each 
wavenumber when operated in continuous wave (CW) mode. Even pulsed operation QCLs, e.g. 
Figure 12, vastly outperform the spectral power density of thermal emitters. 
QCL resonator design: Since its first development, QCLs have been extensively improved upon, 
both in the design of the gain medium and equally importantly also in the construction of the 
resonator. The fabrication process of QCLs allows not only for the choice of it’s center wavelength, 
but also for the adaption of its gain curve, enabling ever extending wavelength ranges accessible 
by newer chips.82,91 As for the resonator design, three models have emerged as the most commonly 
used ones, see Figure 13:  
 

 
Figure 13 | The three most common configuration for QCL resonator design. Adapted from ref91 under creative 
commons 3.0. 

 
A Fabry-Pérot (FP) design constitutes of the QCL chip with high reflectivity coating applied to both 
end facets, with the emission wavelength dependent on the gain medium and the cavity length of 
the chip. This is due to the reliance of constructive interference for wavelength selection. Since 
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those conditions are met several times over a broader spectral range, FP-QCLs provide multimodal 
emission covering a comparatively large spectral area. Consequently, they did find use in the 
analysis of the broad spectral bands of liquid samples. However, for liquid sensing they have been 
mainly replaced by tailored devices relying on an external cavity.91  
Distributed feedback lasers (DFB) lasers on the other hand are used for gas-phase analytics, which 
comprises to date the biggest market for QCLs for scientific use. They are manufactured by 
fabricating a Bragg grating into the laser waveguide, acting as a filter for the modes selected by the 
gain medium. This grating eliminates all modes except the one it was designed for, providing highly 
monochromatic light, suitable for high resolution gas measurements. This design wavelength can 
be slightly tuned (~ 5 cm-1), through modulating the current or the temperature of the laser and the 
waveguide. These modulations lead to changes in the refractive index and it also slightly affects the 
dimensions of the waveguide material, shifting the resonance conditions for the grating.  
The last resonator design is at the same time the most complex, as it relies on external manipulation 
of the emission spectrum. For the construction of an external cavity QCL (EC-QCL) a broad gain QCL 
waveguide is combined with an external turnable grating. The movement of the grating enables the 
selection of the laser’s emission wavelength, and the spectral area is constrained by the gain curve 
of the QCL-waveguide and the wavelength dependent efficiency of the grating. The consequence is 
a broadly tunable emission spectrum, with a characteristically structured emission profile, see 
Figure 14. 
This design allows for sequential scanning of the spectral range, fast sweeps over the spectral range 
or single mode emission by fixing the grating in position. Modern EC-QCLs are capable of covering 
several hundred wavenumbers with one chip, lending themselves well to the analysis of broad 
liquid sample absorption bands. In addition, it is possible to combine several chips with overlapping 
beam outputs in one instrument, covering up to several hundred wavenumbers. Such instruments 
and also single chip lasers are commercially available, bringing mid-IR laser technology from a niche 
technique into the scientific mainstream.91  

Selection of QCL applications: The qualities of QCL and their increasing availability and refinement 
have led to improvements upon already existing thermal emitter based techniques or the 
implementation of new spectroscopic techniques.  
In the field of classical transmission absorption spectroscopy, the high brilliance of QCL’s enabled 
the switch to longer pathlengths for the transmission cell. This resulted in an increase of the 
absorbance and therefore an increase in the sensitivity of the system. This also facilitated liquid 

Figure 14 | Emission spectrum of one of the EC-QCLs used for this study. 
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handling, since the back pressure of the flow cells was reduced significantly.91,96,97 It was for example 
possible to revolutionize the field of protein analytics through the utilization of EC-QCLs in the 1800-
1400 cm-1 spectral region. This region is home to the amide I band (1700-1600 cm-1), corresponding 
to the C=O stretching and N-H in-phase bending vibrations, and the amide II band (1600-1500 cm-

1), corresponding to the N-H bending and C-N stretching vibrations, of proteins.97 These bands carry 
important structural information about proteins, however, especially the amide I band overlaps 
with the H-O-H bending vibration of water, located at 1643 cm-1. With the high power density 
offered by modern EC-QCLs the useable pathlength could be extended up to 38 µm from the 
previous <10 µm applicable for FT-IR instruments.98 Further optimization of the optical setup by 
balanced detection and emission profile shaping enabled limits of detection (LOD) as low as 
4.3 µg/mL.99 Commercialization of QCL-spectrometer (available from Daylight Solutions Inc., 
Redshift Bio) for the liquid phase enabled the further investigation of QCLs for portable analytics by 
coupling with liquid chromatography instruments. It was shown that the structural information 
provided by the IR spectrum increased the resolving power of the chromatography run, 
outperforming the classical UV-vis detector commonly used in these applications.100,101  
Besides improving the classical applications of IR spectroscopy, the high power laser light allows 
the exploration of alternative spectroscopic techniques. When light is absorbed by the analyte, this 
decreases the transmitted intensity, which is probed in absorption spectroscopy. At the same time, 
this absorption leads to heating of the sample. By modulating the incoming light beam, the sample 
temperature heating is also modulated, and a wave is generated. This temperature wave can lead 
to changes in the refractive index or density of the sample, which are the basis for photothermal 
spectroscopy. Also this temperature wave leads to a pressure wave due to the expansion of the 
sample upon heating, creating an acoustic wave which constitutes the basis for photoacoustic 
spectroscopy.102–104  
These spectroscopic techniques are called indirect spectroscopy, since an effect of the absorption 
of the is measured, not the absorption itself. They profit from the application of QCLs in two ways, 
firstly by utilizing mid-IR light the sensitivity is increased as specific vibrations can be targeted, and 
secondly since for these techniques the signal scales directly with the power of the light source and 
inversely with the beam diameter, the high power, highly focused QCLs can bring substantial SNR 
profits.102,105–108 While photoacoustic phenomena are probed by microphones, photothermal 
spectroscopy relies on interferometer to directly measure the phase shift caused by the heating or 
on the formation of thermal lensing, which changes the focus point of a visible probe laser which 
in turn can be related to the absorption.102,105–108 With the availability of comparatively low cost 
DFB-QCL, photothermal and photoacoustic principles have galvanized the construction of robust, 
sensitive gas sensors capable of vastly outperforming FT-IR based instruments.107–111  
Beyond the construction of sensors, photothermal spectroscopy also enables chemical imaging 
beyond the quite high diffraction limit for IR light.112–114 This is possible by utilizing an atomic force 
microscope (AFM) to detect the effects of absorption on the sample. The expansion generated by 
absorption of the pulsed QCL light source can be probed with nm resolution by the AFM, decoupling 
the achievable spatial resolution from the wavelength of the incoming light.114–117  
MIR dispersion spectroscopy is another field which profited from the popularization of QCls.118–122 
It is also singular in the sense that it profits from not only the high power provided by the laser, but 
also from its inherently polarized emission and its coherence.118 Like photothermal spectroscopy, 
dispersion spectroscopy takes a different approach to the collection of vibrational information than 
classical IR spectroscopy. In parallel to the absorption of the electro-magnetic wave, transmitted 
light also undergoes a phase shift as a consequence of the interaction with the analyte. This phase 
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shift can be measured, e.g. by a Mach-Zehnder interferometer, and is linearly dependent on the 
oscillator strength of the analyte, its concentration and the pathlength of the cell. 118–124 This linear 
dependency is true even for highly absorbing samples, where the assumed linearity of classical 
absorbance spectroscopy breaks down.118,123 This improved working range can prove useful for 
sensor design, since real life applications seldom keep to the constrains set by model studies in a 
laboratory environment.  
It can therefore be said that the implementation of QCLs and their broad commercial availability 
has revolutionized the field of IR spectroscopy significantly. New techniques have been developed 
as well as already existing ones refined and improved upon.  

 

3. Laser based Vibrational Circular Dichroism 
Chiroptical spectroscopy as a field operates in a constant struggle against the low intensities of the 
analyte signals and the comparatively high artifact background in addition to omnipresent matrix 
absorption interfering with correct spectra evaluation.13,125 Accordingly, constant optimization and 
the adaption of technological progress was a constant during the early development phase, to 
render the techniques practical in a real life environment.126–129 A lot of the early work on VCD 
focused on the understanding of polarization artifacts and how to avoid or address them.63,67,68 In 
parallel, alternative sources of introducing modulated polarization into the measurement system 
were explored. Besides the now ubiquitous PEM, rotating quarter wave retarders, rotating 
polarizers in combination with a Fresnel retarder or also polarizing interferometer designs were 
discussed and tested regarding their effectiveness for VCD spectral acquisition.47,66,130–132 Once the 
combination FT-IR + PEM was established as state of the art, constant effort was undertaken to 
optimize the signal to noise ratio and decrease the artifact levels. Dual source interferometer, 
constructively interfering for the 𝐼AC  channel and destructively interfering for the 𝐼DC  channel 
boosted VCDs signals without overloading the detector.133 The implementation of a second PEM 
after the sample position facilitating the alignment process by cancelling out most of the optical 
artifcats.65,126 With the advancements of modern computers completely digital signal processing 
eliminated the need for external lock-in detection and further simplified spectra acquisitions. It 
stands to reason that VCD can also profit from the implementation of a high power, linearly 
polarized light source like QCLs.2,134  
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3.1 Synergies between quantum cascade lasers and vibrational circular 
dichroism 

As already elaborated on, the spectral frequency dependency of the phase shift introduced by the 
PEM and its efficiency curve counteract the multiplex advantages of classical FT-IR 
instruments.14,38,61 This opens up niche applications for both dispersive instruments, but also for 
state of the art QCL based instruments. The maximum tunability of the EC-QCLs used in this study 
covers 400 cm-1, between 1760 and 1360 cm-1. For this range, the PEM phase shift varies a 

maximum of ± 12 % around perfect λ4 retardation, and 𝐽1[𝛼M0 (�̅�)] changes from 0.54 to 0.58, both 
much smaller discrepancies to be handled than the ones prevalent for broad band FT-IR 
experiments (see Figure 10). Besides the stepwise coverage of the spectral range, a characteristic 
QCLs share with dispersive instruments, QCL have other inherent advantages for VCD 
measurements.  
In order to generate the alternating trains of left and right handed circular polarized light, the beam 
impacting the PEM needs to be linearly polarized, with 45 °angle relative to the stress axis of the 
PEM.1,38 Since globars emit randomly polarized light they necessitate the implementation of a 
polarizer, commonly based on a wire grid design, before the PEM in order to condition the light’s 
polarization properly. However, due to its selective transmission a polarizer reduces the spectral 
throughput of unpolarized light by 50 %, a loss that may prove problematic for highly absorbing 
sample-solvent system. QCL chips in contrast provide inherently polarized light due to the selection 
rule allowing only for specific electric field vectors to be emitted. For practical purposes, the quality 
of this polarization will be slightly diminished due to birefringence in the laser cavity and the beam 
steering optics, possibly necessitating the implementation of a wire grid polarizer for polarization 
quality improvement on a case-to-case basis. However, in this case the errors introduced are small 
enough that a polarizer will transmit >99 % of the laser intensity, a dramatically improved 
throughput compared to thermal emitters.135 Besides the inherent polarization, the high brilliance 
of QCLs can be utilized similarly to classical IR spectroscopy to enable longer pathlengths and 
consequently higher signal intensities in the resulting VCD spectra.  
Early implementations of QCL-VCD: Lüdeke et al. published the first VCD spectra obtained by EC-
QCL-VCD spectroscopy in 2011.2 In this application the laser was operated in CW mode, modulated 
by a chopper and tuned to cover the spectral region between 1320 and 1220 cm-1. Akin to FT-IR VCD 
the polarization was improved by a polarizer and modulated by a ZnSe PEM (37 kHz). At the PEM 
the first differences to a FT-IR system occurred, since the PEM was tilted and followed by an 
aperture. The reason for this is the occurrence of interference effects, reflections between the two 
planar surfaces of the PEM crystal, which overlap and distort VCD bands originating from the 
analyte.136,137 The intensity of these interferences is directly proportional to the coherence of the 
light source, which in the case of a (QC) laser leads to significant problems. The tilted PEM allows 
for the spatial separation of the reflected beam from the transmitted one, and the subsequent 
aperture blocks the reflected part, preventing the occurrence of interferences.  
After passing the sample and being focused by a ZnSe lens, the modulated laser intensity is recorded 
by a thermoelectrically cooled MCT detector. This is another change to classical FT-IR spectroscopy, 
as the high intensity of the laser negates the need for low noise cryogenically cooled detectors. This 
setup was employed to collect VCD spectra of Ni(sp)Cl2 , (R)-(+)-limonene in CDCl3 and L-and D-
proline in H2O.2 The high power of the QCL allowed for significantly longer pathlengths (up to 1 mm) 
and its applicability was shown in subsequent publications.3,4,138 However, while the developments 
were substantial, the laser based system failed to outperform conventional FT-IR VCD systems.  
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Further developments of QCL based VCD focused on combining VCD with spatially resolved 
measurements. One of the instruments built for this purpose by Sato et al. combined an EC-QCL 
with a commercial FT-IR VCD instrument, allowing for an easy switch between the two 
techniques.134 It was utilized for mapping of solid state protein samples as well as organic samples, 
but still the spectral quality comparison between FT-IR and QCL-VCD attested a near equal 
performance.134,139 A further QCL-VCD microscope was developed by Phal et al. as a standalone 
instrument.135 It performed well for mapping of solid state protein samples and the analysis of 
human derived tissue samples, but a direct comparison in terms of noise level and measurement 
time with FT-IR VCD instruments was not reported.  
Overall the development of QCL-VCD spectroscopy so far have shown the great potential of the 
technique. Especially the combination with highly absorbing solvents (H2O) or spatially resolved 
measurements has proven to be a successful endeavor. Nevertheless, the years spent in optimizing 
FT-IR VCD have offset the disadvantages of its low power light source and QCL-VCD has failed to 
surpass it consistently so far.  

3.2 Laser based vibrational circular dichroism 
To explain why outperforming FT-IR VCD is a non-trivial goal, the setbacks faced by QCL-VCD need 
to be elaborated on. To do this, some of the challenges for laser based VCD will be discussed below. 
Subsequently, some possible solutions developed in this thesis for these problems will be outlined. 

3.2.1 Challenges of laser based vibrational circular dichroism 

Interference effects: As already mentioned, coherent light sources like QCLs can introduce 
detrimental artifacts to spectroscopic measurements. With the high coherence, intense 
interference effects can occur, overlapping the actual analyte information. While above, these 
effects were only discussed in regard to the PEM, they can arise from all optical elements containing 
two parallel planar surfaces in the system. An example can be seen in the right panel of Figure 15, 
which depicts a raw VCD spectrum of an empty sample compartment, with no optical element 
between the PEM and the detector. The spectra are overlaid with an interference pattern 
originating from a KRS-5 wire grid polarizer. Due to the low intensity of the VCD signals, interference 
fringes are extremely problematic.  

Figure 15 | (left) Raw VCD spectra of an empty compartment collected for different PEM tilting angles. The spectra are 
offset for clarity. (right) A raw VCD spectrum showing the interference effects occurring when placing a polarizer in the 
optical train. The y-axes are scaled equal. 
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In addition, due to the involvement of different states of polarization, the spacing of the pattern 
may vary between 𝐼AC(�̅�)  and 𝐼DC(�̅�)  resulting in a difference frequency pattern after the 
calculation of the raw VCD spectrum. When working with lasers and especially in the context of 
chiroptical spectroscopy an understanding of interference phenomena is therefore crucial. 
This understanding can be provided by viewing the optical elements as (inefficient) Fabry-Pérot 
interferometers. Following this method, the frequency of the interference pattern can be 
approximated by: ∆𝜔r = 𝑐𝜋𝑛λ𝑑 cos 𝜃i (34) 

with ∆𝜔r being the free spectral range in angular frequencies, 𝑛λ and d being the refractive index 
at  and thickness of the optical element respectively and 𝜃i  being the angle of incidence. 
Continuing, the intensity of the fringes can be calculated by: 𝐼t(𝜔) =  𝐼0(𝜔)1 + (2𝐹𝜋 )2 sin ( 𝜋𝜔∆𝜔r)2 (35) 

with 𝐼0(𝜔) and 𝐼t(𝜔) being the incoming and transmitted intensity as a function of the angular 
frequency 𝜔 respectively and F being the Finesse, which is directly proportional to the reflectivity 
of the optical element44.  
When operating in the context of optical elements like lenses or windows, the most important 
parameters are the thickness and the refractive index of the element. Since the free spectral range 
refers to the spacing of the interference pattern, it can be retrieved from the transmitted intensity 
spectrum. By noting the refractive indices and thicknesses of the involved optical elements, the 
most probable origin of the pattern can be identified.  
Interference phenomena arising from the PEM on the other hand are a special case, as during the 
modulation cycle the refractive index of the crystal varies slightly due to the applied stress. This 
modulation shows itself in an additional modulated interference pattern at the PEM frequency in 
addition to the static interference pattern arising from the ZnSe crystal in general. Consequently, 
the interference pattern observed in a VCD spectrum for an orthogonal PEM, see Figure 15 left, is 
more intense by a factor of ~5 than the one observed for the polarizer, see Figure 15 right. 
Having discussed the adverse effects of interference phenomena, possible remedies have to be 
elaborated. One option is to reduce the finesse of the optical element, either by choosing a low 
refractive index material, like CaF2 or by applying an anti-reflection coating.136 While easily done for 
windows or lenses, this option can be impossible for more specialized optics. This is especially true 
for polarization optics, like retarders for which the principle of operation is based on the use of 
birefringent material and a change of material is not possible. 
If the problematic optical element has to be used, another option is to tilt the element relative to 
the propagating light. Depending on the resulting angle of incidence, the reflected beam can be 
displaced away from the transmitted beam. If the displacement is large enough to ensure no 
overlap of the beams on the detector, no interference pattern will be observed.136 The 
displacement (Δd) is dependent on a number of variables and can be calculated according to: Δd = 𝑑 sin 2𝜃i 𝑛1,λ𝑛2,λ (36) 

with d being the thickness of the element, 𝜃i being the angle of incidence and 𝑛1,λ and 𝑛2,λ being 
the refractive index of air and the optical element at  respectively.  
This option is the method of choice for removing interference fringes originating from the PEM 
crystal. As can be seen in Figure 15 left, for increasing angles of incidence the interference effects 
are decreased significantly, until they approach manageable levels for 𝜃i = 15 °. According to (36) 
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for this angle and assuming an refractive index of 2.41 and a thickness of 9.53 mm for the ZnSe 
crystal, the separation of the two beams is 1.98 mm, which is sufficient for a laser beam diameter 
<2 mm.140 Since Δd  is directly proportional the thickness of the optical element, a complete 
separation is not possible for thin optics like the polarizer mentioned above. This can be offset by 
reducing the beam diameter, e.g. with a telescope, reducing the necessary Δd. Since large angle of 
incidences also reduce the modulation efficiency of a PEM, a decrease in beam diameter is also 
warranted when dealing with interference effects arising from the modulator.  
Laser noise: Besides challenges emerging from an interaction between the laser light and optical 
elements, the light source itself can have negative effects. For FT-IR VCD measurements, the used 
globar constitutes an extremely stable light source, with the detector and the interferometer 
mainly contributing to the noise floor. Laser sources on the other hand may also be affected by 
power fluctuations, long term thermal drifts and 1/f noise.141,142 Whereas frequency noise is often 
negligible for condensed phase applications, intensity noise is often problematic. This is especially 
true for QCLs operated in pulsed mode, as they are additionally affected by pulse-to-pulse intensity 
fluctuations. For modern systems, those fluctuations amount to ~2 %, constituting a significant part 
of the noise floor. Since chiroptical signals normally account for about 10-5 of the total signal change, 
fluctuations of 2 % can offset the advantages of QCLs substantially.  
While CW lasers do not suffer from such fluctuations, the thermal drifts and 1/f noise are still 
present. Since CW lasers are commonly modulated by a chopper at a few Hz, the 1/f noise is 
comparatively high. In addition, this mode of operation requires extensive cooling and the data 
acquisition via a lock-in amplifier is less efficient than for high frequency laser pulses. Overall, this 
noise is one of the main reasons that QCL based VCD instruments have not significantly outpaced 
their FT-IR counterparts. Dedicated optical design is needed to counter these adverse laser 
properties.  
Laser emission characteristics: The laser noise described above is inherent to all lasers, regardless 
of the chip material or resonator design. There are some other unique challenges that are specific 
to EC-QCLs. For one, the reproducible turning of the grating and therefore the spectral scanning 
was a parameter that underwent continuous improvement over the years. This led to wavelength 
shifts between subsequent scans, which had decreased the noise reduction normally afforded by 
scan averaging. Possible remedies explored were automatic alignment of the scans against each 
other, or the removal of shifted scans by an automatic similarity index evaluation.97,98,143,144 
Fortunately, further engineering by the laser manufacturer perfected the laser design sufficiently 
enough to correct this error in the latest generations of QCLs.118,145,146  
In addition to its reproducibility, the grating also affects the beam pointing stability of the QCL over 
its tuning range. In parallel to the change of the emitted wavelength, the angle of the beam emitted 
by the laser changes slightly, which results in a laser pointing instability over the wavelength range. 
The magnitude of this change can be monitored by an IR camera as seen in Figure 16. The data 
collected for both QCLs used in this thesis is plotted for both vertical and horizontal deviation. For 
the vertical direction, no pointing change over the tuning ranges is observed. One outlier can be 
attributed to interference from water vapor, which affects the centroid assignment by the camera 
due to low laser intensity. In contrast, the horizontal centroid positions, in which plane the grating 
seems to move, change quite substantially. For the two laser at a distance of 50 cm changes 
± 100 µm (± 0.4 mrad) relative to the average beam position of the respective tuning ranges can be 
observed. 
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While small, such changes in position can be detrimental when high spatial resolution is needed or 
in combination with the interference effects above. When a tilted optical element, like the PEM, is 
combined with a blockage or aperture slight changes in the beam position can affect the 
transmitted intensity. Depending on the specific situation, an aperture can impose a wavelength 
dependent attenuation on the laser emission, or the beam may be partly clipped by the blockage. 
In order to both eliminate interference fringes and avoid a deviation from the gaussian beam 
profile, the beam pointing stability needs to be assessed before the implementation of a QCL-VCD 
setup. As part of the optical design, this information needs to be paid attention to and compensated 
for if necessary.  

3.2.2 Balanced detection for laser spectroscopy 

With the limitations and specific challenges of QCL in mind, the goal of this thesis was the 
implementation of a QCL-VCD instrument for the analysis of liquid samples. It was expected that 
the high laser brilliance and the broad tunability of modern EC-QCLs could be leveraged to achieve 
lower LODs and shorter measurement times compared to classical FT-IR systems. The first aspect 
to be considered was the aforementioned laser noise, which was expected to significantly influence 
the achievable noise floor.  
 

Figure 16 |Change of the centroid position in µm measured at 50 cm distance between laser and camera. The data is 
plotted for both horizontal and vertical deviation, for both QCLs used in this thesis and relative to the mean position 
of each laser respectively. 
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Figure 17 |Electrical configuration for the balanced detector used in this thesis. 

Noise originating from laser sources has been known for some time now, and several methods have 
been explored to counter it. The most common one, and also the one employed in this thesis is 
balanced detection. First proposed in 1991 by Hobbs, this scheme combines careful optical 
alignment with an electronical noise cancellation.141 The laser beam is split into two paths, with 
their respective intensities being as close to equal as possible. Each path is directed onto a separate 
detector. One of the paths, commonly called signal path, contains the sample, while the other path 
is referred to as reference path.147 
After the intensity of the laser is recorded on both detectors, the voltages are amplified, and analog 
subtracted as seen in Figure 17. As both paths contain the noise originating from the light source, 
this noise gets cancelled, dramatically reducing the measurement noise. However, since the sample 
is only present in one path, its absorption is still accessible.  
The efficiency of this noise rejection is dependent on a number of parameters. A characterization 
of the frequency response of both detectors and their respective amplifiers is normally performed 
at the factory. This is done to avoid operating the laser at frequencies which offer low noise 
rejection performance. In addition, optical engineering is essential, as the efficiency of this rejection 
is dependent on the ratio between the two detector signals, which should lie as close to 1 as 
possible. Achieving this equal intensity is non-trivial and may require additional attenuators in one 
of the channels. 99,141,148  
During previous studies performed in the research group, balanced detection was successfully 
applied for gas analytics and also protein absorption measurements in aqueous solution.99,142 The 
latter was foremost the inspiration for applying balanced detection also to vibrational circular 
dichroism, as it showcased the potential of this scheme even for broadband spectra of liquid 
samples. The development and characterization of this setup is described in Publication I.145 

3.2.3 Development of low noise laser based vibrational circular dichroism  

Optical setup: The laser used as light source for the first iteration of balanced detection was an EC-
QCL (Daylight Solutions, Serial No. 3353) tunable between 1781.90-1549.91 cm-1. It offers both CW 
and pulsed operation, but in order to reduce 1/f noise and facilitate lock-in detection, the laser was 
set to 1 MHz, 200 ns pulse (= 20 % duty cycle) operation. To avoid a subsequent reduction in 
spectral coverage, the laser current was kept above the lasing threshold for the whole gain curve. 



37 Laser based Vibrational Circular Dichroism
 

The resulting highly intense vertically polarized (1:100) laser beam was attenuated by a beam 
splitter and subsequent reflective attenuators in the beam path of the reference and signal channel 
respectively. This configuration allowed the use of a high current, enabling broad spectral coverage, 
while reducing the intensity reaching the detectors to ensure staying in their linear range.  
A second beam splitter was used to obtain the two beam geometry inherent to a balanced 
detection scheme. The reflected beam was deemed the reference beam, and after passing a 
reflective attenuator it was focused by a 200 mm ZnSe lens through a reference transmission cell 
at the reference detector. Careful adjustment of the attenuator and the alignment was performed 
in order to keep the ratio between the two detectors as close to 1 as possible over the whole 
wavelength range.  
 

 

Figure 18 | Setup built to explore the applicability of balanced detection for low noise VCD measurements. Sourced 
under the terms of CC-BY-4.0 from ref 145. 

The transmitted beam path was deemed the sample path and was sent through a more substantial 
amount of optical elements. Besides a reflective attenuator, a cage system incorporating a Galilean 
telescope and a 200 mm ZnSe lens was placed in the light path. At the lasers original beam diameter 
of 2.5 mm, the removal of interference effects from the subsequently placed PEM would require a 
tilt angle of ~ 19 °according to eq. (36). This is without accounting for the beam deviation measured 
in Figure 16. Consequently, the beam diameter was reduced by a factor of 3 by the telescope to 
below 1 mm. In combination with a tilt angle of 15 ° this ensured that the reflected beam could be 
blocked without clipping the transmitted beam. Afterwards the beam passed a sample transmission 
cell and was collected by the sample detector. Due to the wavelength area covered by the laser, 
the optical setup was enclosed in an acrylic glass housing and flushed continuously with dry air to 
reduce interference from water vapor.  
Electronical configuration: The laser intensity is doubly modulated, at the laser pulsing frequency 
and at the PEM frequency (42 kHz). To extract the relevant information a multi-channel lock-in 
amplifier (MFLI, Zurich Instruments) was connected to the balanced and reference channel outputs. 
The reference signal from the PEM was directly fed to the MFLI, while a waveform generator was 
in turn synchronized to the MFLI by means of its 10 MHz clock. This waveform generator was 
employed to control the pulsing scheme of the EC-QCL, with the synchronization ensuring the 
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correct demodulation of the laser intensity by the MFLI. The laser was set to continuously sweep 
over the wavelength area at a speed of 640 cm-1/s, and a sampling interval of 10 samples per cm-1 
was chosen. Since the sampling rates of the MFLI can only be set to a discrete number of options, 
the scan rate of the laser was chosen in a manner that the 10 sample/cm-1 criterion is satisfied. 
Noise evaluation was performed for the different settings, and a relatively slow scanning speed of 
640 cm-1 resulted in the best performance in regard to the VCD signal. This can be attributed by the 
comparatively slow modulation imposed by the PEM, which can be better resolved by longer time 
constants. Since the time constant was set relative to the scan rate of the laser, the lower sweep 
rates performed superior. The start of the sweep was characterized by a high transistor-transistor 
logic (TTL) signal, which was picked up by the MFLI and used to synchronize the data acquisition to 
the process of the wavelength sweep. Since the balanced signal output only describes the 
difference between the two channels, an offset reference spectrum had to be collected once and 
could be reused as long as the same measurement conditions and solvents were used. Substituting 
eq. (30) with the corresponding values for this setup yields: ∆𝐴(�̅�) =  12𝐽1[𝛼M0 (�̅�)]1.1513 | 𝐼ACb (�̅�)𝐼DCb (�̅�) + 𝐼DCr (�̅�)| (37) 

with the subscripts AC and DC referring to the already established convention of PEM and classical 
IR respectively, while the superscripts r and b refer to the reference and balanced detector 
respectively. The resulting spectra were filtered by a finite impulse response filter to a final 
resolution of 1.6 cm-1. 
Application: While the overall design of the balanced detection VCD setup had the potential to 
significantly reduce the measurement noise, the first application was to evaluate the performance 
and judge possible improvements. For this reason, the transmission cells were filled with the chosen 
solvent CHCl3 and up to 3000 scans (= 20 min measurement time) were collected in 5 replicates for 
either single detector or balanced detector operation. The dataset was split in half and 1500 scans 
were averaged each to produce a background and a “sample” VCD spectrum, which were 
subsequently subtracted. The resulting 100 % lines can be seen in Figure 19 A, with the resulting 
root mean square (RMS) noise being plotted as well. A more complete assessment of the noise level 
can be achieved by plotting the change of noise as a function of averaging time (akin to the Allan 
variance), which can be seen in Figure 19 B. Even for short averaging periods, the balanced detector 
outperforms single detector operation significantly and this continues to be the case with increasing 
averaging time. This showcases the improvement and stabilization achievable by balanced 
detection even for VCD measurements.  

 

Figure 19 | Results of the noise comparison between single detector and balanced detector QCL-VCD measurements. 
The shown spectra are the results of a scan averaging 1500 scans (A), and the noise decrease as a function of the 
measurement time is plotted for both detection schemes (B). Adapted under the terms of CC-BY-4.0 from ref . 145 

While the above results showed a decrease of the noise floor by a factor of 3, this is a less striking 
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improvement than previously reported for balanced detection in absorbance QCL spectroscopy. For 
comparative balanced detection systems in classical IR absorbance spectroscopy 20-fold 
improvements in terms of noise were reported.99 An explanation for this difference can be found 
in eq. (37), in which the 𝐼ACb (�̅�)  component is normalized by division through the 𝐼DCb+r(�̅�) 
component. Both intensities are collected in parallel, and through the normalization process the 
VCD signal becomes less influenced by laser power fluctuations. Therefore, the inherent data 
acquisition process of VCD signals offsets the gains provided by balanced detection to some degree. 
Still, from the data it can be seen that this process is not perfect and balanced detection achieves 
further decoupling of VCD signals from measurement noise.  
Besides the comparison with a single detector system, balanced detection VCD needs to be 
benchmarked against the gold standard FT-IR VCD. For this in addition to the RMS noise, the 
maximum deviation from zero or noise height was also calculated and compared to literature values 
for FT-IR VCD which can be seen in Table 2. While single detector performance fails to outperform 
classical FT-IR VCD, balanced detector QCL-VCD achieves this easily, even for measurement times 
shorter by at least a factor of 3.  

Table 2 | Noise characteristics comparison between single detector QCL-VCD, balanced detector QCL-VCD and FT-IR 
VCD. Sourced under the terms of CC-BY-4.0 from ref145. 

 RMS noise  
[10-6 ΔAU] 

Time 
[min] 

Noise height 
[10-6 ΔAU] 

Time 
[min] 

Single detector 5.45 10 15.2 10 
Balanced detector 1.46 10 3.83 10 
FT-IR VCD149,150 2.8 30 50 60 

For further reading on the development of balanced detection VCD the reader is referred to ref145.  

3.2.4 Steps towards chiral monitoring 

With the benefits of balanced detection QCL-VCD established, further work focused on advancing 
the technique towards chiral monitoring. This goal can be located in the broader context of process 
analytical technology (PAT). PAT is an advocated concept to facilitate innovations and improve 
quality and yield mainly in the pharmaceutical industry and was given out by the Federal drug 
administration (FDA) in 2004.151 The main scope of this directive is the pharmaceutical industry, 
which overlaps with the foremost field of application of chiral analytics.26,152 As can be derived from 
the name, PAT concerns itself primarily with the progress and only in passing with the finished 
product. In brief, the process of PAT can be described as follows:151,153 

1. Understand the process: Based on previous experiments, theoretical understanding and 
expert knowledge, the critical process parameters are identified and their influence on the 
variations of the finished product are mapped out.  

2. Monitor the process: Building upon the information gained in step 1 an adequate 
monitoring system can be designed. The aim is to assure reaching defined critical quality 
attributes (CQA) in the finished product by determining critical process parameters (CPP)s. 
This is achieved by applying numerous, often orthogonal, analytical techniques to monitor 
the process under investigation. The analytical chemical data is often combined with 
process data to derive relevant conclusions. This step can also involve soft sensors, which 
take information from multiple measurement techniques to predict not easily accessible 
process variables.154  
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3. Control the process: By combining the knowledge about the process with near real time 
monitoring, deviations from the correct course of a process can be identified early on. As a 
consequence, the deviations can be addressed and rectified through adjustment of the 
relevant CCPs, preserving the quality of the finished product, i.e. assuring high CQAs.  

Spectroscopic methods, able to gather information in a non-invasive manner, have been at the 
forefront of PAT developments. Indeed, both FT-IR spectroscopy and ECD have been successfully 
applied as monitoring tools for protein stability studies or aggregation behavior in monoclonal 
antibodies.101,154–156 However, VCD has so far been excluded from PAT designs by its low time 
resolution and weak sensitivity. That is not to say that VCD is not an essential part of modern 
pharmaceutical workflows. On the contrary, it can be viewed as the gold standard for absolute 
configuration assignment of finished chiral pharmaceuticals, as outlined in the US 
pharmacopeia.18,150,157 It stands to reason that the opportunities offered by balanced detection QCL-
VCD can extend its useability from an end of the line to a PAT technique broadly used in process 
monitoring.  
Spectral coverage vs time resolution As discussed above, the broad tunability provided by modern 
EC-QCL systems enables the measurement of liquid samples, which constitute the most common 
state of matter during pharmaceutical manufacturing. However, as is also the case for FT-IR 
spectroscopy, the spectrum often contains only a small percentage of actual bands, with the rest 
corresponding just to an empty baseline. In contrast to FT-IR spectroscopy however, in EC-QCL 
spectroscopy, and in dispersive spectroscopy, the scan area can be amended to avoid collecting 
empty spectral areas. Since for EC-QCL spectroscopy this directly translates into reduced 
measurement time, it is an interesting opportunity for sensor design. Since the foundation of PAT 
is understanding the process, one can also predict the useful spectral area for process monitoring. 
This can be then used to specifically tailor QCL emission to the area of interest without wasting 
measurement time on empty spectral areas.  
To test the possible gains offered by these considerations, chiral molecules with characteristic 
bands in different areas of the available EC-QCL were considered. One easily available analyte pair 
were the diastereomers quinine/quinidine, with bands between 1550 and 1670 cm-1.9 For the 
higher wavenumber area, the search proved to be more difficult, and only one suitable and easily 
accessible analyte was found. This analyte was α-D-galactose-pentaacetate, a modified chiral 
carbohydrate, with the pentaacetate group adding absorption and corresponding VCD bands in the 
carbonyl spectral region, 1665-1780 cm-1 accessible by the laser.158 The modification of α-D-
galactose-pentaacetate was done to introduce less rotational ambiguity into the carbohydrate 
analyte, enhancing its VCD signals.158 All analytes were readily soluble in CHCl3 and the chosen 
concentrations were 20 mM for α-D-galactose-pentaacetate and 144 mM for Quinine and 
Quinidine. At the used pathlength of 160 µm, these concentrations result in a maximum absorbance 
>0.6 AU, ensuring appropriate signal heights for the VCD spectra.38 Consequently, the laser was set 
to sweep only over the spectral area useful for the respective analyte and 700 scans were averaged 
for each spectrum, amounting to < 3 min of acquisition time. The resulting single channel spectra 
can be seen in Figure 20, with each sweep area covering the respective absorption bands, yielding 
the necessary information. The slight difference in intensity can be attributed to the change in 
current for the 1670-1550 cm-1 area. This change was possible due to the maximum of the laser 
lying outside of the scanned area, allowing for a higher current without risking saturating the 
detector.  
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Figure 20 | Baseline and sample spectra collected for different analytes and spectral areas of the tuning range offered 
by one of the EC-QCL used for this thesis. 

The calculated IR absorbance and VCD spectra can be seen in Figure 21 with a filtered resolution of 
5 cm-1. The IR absorbance spectrum of α-D-galactose-pentaacetate is in the area accessible by the 
laser is dominated by a strong absorbance band at 1751 cm-1, which translates to a well resolved 
positive couplet in the VCD spectrum. This vibration can be attributed to the C=O stretch vibration 
occurring in the ester bond between the acetate residual and the galactose. The location of this 
band at the higher frequency limit of such bands can tentatively be attributed to the ether group 
connected to the alcoholic O of the ester group.158,159 The couplet extends from the minimum at 
1755 cm-1 to a maximum at 1747 cm-1, which corresponds well to the location reported in 
literature.158  
 

 

Figure 21 | IR absorbance and VCD spectra for α-D-galactose pentaacetate (A) and quinine/quinidine (B). The 
corresponding 3D-structures are placed next to the spectra. For αα -D-galactose-pentaacetate one of the acetate 
residuals is marked with a black ellipse.  

As for quinine and quinidine, their IR spectra are virtually identical, as expected for diastereomers, 
with a strong absorption band at 1620 cm-1 and a weaker one at 1590 cm-1, corresponding to the 
C=N vibration of the quinoline ring.9,160 The corresponding VCD spectra are not as resolved as the 
α-D-galactose-pentaacetate one, with one weak band at ~1575 cm-1 and one artifact mirroring the 
absorbance band at 1620 cm-1. The weak signals were expected from the literature, as only weak 
VCD bands have been found for Quinine/Quinidine in the spectral area accessible by the laser. 
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Nevertheless, the orientation of the band around ~1575 cm-1 exhibits the typical mirror image 
expected for the molecule pair and matches the peak positions reported in literature quite well.9 
Accordingly, it can be concluded that even for challenging analytes like these, the adjusted QCL-
VCD setup performs satisfactory at measurement times of below 3 minutes. 
Fast monitoring With the additional speed advantage of tailored coverage, a more dynamic study 
was carried out, which was the basis for publication II. As mentioned for the quinine/quinidine 
measurements, strong VCD bands are generally located between 1500-900 cm-1, with terpenes 
being prominent examples. These molecules are often used as benchmark samples to showcase 
instrumental improvements.9,149,161–163 Due to the restrictions imposed by the laser coverage these 
samples were not accessible by our system. The laser’s spectral range is mostly home to biological 
samples like proteins or nucleic acids.14,158  
Biological samples constitute meaningful analytes and are indeed part of this thesis, but for the 
application of chiral monitoring small molecules in organic solvents were considered more 
appropriate analytes. With the restrictions imposed by the accessible spectral area, the 
enantiomeric pair R/S-(±)-1,1´-bi-2-napthol (BINOL) was selected. As can be seen in Figure 22, these 
molecules have two strong bands and corresponding VCD couplets in the region between 1650 and 
1580 cm-1. The doublet peaks in the absorbance spectra and their matching VCD bands can be 
attributed to C=C stretch vibrations in the naphthalene backbone.159 In addition to the presence of 
absorption bands in the accessible area, see, these molecules have industrial relevance. Due their 
very stable confirmation, they are used as chiral motifs of polymers and their derivates are 
important reactants for asymmetric chemical reactions.164,165 Besides their relevance for industry, 
the signals arising from the BINOL in this area are < 5·10-5 ΔAU, which is also a level relevant for 
applications in biological systems or chiral synthesis. In comparison similar studies, which also 
aimed studying dynamic systems, were performed with model molecules, e.g. terpenes, with VCD 
signal intensities higher than 10-4 ΔAU. It is important to note that these studies using state of the 
art FT-IR VCD spectrometer were carried out at a much lower time resolution of between 20 to 
60 minutes. 149,166  

 

Figure 22 | (left) IR and VCD spectra of R-and S-BINOL. (right) 3D-structure of the molecules. 

A common problem for storage of chiral substances is racemization, which refers to decrease in 
enantiomeric purity of a substance till the equilibrium, a 50:50 R:S mixture, is reached.165 We 
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decided to simulate this process by the time dependent mixing of the two BINOL-enantiomers. The 
optical setup used for this study can be seen in Figure 23. It is a slight modification of the one 
presented in publication I, with a simplified electronic configuration and a closed loop pump system 
attached to the sample cell.146 This pump system is used to represent an on-line sampling 
configuration, with a small stream of a reactor diverted through the analysis system (the QCL-VCD 
system) and afterwards rejoining the original reaction mixture.  
 

 

Figure 23 | Optical setup (I) and fluid handling system (II) used for the simulated monitoring study. The fluid handling 
system was connected to the sample system as indicated by IN and OUT, resulting in a closed loop. Sourced from 
ref.146. 

For the simulated racemization, a solution of S-BINOL was left to circulate in the closed loop through 
the sample cell and small amounts of R-BINOL were added every 6 min. These intervals were 
portioned into a waiting period, 3:16 min, to ensure proper mixing, and a spectral acquisition of 
2:44 min. After 60 minutes the racemic mixture was reached, and the process was stopped. To be 
able to better assess the performance of QCL-VCD for this purpose, the process was repeated for 
three concentrations (20 ,40 and 80 mM). The dataset was therefore comprised of 11 different 
ratios of the enantiomers, corresponding to enantiomeric excess (EE), and 3 different 
concentrations. Another analytical value, the differences in molar concentration, was implemented 
to combine the data in a meaningful way: 𝑑𝑖𝑓𝑀 [𝑚𝑀] =  𝐸𝐸 [%]100 𝑐BINOL[𝑚𝑀] (38) 

with 𝑐BINOL being the concentration of BINOL regardless of its chiral identity. This value can be used 
similarly to LOD, as it defines the minimum difference in concentration between the two 
enantiomers that can be resolved. The spectra obtained from these experiments can be seen in 
Figure 24.  
 

 

Figure 24 | VCD spectra obtained from the different racemization simulation as a function of concentration and EE 
levels. All subplots are scaled to the same y-axis. Adapted from ref.146. 
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The spectra show the typical couplets expected from BINOL in this spectral area, arising from the 
C=C deformation vibrations in the naphthalene backbone, see also Figure 22.159,164 Also as expected, 
the signal intensity decreases along the decreasing EE levels, which can be observed even for the 
lowest tested concentration.  
While monitoring could be done by plotting the relative size of the couplets, better and more stable 
results are normally achieved by applying chemometric evaluations. For quantitative evaluations, 
the first algorithm that comes to mind is partial least squares regression (PLSR). This method 
deconstructs the data into a number of orthogonal latent variables (LV), building a prediction model 
based on them, not on the underlying spectra. This counters the influence of collinearity which is 
an inherent challenge for spectral data.167 By doing this, one can leverage the entire information 
contained in a VCD (or IR) spectrum, while avoiding overfitting of the data.  

 

Figure 25 | Coefficients obtained for the used models, plotted against a typical S-BINOL spectrum. Adapted from ref.146.  

PLSR evaluation of the data was set as benchmark, due to the above mentioned advantages, and 
also because it is commonly used for FT-IR VCD spectra evaluations.70,166 The competing evaluation 
method was least absolute shrinkage and selection operator (lasso), which does automatic feature 
selection instead of transforming the spectral data.168 It can be viewed as a modified multiple linear 
regression, with an automatic weighting of the variables (=wavenumbers). During the lasso 
algorithm, this weighting can lead to the omission of variables from the model building. 
Consequently, the model is only built upon the most information rich spectral areas. This concept 
is easily understood when looking at the coefficients which are the results of the respective models, 
as seen in Figure 25. PLSR relies on LV1 and LV2, which correspond perfectly to the normalized S-
BINOL VCD spectrum. Lasso in contrast relies only on a few wavenumber positions, which however 
again correspond well to the strong bands of the S-BINOL spectrum. For assessing the overall 
performance of the model, the root mean square error of cross validation and of prediction 
(RMSECV and RMSEP) were calculated according to: 

𝑅𝑀𝑆𝐸 =  √∑ (𝑦i − �̂�i)2ni=1 𝑛  (39) 

with 𝑦i  and �̂�i  being the real and predicted 𝑑𝑖𝑓𝑀 value of sample 𝑖  and 𝑛 being the number of 
samples. For the RMSECV a leave one out cross validation was applied, while the RMSEP value was 
based on a validation set corresponding to 20 % of the samples. 
As can be seen in Table 3 PLSR remains slightly superior due to the broad spectral dataset it is based 
on. However, it does not offer much insight into improving the system to provide better monitoring 
capabilities. Also lasso appears to be more stable against overfitting, as the performance does not 
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decrease significantly between the cross validation and the prediction set. 

Table 3 | Figures of merit for the used chemometric methods. 

  PLS Lasso 

RMSECV 
mM 2.8 3.4 
%EE (2.8-7.0) (3.4-8.4) 

RMSEP 
mM 3.5 3.6 
%EE (3.5-8.8) (3.6-9.0) 

RMSECV: root mean error of cross validation 
RMSEP: root mean error of prediction 

 
In contrast, the automatic feature selection performed by lasso can be leveraged to in turn improve 
the optical design. Since the emission profile of an EC-QCL is adaptable, it can be set to only emit at 
the wavelengths selected by the algorithm. While only a small fraction of the spectral range is 
sampled, the prediction accuracy would remain the same. By applying such a regime, high quality 
prediction can be achieved at even higher time resolution as the one presented here. In the context 
of PAT systems, outlined previously, a reduced response time is crucial to ensure correct process 
control mechanisms. The combination of lasso and tunable EC-QCL VCD can be seen as the logical 
extension of the adapted spectral coverage which comprised the basis for this study, replacing 
human decision making by automatic objective feature selection.  
In conclusion, it can be said that QCL-VCD technology has high potential for monitoring applications 
and PAT schemes. Based on the differences to classical FT-IR systems, mainly tunability and high 
power, fast and precise acquisition of chiral information is possible and can potentially be used to 
streamline asymmetrical reaction processes.  

3.2.5 Proteins – Chirality in macromolecules studied by QCL-VCD 

Besides chiral small molecules, the other prominent group of analytes for VCD is comprised of 
biomolecules, mainly proteins, peptides or short strands of nucleic acids. Since for those 
biopolymers their function is intrinsically linked to their structure, the added information gained by 
chiroptical methods can enhance the understanding of them. For the purpose of this thesis, the 
focus will be on protein studies, since it is also the most prominent field overall. 14,71,78,169,170 Before 
moving on to VCD spectral acquisitions of proteins however, the basis of protein analytics by 
vibrational techniques should be discussed. 
The most prominent IR active bands of proteins are the amide I-III bands, located between 
1300 and 1700 cm-1.99,171 Most analysis focus on the amide I and II for structure analytics, as they 
can be correlated straightforward to secondary structure changes.14,101 They originate in the 
backbone of proteins, i.e. in the peptide bonds between the amino acids comprising the primary 
structure of proteins, as can be seen in Figure 26 A. The amide I vibration is dominated by C=O 
stretching vibration of the carbonyl moiety, with contributions from the N-H in phase bending of 
the amide group. The amide II vibration in contrast is a combination vibration originating from the 
N-H bending and C-N stretching vibrations.97,171 Both vibrations are susceptible to peak maxima 
shifts and shape changes upon secondary structure changes, a characteristic which can be utilized 
for getting information on protein structures. These shifts can be attributed to changes in the 
hydrogen bonds and angle dependent coupling occurring between the amide groups.172 In general, 
the amide I band is recognized as being the most sensitive to those changes and therefore is the 
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focus of most studies.97,173  
 

 

Figure 26 | (A) Amide I and amide II of BSA in water. (inset): Movement of the peptide backbone responsible for the 
amide vibrations. (B) Uncorrected absorbance spectrum of water and BSA in water. 

Unfortunately, the amide I vibration is also the most challenging to resolve, as it overlaps with the 
strong H-O-H bending vibration of water at 1643 cm-1, as can be seen in Figure 26 B. Since water 
based solvent systems are the natural environment of proteins, this severely restricts the 
pathlength and therefore the concentration range applicable for IR protein studies.99 . The last 
band, the amide III band is the weakest one of the amide bands and is seldom used for structure 
analytics, although promising results have been reported for its dihedral angle sensitivity.174 
As for their classical IR absorbance counterpart, protein VCD bands can be organized in different 
areas corresponding to the amide bands. However, the broad bands common for classical IR are 
resolved into a pattern of narrow ± bands. Due to the inherent weak intensity of VCD spectra, the 
challenges of IR protein measurements are amplified, with even shorter pathlength (<6 µm) being 
necessary to provide a high enough light flux. According to the general rule of thumb for VCD 
instrumentation, absorbance values between 0.4 and 0.8 are desired, resulting in concentrations 
between 100-200 mg/mL for the measurements.45,175,176 Even at these high concentrations, low 
noise spectra are commonly collected over at least 6 h of measurement time, severely restricting 
the experimental throughput.45,76,177  

3.2.5.1 Proteins in aqueous solutions 

As part of this thesis, it was planned to utilize the high brilliance of the available EC-QCL to facilitate 
protein VCD studies in aqueous solutions. This necessitated several changes in the optical setup to 
account for the specific challenges of protein VCD studies. The finished optical setup used for this 
purpose can be seen in Figure 27. Below, the development process will be explained. 
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Figure 27 | Optical setup used for the VCD measurements of aqueous solutions. 

Setup development: Due to the broader spectral coverage necessary for protein studies, a different 
EC-QCL (Daylight Solutions, Serial No. 3465) was used for the experimental setup. This model was 
tunable between 1360 and 1760 cm-1 and able to operate at a duty cycle up to 30 %. For the spectra 
acquisition, the laser was set to pulsed mode at 600 kHz with 500 ns pulse length. The laser was 
swept between 1450 and 1700 cm-1 at a speed of 80 cm-1/s, and 4 spectra of 141 scans each were 
collected for a typical measurement. This corresponds to an acquisition speed of 40 min per sample. 
The electronic configuration was left as in Figure 23, with the lock-in directly referenced to the laser 
and the PEM and spectra were collected at 20 samples/wavenumber. The spectra were then 
corrected for baseline shifts and were smoothed by fitting a 3rd degree spline with knots spaced 
8 cm-1 apart. This achieved an 8 cm-1 resolution, verified by comparing a filtered H2O vapor 
spectrum to FT-IR vapor spectra of the chosen solution. 
The high absorption of water necessitated an adjustment of the intensity profile of the EC-QCL. At 
the high current necessary to ensure adequate transmission through the water band, the high 
power of the laser would lead to detector saturation in the area outside of this band. The lower 
wavenumber area was attenuated by a 2 mm sapphire window, the thickness selected to provide 
transmission down to 1450 cm-1. As sapphire is a birefringent material, the window was set into a 
rotational mount and the optical axis was oriented parallel to the laser polarization. This was done 
to minimize the degradation of the inherent laser polarization. Afterwards the higher wavenumber 
area was attenuated by a silicon based long pass filter. To reduce the interference fringes 
originating from this optical element, the laser was rotated around the Y-axis (Figure 27) by 20 °. 
This axis was chosen, as according to the Fresnel equation the reflection of the laser light (p-
polarized) at the filter surfaces should be reduced at this orientation.  
A further increase of the angle was not possible, as this would have reduced the filter efficacy too 
much to provide adequate attenuation. 
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As can be seen in Figure 28 the selective attenuation of the window-filter combination ensured a 
relative high throughput in the water band area. The maximum intensity was set to be in the linear 
range of the detector by observing single pulse intensities. After the attenuators the laser was 
focused by a 200 mm ZnSe lens and directed at a beam splitter. The reflected beam was chosen as 
sample beam since it contained 60 % of the laser intensity. The further additions to this beam path, 
i.e. PEM and polarizer, reduced the overall transmission, therefore the placement in the more 
intense beam path partly compensated these losses. In the end, almost equal intensities of both 
beam paths could be achieved, which is necessary for effective balanced detection operation. The 
PEM, a 50 kHz model, was placed in it at an angle of 10 ° around the Z-axis, with a 1 mm aperture 
placed to remove the diverted reflected beam. A KRS-5 polarizer (1:300 extinction ratio) was placed 
before the PEM.  
This was done, since the rotational adjustment of the sapphire window described above relies on 
the assumption that the laser emission is highly polarized and stable. However, at least for DFB-
QCLs, also the emission of circular or differently oriented vertically polarization states were 
reported.93  
Consequently, the inherent polarization of the laser was investigated by means of a polarizer, 
operating as an analyzer, and a zero order quarter waveplate centered on 6 µm. The waveplate was 
placed in a rotational mount, followed by the polarizer also in a rotational mount and the intensity 
was collected by the sample detector. The intensity at the detector can be calculated according to: 𝐼(𝛼, 𝛽, 𝜙) = 12 ∗ {𝑆0 + (𝑆1 cos 2𝛽 + 𝑆2 sin 2𝛽) ∗ cos 2(𝛼 − 𝛽)+ [(𝑆2 cos 2 𝛽 − 𝑆1 sin 2𝛽) ∗ cos 𝜙 + 𝑆3 sin 𝜙] sin 2(𝛼 − 𝛽)} 

(40) 

with α, β, 𝜙 being the angle of the analyzer, angle of the waveplate and the phase shift applied by 
the waveplate respectively and 𝑆0 to 𝑆3 being the stokes parameter of the incoming laser light.178 
All angles are measured against the horizontal axis. By changing α and β and collecting the 
corresponding intensity at the detector, the stokes parameter and therefore the polarization 
composition can be calculated. The used combinations are listed in Table 4. 
 
 
 

Figure 28| Detector response for a 25 µm pathlength cell filled with water and for the same cell with BSA in water at 
80 mg/mL. 
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Table 4 | Different settings for the angles of the polarizer (α) and the waveplate (β) used during the characterization 
of the laser. 

 1 2 3 4 5 

α 0 ° 90 ° 45 ° 45 ° 45 ° 
β 0 ° 0 ° 0 ° 45 ° 90 ° 

 
Option 4 was added since the typical application of this method aims to characterize a 
monochromatic laser, where the phase shift 𝜙 introduced by the waveplate corresponds to 90 °. 
This leads to the elimination of 𝑆1 and 𝑆2 from option 5, simplifying the equation system. Since 𝜙 
corresponds to 90 ° only at one point in the wavelength range of the laser, one additional equation 
had to be added to facilitate the calculations. 
For a given light source, 𝑆0 corresponds to the total intensity, 𝑆1 to the linear polarization in vertical 
or horizontal direction, 𝑆2 to the linear polarization at ±45° orientation and 𝑆3 to the left or right-
handed circular polarized component. In Figure 29 the values for 𝑆1-𝑆3 normalized to 𝑆0 are plotted 
against the wavenumber range. As expected, 𝑆1 stays at around -1 for the spectral range, which 

corresponds to vertical polarization. Unfortunately, the laser emission also contains non-trivial 𝑆2 
and 𝑆3 components, probably arising from birefringence in the chip and the window materials.  
The fringes at a frequency of ~ 10 cm-1 in the characterization measurements originate from the 
used quarter waveplate. This optical element was not present during the actual measurements. 
Consequently, the mentioned polarizer was placed in the optical path to remove these components 
and increase the purity of the laser polarization. Since the polarizer also gave rise to significant 
interference effects, it was tilted by an angle of 40 ° (around the X-axis). With the rotational axis 
being oriented at 90 ° to the transmission axis, no reduction of the polarizer performance was 
observed.179  
The transmitted beam passing the beam splitter was set to be the reference beam and was directed 
through a CaF2 window and refocused by a 200 mm CaF2 lens. The focus point of the 200 mm ZnSe 
lens was set to the back surface of the PEM, and the beam only slightly diverged till it was collected 
by the sample detector. In contrast, for the reference channel the refocusing steps were necessary 
to ensure enough intensity was reaching the detector for adequate signal balancing. Both beams 

Figure 29 | Normalized stokes parameter collected for the used laser source. 
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passed a respective 26 µm pathlength cell in a double pathlength transmission cell, which was set 
to 25 °C. The complete setup was placed on a temperature-controlled breadboard set to 22 °C 
(approx. room temperature) and enclosed in acrylic glass housing for further stabilization and to 
facilitate flushing with dry air.  
 
Concentration range: To evaluate the performance of the instrument, a calibration curve of bovine 
serum albumin (BSA) spanning from 10 - 100 mg/mL was prepared in ultrapure water (resistivity: 
18 mΩcm). BSA is a small protein mainly composed of α-helical structures, easy to acquire and 
broadly soluble in water even at high concentrations.45 As can be seen in Figure 30  (A) the resulting 
IR absorbance spectra exhibit the expected gradual increase in intensity for the amide I and II bands. 
Also the band maxima, 1654 cm-1 and 1546 cm-1 for the amide I and II respectively, correspond to 
values found in literature. The corresponding VCD spectra on the other hand are not so easily 
interpretable. Despite the measures described above, the spectra are heavily distorted by high 
frequency interference fringes. A Fourier transform analysis of the spectra revealed frequencies of 
3 cm-1 and 1 cm-1, which could be attributed to the long pass filter and the polarizer respectively. 
Consequently, the spectra, originally collected at 0.5 cm-1 resolution, were smoothed to 8 cm-1 
resolution as already described. The spectra are shown in Figure 30 (B). This resolution was chosen, 
since most VCD spectra of biomolecules are presented at 8 cm-1. At this resolution, the VCD spectra 
can be interpreted and indeed show the expected trend in intensity. 
The amide I area is composed of the well resolved positive couplet expected for mostly α-helical 
proteins, spanning from 1662 to 1642 cm-1, which again corresponds well with literature values. In 
the amide I area, one would expect a negative band at ~1515 cm-1, which indeed is present in the 
collected spectra. What is not expected is the positive band around 1548 cm-1, corresponding well 
to the amide II band, which in combination with the 1515 cm-1 band mimics a couplet. Based on the 
band maximum position this peak can be deduced to be an absorbance artifact and is an indicator 
that the baseline adjustment was not entirely successful. Subsequent alignment was performed, 
but it was not possible to reduce all artifacts over the wavelength range to an acceptable level.  
The process was greatly hindered by the strong fringes, as they distorted the baseline and reduced 
the SNR significantly. For further progress in this experiment alternative attenuators will be 
necessary, or as a first step it may help to reduce the pathlength significantly. Alternatively, 
methods could be implemented to reduce the coherence of the laser, as already proposed in the 
literature for visible laser systems.180,181 It might also be sensible to reduce the spectral coverage 
and focus only on the amide I region. This should facilitate the alignment process and the amide I 
band alone can contain enough information for most applications.182,183 
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Figure 30 | (A) IR absorbance and VCD spectra of BSA in different concentrations. The spectra are unfiltered and 
presented at a resolution of 0.5 cm-1. (B) The IR absorbance and VCD spectra shown in (A) after applying a lowpass 
filter with a cut-off of 8 cm-1. 

Nevertheless, even though the spectra are not perfectly artifact free, the data shows the potential 
of QCL-VCD for aqueous protein solutions. The amide bands were well resolved, even against a 
water background absorbance of 3.0. The overall level noise levels were satisfactory, and the 
increased pathlength of 26 µm extends VCD measurements of proteins to significantly lower 
concentration regimes. The presented data can be seen as an important step towards fast and 
sensitive VCD spectra acquisitions, and the author is convinced that further improvements will 
allow VCD to be used for dynamic studies in the future.  

3.2.5.2 Low concentration VCD – proteins in D2O 

Besides exchanging the light source for a laser, one can also enable lower concentration protein 
studies by exchanging the solvent system. FT-IR VCD protein studies have been performed at 
pathlengths between 25-50 µm by switching to D2O based solvent systems.75,183,184 The replacement 
of H by D leads to an increase in mass of the oscillator, which according to eq. (9) leads to a shift of 
the vibrations to lower frequencies. Consequently, the D-O-D bending vibration is found around 
1200 cm-1 leaving the amide bands unobstructed. This method has been routinely used if the effect 
of external changes, like temperature or pH changes, are to be studied without the possibly 
detrimental influence of the high concentrations normally associated with VCD protein 
studies.16,73,76,183,185  
While this procedure is used to make larger pathlengths accessible for FT-IR experiments, laser-
based studies can also profit from it: The high brilliance of QCLs and the low absorption of D2O in 
the amide regions allow for pathlengths of up to 478 µm and 270 µm for transmission and 
dispersion analytics respectively.173,184  
The goal of the work presented in this chapter was to extend this combination to QCL-VCD 
spectroscopy, improving the sensitivity and time resolution of the technique in the application of 
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protein analytics. The results of this can be found in Publication III. 

 

Figure 31 | Optical setup used for the protein studies in D2O solutions. 

For this purpose, the setup presented before was adapted to be better suited for protein 
measurements in D2O, see Figure 31. The emission profile shaping done by the sapphire window 
and the long pass filter was not necessary anymore, as the high absorption of H2O did not need to 
be compensated. A reflective broadband attenuator, akin to the one used in publication I and II, 
was implemented instead. In addition, the double pathlength cell was replaced by two separate 
transmission cells. These cells were the same model used in our FT-IR instruments, and the sample 
could be directly injected into the cell, with minimal tubing involved. This was done to keep sample 
consumption at a minimum. 
 

In addition, the sample cell could be placed at different positions and orientations with ease, 
independently from the reference beam. This provided another degree of freedom for the baseline 
adjustment before VCD measurements. The used pathlength was 204 µm, which is longer than the 
ones previously used on FT-IR instruments, but shorter than for other QCL-IR transmission setups 
reported elsewhere.75,173,184 This is in part due to the expected lower signal for VCD measurements, 

Figure 32 | FT-IR absorbance spectrum of D2O in a 23 µm cell and transmission profile of the used EC-QCL setup for a 
pathlength of 204 µm. 
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and therefore a more conservative adjustment to preserve a high spectral throughput. Another 
reason is a slight absorption band of D2O at around 1550 cm-1, which in combination with the gain 
curve of our EC-QCL lead to a very uneven transmission profile, see Figure 32. While higher 
pathlength are indeed possible, this configuration was chosen to keep the noise levels low and 
facilitate alignment.  
Besides the optical setup, also the laser pulsing scheme was adapted. While in the previous 
iterations the laser was operating independently of the PEM, in this configuration the laser pulsing 
scheme was modulated in reference to the PEM’s modulation cycle. The PEM reference frequency 
(50 kHz) was fed to the lock-in amplifier and one demodulator was set to the 8th harmonic (400 kHz), 
outputting a TTL signal at this frequency. This signal was connected to the laser controller to set the 
modulation frequency and the pulse length was set to 700 ns, resulting in a duty cycle of 28 %.  
For the adjustment of the pulsing scheme, a polarizer oriented horizontally was placed in the 
sample channel after the PEM. This created a crossed configuration, and the lock-in amplifier phase 
was adjusted until 2 of the 8 laser pulses occurring during the modulation cycle (20 µs) were 
maximized. Due to the crossed configuration, 2 other pulses should exhibit minimum intensity. This 
is indeed what was observed. Figure 33, which depicts the digitized detector intensity as a function 
of time. This reference configuration was deemed stable over at least several months according to 
frequent control measurements.  

 
The motivation for switching to this modulation scheme was to apply the most efficient use of the 
laser intensity, while still keeping a relatively high duty cycle of 28 %, crucial for good lock-in 
amplifier sensitivity. With this configuration 25 % of the laser energy passed the PEM at the highest 
modulation points. In the future, this scheme could be combined with a different data acquisition 
scheme, based on digitizing singular pulses. In this case, the laser could be set to the PEM’s 2nd 
harmonic, allowing for 100 % of the laser intensity being used for VCD signal generation. This could 
allow for high performance in terms of SNR at a dramatically reduced duty cycle.  
Of course, by referencing the two systems, there was also the possibility of the laser pulse intensity 
variations being imposed upon the VCD signal as deviations from the baseline. However, direct 
comparison between VCD spectra acquired at different modulation schemes verified that this was 

Figure 33 | Detector signal for the transmission of the laser through a crossed polarizer configuration. The correct 
referencing of the laser can be seen, as during the modulation cycle two laser pulses are maximized and 2 are 
minimized.  
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not the case. In addition, the VCD signal could also be more affected by interference effects 
occurring at even harmonics, with the laser operating at one of these.136 Fortunately, the 
interference reduction by an angled PEM also reduces these interference effects, eliminating this 
problem.  
With the laser pulsing scheme established, the laser was set to continuously sweep at a speed of 
40 cm-1/s in the ranges of 1400-1710 cm-1 and 1580-1710 cm-1. For each measurement, either 38 
(1400-1710 cm-1) or 90 (1580-1710 cm-1) sweeps were collected for one scan of 5 minutes, and 
several of these scans were averaged to collect one spectrum. The spectra were smoothed as 
described in 3.2.5.1 and corrected for baseline shifts. 
Reference measurements for proteins in D2O were performed on a Bruker Vertex 70v spectrometer, 
equipped with a PMA50 accessory. A long pass filter (cut-off: ~1828 cm-1) was introduced before 
the polarizer to increase the relative spectral throughput in the area of interest and the samples 
were placed in a 23 µm pathlength cell. The spectra were collected at a total measurement time of 
1 h with a resolution of 8 cm-1.  
FT-IR-VCD vs QCL-VCD: A set of three proteins was selected for the evaluation, representing 
different combinations of secondary structures. As already mentioned, BSA is composed mainly of 
α-helical structures. In contrast, lysozyme is comprised of mixture of α-helical structures and turn 
structures, while β-lactoglobulin features a comparatively high percentage of β-sheets in addition 
to α-helices and turns. To compare the FT-IR and QCL systems, solutions of the proteins at 
60 mg/mL (FT-IR) and 8 mg/mL (QCL) respectively were placed in the appropriate transmission cells 
and spectra were collected for 1 h. Noise comparisons revealed a near identical noise at this 
measurement time for the systems.  
As can be seen in Figure 34 the IR absorbance and VCD spectra of both instruments agree very well 
in regard to band positions and maxima. While the different secondary structures are less obviously 
reflected in the absorbance spectra, the VCD spectra show substantial differences in the amide I’ 
bands, with the “ ‘ ” denoting measurements in D2O. This is especially true for the comparison 
between BSA and lysozyme which for the IR absorbance spectra only differ in their intensity. Their 
VCD amide I’ band on the other hand exhibit a clear difference, with a strong couplet for BSA and 2 
negative peaks for lysozyme. As was reported before, the added chiral dimension of VCD provides 
improved insight into the composition of proteins when compared to classical IR absorbance 
spectra.14,182 
Further evaluation of the accessible concentration range with BSA (similar to the one performed 
for BSA in H2O) was also conducted. For BSA concentrations between 2 to 14 mg/mL were 
measured at 1 h of measurement time . Well resolved VCD bands could be identified for the whole 
concentration range. For an evaluation of the performance, the LOD was calculated by: 𝐿𝑂𝐷 =  3 ∗ 𝑚𝑅𝑀𝑆 𝑛𝑜𝑖𝑠𝑒 (41) 

with 𝑚 being the slope of the linear calibration line fitted to the VCD amide I’ bands. This resulted 
in a LOD value of 0.3 mg/mL. 
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Figure 34 | IR absorbance and VCD spectra of different proteins in D2O, collected after 1 h of measurement time. The 
spectra were collected on a commercial FT-IR instrument (B, 60 mg/mL) and the self-built QCL-VCD instrument (A, 
8 mg/mL).  

High time resolution: For protein study, more often than not the amide I band carries sufficient 
structure information. This can be leveraged for QCL systems, as it allows to implement faster 
monitoring by reducing the spectral range. Consequently, the laser was set to sweep between 
1580 and 1710 cm-1, and spectra were collected at a measurement time of 5 min. 

While a further decrease in noise could be achieved with increased averaging, the noise level 
(8.2·10-7) achieved after 5 minutes of averaging were sufficient, considering an expected VCD signal 
height of >1·10-5. For reference, the corresponding measurement time to reach similar noise levels 
(8.3·10-7) at an FT-IR instrument is 40 min. The three already described proteins were measured, at 
a concentration of 10 mg/mL. As can be seen in Figure 35 the resulting VCD spectra are of high 
quality and the characteristic bandshapes can be identified. This constitutes the first report of VCD 
spectra of proteins at such a short measurement time, while still yielding well resolved bands.  

Figure 35 | Amide I' absorbance and VCD band for different proteins. The data was collected with our QCL-VCD system 
at a concentration of 10 mg/mL and 5 min measurement time. 
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Based on these results, it can be concluded that high sampling rate monitoring of protein refolding 
process or thermal denaturation studies are within the realm of possibilities for QCL-VCD. With an 
improved system, incorporating even longer pathlengths QCL-VCD can encroach on concentration 
ranges normally reserved for ECD measurements. Since with the current system, the classical IR 
absorbance information is also available a combination of the two techniques at similar time 
resolution is possible and has the potential to improve our understanding of the molecular 
processes involved in protein folding.  

3.3 Further opportunities for QCL-VCD technology 
In the chapters so far, the combination of QCL-VCD with balanced detection was described. This 
configuration achieved quite substantial results and led to advances in both time resolution and 
sensitivity. The overall design was improved, and it was characterized against the state of the art. 
However, the basic principle of the measurement techniques and the optical elements did not 
change significantly compared to the classical FT-IR systems. In this part, which can be viewed as 
an outlook for further improvements, optical improvements are described which are more closely 
tailored to the properties of QCL technology.  

3.3.1 High frequency polarization modulation 

The implementation of PEMs for polarization modulation devices for VCD instruments provided kHz 
modulation over the IR range for the first time, a significant improvement over e.g. spinning 
waveplates.66,186 Consequently, the intensity modulation imposed by a PEM is denoted as 𝐼AC(�̅�). 
Compared to the chopper frequencies of dispersive instruments or the mirror movement of early 
FT-IR instruments it occurs at significantly higher modulation frequencies.  
In contrast, for the data presented here the PEM frequency modulation is slow compared to the 
laser pulsing scheme. Modern EC-QCL support modulation frequencies in the MHz domain, and can 
sweep over the spectral range at several thousand wavenumbers per second.99,144 Indeed, the 
comparatively slow scan speeds used in this thesis were chosen to allow for collecting several PEM 
cycles per wavenumber step.  
An alternative approach to polarization modulation can be provided by relying on an electro-optical 
modulator (EOM) based on the Pockels effect. For the operation of a PEM an external voltage 
modulation dictates the strain imposed on the optical element by piezo actuators. In contrast 
during EOM operation this external voltage is directly applied to the optical element, which reacts 
by a modulation of its refractive index, applying a phase shift to transmitted light. By miniaturizing 
the devices, it is possible for EOMs to impose polarization modulation in the GHz domain. 44,187,188 
However, in contrast to PEMs, the optical material useable for EOMs is limited to suitable crystals 
like KH2PO4 (KDP), limiting its applicability for some wavelengths regions. In addition, the phase 
shift in EOMs is directly proportional to the applied voltage, necessitating high voltage modulation 
signals for use in the mid-IR region.44  
Fortunately, ongoing developments have provided remedies for these challenges, and there now 
exist EOMs comprised of IR transparent materials (GaAs) operated in a resonance scheme. This 
resonance scheme leads to a significant decrease in necessary voltage, enabling modulation in the 
mid-IR range at amplitudes of a few volts. One of these is the AM-0.5G3_IR4 (Qubig, Germany) 
which was used to test high frequency modulation for VCD measurements. Its characteristics are 
listed in Table 1. 
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Table 5 | Characteristics of the used EOM model. 

 Value 

Resonance frequency [kHz] 518 
Quality factor Q 247 
Extinction ratio  > 200:1 
Crystal material GaAs 
Aperture [mm²] 2.5 
AR coating (R<1 %) [µm] 5.4-7.6 

 
The device was AR coated to match the emission spectrum of the used laser. Figure 36 shows 
pictures of the device, which is a compact cube with 40 mm side length. This is a significant 
improvement over the comparable bulky PEM. 
The external modulation voltage is applied by the SMA connector shown on the side of the left 
picture. The white marker indicates the optical axis of the EOM. What is obvious at first glance is 
that the EOM crystal does not completely fill the aperture, allowing for the passage of unmodulated 
light. This was prevented by fixing black construction hardboard to the entrance and exit aperture. 
Since the aperture was small when compared to the laser diameter of 2.5 mm, correct focusing of 
the laser as well as careful alignment was deemed essential.  
 

 

Figure 36 | Pictures of the used EOM. The insets are magnified views of the aperture, with the attachment of laser 
resistant cardboard on the right. 

The alignment was solved by placing a rotational stage on the breadboard, providing rotational 
movement. On this rotational stage, a XYZ stage was placed for precise movement in the specified 
dimensions. On this stage a combination of a 90 ° and a 45 ° angled bracket was placed. A 5-axis 
stage was placed on the angled bracket, providing pitch and yaw movements for the EOM which 
was subsequently placed on the stage. The orientation at 45 ° relative to the vertical ensured that 
the axis of the EOM was set at 45 ° to the predominant polarization axis of the laser. This 
configuration was necessary to convert the incoming light’s polarization to circular polarized light. 
The resulting arrangement can be seen in Figure 37.  
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Figure 37 | Optical stage for the EOM measurements. 

To adjust the laser diameter to better correspond the EOM aperture, the diameter was reduced by 
a factor of 3 by the Galilean telescope already used in publication I and II. The laser beam was 
oriented parallel to the holes of the breadboard and the EOM was placed in the beam path. Relying 
on the XYZ stage the EOM was adjusted for maximum throughput with no voltage applied. 
Following this step, an external sinusoidal modulation voltage at 517.5 kHz was applied by means 
of a waveform generator. This frequency was chosen, as a scanning of the frequency range around 
518 kHz revealed this to perform best in regards to the applied phase shift. 
The laser was set to pulsed mode with a modulation frequency of 1.035 MHz and a pulse length of 
200 ns, combined with external triggering mode. This scheme was chosen since this frequency 
corresponds to the 2nd harmonic of the EOM frequency, and the pulses could be referenced to the 
modulation cycle similar to the configuration shown in Figure 33. However, in contrast to the 
previously shown system, the high frequency of the EOM allowed high duty cycle operation of the 
laser at 20 % already at the 2nd harmonic. This resulted in 100 % of the laser power passing the EOM 
at the highest modulation values while still maintaining efficient detection by a lock-in amplifier.  
For alignment purposes the laser was set to one wavenumber in the middle of the spectral region 
of interest and a linear polarizer was placed behind the EOM in a crossed configuration. The position 
of the EOM was adjusted taking advantage of all degrees of freedom offered by the combination of 
multiple stages. This was done until the difference in intensity between the two pulses during one 
modulation cycle was as close to zero as possible.  
When this was achieved the applied voltage was increased and the intensity at the detector 
monitored. When a further voltage increase did not lead to an increase in intensity and instead the 
intensity decreased, the halfwave voltage was found. At this voltage, the laser polarization was 
shifted by π, converting it to horizontally polarized light which could pass the polarizer unhindered. 
For this alignment a wavelength of 6.309 µm was chosen. This wavelength was located in the 
middle of the spectral range and also showed no interference from water vapor. At this wavelength, 
the halfwave voltage was found to be 5.425 Vpp, and the corresponding quarter wave retardation 
(phases hift of π2 ) was reached at 2.7125 Vpp. This was verified by rotating the polarizer and 
observing the intensity. At perfect quarter wave retardation the intensity should be independent 
of the polarizer angle.  
With these settings, the polarizer was removed and broadband spectra were collected. For these 
the detector intensity was demodulated at the EOM frequency and the 2nd harmonic and the laser 
was swept between 1700 and 1500 cm-1. The resulting baseline corrected VCD spectrum can be 
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seen in Figure 38, denoted as “referenced laser”.  
 

 

Figure 38 | Baseline corrected VCD spectra of different optical configuration, collected for the EOM setup. The spectra 
are offset and plotted in the sequence set by the legend. 

The spectra is overlaid by strong interference fringes at a frequency of ~2.5 cm-1. One origin for this 
could be differences in phase for the two pulses due to the applied retardation, and therefore the 
laser was set to 500 kHz with 400 ns pulse length, with no referencing to the EOM. While this helped 
to decrease the interference effects, they were still present at the same frequency. A subsequent 
removal of the EOM resulted in the elimination of the interference fringes. It could be therefore 
assumed that the fringes originate from the parallel surfaces of the EOM. However, the frequency 
was lower than expected for the 40 mm EOM crystal, so the presence of reflection between the 
optical elements was also investigated. This was done by removing the Galilean telescope and 
operating the setup at the native laser beam diameter. Unfortunately, this did not led to a removal 
of the interference fringes, and therefore it was assumed that the EOM itself was the origin of the 
effects.  
Subsequently, different methods of reducing the beam diameter were explored. Convex ZnSe lens 
with different focal lengths were employed to change the spot size at the entrance aperture of the 
EOM. The tested lenses should provide smaller beam diameters than the Galilean telescope and 
reduce the parallelism of the laser beam. However, this also did not lead to a removal of the effects, 
as can be seen in Figure 38.  
It was concluded that a removal of the coherence of the QCL was the most promising path to make 
use of the high polarization modulation of the EOM. There are some designs reported for this 
purpose. For example a lens could be moved small distances orthogonal to the laser beam, leading 
to a slight change in the beam focus.181 Alternatively, a rotating diffuser could be introduced into 
the optical path.180  
With the coherence reduced, the stability of the EOM would also be an avenue for improvement. 
Over the course of this thesis, a complete evaluation of the long-term stability of the EOM was not 
possible. However, according to advice from the manufacturer, this model has the option to be 
outfitted with a temperature control system, as is already available for other models. This should 
stabilize the resonance frequency even over longer time periods.  
However, these changes were outside the scope of this thesis, and only offer possible starting point 
for work building upon this thesis. In conclusion, while the high frequency modulation of EOMs 
constitutes immense potential to improve QCL based VCD measurements, the complicated 
alignment and especially the occurrence of interference fringes render its implementation a non-



60 Conclusions and outlook
 

trivial matter.  
 

4. Conclusions and outlook 
This thesis was focused on establishing QCL-VCD systems as valid alternatives to classical FT-IR VCD 
spectrometers. This goal was based on the implementation of a balanced detection scheme to 
compensate for the intensity noise introduced by the pulsed light source. This combination in on 
itself proved to be non-trivial, with the tradeoff between correct VCD baselines and adequate 
balancing providing constant challenges. The achieved findings were submitted for review by the 
broader scientific community and resulted in three manuscripts, two of which were already 
published and the third submitted for publication. (publications I-III) 
The first stage of the thesis comprised the construction of a quantum cascade laser based 
vibrational circular dichroism setup. This constituted the first iteration of balanced detection QCL-
VCD, the first VCD study performed in the research group and, at that time, one of four QCL-VCD 
systems existing worldwide.  
The work combined the knowledge on laser spectroscopy already present in the group with new 
avenues of QCL-VCD design to compensate the challenges inherent to laser-based spectrometers. 
It was proven that the constructed balanced detection system offered stabilization advantages over 
the one introduced by the VCD normalization scheme alone. Noise decreases by a factor of 3 
compared to single detector QCL-VCD could be reported and FT-IR VCD instruments noise levels 
were outperformed by a factor of 2, while keeping the acquisition time on the scale of a few 
minutes.  
The noise reduction was utilized to evaluate the suitability of QCL-VCD in the context of PAT and 
process monitoring. It was shown that QCL-VCD can track chiral changes at a time resolution of 
3 minutes, even for low concentrations of 40 mM chiral molecules in organic solvents. Subsequent 
statistical evaluation was implemented to enable an informed sensor design. This provided an 
avenue to develop laser-based sensors, able to provide chiral information at a time scale relevant 
for PAT applications. Building upon these results further increases in the time resolution can be 
envisioned, and the adjustable emission range of QCLs can provide a solid base for high-speed 
dedicated sensor design. 
The flexibility of QCL-VCD was explored by deviating from small chiral molecules in organic solvents 
to the study of proteins in H2O and D2O. The high brilliance of QCLs could be leveraged to allow for 
longer pathlengths even for such high absorbing solvents. As a consequence, the measurements 
presented in this thesis constitute substantial improvements in terms of sensitivity and also time 
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resolution. Well resolved spectra of proteins were accessible for 10 mg/mL and 2 mg/mL in H2O and 
D2O respectively. Indeed, it was possible to perform secondary structure evaluation of proteins in 
D2O at a time resolution of 5 minutes for 10 mg/mL. With this high time resolutions, dynamic 
studies, e.g. protein denaturation or enzyme kinetics, can be considered realistic applications, 
which is not the case for FT-IR VCD.  
Presentations of these results at international conferences achieved consistently positive feedback 
from the VOA community. Indeed, as a consequence of these events, two guest researchers could 
be hosted at the group. These cooperations extended the application of QCL-VCD to blood serum 
analytics and furthering our understanding of self-assembling macromolecules. The results 
obtained during these visits are in the process of evaluation and subsequent publication is planned.  
This thesis implemented QCL-VCD and VCD in general as valid analytical tool in the research group. 
The result of the work is a versatile setup, which can be quickly adapted for the measurement of 
different analytes. This will allow for the combination with additional QCLs available in the research 
group, covering even broader spectral ranges. By this combination, one of the main problems 
during this thesis, the limited spectral range for small molecule evaluation can be solved. 
Furthermore, currently non-accessible spectral ranges of interest for the analysis of biomolecules 
are to be investigated. It is reasonable to assume that the advantages of QCL-VCD, i.e. high 
sensitivity and short measurement times, will open new avenues for VCD analytics.  
Besides the adaptation of the constructed system, another system based on the mentioned high 
frequency EOM could provide even higher acquisition speed than the data presented here. If the 
effect of interference effect can be reduced, this modulator constitutes a valid alternative to 
classical PEM polarization modulation schematics. Any additional studies can now be referenced 
directly by the in-house available FT-IR VCD system, providing an easy benchmark. It is expected 
that QCL-VCD will help advance both the analytical workflow as well as our understanding of 
processes ranging from protein folding to catalysis.  
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Appendix A: Published scientific papers 

In this part, the scientific papers resulting from this cumulative thesis are presented. The 
contributions from the author are rated, 1-3 with a high number corresponding to a high 
contribution, for each publication in the corresponding category.  
 

 Publication 
I II III 

Data acquisition 3 2 3 
Data analysis 3 2 3 

Interpretation 2 3 3 
Manuscript writing 3 3 3 
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ABSTRACT: Vibrational circular dichroism (VCD) constitutes a
powerful technique, enabling the determination of the absolute
configuration of molecules without the need for specialized reagents.
While delivering critical information, VCD signals commonly are several
orders of magnitude weaker than classical absorbance signals, which so
far necessitated long measurement times to achieve acceptable signal-to-
noise ratios (SNRs) in VCD experiments. We present here an improved
setup for the measurement of VCD in the range between 5.6 and 6.5
μm. Employing an external cavity quantum cascade laser (EC-QCL) as
a high-power light source, we collected spectra with competitive noise
levels in less than 5 min. The basis for this improvement was a balanced
detection module combined with an optical path catered to VCD
measurements. With the stabilization provided by the two-detector
setup, noise originating from the laser source could be suppressed effectively. Noise level improvement up to a factor of 4 compared
to the classical single detector EC-QCL-VCD could be reported. Compared to commercial Fourier transform infrared (FT-IR)
instruments, the presented setup offers measurement time reductions of a factor of at least 6, with comparable noise levels. The
applicability of the setup for qualitative and quantitative VCDs was proven. With the comparatively high temporal resolution
provided, the monitoring of optically active processes will be possible in future applications.

V ibrational circular dichroism (VCD) is defined as the
difference in absorbance for left and right circularly

polarized lights in the infrared region (IR).1 VCD is sensitive
to the absolute configuration of chiral molecules, as well as to
the structure of larger biomolecules like proteins and nucleic
acids.1−3 It is the logical extension of electronic circular
dichroism (ECD or CD), which is the application of
chiroptical spectroscopy in the ultraviolet and visible light
ranges.4,5 While ECD has been routinely used for structural
studies of proteins, it is limited to samples containing suitable
chromophores.1,5,6 In contrast, IR, the spectral region in which
VCD operates, is rich in band characteristics for different
classes of organic molecules.7 Due to the significant increase of
accessible molecules, VCD presents a more attractive tool for
the study of chiral samples than ECD.8,9 Indeed, VCD has
been used to straightforwardly determine the absolute
configuration of small molecules and even monitor enantio-
meric excess during reaction monitoring.3,9,10

While VCD offers obvious advantages due to its unique
sensitivity to structural differences and a broad range of
accessible samples, the collection of VCD spectra comes with
significant challenges.11−13 VCD signals are 4−6 orders of
magnitude weaker than classical absorbance, which necessitates
low noise levels.11,14 Additionally, artifacts originating from
birefringence can distort or overlap the already weak
signals.11,15 The beginning of the VCD instrumentation lies

in dispersive spectrometers, which used longer integration
times by decreasing the scanning rate to obtain satisfactory
signal-to-noise ratios. As with classical IR spectroscopy, Fourier
transform infrared (FT-IR) spectrometers have replaced
dispersive instruments for the measurement of VCD spectra.11

FT-IR instruments (and also dispersive instruments) can
increase the signal-to-noise ratio by averaging increasing
numbers of repeated spectral scans. This decreases the noise
by √n (n is the number of averaged scans) and is well suited
for modern FT-IR instruments capable of high scanning
speeds.14 Since the noise levels necessary for obtaining usable
VCD spectra are significantly lower than for classical
absorbance measurements, the number of averaged scans and
with it the measurement time increases substantially.14 Typical
acquisition times for VCD range from ∼30 min to several
hours, depending on the sample and solvent system.16

Especially challenging are samples in aqueous solutions since
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the high absorbance of water in the IR region significantly
reduces the spectral throughput.17,18

Nearly all modern VCD instruments are based on FT-IR
technology and employ thermal light sources like globars that
for a long time were among the only broadly available light
sources in the mid-IR region. One alternative is tunable mid-IR
lasers. Here, quantum cascade lasers (QCLs), first introduced
in 1994, are especially attractive for their high brilliance and
intrinsically linearly polarized emission.19 Modern external
cavity (EC)-QCLs offer tuning ranges of several hundreds of
wavenumbers, large enough to observe multiple vibrational
modes, and are available commercially for the whole mid-IR
spectral range. Their high spectral output can be leveraged in
highly absorbing samples, increasing the usable path length and
the limit of detection.20−22

In 2008, Lüdeke et al. presented the first VCD spectra
collected with an EC-QCL as a light source.23 The acquired
spectra corresponded well with the classical FT-IR VCD
spectra and proved the suitability of EC-QCLs for VCD
experiments.23 However, despite the obvious useful properties
of EC-QCLs, they also suffer from some disadvantages.
Tunable QCLs feature a structured emission spectrum, with
a maximum near the middle of the emitted spectral range and
comparatively very weak spectral power at the spectral edges.
Furthermore, intensity drifts, low-frequency noise, and, if the
laser is operated in a pulsed mode, pulse-to-pulse fluctuations
add additional noise to the system. Those noise sources are not
present in classical thermal light sources.22,24

One approach for low noise laser spectroscopy is “balanced
detection”: the laser beam is split into two beams of intensities
as similar to each other as possible, which are directed onto
two matched detectors. Only one light path contains the
sample, while both channels carry the noise present in the
laser. The signals collected from the detectors are then
subtracted. This ensures that fluctuations present in the light
source are canceled, as they are present in both channels. The
signal of interest, on the other hand, is only present in one
channel.22,24 This method was already successfully applied in
mid-infrared EC-QCL absorbance measurements of proteins in
solution, where a noise reduction by a factor of 20 compared to
single detection schemes was demonstrated.22

In the current study, we extended the benefits of EC-QCL
mid-IR spectroscopy with balanced detection to VCD
measurements. A dedicated balanced detection scheme was
implemented using two closely matched HgCdTe (MCT)
detectors and a two-path transmission cell. Employing a
photoelastic modulator (PEM), we introduced rotational
sensitivity in one path of the balanced detection system,
enabling the acquisition of EC-QCL-VCD spectra. The noise
reduction provided by the application of a balanced detection
scheme was evaluated, both in comparison with single detector
schemes and with classical FT-IR VCD noise levels.
Furthermore, the practical application of the balanced
detection EC-QCL-VCD was investigated for qualitative
studies as well as for enantiomeric excess studies with the
enantiomeric pair R- and S-1,1′-bi-2-naphthol (BINOL).

■ EXPERIMENTAL SECTION
Reagents. CHCl3 (99.2%, stabilized with 0.6% ethanol),

(R)-(+)-1,1′-bi-2-naphthol (R-BINOL, 99%), and (S)-
(−)-1,1′-bi-2-naphthol (S-BINOL, 99%) were purchased
from Sigma-Aldrich (St. Louis) and used without further
purification. For sample solutions, the appropriate amount of

pure sample was dissolved in CHCl3. Enantiomeric excess
(EE) and samples with EE values of +100%, +60%, +20%,
−20%, −60%, and −100% were prepared by mixing 100 mM
R- and S-BINOL stock solutions. EE levels are calculated as

n n
n n

EE 100%A B

A B
=

+
*

(1)

with nA and nB referring to the molar concentration of
components A and B, respectively (here: R- and S-BINOL).9

Optical Setup. Briefly, the high-sensitivity VCD EC-QCL
spectroscopy setup introduces a polarization modulator into
one arm of a balanced detection scheme (see Figure 1). An

external cavity QCL (EC-QCL, Hedgehog, Daylight Solutions
Inc., San Diego), tunable from 1780 to 1550 cm−1, was used as
a light source. The EC-QCL emits a beam in the TEM00 spatial
mode with linear polarization (vertical, nominally > 100:1) and
a spot size of around 2.5 mm (1/e2 width). Operating with a
current of 540 mA, a repetition rate of 1 MHz, and a pulse
length of 200 ns, the laser reached a duty cycle of 20%. The
laser head temperature was stabilized at 19 °C. Water cooling
was used to remove excess heat.

A waveform generator (DG4102, RIGOL, Beijing, China)
was used to trigger the laser. The internal clock of the
waveform generator was synchronized to the lock-in amplifier
used for signal recovery (see the Data Acquisition section).
Spectra were collected in the “sweep mode”, whereby the EC-
QCL tunes across its spectral range at a constant tuning speed
without stopping. The sweep speed was set to 640 cm−1/s.
Several attenuators were placed in the beam path before the
sample to keep the intensity reaching the detector within the
detector’s dynamic range. Attenuation was necessary, as
decreasing the laser current results in a reduced spectral
range of the EC-QCL.

The laser beam first passed a beam splitter (nominal 50/50),
attenuating the beam by diverting half of the intensity onto a
beam stop, and then was redirected by a gold mirror to another
beam splitter (nominal 50/50). Here, the laser beam was
divided into a reference and a sample beam (the reflected and
the transmitted beams, respectively). Both the sample and the
reference beams were diverted onto gold-sputtered BaF2

Figure 1. Optical setup used for the balanced VCD measurements.
This setup encompasses an EC-QCL as a light source, beam splitters
(BS), attenuators (A), a telescope system to reduce the beam
diameter (T), focusing lenses (L), a photoelastic modulator (PEM), a
double-path transmission cell (Cell), temperature stabilized by a
thermoelectrical cooling (TEC) controller, and a balanced detector
module.
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windows, wedged by 0.5° to prevent interference from
reflections. (Sputtered windows were used instead of the
commonly used metallic meshes, as the latter were found to
strongly affect the beam profile.) The attenuated reference
beam was focused by a ZnSe lens ( f = 200 mm) through one
cell of the double-path transmission cell onto the reference
detector. All ZnSe lenses are sourced from Thorlabs (Newton,
NJ) and AR-coated to a reflectivity below 1% between 4.5 and
7.5 μm. Reflective focusing was avoided, as reflections on metal
surfaces show polarization-dependent bias and can introduce
artifacts in the VCD spectra.15,25,26

The attenuated sample beam was directed into a cage
system. First, the beam diameter was reduced by a Galilean
telescope ( f = 75 and −25.4 mm) to below 1 mm. Then, the
beam was focused via a ZnSe lens ( f = 200 mm, identical to
the reference beam) onto the sample detector. After the cage
system, the beam passed a 42 kHz ZnSe photoelastic
modulator (Hinds instrument, Hillsboro) with a broad-band
antireflection coating. The modulator was set to a quarter-wave
retardation at 6 μm. For QCLs, the output polarization is
oriented orthogonal to the gain medium layers, resulting in a
vertical linear polarized laser beam, without the need for
additional components like polarizers.19 The stress axis of the
modulator was orientated at 45° relative to the laser
polarization direction. To further reduce interference effects
at the modulation frequency, the modulator was tilted by 15°
around the vertical axis.27 In combination with the beam
diameter reduction by the telescope, this allowed the blockage
of the reflected beam. The now circular polarized laser light
passed through the other cell in the double-path transmission
cell.

The detector used in this setup is a balanced detection
module with a manual gain regulation (Vigo System S.A.,
Poland). It is composed of two thermoelectrically cooled MCT
detectors with a detectivity of 1.45 × 1010 cm Hz1/2/W (at
10.6 μm, 100 kHz). The detector elements and the
corresponding electronics were chosen to ensure that both
detectors have a similar response. This increases the efficiency
of the common mode rejection in the balance detection
scheme. Both detectors are equipped with a manual adjustable
dark current compensation. The electrical gain of the reference
channel can also be adjusted manually. Both sample and
reference channel outputs are accessible via SMA connectors.
Additionally, a third channel outputs the difference between
the sample and reference voltage, determined via a differential
amplifier in the detector. This additional channel is referred to
as the balanced channel.

The custom-made double-path cell comprised two 160 μm
long cells with CaF2 windows and was set to a temperature of
20 °C (±0.001 °C). The temperature was controlled by a
thermoelectrical cooling controller (Meerstetter Engineering
GmbH, Rubigen, Switzerland). The setup was encompassed in
an acrylic glass housing and constantly purged with dry air to
prevent the interference from water vapor during the spectra
acquisition. For the spectra depicted in this work, approx-
imately 400 μL of sample solution was manually injected and
700 spectra were averaged. This resulted in a total measure-
ment time of 290 s (4 min 50 s). The classical absorbance
spectra as well as the VCD spectra were baseline-corrected
with the pure solvent measured under the same conditions.

Data Acquisition. A lock-in amplifier (MFLI, Zurich
Instruments, with F5M and MD extensions) was used to
extract the phase-sensitive information from the detector

signals. As mentioned, the laser pulsing scheme was controlled
by a waveform generator, which was kept at a constant phase
to the MFLI via a 10 MHz sync connection. Using the lock-in,
the intensity I, which corresponds to the intensity of the laser
after the sample, is recovered from the 1 MHz component of
the detector output. The ΔIL−R signal is the amplitude of the
detector signal at the PEM modulation frequency f PEM, which
carries the chiroptical information. The PEM outputs a
rectangular pulse at f PEM. By feeding this signal to a phase-
locked loop (PLL) of the lock-in amplifier, the phase and
frequency of the PEM are determined and used to demodulate
ΔIL−R.

It is important to keep in mind that in the balanced
detection setup, not only ΔIL−R but also I can be positive and
negative; thus, for all signals, phase-sensitive detection is
required. The correct phases were set when starting the
experiment and were found to not require adjustment later.
During the measurements, the I and ΔIL−R components of the
balanced output as well as the I of the reference detector
output were collected. The general equation for calculating the
VCD spectra is

J
I
I

VCD
1

ln 10 ( )1 PEM

L R= *
*

(2)

with J1 being the first-order Bessel function and δPEM being the
maximum retardation of the PEM.7 For the single channel
configuration, the ΔIL−R and I components are extracted from
the sample channel detector signal and inserted into eq 2. For
the balanced configuration, ΔIL−R and I are extracted from the
balanced channel output. At the beginning of a measurement
day, the I component of the reference output is recorded. For
each spectrum, the stored I is then added to the I component
of the balanced output. The sum of balanced I and reference I
is then used in eq 2 to calculate the VCD spectrum. The ΔIL−R
recorded from the balanced channel does not require a
correction by a reference.

The sampling rate of the lock-in amplifier was set to 6696
Sa/s. For each wavenumber, 10 data points were collected,
resulting in a total of 2300 data points per spectrum. All signals
were demodulated using a fourth-order digital low pass filter
(resulting in a filter roll-off of 24 dB/oct) and, in this case, a
time constant of 745.8 μs (corresponding to 3 dB attenuation
at 92.8 Hz). The time constant was chosen relative to the
scanning frequency of the laser.

Before further evaluation, the spectra were low-pass-filtered
using a finite impulse response (FIR) digital filter (Kaiser
window, cutoff of 220 Hz). The wavenumber axis was
calibrated using the positions of water vapor bands. By
comparing the bandwidth of water vapor spectra collected with
the setup to FT-IR spectra at different resolutions, a spectral
resolution of 1.6 cm−1 was estimated.

Partial Least-Squares Analysis. Multivariate data analysis
was performed in Python 3 using the scikit-learn package,28,29
implemented based on in-house written scripts. No preprocess-
ing was applied to the baseline-corrected enantiomeric excess
VCD spectra, and a leave-one-out cross-validation method was
applied. A partial least-squares (PLS) regression was
constructed, with the enantiomeric excess levels and the
baseline-corrected VCD spectra being used as response and
independent variables, respectively. Since the data set was
quite small (n = 18, 6 levels in 3 replicates), this method was
appropriate. The chosen spectral range was optimized from
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1653 to 1561 cm−1 based on the root-mean-square error of the
cross-validation (RMSECV). The model was built with two
latent variables chosen based on the optimal RMSECV while
avoiding overfitting. Besides cross-validation, external valida-
tion was performed with five samples (EE levels: −100%,
−60%, −20%, 0%, +20%) prepared with different stock
solutions and measured on a different day.

■ RESULTS AND DISCUSSION
Applicability for VCD. In Figure 2, the absorbance and

VCD spectra of 100 mM R- and S-BINOL in CHCl3 are

shown. The absorbance and VCD spectra were baseline-
corrected with the pure solvent. As expected, no difference
between the absorbance spectra of the two enantiomers is
observed, whereas their VCD spectra show a clear mirror
image relation. The position and orientation of the bands in
the VCD spectrum match those from the literature recorded
using conventional FT-IR VCD instrumentation well.30,31

Balanced Detection for VCD Noise Reduction. The
noise in single detector and balanced detection was evaluated
as the difference between two subsequent VCD spectra of the
solvent (CHCl3). Ideally, the result should be a zero line.17,21
Examples of these noise spectra are shown in Figure 3B. The
potential for improving noise levels through the averaging of
scans was evaluated for both single detector and balanced
detection. Up to 1500 scans were averaged before calculating
the RMS noise levels between 1600 and 1730 cm−1. In Figure
3A, the average RMS value of five replicates is plotted against
the number of averaged scans.

The performance of the balanced detection scheme is better
than that of the standard single detector method, with a noise
reduction by a factor of around 3.7. As this reduction shows
promise, the improvement is not as large as we expected from
comparable works with classical IR absorbance.22 A probable
explanation for smaller improvement is the normalization
inherent to VCD spectra. To obtain raw VCD spectra, the
signal collected at the PEM frequency is divided by the one
collected at the laser frequency. Through this process, parts of
the pulse-to-pulse fluctuations are compensated regardless of
the detector configuration. Nevertheless, the data presented

still show improvement in the noise levels by the application of
balanced detection as well as an increased repeatability of the
spectra. This is shown by the reduced deviations (error bars)
between the replicates for the balanced detection scheme when
compared to those for the single detector scheme.

The superior performance of the balanced detection scheme
also becomes apparent in the spectra shown in Figure 3B.
Here, typical VCD noise spectra for the single and the
balanced detection setup are overlaid. The baseline produced
by the balanced detection stays around zero for the whole
spectral range, with no clear peaks visible. In comparison, the
baseline obtained from the single detector scheme deviates
considerably from the zero line. When comparing the baselines
to the peaks depicted in Figures 2 and 4A, this improvement
can be contextualized. Especially for lower EE values, the peaks
are in the range of the noise floor of the single detector
baseline. This would hinder a correct interpretation of the
spectra, necessitating longer measurement times to decrease
the noise to sufficient levels.

Biological samples, due to their inherent chirality and
structural orientation, present themselves as obvious analytes
for VCD studies. However, proteins, for example, seldom
exhibit VCD signals more intense than 2 × 10−5.18,32 For these
samples, the reduced noise of the balanced detection setup is
an obvious advantage. Protein spectra typically take several
hours to collect with classical FT-IR spectrometers. A single
detector scheme would need a significantly longer measure-
ment time than the balanced detection setup and offer less
improvement compared to FT-IR spectra.

In addition to the graphs in Figure 3, the overall noise
performance is summarized in Table 1. All shown values are
calculated between 1730 and 1600 cm−1 for spectra collected
by averaging 1500 scans (10 min measurements). The values
for the FT-IR performance are taken from the literature. As
already mentioned, the RMS noise values for the balanced
detection are around 3.7 times lower than for single detector
setup, being 1.45 × 10−6 compared to 5.45 × 10−6. The
available FT-IR data are collected with 3 times longer
averaging times and reach RMS noise levels of 2.8 × 10−6.33
For balanced operation, the EC-QCL-based setup reached a
noise level nearly 2 times better in a third of the measurement
time. Besides the RMS noise, the noise height is also a relevant
noise parameter for VCD spectra. The relevant chapter ⟨1782⟩
of the U.S. pharmacopeia defines it as the maximum deviation
from the zero line over the spectral range of interest.34 This
value was also calculated and is shown in Table 1. The noise
height for the balanced detection system is almost 4 times
lower than for a single detector system, with 3.83 × 10−6 and
15.2 × 10−6, respectively. The available FT-IR data were
collected after 60 min of averaging and deviated from zero by 5
× 10−5, 13 times higher than the deviation achieved for the
balanced detection setup.

Besides lower noise levels and shorter measurement times,
our EC-QCL-based setup also offers a higher spectral
resolution. Typical FT-IR VCD spectra are collected at
resolutions between 4 and 8 cm−1, while our data were
presented at a resolution of 1.6 cm−1.

Enantiomeric Excess Studies. In addition to studying the
spectrum of enantiomers, VCD also allows the quantification
of enantiomeric excess. This application is more challenging as
the bands in VCD spectra of mixed enantiomers are lower than
in enantiopure samples. Solutions with different levels of
enantiomeric excess were prepared and measured in triplicate.

Figure 2. Absorbance (left axis) and VCD (right axis) of R-BINOL
(blue) and S-BINOL (red) in CHCl3. The samples were measured at
a concentration of 0.1 M with a path length of 160 μm. 700 scans
were averaged, corresponding to a 290 s integration time.
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The EE levels were varied from +100 to −100 in steps of 40 %.
The resulting spectra are shown in Figure 4A. With decreasing
enantiomeric excess levels, the VCD couplets centered at 1619
and 1596 cm−1, respectively, changed their orientation. The
negative couplets (negative VCD intensity at the higher
wavenumber, positive intensity at lower wavenumber)
characteristic of R-BINOL decrease in intensity and evolve
into the positive couplets expected from S-BINOL. The
intensity and orientation of the couplet centered at 1596 cm−1

were used to describe the enantiomeric excess in a univariate
linear model. The resulting correlation line can be found in the
Supporting Information (see Figure S4). The r2 of 0.997
indicates a high correlation, and the p-value of the slope (p =
3.3 × 10−6) attests the significance of the correlation. The limit
of detection (LOD) for the EE was calculated according to

LOD %EE
3 RMS noise

slope
[ ] = ×

(3)

where RMS noise stands for the root-mean-square (RMS)
noise, and slope stands for the slope of the calibration curve.22

The obtained value was 10.5 % EE. Taking the used total (R- +
S-BINOL) concentration of 100 mM into account, this
corresponds to a concentration difference of 5.25 mM between
the enantiomers.

The use of a multivariate method such as partial least-
squares regression (PLSr) could help to further improve this
value, as these methods are less susceptible to noise over a few
wavenumbers. To test this, a PLSr model was constructed
based on the spectra shown in Figure 4A. The predictions
obtained from this model can be seen in Figure 4B. The
predicted (cross-validated) and actual volumetric enantiomeric
excess levels show a high correlation with an R2 of 0.991. The
R2 of the calibration model was 0.996, and the root-mean-
square error (RMSE) was 4.31 % EE. Further statistical
parameters can be seen in Table 2.

To validate the performance of the model, a leave-one-out
cross-validation was performed. Due to the small sample size,
this approach is appropriate. The cross-validation showed an
R2 of 0.991 and a slightly higher RMSE of 6.64 % EE than for
the calibration. Since the calculation of the LOD for the
multivariate method is not as straightforward as for univariate

Figure 3. (A) RMS noise level in the single detector configuration and the balanced detector configuration. The RMS noise level (average of five
measurements) of the VCD spectra for each configuration is plotted as a function of integration time and number of scans used for averaging. The
error bars correspond to the standard deviation between the measurements. (B) Typical noise spectra for VCD spectra of CHCl3 obtained after
averaging 1500 spectra for single or balanced detector configuration. The RMS noise value for each configuration is also shown.
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models, the RMSE of the cross-validation was taken as a
measure of accuracy.35 This value corresponds to a
concentration difference of 3.32 mM in our case. To further
evaluate the applicability of the model, external validation was
performed with five samples prepared and measured on a
different day. The obtained R2 of 0.964 indicates a still high
correlation, and an RMSE of 8.16 % is comparable to the

RMSE of the cross-validation. This indicates a robust model,
without the presence of overfitting.

Enantiomeric excess prediction by VCD was already studied,
with great success on FT-IR instruments. While these studies
achieved better RMSECV than the one we performed in these
experiments, this comparison needs to be contextualized3,9,36
Since the studies were performed with substantially different
concentration ranges, the RMSECVs were normalized to the
molar concentration. The resulting detectable molar differ-
ences attested to our setup a performance comparable to or
better than most published results, with measurement times
reduced by a factor of 4.3,9 Only one study achieved a better
sensitivity, which was enabled by a measurement time longer
by a factor of 120.36 Based on these data, the advantages
provided by balanced detection EC-QCL-VCD enabled
enantiomeric excess studies with comparatively low concen-
trations (100 mM) and low VCD signals while still providing a
high temporal resolution. This can extend the applicability of
VCD to samples where only low concentrations are accessible
and which are characterized by low VCD signals without losing
temporal resolution. The accuracy and robustness of the model
could be improved by measuring additional sample points,
applying longer measurement times, and evaluating different
concentration ranges. However, this is beyond the scope of this
study.

■ CONCLUSIONS
We presented an improved method to measure EC-QCL-
based VCD spectra. The combination of an EC-QCL and a
balanced detection module used in the study enables the
leveraging of the high brilliance of EC-QCLs without
introducing additional noise into the spectra. Relevant noise
parameters were improved by up to a factor of 4 compared to
single detector measurements. The applicability for VCD
measurements was examined with qualitative and quantitative
experiments using R- and S-BINOL as model substances.
Enantiomeric excess studies were possible with measurement
times below 5 min for samples with low molar concentrations.
The noise levels are significantly lower than for commercial
FT-IR instruments even at acquisition times shorter by a factor
of up to 6.

Of course, this comparison needs to be contextualized by the
strengths and weaknesses of FT-IR and EC-QCLs, respec-
tively. FT-IR instruments offer a broad coverage (up to several
thousand wavenumbers) with a constant noise floor over this
range while being restricted in terms of sensitivity by the
relatively weak light source. EC-QCLs, on the other hand,
provide a comparatively limited spectral coverage (several
hundred wavenumbers) and are characterized by a higher
noise level at the edges of their spectral emission but can
leverage their high intensity to minimize limits of detections
even with strongly absorbing solvents. Due to these differences,
the perfect technique depends mostly on the envisioned
application. FT-VCD has an edge when dealing with the
absolute configuration determination or complex sample
mixtures with multiple bands over a broad spectral area. EC-
QCL-VCD, on the other hand, can excel in applications like
EE determination or also with biomolecules like proteins in an
aqueous solution. For these applications, a smaller spectral area
is perfectly sufficient, and the higher sensitivity provided by the
EC-QCL can prove to be advantageous here.

Employing a dedicated balanced detection scheme for VCD
measurements enables the collection of low noise spectra with

Figure 4. (A) VCD spectra obtained by measuring different levels of
enantiomeric excess. For the corresponding enantiomeric excess level,
the reader is referred to the depicted color bar. The concentration of
BINOL was 100 mM in a cell with a path length of 160 μm, and 700
spectra were averaged. (B) Linear correlation of the predicted
enantiomeric excess values (cross-validated) and the volumetric
enantiomeric excess of the prepared samples. The obtained fit is
plotted in red, with the corresponding R2 being depicted beside the
graph. The blue line indicates a perfect correlation.

Table 1. Noise Characteristics for the Single Detector
Scheme, the Balanced Detection Scheme, and Values for
FT-IR Spectrometer from the Literature

RMS noise
[10-6 ΔAU]

time
[min]

noise height
[10-6 ΔAU]

time
[min]

single 5.45 10 15.2 10
balanced 1.46 10 3.83 10
FT-IR33,34 2.8 30 50 60

Table 2. Statistical Parameters for the PLS Model
Constructed Based on the Enantiomeric Excess Study

R2 RMSE [%]

calibrationa 0.996 4.31
cross-validationb 0.991 6.64
predictionc 0.964 8.16

aFull data set (6 levels, 3 replicates = 18 data points). bLeave-one-out
cross-validation. cFive unrelated samples (EE: −100 to +20). RMSE:
root-mean-square error.
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a high temporal and spectral resolution when compared to
state-of-the-art FT-IR VCD instruments. This allows a
comprehensive monitoring of processes where the chirality of
the sample changes over time, like folding mechanisms of
biological molecules. Indeed, our previous work on EC-QCL
suggests that the high spectral power density of the laser will
provide further gains in sensitivity over FT-IR when analyzing
samples in aqueous solutions.22
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Chiral Monitoring Across Both Enantiomeric
Excess and Concentration Space: Leveraging
Quantum Cascade Lasers for Sensitive
Vibrational Circular Dichroism Spectroscopy

Daniel-Ralph Hermann , Georg Ramer, Lisa Riedlsperger, and Bernhard Lendl

Abstract
Recently, high-throughput quantum cascade laser-based vibrational circular dichroism (QCL-VCD) technology has reduced the
measurement time for high-quality vibrational circular dichroism spectra from hours to a few minutes. This study evaluates
QCL-VCD for chiral monitoring using flow-through measurement of a changing sample in a circulating loop. A balanced detec-
tion QCL-VCD system was applied to the enantiomeric pair R/S-1,1′-bi-2-naphthol in solution. Different mixtures of the two
components were used to simulate a racemization process, collecting spectral data at a time resolution of 6 min, and over three
concentration levels. The goal of this experimental setup was to evaluate QCL-VCD in terms of both molar and enantiomeric
excess (EE) sensitivity at a time resolution relevant to chiral monitoring in chemical processes. Subsequent chemometric eval-
uation by partial least squares regression revealed a cross-validated prediction accuracy of 2.8% EE with a robust prediction also
for the test data set (error= 3.5% EE). In addition, the data set was also treated with the least absolute shrinkage and selection
operator (LASSO), which also achieved a robust prediction. Due to the operating principle of LASSO, the obtained coefficients
constituted a few discrete spectral frequencies, which represent the most variance. This information can be used in the future
for dedicated QCL-based instrument design, gaining a higher time resolution without sacrificing predictive capabilities.

Keywords
Vibrational circular dichroism, quantum cascade laser absorption spectroscopy, OCL-VCD, chemometrics, chiral sensing,
mid-infrared
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Introduction
Chirality is a prominent characteristic in the chemical and
biological world, present in both single molecules and large
biopolymers. In biopolymers such as proteins and DNA, it
manifests in the form of helices or the complex tertiary
structures of proteins.1 Single molecule chirality on the
other hand is defined as their mirror image being not super-
posable on the molecule, thereby forming enantiomeric
pairs.2 Enantiomers exhibit the same physical (boiling point,
etc.) and chemical (pH, stability, etc.) properties and are
therefore nearly indistinguishable. However, enantiomers
react substantially differently when being deposited in a chiral
environment or encountering a chiral reaction partner.3 This
issue becomes significant since the overwhelming majority of
biological systems are comprised of chiral building blocks
(L-amino acids and D-carbohydrates) and/or exhibit macro-
molecular chirality.1,3 As a consequence, the enantiomeric
identity, also called absolute configuration (AC), of a pharma-
ceutical agent drastically influences the effects or side effects

it has in a pharmaceutical concept.3,4 This is also true for
racemic drugs, which are 50:50 mixtures of the enantiomeric
pair. These effects can result in the enantiomers exhibiting
different pharmacokinetics or therapeutical indices, limiting
the effectiveness of racemic mixtures.3 Also, chiral drug
design can, if not properly understood, result in one enantio-
mer being a pharmaceutical agent and the other one consti-
tuting a toxin or harmful substance, as exemplified by the
thalidomide scandal in the 1950s.2,4,5 Consequently, the
assignment of AC was added to the review process for
new pharmaceuticals by the European Medicines Agency.2
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Owing to their similarity, the differentiation of enantio-
mers constitutes a nontrivial analytical problem. A number
of solutions have emerged, differing in terms of applicability,
time resolution, and ease of use. X-ray crystallography, the
analysis of the dispersion on crystalized pure components
is able to easily resolve ACs but is limited both in terms of
applicability and ease of use.2,6 Achieving a useable crystal
requires extensive experience, is time-consuming, and is
not always possible, making it not suitable for routine
analytics. If an analyte features a suitable functional group,
derivatization with a compound of known AC can enable
nuclear magnetic resonance (NMR) spectroscopy to identify
differences between the enantiomers of the analyte.2,7 Again,
this method is not broadly applicable and requires derivatiza-
tion as a pretreatment step. Due to the different interactions
of enantiomers with circularly polarized light, they are also
accessible by optical methods.8,9 If the interaction is mea-
sured by recording the differential absorption for left- and
right-handed circular polarized light, the process is called cir-
cular dichroism (CD). This method can be further divided
according to the wavelength region used, differentiating
between electronic CD (ECD), operating in the ultraviolet
visible (UV–Vis) region, and vibrational CD (VCD), analyzing
infrared (IR) light, predominantly in the mid-IR (MIR)
region.1,10 ECD is characterized by a relatively high signal
intensity, making it easy to use. It can also be combined
with high-pressure liquid chromatography instruments outfit-
ted with chiral columns (e.g., cyclodextrin-based) to improve
its resolving power.11 However, it relies on the availability of
suitable chromophores in the UV–Vis range (e.g., aromatics),
limiting the applicability to specific molecule groups.6,12 In
contrast, the MIR region contains bands specific to vibrations
in chemical bonds, making it broadly applicable to organic
molecules.13,14 In contrast to ECD, VCD is plagued by low
intensities, 10–4–10–5 relative to the classical absorbance,
making the measurement time-consuming, ranging from 1 h
to up to 12 h depending on the sample–solvent system
(but still quicker than X-ray crystallography and NMR) and
restricted to highly concentrated solutions.10,14,15 As a con-
sequence, Fourier transform IR spectroscopy (FT-IR) VCD
has mostly been routinely applied for AC determination of
finished products, where concentration and time resolution
restrictions are not a problem.4,16 However, further applica-
tions, e.g., chiral monitoring of chemical reactions are not
feasible with those restrictions in place.

The commercialization of high-power MIR semiconductor
lasers, quantum cascade lasers (QCLs), provides an opportu-
nity to remedy this problem, as they provide inherently line-
arly polarized light of high brilliance.17 QCLs have enabled
the extension of MIR spectroscopy beyond the limits of clas-
sical FT-IR instruments, with new sensing schemes and higher
sensitivity.18,19 Nevertheless, while QCL-VCD instruments
constitute a valid alternative to conventional FT-IR instru-
ments, they have yet to outperform them in the past.20–22

By employing a balanced detection scheme, we recently

demonstrated performance for VCD sensing in a solution
that outperformed FT-IR-based VCD instruments, both in
terms of noise floor and measurement time.23 An important
advantage of the balanced detector approach is the efficient
elimination of pulse-to-pulse intensity fluctuation of external
cavity-QCLs (EC-QCLs) leading to low noise levels. This is
however only possible when highly matched mercury–cad-
mium–telluride (MCT) detector elements are used as in
this case of a dedicated balanced MCT detector.19 In our pre-
vious work, spectra were recorded in the stopped-flow
mode only.

This advancement opens up opportunities for chiral mon-
itoring, as in accordance with the principle of quality by
design chiral pharmaceutical manufacturing often focuses
on ensuring an enantiomeric pure final product by reaction
control.2,3 One important parameter during these processes
is enantiomeric excess (EE), the ratio between the two enan-
tiomers, which approaches ±100% during chiral catalysis.1 In
the interest of an efficient process design, this critical value
should be controlled over the whole course of the reaction.
Improved QCL-VCD spectroscopy now offers the possibility
of fast VCD spectral acquisition, providing chiral information
on a time base of a few minutes. This information can be used
to assess the progress of a reaction, take corrective action
when needed, or determine the end point of it. In this
study, we applied a modification of our already published
balanced detection EC-QCL VCD instrument to follow the
changes in the EE of mixtures of R/S-1,1′-bi-2-naphthol, a
commonly used motif for chiral catalysis.24 We demonstrate
the ability of QCL-VCD for monitoring a chiral reaction: in a
continuous flow cell experiment starting at an enantiopure
solution of S-(-)-1,1′-bi-2-naphthol (S-BINOL), aliquots of a
solution containing the second enantiomer in the same con-
centration were added to simulate racemization. The sample
solution was continuously circulated between the measure-
ment cell and the mixing vessel, to simulate the environment
most probably present in an on-line monitoring scheme. The
changes in EE were introduced at intervals of a few minutes,
significantly higher than the sampling rate offered by conven-
tional FT-IR VCD instruments. Concurrently, QCL-VCD
spectra were collected with an acquisition time of below
3 min, providing a competitive sampling rate for monitoring
applications. To generate EE information as needed for pro-
cess monitoring or control, the collected spectral data set
was then evaluated with different multivariate techniques,
to generate models for the prediction of EE from the spectral
data.

Experimental

Material and Methods
Chemicals. The studied enantiomeric pair, R-(+)-1,1′-bi-2-naph-
thol (R-BINOL, 99%) and S-BINOL (99%) and the used solvent
CHCl3 (≥99.5%, stabilized with 0.006% amylene) were
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purchased from Sigma Aldrich and used without further purifi-
cation. Stock solutions of R-BINOL and S-BINOL, respectively
(c=100 mM), were prepared by dissolving the appropriate
amount of sample in CHCl3 and diluting it as needed. The cho-
sen concentrations (100 mM, 80 mM, and 40 mM) constituted
the starting points for the closed-flow cell experiments.

Optical Setup. The EC-QCL-based VCD setup used for these
measurements is a slight modification of our previously pub-
lished balanced detection VCD instrument.23 In brief, the
instrument (Figure 1) utilizes the inherently linearly polarized
(nominally 100:1, vertical) emission of a tunable EC-QCL
(Daylight Solutions Inc.) directly for polarization modulation.
This laser was operated in pulsed mode, with a current of
550 mA and a pulsing scheme of 1 μs pulses at a repetition
rate of 200 kHz. This driving scheme was chosen by evaluat-
ing the performance in terms of noise levels in the VCD
spectra (Figure S3, Supplemental Material). At this duty
cycle of 20%, a water-cooled heat sink was necessary to
keep the laser head at the optimum operating temperature
of 19 °C. The intensity of the laser beam intensity was
reduced by half by a beamsplitter and further on directed
on a second beamsplitter (both 50:50 nominally) by a gold
mirror. The second beamsplitter introduces the double
beam geometry characteristic for our balanced detection sys-
tem. Both the transmitted (hereafter called sample) and
reflected (hereafter called reference) laser beam subse-
quently passed wedged (0.5° angle) BaF2 windows, sputtered
with gold to act as reflective attenuators, keeping the inten-
sity reaching the detectors in their dynamic range. In the
sample beam path, the initial laser beam diameter of 2.5
mm (1/e² width) was reduced by a factor of 3 by the imple-
mentation of a Galilean telescope ( f= 75 mm and f= –25.4
mm, ZnSe lenses) to below 1 mm. Both beam paths were

focused by ZnSe lenses ( f= 200 mm) through the two cells
of a custom-made, double-path transmission cell (160 μm
path length), kept at 20 °C± 1 mK, onto two closely matched
MCT detector elements. These detector elements were
integrated into a balanced detection module with manual
gain regulation (Vigo System S.A.) and thermoelectrically
cooled to 201 K. A photoelastic modulator (PEM) (Hinds
Instruments) was placed in the sample beam path, between
the 200 mm focal length ZnSe lens and the transmission
cell. The stress axis of this modulator was oriented at 45°
to the polarization axis of the EC-QCL’s emission and addi-
tionally tilted around its vertical axis, to separate the
reflected from the transmitted beam to reduce interference
effects. This was facilitated by the reduced beam diameter in
the sample path. In contrast to our already published work,
the reflected beam in this iteration is blocked by a 1 mm
aperture, which allowed us to decrease the tilting angle of
the PEM to 10° while still being able to separate the
reflected and transmitted beam. This helped to further
reduce artifacts in the VCD measurements and increased
the stability of the setup. The optical setup was placed in
an acrylic glass housing and constantly purged with dry air
to counter the interference of water vapor in the accessible
spectral range.

Data Acquisition. The EC-QCL was operated in sweeping
mode, continuously scanning between 1670 and 1550 cm–1

at a speed of 640 cm–1/s. To ensure a phase-sensitive data
acquisition, the pulse trigger, a transistor–transistor logic
(TTL) signal denoting the frequency of the laser pulses, was
fed to a phase-locked loop (PLL) of the used lock-in amplifier
(MFLI, Zurich Instruments, with F5M and MD extensions;
Switzerland). Additionally, the scan trigger, a TTL signal sig-
naling the start of the spectral scan, was also fed to a PLL

Figure 1. (I) Optical setup used for this study. An EC-QCL is used as a light source, with beamsplitters (BS) and attenuators (A), as well as
a telescope (T) and focusing lenses (L) encompassing the optical components. The analyte in solution is kept in a double-path transmission
cell (Cell), a PEM and a detector are also incorporated. The dashed lines indicate coaxial cable connections, with the arrows indicating the
direction. (II) Reservoir for the flow-through system, composed of a magnetic stirrer, a sealed glass vessel, a peristaltic pump, and a syringe
for the addition of the opposite enantiomer.
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of the MFLI, enabling reproducible spectral acquisition. The
PEM driving amplitude was adjusted to lead to quarter
wave retardation in the middle of the spectral range probed
by the EC-QCL. Its trigger was also fed to another PLL rou-
tine of the MFLI, to ensure the phase-sensitive acquisition of
its 42 kHz modulation cycle. The voltage outputs from the
reference detector and the balanced output, generated by
analog subtraction of the reference and signal detector out-
put, were demodulated at 200 and 42 kHz. The data
extracted at those frequencies correspond to the intensity
of the laser after the sample, I, and the chirality-sensitive
information introduced by the PEM’s modulation ΔIL–R,
respectively. The sampling rate of the lock-in amplifier was
set relative to the scan speed of the laser to 6696 Sa/s.
This resulted in a ratio of 10 data points per wavenumber,
and with the chosen spectral range 1200 data points were
collected per spectrum. The time constant of the lock-in
amplifier was set relative to the sampling rate and was
fixed to 745.8 μs in this case, leading to a 3 dB attenuation
at 92.8 Hz. While the ΔIL–R component, extracted from the
balanced output, could be used as collected, the I component
extracted from the same output needed correction. Since
the balanced output corresponds to the difference between
the two detectors, it must be offset to obtain a correct
single-channel IR intensity spectrum. This was done by
recording and storing the I signal from the reference output
once each measurement day and adding this stored signal to
each I spectrum collected from the balanced output. With
this corrected I data and the simultaneously extracted ΔIL–R
the VCD spectrum could be calculated according to

VCD = 1
ln 10 × J1(δPEM)

×
ΔIL−R

I
(1)

with J1 being the first-order Bessel function and δPEM being
the retardation of the PEM relative to the transmitted
wavenumber.

Continuous Flow VCD Measurements. For the closed flow cell
experiments, 2 mL of S-BINOL at the chosen concentration
(40 mM, 80 mM, or 100 mM) were aliquoted in a flask, which
was clamped close to prevent evaporation of the solvent.
Two Teflon tubes (0.5 mm inner diameter) were inserted
through the clamp allowing for automated sampling from
the flask and the return of the sample after having passed
the flow cell. The solution was continuously mixed by a mag-
netic stirrer and pumped through the sample cell of the dou-
ble path length transmission cell at a speed of 0.5 mL/min by
means of a peristaltic pump. Following the measurement of
this first spectrum, 200 μL of R-BINOL, with the same con-
centration, was added to the flask via a syringe and circulated
for 3 min to ensure a complete mixing. Then IR and VCD
spectra were collected by averaging 700 scans between
1670 and 1550 cm–1, resulting in a measurement time
of 2:44 min. This process of adding 200 μL of R-BINOL,

3 min mixing, and spectra acquisition was repeated until
the racemic mixture was reached in the flask, resulting in
11 data points for each experiment carried out for the
respective starting concentration, with a spacing of around
6 min (3 min mixing+ 2:44 min acquisition). The correspond-
ing EE levels could be calculated according to

EEi [%] = cS × VS −
∑i

1 cR × Vstep

cS × VS +
∑i

1 cR × Vstep
× 100 (2)

with cS/cR being the concentration of the S- or
R-enantiomer, respectively, VS being the volume of
S-BINOL (2 mL throughout the monitoring), Vstep being
the volume of each step (200 μL) and

∑i
1 cR ×Vstep there-

fore being the molar quantity of R-BINOL present in the
mixture present after each injection step (the molar
amount of S-BINOL does not change during the monitor-
ing), resulting in the corresponding EE levels EEi. Artifacts
originating from birefringence in the optical train were
reproducible enough to allow the baseline correction of
both IR and VCD spectra by the pure solvent spectrum.

Data Processing. All data processing, including multivariate
analysis, was performed in Python 3, utilizing the Scikit-
Learn and SciPy modules, on the basis of in-house written
routines.25,26 While the data processing in the current case
was done after the experiments to construct the calibration
model, it can also be performed in parallel to the spectral
acquisition. Loading the spectral data, performing the pro-
cessing outlined in the following paragraphs, and applying
the developed models take up around 21 ms, which is negli-
gible in comparison to the time for acquiring a spectrum. The
raw single channel spectra were low-pass filtered with a
Whittaker–Eilers smoother (fourth-order, 3 dB attenuation
at 3 cm–1 resolution) resulting in a final resolution of
1.8 cm–1.27,28 Due to baseline shifts over the course of the
flow through experiments, the VCD spectra were corrected
with asymmetrically reweighted penalized least squares
smoothing.29 Additionally, these spectra are convoluted
with a fringe pattern in a similar intensity range to the spec-
tral features. Due to this interference, we also applied a fast
Fourier transform low-pass filter (cut off at 90 Hz) to pre-
serve the original waveform while discarding interference
fringes.

Multivariate Analysis. The data set generated by the monitor-
ing experiments comprised three levels of concentrations,
with 11 steps of EE changes each. To compare the different
data sets, we transferred the EE levels of our observations
to a different quantity, the difference in molar concentrations
(difM), corresponding to the differences in concentration
between the two enantiomers. This parameter considers
the molar concentrations, is similar to the limit of detection
used in classical absorption spectroscopy, and enables us to
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combine the three monitoring runs to generate a data set
spanning both different EE levels as well as different concen-
tration levels. The conversion was done according to:

difM [mM] = EE [%]
100

× cBINOL[mM] (3)

with cBINOL being the concentration of BINOL (both enantio-
mers) present in the sample, which was taken from the
absorbance spectrum of each observation. As a result, the
data set for the multivariate analysis constituted a matrix of
VCD spectra (33× 1200) as an independent variable and a
response vector of difM values (1× 33). This data set was
randomly split into a training and test set with a ratio of
26:7 (80:20 ratio) to assess the predictive capabilities of the
generated models. Different chemometric models were
evaluated and each model was optimized based on the root
mean squared error of cross-validation (RMSECV), with a
leave-one-out cross-validation (LOOCV) applied. First, a
conventional partial least squares regression (PLSR) was
constructed, with the spectral coverage limited to 1635 to
1560 cm–1, to increase the robustness of the model. The
number of components was chosen to be 2, based on the
minimal RMSECV. Another applied method was the least
absolute shrinkage and selection operator (LASSO), which
is a ℓ1 regularization technique that implicitly performs fea-
ture selection when generating a regression curve. During
the selection process, the coefficients of less important
features are reduced to zero, resulting in few nonzero spec-
tral features.30 This method was also applied to a reduced
spectral data set, restricted to the region between 1635
and 1560 cm–1. The relevant parameter in this is the penalty
term λ, which was set based on the minimal RMSECV to
1.42× 10–6.

Results and Discussion
VCD Spectra of BINOL Mixtures. The intensity of VCD signals
depends on the concentration of the analyte as well as the EE
of the mixture. As a consequence, it is to be expected that

the magnitude of the bands in VCD spectra collected during
our simulated racemization decreases over time. This can be
seen in Figure 2, which depicts the EE levels and concentra-
tions. Both the EE levels and the concentration steps behave
as expected, with a concentration and EE-dependent
decrease in intensity for the BINOL signals. The quite signifi-
cant signals around 1560 cm–1 and below can be attributed to
noise as a consequence of the low intensity and stability of
the laser at the edge of its emission spectrum. The actual
VCD signals are relatively weak compared to those normally
presented for EE studies.31–33 This is especially true for the
40 mM samples, and those spectra are therefore susceptible
to interferences from spectral noise or artifacts. As can be
seen in Figure S1 (Supplemental Material), the mentioned
fringe pattern, while not high in amplitude in general, is still
able to significantly interfere with the analyte spectra. We
propose that these interference effects occur due to slight
changes in path length during the pumping process, which
does not occur for the reference cell. This difference is
picked up by the balanced detection and transferred to the
measurement. Since the reflectivity for CaF2 is comparatively
weak (∼2.6% at 6 μm and normal incidence) the interference
is also weak and not visible in the classical IR spectra. For the
VCD spectra, however, which are also comparatively weak,
this small interference becomes significant and necessitates
removal during the preprocessing step. As can be seen in
Fig. 2, this removal worked with varying success. However,
while the intensity differences between the 40 mM spectra
and the interference fringes are too small to enable complete
removal, the spectra could still be used as the basis for a
robust chemometric evaluation.

Chemometric Evaluation. While EE is an important quality
parameter and is the quantification goal in this study as
well, it was not chosen as the response variable for the che-
mometric evaluation. The presented spectra cover both dif-
ferent EE levels as well as different concentration ranges,
making the combination of data sets not feasible without
modification. One option would be the conversion of VCD

Figure 2. Baseline corrected and filtered VCD spectra for the chosen concentrations 100, 80, and 40 mM (left to right). The EE levels
follow a trend from +100% (dark blue) to 0% (dark red). Black arrows indicate a ΔAU value of 5× 10–6. The shaded area between the
dotted lines indicates the spectral data used for the multivariate statistical evaluation (1635–1560 cm–1).
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spectra to dissymmetry factors, which normalizes the VCD
intensities by the IR absorption.34 A problem with this
method is that the noise, which is not insignificant at these
intensity levels, gets also amplified significantly. While there
exist workflows to deal with this issue, those rely on a
human-set threshold, introducing a bias into the model.
Also, for the application of QCL-VCD toward monitoring,
we aim to relate the prediction accuracy directly to the con-
centration of the analyte. This information is accessible via
the IR absorbance on the same timescale as the VCD infor-
mation, enabling the generation of a more flexible model.
We therefore converted the EE levels to difM, molar differ-
ences between the different enantiomers, by the concentra-
tion taken from the IR absorbance spectra. Then the data sets
were combined, resulting in a data set of 33 samples spanning
different EE and concentration levels.

Both PLSR and LASSO rely on one customizable parame-
ter during model building, called latent variables (LVs) and
alpha, respectively. Both models were optimized by varying
the respective parameters and assessing the model perfor-
mance by the RMSECV, obtained by LOOCV. For both
methods, an optimum model was selected (cf. Figure S2,
Supplemental Material) and subsequently applied to the test
set. The cross-validated prediction was assessed for conclu-
siveness by plotting the predicted and actual difM against
each other, as can be seen in Figure 3, taking R² as a figure
of merit. While R² for the partial least squares (PLS) model
was marginally higher than the one for the LASSO model,
the values indicate a high correlation and a significant predic-
tive capability for both models.

Following this, the performance was further evaluated,
with the results being compared in Table I. Both the difM
and the % EE values were listed. The % EE was recovered
from the difM values according to Eq. 3 for each used
concentration.

When assessing a model for performance, one of the
most important quality parameters is the presence of overfit-
ting. Overfitting occurs, when the model relies significantly

on small changes in the data, noise, or instrument-specific
artifacts, for example, and is therefore not based on chemical
reality, but on unspecific randomness in the data. In terms of
figures of merit, overfitting manifests itself in a significant dif-
ference between the RMSECV and root mean squared error
of prediction (RMSEP), since the model is too closely fitted to
the training set. For both models built in this study, the
RMSECV and RMSEP are closely matched, highlighting the
high predictive accuracy and robustness of the models.

In general, the accuracy of the PLSR is higher than the
LASSO model, providing excellent values for both RMSEP
and RMSECV. Besides comparing the figures of merit, the
loadings underlying the PLSR are of interest to ensure the
chemical relevance of the chemometric evaluation. The cor-
responding loadings for LV 1 and LV 2 are plotted in Figure 4
against the spectral frequencies. When comparing the load-
ings, especially of LV 1, to the spectral bands the model relies
on, also plotted in Figure 4, a close resemblance is apparent.
For LV 2, this relationship is partially lost, but still, the corre-
spondence of the loadings to the spectral data is clear.
Overall, the model provides a robust and fast quantification
of EE (or difM) in solution.

As for the LASSO model, its figures of merit, while not as
excellent as the ones achieved for PLSR, still are satisfactory
and indicate a good performance of the model. The differ-
ence between RMSECV and RMSEP is negligible, proving
the robustness of the model for predictive purposes.

Figure 3. Cross-validated predicted enantiomeric differences versus volumetric (“real”) differences for PLS (left) and LASSO (right).
The corresponding R² are indicated in the figure.

Table I. Figures of merit for the PLS and LASSO models. The
RMSECV and RMSEP are listed in both in mM and in % EE for better
comparison to previous studies.

PLS LASSO

RMSECV mM 2.8 3.4
% EE (2.8–7.0) (3.4–8.4)

RMSEP mM 3.5 3.6
% EE (3.5–8.8) (3.6–9.0)
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Additionally, the penalizing scheme which is the basis for the
LASSO model provides intriguing possibilities for QCL-VCD
monitoring. As a consequence, the model relies only on a few
discrete wavenumber positions, as can be seen in Figure 4.
Both conventional FT-IR VCD instruments, which have simul-
taneous access to the whole MIR spectral range due to the
Fellgett advantage, and tunable EC-QCL instruments can
leverage PLSR to gain high sensitivity by relying on changes
over multiple wavenumbers.35 Additionally, instead of
recording a continuous spectrum, the QCL can also be set
to only measure at discrete wavelengths, further increasing
the possible time resolution. By selecting these wavelengths
based on a LASSO model, improved time resolution can be
coupled with comparable predictive accuracy. Going further
than that, by building on the information provided by LASSO
new QCL-based chiral monitoring can be designed in a com-
prehensive way. Already commercially available systems such
as QCL arrays or Vernier like QCL-XT, can provide discrete
wavelength emission spread over a larger wavelength area.36

By careful wavelength selection those devices can be con-
structed with both high time resolution and high monitoring
capabilities accessible.

Conclusion
In this work, a comprehensive study on the application of
EC-QCL-VCD for chiral monitoring was presented. The enan-
tiomeric pair R/S-1,1′-bi-2-naphthol, a commonly used chiral
scaffold, served as a model system. All spectra were recorded
in a 160 μm CaF2 flow cell while pumping the sample at a
flow rate of 0.5 mL/min. In the wavelength range accessible
by the employed EC-QCL, the resulting VCD signals are in
the order of 1×10–5–3×10–5 ΔAU, which is on the lower

end of the typically studied signal heights. A flow-through sys-
tem was set up and a series of EE levels were studied in a sim-
ulated racemization. In addition to the changes in chiral
properties, the experiment also included different concentra-
tion levels, to observe the predictive capabilities of QCL-VCD
with low-concentration samples. The molar difference in enan-
tiomer concentrations was introduced as a way to generalize EE
ratios for different overall concentrations of both enantiomers,
providing a more flexible variable and the opportunity to com-
bine the different data sets. Chemometric evaluation yielded
RMSECV and RMSEP as low as 2.8% and 3.5% EE, respectively,
highlighting the robust and accurate monitoring capability
offered by QCL-VCD. In addition, evaluation by LASSO regres-
sion yielded a way to design optimized monitoring devices with
selected wavelength coverage, offering even higher time resolu-
tion than the one already presented in this work.

At this point, it should be noted that this ability to sample
a few, select wavelengths, is part of the advantage allowing
EC-QCL-VCD to measure significantly faster than conven-
tional FT-IR-VCD. While short measurement times are
crucial in some applications, such as process analytical tech-
nologies (PAT) or reaction monitoring, in other applications
(e.g., structural analytics of unknown compounds)
broad spectral is more important. In these applications,
FT-IR-VCD has a clear advantage over EC-QCL-VCD.
Dispersive VCD, which uses a thermal source but no FT-IR,
lies somewhat in between both techniques. Like EC-QCL-
VCD, these instruments can restrict their spectral coverage
to achieve higher throughput and/or higher sensitivity. Even
though they are not in widespread use dispersive VCD
instruments are still present in the VCD publication land-
scape.37,38 Dedicated dispersive VCD instruments have
proven their validity most prominently for the measurements

Figure 4. Normalized coefficients of the used model versus the spectral frequency (in wavenumbers). Both the loadings of the two LVs
used for the PLS model and the coefficients of the LASSO model are plotted for comparison purposes. A normalized example spectra of
BINOL (100 mM, 100% EE) was added to compare the generated coefficients to the spectral data.
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of biopolymers, as similarly to QCLs they can focus on a
small spectral range, which is often enough for, i.e., protein
analytics.39 Additionally, it has to be said that for the available
molecule, ECD could also be used as an analytical tool, as
BINOL contains chromophores in the UV–Vis range. Due
to its inherent differences in wavelength and energy of
employed light, ECD can offer high signal-to-noise ratio
data even at below-second resolution.40 However, those
high-speed monitoring schemes are restricted to single wave-
length operations, consequently, the broader wavelength
range available for EC-QCLs or even QCL arrays can offset
this difference by relying on statistical evaluation. Also,
ECD is only a direct competition with QCL-VCD if the ana-
lyte contains suitable chromophores, which is not a given for
most molecules. Thus, even taking the above-mentioned lim-
itations into account, we believe that just like QCLs have
opened up new avenues of detection schemes, sensor design,
and real-life applications for classical absorption spectro-
scopy, similar developments can be expected to follow for
chiral analytics, especially considering the prevalent drive to
miniaturize sensor equipment.22,41–44 We anticipate that
QCL-VCD can contribute favorably to chiral reaction moni-
toring and eventually control in the lab and PAT settings.
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ABSTRACT: Proteins are characterized by their complex levels of structures, which in turn define their function. Understanding 
and evaluating these structures is therefore crucial to illuminating biological processes. One of the possible analytical methods is 
vibrational circular dichroism (VCD), which expands the structural sensitivity of classical IR absorbance spectroscopy by the chiral 
sensitivity of circular dichroism. While this technique is powerful, it is plagued by low signal intensities and long measurement 
times. Here we present an optical setup leveraging the high brilliance of a quantum cascade laser to measure proteins in D2O at a 
path length of 204 µm. It was compared to classical Fourier-transform infrared spectroscopy (FT-IR) in terms of noise levels and in 
its applicability to secondary structure elucidation of proteins. Protein concentrations as low as 2 mg/mL were accessible by the 
laser-based system at a measurement time of 1 h. Further increase of the time resolution was possible by adapting the emission to 

of 
performance. With this high time resolution, we are confident that dynamic processes of protein can now be monitored by VCD, 
increasing our understanding of these reactions. 

Asymmetric structures are a common occurrence across the 
chemical world, being present in small molecules up to large 
biological systems.1,2 In the context of chemistry, asymmetry 
is part of the broader context of chirality, defined as the inabil-
ity of a structure to be superimposed on its mirror image.3 For 
small molecules, this quality results in the presence of enanti-
omers or diastereomers, depending on a change in rotation in 
one or more chiral centers respectively.4 This quality also 
translates to biological systems, as e.g. proteinogenic amino 
acids in most organisms are made up exclusively of L-amino 
acids.5 In addition to this fundamental level, the macromole-
cules formed by bio-polymers, e.g. proteins or nucleic acids, 
also present a form of chirality.6,7 Based on the different side 

-
-sheets, random coils and turn structures.8 These 

secondary structures constitute the basis for the subsequent 
orientation into tertiary or even quaternary structures, which 
again define the function of the protein. Proteins operate for 
the most part either as biocatalysts, e.g. enzymes, or as recep-
tors. Both types of reactions rely heavily on geometric recog-
nition of the target molecule by the biopolymer, warranting a 
closer look on both structures.7  

Consequently, both the analytics of chirality and specifically 
of protein structure are the target of intensive research.9,10 
Since proteins are mostly involved in chemical reactions, there 
is a need for analytics able to operate at high time resolution 
and with proteins in their natural environment, i.e. aqueous 
solutions.11,12 Vibrational spectroscopy, specifically infrared 

(IR) absorption spectroscopy satisfies this criteria and has 
been used to study proteins for decades now.13,14 

IR spectroscopy relies on vibrational and rotational move-
ments of molecules under excitation with light between 2.5 -
25 µm, commonly collected by a Fourier transform infrared 
spectrometer (FT-IR).15 Protein studies are based on vibrations 
occurring in their peptide backbone, with the most intense 
bands being the amide I and amide II bands.16 The amide I 
band (1700-1600 cm-1) mostly originates from the C=O 
stretching vibration and is predominantly used for structure 
assignment. In contrast, the amide II band (1600-1500 cm-1) is 
a combination band of the N-H in plane bending and the C-N 
stretching vibrational modes.16 The intensities, band shapes 
and peak maxima of these peaks change drastically as a con-
sequence of the dipole-dipole interactions, hydrogen bonding 
arising from different secondary structure orientations. There-
fore, the structure of the proteins can be assessed based on 
these characteristics, with increasing predication accuracy 
achieved by chemometric evaluation (Partial-least squares, 
multivariate curve resolutions-alternating least-squares or 
band fitting).8,17 19  

If more in depth information is necessary, the method of 
classical IR absorption spectroscopy can be augmented by 
including a polarization modulation scheme.20,21 By generating 
alternately left and right handed circularly polarized light and 
calculating the difference in absorbance between them vibra-
tional circular dichroism (VCD) can be measured. Chiral 
structures exhibit substantially different VCD signals, e.g. 
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enantiomers lead to bands with opposite signs. VCD is there-
fore capable of determining the absolute configuration of 
small molecules in solution, leading to its broad usage in the 
pharmaceutical industry.22,23While such a clear assignment is 
of course impossible for proteins, the added chiral dimension 
can improve the prediction accuracy for secondary structure 
determination.6,12 

Protein VCD signals are located in the same region as their 
IR absorbance counterparts, but are characterized by sharper 
bands, and the occurrence of both positive and negative peaks. 
Unfortunately, VCD signals also differ from their parent ab-
sorbance band by a decrease in intensity of ~10-4, necessitating 
low noise and therefore time-consuming spectral acquisitions 
up to 12 h. In an effort to keep the routine measurement time 
down to a few hours, VCD spectra of biomolecules are gener-
ally collected at a spectral resolution of 8 cm-1, allowing for 
faster scan acquisition times in an FT-IR instrument.24 26 

For protein structure analytics the low signal intensities of 
VCD are exacerbated by the interfering absorption of the 
HOH-bending vibration of water at ~1643 cm-1.16,17 The result-
ing decrease in spectral throughput limits the useable optical 
pathlength for classical FT-IR spectroscopy to <10 µm and for 
FT-IR VCD studies to ~ 6 µm, with correspondingly high 
concentrations > 100 mg/mL for VCD measurements.17,25,26 
This can lead to problems with solubility and crowding ef-
fects, making VCD protein studies challenging. One way 
around this problem is to replace H2O by D2O, since the higher 
mass of deuterium shifts the bending vibration to 1200 cm-1, 
leaving the amide bands unobstructed.10 Consequently path-
lengths between 25 and 50 µm can be routinely used for pro-
tein VCD studies in D2O.26 29  

Besides changing the experimental conditions, the use of a 
more intense light source can offset the high absorbance of 
H2O. In the mid-IR range, this became possible with the de-
velopment of quantum cascade lasers (QCL). By relying on 
inter sub band transitions as opposed to the interband transi-
tions underlying classical laser designs, QCLs emit high pow-
er, highly polarized light tunable over the infrared spectral 
region.30,31 Modern external cavity QCLs (EC-QCL) incorpo-
rate a grating, allowing for a coverage of up to 500 cm-1 by a 
single chip laser. This broad coverage also makes protein IR 
studies possible, with the high power of the laser facilitating 
the use of higher pathlengths. Indeed, laser-based IR spec-
trometers were employed for protein structure analytics in 
H2O (~25 µm pathlength) and D2O (~478 µm) at comparative-
ly low concentrations.10,11,17  

The use of QCLs for VCD spectral acquisition was first re-
ported in 2011 for small molecules in CDCl3 and H2O between 
1320 and 1220 cm-1.32 However, QCL-VCD remained a niche 
application and failed to outperform FT-IR VCD spectrometer 
in terms of signal to noise levels. Beginning with 2020, re-
newed interest led to a number of publications on the subject 
from multiple groups.33 36 These outlined more evolved optical 
design, e.g. QCL-VCD microscopy, and also contained some 
studies on peptides in H2O and D2O at 25 µm, although with 
no accessible amide I VCD vibration. Furthermore, it was 
finally possible to outperform FT-IR VCD in terms of signal 
to noise ratio, by means of balanced detection. This scheme is 
used to compensate for the pulse-to-pulse fluctuations and 1/f 
noise originating in the laser.35,37  

Building upon the recent advancements, we present a bal-
anced detection QCL based instrument for VCD measure-
ments of low concentrated proteins in D2O. The acquired 
spectra are compared in terms of noise and band position with 
reference FT-IR VCD spectra. The accessible concentration 
range for the 204 µm pathlength cell is evaluated and proteins 
comprised of different secondary structures are compared. 
Additionally. further possible improvements of time resolution 
and sensitivity are discussed. 

Experimental 
Instrumental Setup The reference FT-IR VCD and absorb-

ance spectra were collected with a Vertex 70v spectrometer 
equipped with a PMA50 accessory (both Bruker, Germany), 
containing a 42 kHz photoelastic modulator (PEM, Hinds 

-1. A 
low-pass filter (cut-off: 1828 cm-1) was placed before the 
linear polarizer and a resolution of 8 cm-1 was used for both 
absorbance and VCD spectra. The samples were placed in a 
23 µm pathlength cell with CaF2 windows and spectra were 
collected for 1 h.  

The laser-based instrument used for this study is an optical 
setup developed specifically for low noise QCL-VCD meas-
urements. It is based on an iteration of our previously pub-
lished balanced detection system and can be seen in Figure 1.35  

 

Figure 1. Optical setup used for the QCL-VCD measurements of 
proteins in D2O. 

An EC-QCL (Daylight Solutions Inc. USA) tunable be-
tween 1360 and 1760 cm-1 and operated at 860 mA provided 
the high-power IR light used for the measurements. It was 
operated at 400 kHz pulse repetition rate with a pulse duration 
of 700 ns and set to a temperature of 19 °C. Excess heat was 
removed by a liquid cooling system. Following redirection by 
a gold mirror, the laser light was attenuated by a reflective 
attenuator (gold sputtered CaF2 window). This attenuation was 
necessary in order to keep the laser intensity in the linear 
range of the detector. An attenuation of the laser intensity by 
reducing the laser current was not a valid alternative, as this 
would have resulted in a limited spectral range.  

Subsequently, the laser beam was focused on the sample 
cell by means of a 200 mm ZnSe lens (AR coated, 
Thorlabs Inc., USA). After the lens, the beam was directed 
onto a CaF2 beam splitter (Thorlabs Inc., USA), with the re-
flected and transmitted beam designated the sample and refer-
ence beam respectively. The transmitted beam was directed 
through an angled CaF2 window, acting as an attenuator, and 
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refocused by a 50 mm ZnSe lens. This was done to keep the 
intensity reaching the reference detector as equal as possible to 
the one for the sample detector over the whole tuning range. 

The sample beam on the other hand first passed a KRS-5 
wire grid polariser (1:300 extinction, Optometrics, USA), used 
to improve the polarization purity of the laser emission. This 

polariza-
tion, see Figure S1, revealed an elliptic polarization with verti-
cal orientation. The polarizer was tilted around the X-axis by 
35 °, reducing the reflection for the vertically oriented laser 
emission according to the Fresnel equations. This was done to
reduce interference effects arising from the coherent laser 
beam. Subsequently a PEM was placed in the sample beam. 
This optical element modulated the polarization at a frequency 
of 50 cm-1. The PEM was 
tilted by 10 ° around the Z-axis, to shift the reflected beam 
from the transmitted one. The beam diameter reduction by the 
ZnSe lens enabled the complete separation of the beams, with 
the reflected beam being blocked by a 1 mm aperture 
(Thorlabs Inc., USA). 

After passing the sample and reference cell, both at 204 µm, 
the respective beams were collected by the balanced detection 
module (VIGO Photonics S.A., Poland). The detector ele-
ments were thermoelectrically cooled to 201 K and closely 
matched in their detectivity. The optical setup was built on a 
temperature stabilized breadboard (300x450 mm, Thorlabs 
Inc, USA) set to 22 °C, which approximately corresponded to 
room temperature. Furthermore, it was enclosed in an acrylic 
glass housing and flushed with dry air to prevent water vapor
interference.

Data acquisition To extract the correct intensities corre-
sponding to the laser and VCD channel respectively phase 
sensitive detection was implemented by a MFLI lock-in ampli-
fier (with the F5M and MD extensions, Zurich instruments, 
Switzerland). The reference signal from the PEM controller 
was fed to the trigger input of the MFLI and one oscillator was 
set to the 8th harmonic (400 kHz) of this signal, with the corre-
sponding demodulator outputting a reference signal at this 
frequency. This signal was used to time the laser pulsing 
scheme in reference to the PEM modulation cycle, enabling 
the utilization of 25 % of the laser intensity at the maximum of 
the PEM cycle, see Figure S2. The high duty cycle of 28 % 
ensured efficient detection by the lock-in amplifier. A scan 
trigger connected the laser controller to the MFLI, enabling 
the referencing of the data acquisition to the spectral sweep.

During the spectral acquisition, the balanced detector signal 
was collected. This signal is the result of the subtraction be-
tween the sample and reference detector, providing the noise 
reduction characteristic for balanced detection. The collected 

( ) and its 8th harmonic ( ). Once before the 
measurement, the reference detector signal ( ) is col-
lected to provide an offset for the balanced detector signal. 
The VCD signal as a function of the wavenumber ( ) can then 
be calculated according to:

(1)

with being the first order Bessel function, its ar-
gument is the amplitude of the phase shift applied by the PEM 

.
For this study, the laser was continuously sweeping between 

1400-1710 cm-1 or 1580-1710 cm-1 at a speed of 40 cm-1/s, and 
the signal was collected at 838 Sa/s (~20 samples/cm-1). For 
each covered area, the number of sweeps per scan were set to 
result in 5 minutes of acquisition time

Data acquisition Both the FT-IR and QCL-VCD scans 
were baseline corrected to compensate for drifts before aver-
aging.38 The QCL-VCD spectra were collected at an unfiltered 
resolution of 0.5 cm-1 and were smoothed by fitting a 3rd order 
spline to match the 8 cm-1 resolution of the FT-IR spectra.39

Both the absorbance and VCD spectra were corrected by the 
D2O background. 

Chemicals and sample preparation Bovine serum albumin 
(BSA, purity 98 -
lactoglobulin from bovine milk (purity 90 %) and D2O 
(99.9 % D) were purchased from Sigma Aldrich and used as 
received. The analytes were dissolved in the appropriate vol-
ume of D2O and used in a timely manner. For the comparison 
spectra, the concentration for FT-IR VCD was prepared and an 
aliquot was diluted for the QCL-VCD measurements. For the 
BSA calibration curve, a stock solution of 48 mg/mL was 
diluted according to the desired concentration. Around 
100 and 300 µL of the prepared solutions were used to fill the 
FT-IR and QCL cells respectively.

Results and discussion
Noise comparison Before actual protein VCD measure-

ments the noise floor for the QCL setup had to be evaluated. 
For this purpose, 24 D2O scans at 5 min each were collected 
for each system and the dataset was split in half to generate a 
background and a sample block. The difference between the 
background and sample spectra was calculated for an increas-
ing number of averages. The resulting root mean square error 
(RMS) against the measurement time can be seen in Figure 2, 
plotted at the native QCL resolution and at different smooth-
ing settings. At the native QCL resolution of 0.5 cm-1, the 
spectra are quite noisy due to an overlaying interference pat-
tern originating in the wire grid polarizer, see also Figure S3. 

Figure 2. Root mean square (RMS) noise as a function of meas-
urement time for the FT-IR VCD spectra and the QCL-VCD 
spectra at different smoothing settings. The data was calculated 
for the area between 1405 and 1705 cm-1.



4

Subsequent smoothing to a resolution of 4 cm-1 and 8 cm-1

respectively removed the distortions and the noise floor ap-
proached the FT-IR level. Indeed, at the maximum averaging 
time of 60 minutes the noise levels are at the same level, with 
a slight advantage for the QCL when compared to the FT-IR at 
the same resolution. Therefore, we could assume that the 
spectra collected on both instruments are of comparable quali-
ty. Additionally, the higher pathlength used during the EC-
QCL VCD measurements (204 µm vs 23 µm) should translate 
to a higher signal to noise (SNR) by a factor of approx. 9. 
Consequently, a more encompassing comparison between FT-
IR VCD and QCL-VCD for protein studies could be per-
formed. 

To evaluate the resolving power of the system in terms of 
secondary structure determination, three proteins were select-
ed for measurement. Bovine serum albumin is composed 

- -sheet contributions. Lysozyme 
-helices and turn structures, 

- -
-

-sheets9,20

For the FT-IR samples, a concentration of 60 mg/mL was 
chosen, to ensure an adequate solubility for all protein sam-
ples. The QCL samples were diluted to 8 mg/mL to ensure a 
better comparison, since with the higher pathlength of this 
system a concentration of 60 mg/mL would lead to total ab-
sorption. The spectra for both systems were collected for 1 h
and are depicted in Figure 3 A and B for the QCL and FT-IR 
system respectively. 

When comparing the classical absorbance spectra between 
the proteins, there are some differences for the amide bands. 
Due to the vibrations, it is based on, the amide II band also 
shifts alongside the H2O-D2O shift. Consequently, the amide II 
area is less useful for evaluation, since it is influenced by the 
degree of deuteriation achieved for the proteins. In addition, 

due to the hygroscopic nature of D2O a DOH-bending vibra-
tion can occur at ~1455 cm-1, which distorts this spectral re-
gion.40 This is most probable the origin of the shift in intensity 

pose of this study. 

maximum lies at ~1649 cm-1, with the only difference being a 
difference in intensity. These characteristics are present in 
both systems used and also agree well with literature val-
ues.9,26 -lactoglobulin band maxima is shifted 
to ~1636 cm-1,with a slight shoulder at ~1652 cm-1, which 
again agrees well with literature.11,41 So, while the spectra 
agree well with expectations, a difference according to sec-
ondary structure components cannot be easily assigned, at 
least between lysozyme and BSA. 

This is different when the focus is switched to the corre-

between 1662 and 1648 cm-1 can be found in both systems. In 
addition, the deuteriation of the protein leads to a sideband at 
1628 cm-1.20 A difference between the systems can be ob-
served for the relative height of the positive band, which we 
attribute to shifts arising from the baseline correction and 
calibration. 

As for the lysozyme band shape, it exhibits two negative 
peaks at 1660 and 1635 cm-1. Again, the difference in intensity 
varies between the systems, which can be attributed to the 
sensitivity of lysozyme to incomplete deuteriation.26

-lactoglobulin contains a characteris-
tic set of peaks, with one small negative band at 1660 cm-1, a 
positive band at 1638 cm-1 and one strong negative band at 
1621 cm-1. These bands agree well between the systems as 
well as with literature values.42

For the sample set of proteins, the different combinations of 

Figure 1. Absorbance and VCD spectra of -lactoglobulin, lysozyme and bovine serum albumin (BSA) in D2O. The spectra were collect-
ed with the QCL-VCD setup (A) at a concentration of 8 mg/mL and a commercial FT-IR VCD spectrometer at a concentration of 
60 mg/mL(B).
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secondary structures led to characteristic peaks in the VCD 

absorbance data was less conclusive. This is also true for the 
QCL-VCD spectra, which matches the FT-IR reference spec-
tra well and allows for the evaluation of protein VCD bands at 
a concentration of 8 mg/mL within 1 h of measurement time.

Accessible concentration range With the validity of QCL-
VCD protein spectra confirmed against FT-IR reference 
measurements, the sensitivity of the system needs to be evalu-
ated. For this purpose, a dilution series of BSA in D2O was 
prepared and the measurement time was again 1 h. The con-
centrations ranged from 2-14 mg/mL, corresponding to maxi-
mum absorbance values between 0.08 and 0.78. Figure 4
depicts the resulting VCD spectra and their corresponding 
absorbance spectra. The intensity of the amide
and VCD band follows a linear relationship against the con-
centration even down to 2 mg/mL. With the resulting linear fit, 
see Figure S4, the limit of detection (LOD), corresponding to a 
SNR of 3, could be estimated. For the noise (5.93·10-7

at the used 1 h acquisition time, this results in a LOD of 
0.32 mg/mL. An improvement of this value is possible by 
increasing the number of averaged spectra, reducing the noise 
in the process. Alternatively, the signal could be increased by 
increasing the pathlength of the transmission cell. This consti-
tutes a promising approach, as for classical IR absorbance 
studies pathlengths of up to 478 µm have been reported.10

However, this was not feasible for this study, as D2O shows a 
small absorption feature ~1550 cm-1, which is compounded to 
a significant decrease of the laser intensity over a broad area, 
see Figure S5. Since the maxima of the laser spectral emission 
profile lie outside of this area, this high absorbance could not 
be adequately compensated. 

Even so, the shown performance benefits quite substantially 
from the longer path length available for QCL-VCD studies. 
Comparatively low concentrated samples could be measured 
and their VCD bands were well resolved.

Figure 4. VCD and IR absorbance spectra collected for BSA in 
D2O in varying concentrations.

Further improvements of acquisition speeds With the 
performance of the system for broadband spectral acquisition 
of proteins in D2O established, the possibility of even faster 
acquisition speeds was explored. EC-QCL instruments scan 
over their accessible wavelength range by changing the angle 
of an internal grating. Therefore, the spectral information is 
gathered as a function of time and the measurement time is 
directly proportional to the spectral coverage. One can make 
use of this characteristic if only a few spectral features contain 
the necessary information, e.g. protein studies. Since most 
studies of secondary structure evaluation base their analysis on 

these bands should be sufficient.10,18,20,26

Following this logic, we let the laser sweep between 1710-
1580 cm-1, covering the amide
baseline on both sides. This enabled the collection of more 
spectra per unit of time, reducing the noise as consequence of 
the increased number of averaged scans. A comparison of the 
noise levels for D2O spectra, see Figure S 6, confirmed this 
expectation. Noise level improvements were observed down to 
2.73·10-7

30 minutes. However, even for 5 minutes of spectral averaging 
the noise level was deemed sufficient for protein measure-
ments. deemed sufficient

For these measurements, 10 mg/mL solutions each of the 
studied proteins were prepared. This concentration was chosen 
to better represent a typical VCD experiment, where the de-
sired absorbance lies between 0.4 and 0.8 AU. Figure 5 de-
picts the collected IR and VCD measurements for 5 minutes of 
averaging. The spectral features are well resolved, even for the 
low intensity signals of lysozyme. The influence of the sec-
ondary structure on the corresponding VCD bands is again 
visible and corresponds well to the broadband data. Accord-

Figure 2. -
lactoglobulin, lysozyme and BSA in D2O. The spectra were 
acquired between 1710 and 1580cm-1 after a measurement time 
of 5 min.
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ingly, it can be said that protein studies in D2O can be per-
formed at 5 minutes of measurement time at adequate noise 
levels, if the information contained in the amide  

Conclusion 
In conclusion, EC-QCL based analysis of proteins in D2O 

enabled the use of a comparatively long pathlength, making 
lower concentrations of proteins accessible to evaluation by 
VCD. The achieved noise for the spectral range between 1400-
1710 cm-1 was comparable to the noise floor of FT-IR for the 
same measurement time. The increased analyte signal due to 
the longer pathlength allowed for LOD values of 0.32 mg/mL 
at measurement times of 1 h. At this measurement time, it was 
also possible to discriminate the influence of different second-
ary structure composition on the VCD bands.  

Further reduction of the measurement time was made possi-
ble by adjusting the laser to only cover the spectral range 
between 1580-1710 cm-1. With this mode of operation, the 
amide 
even at 5 min of acquisition time. This opens up applications 
of VCD to support classical absorbance studies like thermal 
stability investigations by providing additional chiral infor-
mation at similar time scales.10,42  

For the sake of completeness, it has to be said that the ad-
vantages of QCLs demonstrated here can be most efficiently 
leveraged when a small and well-defined spectral area is of 
interest, e.g. amide bands of proteins. For more complicated 
sample-matrix systems or more in-depth studies the broad 
coverage offered by FT-IR VCD instruments still has the 
upper hand in the foreseeable future. Furthermore, a chip with 
a maximum emission near 1555 cm-1 would increase the spec-
tral throughout, allowing for an even longer pathlength and 
increased sensitivity.  

Nevertheless, we believe that the system shown here, and 
the data generated is proof of the utility of EC-QCL VCD for 
biomolecules. Especially for protein studies, often times only a 
small spectral area carries sufficient information, and high 
sensitivity and high time resolution are more important than 
broad applicability. This is specifically the advantage our EC-
QCL VCD system enjoys over commercial instruments. We 
believe this can be leveraged to provide additional information 
compared to classical IR absorbance evaluation of proteins. 
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