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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Mueller polarimetry captures the com-
plex chiroptical response of metal 
complexes.

• A strong chiral signal in the near 
infrared region was observed for a co-
balt complex.

• Density functional theory enables to 
verify and interpret the observations.

• We develop optimal experimental pro-
tocols and discuss the limits of the 
technique.

• Kramers-Kronig self-consistency con-
firms the experimental datasets.
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A B S T R A C T

Proper characterization of molecular chiroptical properties is vital for organic chemistry and drug development. 
Nonetheless, narrow spectral ranges and the necessity for specialized equipment often limit traditional methods 
such as optical rotatory dispersion and electronic circular dichroism. Here, we introduce Mueller matrix 
polarimetry (MMP) as a more versatile tool for chiroptical analysis, capable of simultaneously capturing circular 
dichroism and optical rotatory dispersion spectra across ultraviolet to near-infrared wavelengths in a single 
measurement. We applied MMP to chiral metal complexes of Al, Mn, and Co, commonly used as catalysts in 
asymmetric syntheses. Using a robust experimental methodology, MMP distinguished enantiomeric forms and 
provided reliable chiroptical information by leveraging the inherent relationship between circular dichroism and 
optical rotatory dispersion. We interpreted our findings on the basis of density functional theory simulations, 
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compared them to traditional electronic circular dichroism and absorption spectroscopies, and performed the 
Kramers-Kronig analysis. The combined approach of chiroptical MMP and ab-initio, for example, reveals delicate 
near-infrared chiroptical spectra of a neutral cobalt metal complex. Although MMP is more commonly used for 
solid state, the developed experimental protocol significantly expands its capabilities to solutions. It allows 
measurements without the need for both enantiomers and offers new insights into molecular chirality with 
potential applications across traditional and interdisciplinary branches of science and industry.

1. Introduction

Chirality, where objects exist in two mirror-reversed forms known as 
enantiomers, is exhibited by many life-forming molecules, affecting 
their shape, reactivity, and biocompatibility. Approximately 56 % of 
drugs marketed globally, including over-the-counter items like 
ibuprofen, are chiral [1,2]. Consequently, the pharmaceutical industry 
depends on robust and reliable methods for controlling the absolute 
configuration and enantiomeric purity of molecules, in extreme cases, to 
prevent incidents like the thalidomide tragedy [3,4]. Techniques such as 
X-ray crystallography [5,6], chiral chromatography [7–10], and 
advanced nuclear magnetic resonance [11,12] can determine the abso-
lute configuration of a molecule. In specific cases, a faster, more 
straightforward, and more cost-effective approach to assess molecular 
chirality is to view it through its optical activity, such as electronic 
circular dichroism (ECD) and optical rotatory dispersion (ORD, also 
known as circular birefringence) spectroscopy. The signs and magni-
tudes of circular dichroism (CD) and ORD reflect the molecules’ hand-
edness and can be used to determine the enantiomeric excess in the 
studied sample. In addition to these electronic methods [13], chiroptical 
spectroscopies further include vibrational circular dichroism (VCD) [14] 
and Raman optical activity (ROA) [15,16]. These are easier to model 
computationally but suffer from limited sensitivity.

Despite the successful demonstration of ORD-enhanced VCD spec-
troscopy [17], none of these methods are nowadays practical for 
simultaneous measurement of ORD and CD. The weakness of the chi-
roptical signal often necessitates the measurement of both enantiomers 
of a chiral molecule to confirm the data through “mirror symmetry” in 
the spectra or verify the findings for one enantiomer via theoretical 
simulations. However, extended molecular size or complexity of the 
sample can make the ab-initio modelling challenging and resource- 
intensive. Obtaining both enantiomers for analysis can be technically 
and financially demanding.

Another possibility for verifying experimental data is to measure CD 
and optical rotatory dispersion ORD simultaneously, treating them as 
the imaginary and real parts of a single complex chiroptical signal. Ac-
cording to the Kramers–Kronig (KK) relations [18–21], these two com-
ponents are mutually consistent for any causal linear dielectric response 
[22]. The KK relations can thus be used to check reliability of the chi-
roptical signal, similarly as measurements with both enantiomers.

Several specialized chiroptical techniques have been developed to 
acquire CD and ORD spectra simultaneously. However, time-resolved 
CD [23,24] and interferometric methods [25], for example, are usu-
ally limited to the ultraviolet–visible (UV–VIS) region [24,26], and may 
overlook key chiroptical features outside the strongest absorption bands 
[27,28]. Second, these methods often require tedious calculations and 
intensive data post-processing, partly because parasitic linear birefrin-
gence from the sample or setup can overshadow the inherent chiroptical 
signal [29].

High-accuracy universal polarimetry (HAUP) offers another solution 
for measuring the complex chiroptical response, as it can separate 
fundamental polarimetric effects – linear dichroism, linear birefrin-
gence, CD, and ORD – with exceptional precision [30,31]. Those systems 
are successfully employed for analysis of (bio)organic anisotropic crys-
tals [32], accurately resolving their fundamental polarimetric properties 
including optical activity [33], gyration tensor components [34], and 
magneto-optics effects [35]. However, HAUP systems require numerical 

fitting of intensity data to Jones-matrix-based coherent models. There-
fore, they inherently cannot measure depolarization, necessitating thus 
samples that are thin, smooth, and non-scattering. Modern generalized- 
HAUP instruments [36] may incorporate CCD detection over limited 
UV–VIS ranges, reducing measurement times from 24 h to approxi-
mately 90 min [37]. Nonetheless, this is still a lengthy process because 
HAUP requires measuring several polarizer-analyzer configurations, 
further limiting the samples to those exhibiting only slowly varying 
optical properties. This further limits HAUP’s suitability for time- 
dependent phenomena or routine high-throughput measurements.

Furthermore, all the setups discussed are custom-built with custom- 
developed software, which makes those techniques less available to the 
broader user community.

Mueller matrix polarimetry (MMP) overcomes many of the discussed 
limitations. Regardless of the instrumentation, its core concept is 
straightforward: continuously modulate the polarization state of the 
incident light, let it interact with the sample, and measure the resulting 
change in the polarization at the output. In other words, the MMP 
captures the complete polarization response of a sample, which encodes 
its full optical characteristics. MMP is particularly sensitive to the phase 
differences between left and right circular polarizations and changes in 
their ellipticity. The information gathered can be directly converted into 
ORD and CD. The complex chiroptical response is extracted from the 4×

4 Mueller matrix M (MM), which is a real-valued experimental 
observable connecting 4-component input and output Stokes vectors, 

Sout = MSin. (1) 

Although the MM complexity increases with the complexity of a 
sample, it remains manageable for typical matter investigated in “clas-
sical” chiroptical spectroscopy, e.g., a solutions of chiral molecules. Such 
samples do not significantly depolarize or scatter light and MM sim-
plifies to a matrix with distinct CD, ORD, linear dichroism, and linear 
birefringence elements. Unlike for HAUP, there is no need for numerical 
fitting as the polarimetric effects emerge directly from the measured 
matrix.

Modern MMP or ellipsometric instruments – commonly based on 
pairs of rotating compensators (RC2) or photoelastic modulators (PEM) 
– can, in principle, detect all these effects and depolarization. They 
proved useful in traditional thin-film metrology [38–40], probing layers 
down to a few nanometers [41–43]. They are also applied in less con-
ventional contexts, ranging from cancer diagnostics [44–46] and ultra-
fast electronic phenomena [47,48] to in vivo imaging [49,50], solar and 
hydrogen energy harvesting [51–53], and metasurface-based optics 
control [54]. In many of these applications, the signals are weak and 
complicated by depolarization or scattering; however, modern in-
struments are increasingly adept at disentangling these challenges. Such 
systems are typically versatile in terms of the samples (capable of 
measuring gases, liquids, powders, and solids), modular (allowing for 
customized setups), fast (complete polarization analysis in fractions of a 
second), and broadband (covering UV to near-IR or even mid-IR). User- 
friendly commercial software makes them attractive both to experts and 
casual users.

While MMP is well established in the analysis of chiral aniso-
tropic systems such as crystals [55], thin films [56,57], nanowire as-
semblies [58], and specific biological samples [59,60], solutions are less 
explored. In them, the chiroptical signals are typically weaker and more 
challenging to detect, especially near strong absorption bands. 
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PEM–based Mueller matrix polarimeters typically offer higher sensi-
tivity than RC2 setups. For example, PEM-based analyses of molecular 
solutions have been successfully used for time-dependent optical rota-
tory dispersion (ORD) measurements during crystallization [61], as well 
as for comprehensive polarimetric studies of porphyrin aggregates [62] 
that undergo chirality switching [63]. Nonetheless, the applications are 
still relatively limited, often restrained to specific systems, and primarily 
confined to monochromatic or UV–VIS ranges. For RC2, systematic 
methodological studies of CD and ORD of chiral molecular solutions 
over a wide spectral range are now known to us.

We applied RC2-based MMP to chiral salen-metal and salen-chelate 
complexes to explore their complex chiroptical signal. The studied 
compounds are commonly used as chiral catalysts in asymmetric syn-
theses such as Jacobsen epoxidation [64], agents for electrochemical 
reductions [65], or are recommended standards for chiroptical spec-
troscopy [66]. The molecules are relatively rigid and small, allowing for 
reasonably precise density functional theory (DFT) simulations of their 
spectra, providing signals across a wide range of wavelengths. More-
over, both enantiomers are available. It turned out that, when accessible 
ranges overlap, the results from a commercial Woollam RC2-DI system 
compare well to spectra from dedicated ECD instruments, proving the 
viability of the MMP approach and bringing more information about 
ORD. Notably, the near infrared (NIR) chiroptical signal is measured and 
calculated for the first time for neutral Co-salen; previously, such spectra 
have only been reported for oxidized Co-salen or Co-salen with sub-
stituents other than tert-butyl at the salicylidene group or modifications 
to the central cobalt [67–69]. To rule out any ambiguity or potential 
instabilities of the investigated system caused by the choice of the sol-
vent, we present a comparison of spectra for cobalt salen complex en-
antiomers measured in toluene and dichloromethane. Indeed, the NIR 
signal lies outside the traditional ECD range but can be assigned using 
DFT calculations. MMP thus can also be considered complementary to 
ECD, unveiling additional chiroptical response and information about a 
sample.

The outline of the present article is as follows: Section 2 details the 
experimental procedures, sample preparations, and theoretical simula-
tions, comparing the concept of the Mueller matrix with classical chi-
roptical spectroscopy. Section 3.1 introduces the experimental 
methodology of chiral MMP measurements, noting some aspects that are 
critical but rather unconventional for non-chiral polarimetry or ellips-
ometry. It addresses typical experimental characteristics emerging in 
typical experimental MMs, various types of systematic errors, and stra-
tegies for their mitigation and elimination. For this, we illustrate our 
approach to the cobalt-salen salt. Section 3.2 reveals its NIR chiroptical 
signal measured and ab-initio simulated in different solvents, uncover-
ing its solvatochromic properties. The aim of Section 3.3 is to validate 
the proposed MMP approach against more established ECD measure-
ments and DFT simulations using a sample with a strong chiroptical 
signal over ultraviolet and visible wavelengths. We explain the benefits 
of MMP’s accessibility to the complex chiroptical signal by providing the 
Kramers-Kronig analysis of different MMP and ECD datasets. Section 3.4 
further explores the chiroptical analysis of other salen complexes while 
investigating MMP’s sensitivity limitations. A more detailed analysis of 
the sensitivity and reliability is in Section 4, which also explains how the 
ellipsometer instrumentation impacts the accuracy in the data 
acquisition.

2. Samples and experimental methods

2.1. Materials

(S,S) and (R,R) enantiomers of the following compounds were pur-
chased from Sigma-Aldrich; their molecular structures are shown in 
Fig. 1: N,N’-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediamoalu 
minium(III) chloride (hereafter abbreviated as S/R-AlCl-salen, 
MAlCl− salen = 607.26 g/mol, a yellow powder, Fig. 1a); N,N’-Bis(3,5-di- 

tert-butylsalicylidene)-1,2-cyclohexanediaminomanganese(III) chloride 
(Jacobsen catalyst or S/R-MnCl-salen, M MnCl− salen = 635.20 g/mol, 

brownish powder, Fig. 1b); N,N’-Bis(3,5-di-tert-butylsalicylidene)-1,2- 
cyclohexanediaminocobalt(II) (S/R-Co-salen, M Co− salen = 603.74 g/ 

mol, red powder, Fig. 1c. The complexes were used without further 
purification.

The AlCl and MnCl-salen complexes were dissolved in toluene (>99 
%, Penta) to prepare stock solutions of 10 mg/ml (16.47, 15.74 μM, 
respectively). Solutions at concentrations of c = 5, 2.5, 1.25, 0.625, and 
0.3125 mg/ml (concentrations in μM scales by a factor 0.5 as well) were 
prepared by direct dilution from stock solution using separate volu-
metric flasks for each concentration level. All concentrations were used 
for the ellipsometric measurements; used concentrations for ECD mea-
surements are specified for each sample in the following text. The Co- 
salen complexes were dissolved in toluene (≥ 99.9 %, Sigma-Aldrich, 
product no. 650579) and dichloromethane (≥ 99.9 %, Supelco, prod-
uct no. 106048). Solutions were prepared by direct dilution to concen-
trations C = 5, 2.5, 1.25, 0.625 mg/ml (8.28, 4.14, 2.07, 1.035 μM) for 
toluene and c = 5, 1.25, 0.625 mg/ml for dichloromethane solutions.

Co(III) complexes with (S,S)- and (R,R)-N,N-ethylenediamine 
disuccinic anion (R/S-Co-EDDS, MCo− EDDS = 349.16 g/mol Fig. 1d) were 
synthetized as described in Refs. [66,70] and investigated as aqueous 
solutions at concentrations of 5.242 mM and 5.008 mM, respectively.

Fig. 1. Investigated systems: a) (S,S)- and (R,R)-N,N’-Bis(3,5-di-tert-butylsali-
cylidene)-1,2-cyclohexanediaminoaluminium(III) chlorides. b) (S,S)- and (R,R)- 
N,N’-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminomaganese(III) 
chlorides. c) (S,S)- and (R,R)-N,N’-Bis(3,5-di-tert-butylsalicylidene)-1,2-cyclo-
hexanediaminecobalts(II), and d) (S,S)- and (R,R)-N,N-ethylenediaminedisu 
ccinic cobalt(III) complexes.
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2.2. Ab-initio modeling

Program Gaussian was used for all quantum chemical calculations, 
adopting density functional theory (DFT) [71]. Ground state geometries 
of the complexes were optimized by energy minimization; multiplicities 
found for the lowest energy structures were AlCl-salen: 1; MnCl-salen: 5; 
Co-salen: 2; Co-EDDS: 1. Absorption, ORD and CD spectra were obtained 
using time-dependent DFT (TD-DFT). Solvent effects were included with 
the polarizable continuum model (PCM) for toluene and dichloro-
methane and conductor-like solvent model (COSMO) for water. The 
B3LYP hybrid functional [72] with the 6-311++G** basis set [73,74] 
was applied by default. Several other levels of theory were tried: B3LYP/ 
6-311+G*, B3LYP/def2-TZVP [75], CAM-B3LYP/6-311++G** [76], 
and B3PW91 [72]/6-311++G**. Similarity indices for the experimental 
and calculated spectra were calculated as listed in the Supplementary 
Information (SI), Table S1.

For all complexes, the electronic spectra were calculated without 
vibrational resolution, i.e., in the vertical approximation. The intensities 
were then convoluted with Gaussian line shapes with full width at half 
maximum (FWHM) Δω = 3000 cm− 1 (constant in energy scale), except 
for Co-salen where 80 nm was used.

In addition, to explain the experimental bands around 1200 nm 
observed for Co-salen, vibrational splitting was simulated within the 
time-independent framework, using the vertical Hessian method [77], 
where the electronic excited state vibrational frequencies were calcu-
lated at the electronic ground state geometries. Temperature effects at 
298.15 K and Herzberg-Teller terms were included.

2.3. UV–VIS and CD

UV/VIS absorption measurements were conducted on a Jasco V-760 
double-beam spectrophotometer at room temperature, using CD-quality 
(stress-free) 1 mm quartz cuvettes STARNA. The spectrophotometer 
operates within the spectral range of 178–800 nm, and the samples 
were measured with pure solvent reference. UV/VIS/NIR absorption 
spectra of Co-salen were conducted using an Agilent Cary7000 double- 
beam spectrophotometer using 1 mm CD-quartz cuvettes STARNA 
measured with pure solvent as a reference.

CD spectra were measured at Jasco J-815 in a spectral range of 
300–800 nm using 1 mm CD-quartz cuvettes STARNA against pure 
solvent. Each spectrum was obtained as an average of three scans taken 
with a resolution of 1 nm and scanning speed of 100–200 nm/min. 

There were measured different concentrations for each sample to access 
CD in the whole spectral range: 5 mg/ml and 0.625 mg/ml for MnCl- 
salen; 0.625 mg/ml for AlCl-salen; 5, 2.5, 1.25, and 0.625 mg/ml for 
Co-salen. All measurements were performed at room temperature.

2.4. Chiroptical response in the Mueller matrix

The polarimetric measurements were performed on a commercial 
system Woollam RC2-DI Mueller matrix spectroscopic ellipsometer (cf. 
the simplified scheme in Fig. 2a) with a spectral range of 193–1700 nm 
using a 10 mm STARNA cuvette for salens and 2, 5 and 10 mm STARNA 
cuvettes for Co-EDDS. Note that Mueller matrix spectroscopic ellips-
ometry in transmission geometry is typically called Mueller matrix 
polarimetry, whereas “ellipsometry” is generally reserved for specular 
reflection measurements. The chiroptical spectra were extracted from 
the experimental Mueller matrices measured in the transmission 
configuration at normal angle of incidence. The non-normalized Mueller 
matrix M in Eq. (1) is an experimental quantity that fully characterizes 
how the arbitrary elliptical polarization state of the light is transformed 
upon interaction (reflection or transmission) with a material. Each 
element of the MM provides information about different aspects of the 
light-matter interaction, including depolarization (loss of coherence), 
diattenuation (differential absorption between orthogonal polarization 
states), and retardation (phase shifts between those states). Diluted 
molecular solutions are non-depolarizing, non-scattering and without 
effects of linear dichroism and linear birefringence. The Mueller matrix 
M in Eq. (1) is then defined as [61,78–80] 

M = e− 2κ́

⎡

⎢
⎢
⎣

coshΓʹ 0 0 sinhΓʹ

0 cosΓ sinΓ 0
0 − sinΓ cosΓ 0

sinhΓʹ 0 0 coshΓʹ

⎤

⎥
⎥
⎦. (2) 

Detailed derivation of this matrix can be found in Supplementary In-
formation. Parameter κ́  is the isotropic absorption of the medium, 
quantities Γ and Γʹ constitute the complex phase difference Γ̃ = Γ − iΓʹ 

between left (L) and right (R) circular polarizations, and are respectively 
defined as 

Γ =
2π
λ
(nL − nR)d, (3a) 

Fig. 2. a) The MMP transmission setup used for chiroptical analysis. Light from the source (S) is continuously polarized by a polarization state generator (PSG) 
consisting of a polarizer (P) and a rotating compensator (RC1) to many different polarization states. As the light interacts with a sample (cuvette containing a chiral 
solution), it undergoes changes in polarization, which are decoded by a polarization state analyzer (PSA) that includes an analyzer and a rotating compensator (RC2) 
and detected at the CCD camera. b) For the initial state, the electric field vectors EL and ER representing left- and right-circular polarizations combine to a linear 
polarization. c) Interaction with a chiral sample induces differential absorption and phase retardation between these components, resulting in the EL and ER vector 
projections summing into a polarization ellipse characterized by an ellipticity angle χ and a fast-axis orientation ϕ. d) Example of an experimental Mueller matrix. 
The symmetric elements m14, m41 indicate CD, while the antisymmetric elements m23, m32 represent ORD.
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Γ́ =
2π
λ
(ń L − ń R)d. (3b) 

They depend on the wavelength λ, thickness of the medium d and 
refractive indices nL,R and absorption coefficients ńL,R for L and R cir-
cular eigen-polarizations, which form the complex propagation constant 
ñL,R(λ) = nL,R(λ) − inĹ,R(λ). In classical ellipsometric literature, Γ and Γ́  
are usually the direct definitions of circular birefringence and circular 
dichroism, respectively [63].

All following MMs throughout this Article are normalized to the 
element m11, which only describes transmitted intensity for unpolarized 
light (average intensity of all polarizations) and are abbreviated with 
bold capital M. Consequently, all elements of the normalized Mueller 
matrix range between − 1 and + 1. Additionally, we do not include the 
element m11, as it cannot be extracted from the commercial instrument 
employed in this study. Nevertheless, normalized MMs provide the most 
convenient representation of the full polarimetric response because they 
enable meaningful comparisons across different systems.

In typical chiroptical measurements of molecular solutions, Γ and Γʹ 

are much less than 1, facilitating the separation of CD and ORD signals 
into distinct MM elements. This assumption leads to 

Γ = 2ϕ, (4a) 

Γʹ = 2χ, (4b) 

where ϕ is the azimuthal rotation, and χ is its ellipticity angle of a 
transmitted polarization ellipse when the incident polarization is linear, 
see Fig. 2b,c. The sign of ϕ and χ reflect the handedness of a sample. 
Note, that if there is no absorption (circular dichroism), the plane of the 
emerging linear polarization rotates about the angle ϕ. However, 
assuming small CD and ORD and with use of (4), the matrix (2) sim-
plifies (after normalization) to Mueller matrix, 

M(Γʹ, Γ≪1) =

⎡

⎢
⎢
⎣

1 0 0 2χ
0 1 2ϕ 0
0 − 2ϕ 1 0
2χ 0 0 1

⎤

⎥
⎥
⎦. (5) 

Fig. 2d represents a typical experimental example of the Mueller matrix 
(5) for the chiral solution of S-Co-salen. The spectra suggest the con-
sistency with the KK relations, which will be further corroborated in 
Sec. 3.

Note that the polarimetric response of the cuvette containing the 
analyte is disregarded, which is acceptable only if there is no residual 
stress in the cuvette facets and if the cuvette perfectly aligns with no tilt 
from the normal angle of incidence. Otherwise, the MM elements m24, 
m34, m42, and m43 may contain dispersions of the parasitic stress-induced 
linear birefringence, which, combined with any cuvette tilt, could 
interfere with the CD and ORD signals, leading to inaccuracies and po-
tential misinterpretation.

To compare the MM elements in Eq. (5) with other experiments or 
simulations, we renormalize (4) to get CD Δε and ORD Δθ in usual units, 

Δε
[
in L • mol− 1

• cm− 1] =
4

ln 10
M
dc

χ [in rad], (6a) 

Δθ
[
in deg • L • mol− 1

• cm− 1] =
180

π
M
dc

ϕ [in rad], (6b) 

where M is molar mass in g • mol− 1, d is cuvette path length in cm, c is 
sample concentration in g • L− 1, and the factor 180/π is a conversion 
from rad to degrees. The output of the CD spectroscopy measurements is 
usually given in degree; therefore, the normalization takes the form, 

Δε
[
in L • mol− 1

• cm− 1] =
π

180
4

ln 10
M
dC

χ [in deg]. (7) 

A detailed derivation of the factor 4/ln 10 is provided in Ref. [21]. Other 

relations between quantities used in chiroptical spectroscopy and 
Mueller matrix (2) are provided in SI. The molar absorption coefficient ε 
is given in standard units L • mol− 1

• cm− 1.

3. Results and discussion

3.1. MMP methodology demonstrated on Co-salen

This section details the methodology for chiroptical MMP measure-
ments and data treatment, using Co-salen as an example. Fig. 3 illus-
trates the procedure. The chiroptical response reflects molecular P/M 
axial chirality affecting the d-d transitions, which are the most relevant 
for the spectra in visible (VIS) and NIR regions. For the transmission 
measurement of S- and R-Co-salen complexes in toluene solutions placed 
in a stress-free cuvette, we employed the MMP in a transmission setup at 
a normal angle of incidence. Because of the anticipated weak signals in 
the context of polarimetry, several modifications to the standard pro-
cedure were necessary.

The RC2 Woollam was calibrated in a standard way using a Si wafer 
with a well-defined SiO2 thin film, which calibrates the ellipsometric 
system in both reflection and transmission modes. The calibration 
quality degrades over time – usually after several hours, but specific MM 
elements like m23 and m32 are affected much sooner and are more prone 
to temperature fluctuations. This instability is not optimal as it directly 
affects the ORD response given by Eq. (5). There are two possible so-
lutions to this issue: re-calibrate the system after each measurement, but 
this approach does not ensure consistency in the calibration of critical 
MM elements due to potential random and systematic errors varying 
across calibrations. A more effective strategy involves measuring the 
MM response of the background – in our case, a cuvette filled with pure 
solvent – after each measurement and subtracting this from the sample 
data. Assuming the calibration is consistent between two consecutive 
measurements, this method ensures the correction of the measurement 
errors, allowing for stable and repeatable measurements of chiroptical 
spectra. We adjusted the acquisition times for each measurement to 300 
s. Such a long acquisition is much more than regular ellipsometric 
measurements employing RC2 systems that can be done in less than a 
second; in 20 s for accurate analyses. While longer acquisition times 
enhance sensitivity, they also increase susceptibility to systematic er-
rors. However, those are mitigated through background subtraction. At 
the same time, 300 s is short enough to avoid a change in systematic 
errors between the sample and background measurements. Measure-
ments of many concentrations allow the exploitation of the entire 
operational range of the instrument, similar to classical ECD spectros-
copy. Such an approach is somewhat unconventional in polarimetry and 
even more in reflection ellipsometry; however, it provides much more 
reliable results than the standard procedure.

Fig. 3 illustrates this methodology alongside a standard approach. 
We focus on the MMP chiroptical signal only within the NIR spectrum 
between 1000–1700 nm to simplify the explanation; the rest of the 
spectra are in Sec. S2. Fig. 3b and 3c display the CD and ORD averaged 
MM elements of Co-salens, each measured at a concentration of 5 mg/ 
ml in a 10 mm cuvette. The signal averaging of m14, m41, and m23, m32 
enhances measurement sensitivity. The raw data already clearly reveal 
mirror symmetry in the CD and ORD spectra of the enantiomers. Fig. 3b 
indicates that the CD response is affected by significant systematic errors 
at 1000 nm due to a detector change and a lack of signal above 1660 
nm. The ORD spectra in Fig. 3c exhibit local systematic errors around 
1145 nm and 1385 nm and a significant unphysical drop in the spectra 
above 1620 nm. Such behavior of the m23 and m32 elements typically 
indicates weak signal. Indeed, part of the distorted spectra can be 
rectified by subtracting background signals from a cuvette with toluene, 
as depicted in Fig. 3d and 3e. The resulting corrected spectra (Fig. 3f and 
3 g) demonstrate that the systematic errors were nearly eliminated in 
both CD and ORD. In addition, the corrected ORD spectra include an 
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additional 40 nm of chiroptical signal, extending the accessible spectral 
range up to 1660 nm. Furthermore, the background correction is 
necessitated even more since the background in m23 and m32 causes an 
offset in the sample’s ORD and slightly alters its dispersion profile.

3.2. MMP and DFT analysis of Co-salen over UV-NIR spectrum

We compare the MMP measured spectra of Co-salen to traditional 
ECD experiments and ab-initio simulations. Fig. 4a and 4b compare the 
normalized CDs and ORDs of Co-salen acquired by MMP and ECD in two 
distinct solvents. The CDs and ORDs stitched from the NIR signal 
(>1000 nm in this case) discussed in Sec. 3.1, and the rest (<1000 nm 

for MMP, <800 nm for ECD) for both MMP and ECD were obtained from 
concentrations detailed in Sec. 2; Fig. S1 displays additional details. The 
ORD cuts off at 600 nm due to high absorption below that point, 
affecting m23 and m32 but not so much the m14 and m41 elements, thus 
extending MMP coverage down to 480 nm. The resulting complex chi-
roptical signal accurately reflects mirror symmetry between enantio-
mers, is consistent with KK relations, and corresponds to the absorption 
profiles shown in Fig. 4c. The CD spectra in overlapping spectral regions 
for both experiments closely match; however, the MMP data are noisier 
below 600 nm. Section 4 addresses the specific reasons for this.

The chiroptical signal across the entire spectral range is consistent 
across different experiments and solvents, exhibiting only minor 

Fig. 3. Measurement methodology. a) S and R-Co-salen. b) CD and (c) ORD raw chiroptical signals of Co-salens. d) CD and (e) ORD of the toluene background. f) CD 
and (g) ORD chiroptical signals after the subtraction of the background.

Fig. 4. CD (a), absorption (b), and ORD (c) experimental spectra of Co-salens dissolved in toluene (tol) and dichloromethane (CH2Cl2) with magnified NIR signals 
showing solvatochromism. Calculated CD (d) and absorption spectra (e) of S-Co-salen at B3LYP/def2-TZVP level with the vibrational resolution in toluene and 
dichloromethane. The inset shows magnified NIR chiroptical signal of both enantiomers.
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wavelength and intensity variations in toluene and dichloromethane. 
While the UV–VIS spectrum dominates the amplitude variations, the NIR 
signal also shows a spectral shift by about 10 nm uniformly across CD, 
ORD, and absorption (Fig. 4a,b,c).

While the CD signal in the NIR region cannot be verified using a 
commercial ECD spectrometer, it is supported by vibronic spectral ab- 
initio simulations summarized in Fig. 4d,e. Electronic spectra calcu-
lated in the vertical approximation indicate one electronic transition in 
this region and replicate only the predominantly negative CD for the S- 
enantiomer, while inclusion of the vibrational splitting also provides the 
positive lobe. It should be noted, however, that the results vary across 
different functionals, basis sets and fine vibrational parameters.

Within 300–800 nm region, the (non-vibrationally resolved) calcu-
lated spectra overestimate the intensities if compared to the experiment 
but reproduce the experimental sign pattern reasonably well (Sec. S3 
shows a detailed comparison). The theoretical absorption intensities and 
patterns are reasonably close to the experiment although there are dis-
crepancies between the theoretical and experimental intensities sug-
gesting that the complex possesses a complicated electronic structure 
and TD-DFT is unable to model it properly. The CAM-B3LYP and 
B3PW91 functionals performed similarly to B3LYP (cf. SI for detailed 
comparison).

For this part, we can summarize that MMP is the only available 
experimental method to us providing reliable access to the complex 
chiroptical response of Co-salen in the NIR region, uncovering spectral 
shifts with different solvents which can be, to some extent, confirmed by 
DFT simulations. Although the raw measured signals (Fig. 3) are close 
(and even beyond at parts of the spectra) to the sensitivity limit of 0.001 
in the MM element of Woollam RC2-DI, we could push the instrument 
beyond its limits and demonstrate its advanced capabilities and 
versatility.

3.3. Co-EDDS, Kramers-Kronig analysis

In this section, we identify the key advantages of MMP’s ability to 
access complex chiroptical signals using the toolbox of classical optics 
and we place the analyses in contrast to conventional measurements and 
simulations. For this purpose, we selected the S- and R-Co-EDDS chelate 
complex as another system (Fig. 5a) – a stable compound with strong 
chiroptical signals across UV, VIS, and resonance ROA spectra [81], 
making it a convenient standard for calibrating various spectroscopic 
instruments for chiroptical analyses [66].

Measurements at a single concentration of both enantiomers, as 
detailed in Section 2, were sufficient to acquire the MMP spectral 
response from 300–1700 nm (to support the methodology section, we 

include the raw MM response in whole spectral range in SI, Sec. S4). The 
non-zero chiroptical signal is only up to 700 nm, which overlaps with 
the conventional ECD spectral range, and we thus limit our discussion to 
300–700 nm part of the spectra.

The signal processing methodology for Co-EDDS closely follows that 
used in the Co-salen case, with one modification: instead of varying 
concentration, we used different path lengths of the cuvette (2, 5, and 
10 mm) to avoid dilution of samples synthesized in very low volume. 
Fig. 6b displays the CD spectra obtained using MMP (averaged for all 
cuvettes) alongside a conventional spectrometer, showing spectra up to 
700 nm. Signals for longer wavelengths were immeasurable/zero. 
Spectra below 300 nm are not obtained due to high absorption, Fig. 5d. 

Fig. 5. a) S and R-Co-EDDS. b) MMP compared to traditional ECD measurements. c) ORD obtained with MMP. d) Experimental and theoretical calculated absorption 
of Co-EDDS chelates e) Simulated CD and individual electronic transitions for S-Co-EDDS. f) Simulated ORD.

Fig. 6. Kramers-Kronig analysis of Co-EDDS chiroptical spectra. a) Different 
measurements of CD of Co-EDDS. CD data from Ref. [66] are also in the inset b) 
ORD calculated from the CD according to the Kramers-Kronig relations.
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The ellipsometric data are noisier than ECD, attributed to the in-
strument’s lower sensitivity. Calculations reasonably reproduce the 
experimental absorption, CD, and ORD (Fig. 5b,c,e,f).

For deeper insight, we juxtapose MMP results with ab-initio calcu-
lations and Kramers-Kronig (KK) calculated spectra derived from 
measured CD spectra using equations [20,82] 

ϕ(λ) =
2λ2

π ℘
∫ ∞

0

χ(λ́ )
λ́ (λ2 − λ́ 2)

dλ́ , (8a) 

χ(λ) = −
2λ
π ℘

∫ ∞

0

ϕ(λ́ )
(λ2 − λ́ 2)

dλ́ . (8b) 

The symbol ℘ denotes the Cauchy principal value of the integrals, λ 
is the wavelength at which the optical properties are being calculated, 
and λ́  is the variable of integration representing the wavelength of the 
right-hand side spectra. Since the ORD (8a) is caused by the absorption 
(8b) via the causality theorem, we solely derive ORD spectra from CD 
spectra using Eq. (8a) [82] and with help of Eqs. (6) and (7). The form of 
the KK relations (8) follows the well-known set given, for example, in 
Ref. [21].

Fig. 6b compares two different calculated ORD spectra from two sets 
of CDs shown in Fig. 6a. The blue curves correspond to the ECD mea-
surements depicted in Fig. 5b, the red curves are based on the data from 
Ref. [66]. The comparison of both sets of complex chiroptical signals 
demonstrates that generating ORD curves solely from ECD data within 
the 300–700 nm range (blue curve) leads to unphysical behavior at the 
ends of the used wavelength span. This issue stems from the inherent 
feature of KK relations, which require integration over a semi-infinite 
spectrum from 0 to ∞. For accurate KK transformation of CD into 
ORD spectra, measurements must extend beyond the accessible spectral 
range. This extra information is especially critical in the UV region, 
where numerous electronic transitions may lead to complicated CD, 
thereby preventing reasonable extrapolation estimates beyond the 
measured short-wavelength end of the spectrum. Additionally, the 
samples are often highly absorptive in the UV region, further compli-
cating the access to CD information. The estimate is easier to make for 
longer wavelengths where the CD signal diminishes to zero, allowing for 
an extrapolation. However, even this method is not universally appli-
cable: for Co-salen, some CD signal persists into the NIR. In this view, the 
ability of MMP to directly measure both KK counterparts of the chi-
roptical spectrum is impeccable. Furthermore, by utilizing experimental 
data from Ref. [66], which spans a 175–750 nm range at a 0.056 mM R- 
Co-EDDS concentration, we achieved a better KK transformation (red 
curve in Fig. 6b). It closely replicates and thus validates the MMP 
experimental results. The sawtooth-like oscillations in the ORD red 

curves around 525 nm and 560 nm are caused by numerical in-
stabilities due to low and uneven spectral resolution of the literature- 
retrieved CD data (inset of Fig. 6a). The ORD spectra from the KK 
transformation, MMP measurements, and ECD experiments still 
outperform those obtained by DFT.

3.4. Limits of MMP for AlCl-salen and MnCl-salen

Figs. 7 and 8 Display the chiroptical spectra of AlCl-salen and MnCl- 
salen, respectively. for alcl-salen, the measured (Fig. 7b) and simulated 
CD spectra (Fig. 7e) are in reasonable agreement. Four electronic tran-
sitions are predicted within the visible region, not resolved in absorption 
(Fig. 8d). Below 300 nm, where significant absorption prevents reliable 
measurements, a more complex chiroptical response is expected due to 
numerous transitions. This is indicated in Fig. 7d,e.

In contrast, MnCl-salen gives a signal in VIS-NIR regions (Fig. 8) due 
to multiple d–d transitions (parts d,e). Due to high UV absorption, the 
spectra are measured from 300 nm. Above 1100 nm, the material is 
transparent.

Although detailed chiroptical responses of AlCl-salen and MnCl- 
salens vary, there are common aspects. In both cases, the simulated 
CD ab-initio spectra reasonably match the experiment. For both com-
pounds, the alignment between MMP and ECD is excellent from 450 nm 
upwards, but unlike AlCl-salen, ellipsometric data mostly follow only 
the CD trends at the blue end of the VIS spectrum. Both compounds also 
give noisy, distorted ORD spectra (Figs. 7c, 8c) but still reflect some KK 
consistency. The reasons are discussed in the next Section.

4. Discussion on the RC2-MMP sensitivity

The primary challenge in RC2-MMP arises from limited sensitivity, 
especially within the UV spectral region. For AlCl and MnCl salen 
complexes, the critical part of the chiroptical response is observed below 
450 nm, coinciding with the region of strongest absorption. In this 
spectral range, the sensitivity of the measurement setup is significantly 
lower, reducing the reliability of extracted CD and, more notably, ORD. 
The lower sensitivity predominantly impacts the MM elements m23 and 
m32, which are also highly susceptible to temperature fluctuations.

In contrast, measurements of Co-salen complexes extending from the 
UV to the near-infrared (NIR) region demonstrate that RC2-MMP can 
accurately capture genuine chiroptical signals up to 1700 nm. The 
sensitivity achieved through careful background subtraction and 
extended acquisition times (as illustrated in Fig. 3) can exceed the sys-
tem’s guaranteed MM element accuracy of 10− 3. Moreover, Co-EDDS 
complexes exhibit dissymmetry factor values comparable to those of 
AlCl and MnCl salen complexes, but notably with approximately an 

Fig. 7. a) S and R-AlCl-salen. b) MMP compared to traditional ECD measurements. c) ORD obtained with MMP. d) Experimental and theoretical calculated ab-
sorption e) Simulated CD and individual electronic transitions. f) Simulated ORD.
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order of magnitude lower absorption intensities.
The ellipsometer with dual-rotating compensators that was used is 

less sensitive than those using photo-elastic modulators or liquid crys-
tals. This reduced sensitivity is due to the fixed retardance of the com-
pensators, which are precisely adjusted to cover the entire Poincaré 
sphere – a representation of all polarized light states. As a result, the 
sensitivity to each polarization state is uniform, meaning there is no way 
to enhance sensitivity in specific regions of the Poincaré sphere, 
particularly at the poles corresponding to left and right circular 
polarizations.

On the other hand, phase-modulating ellipsometers with fixed 
components provide better signal-to-noise ratios by eliminating poten-
tial mechanical instabilities and can improve sensitivity to selected po-
larizations. These systems sequentially scan one wavelength at a time, 
enabling better detection of phase differences between circular polari-
zations. Employing four PEMs in MMP further improves the sensitivity 
and mainly aims for reliable extraction of weak signals [83,84]. Tradi-
tional commercial spectrometers like ECD typically use PEM or pair of 
PEMs, contributing to their higher accuracy in measuring CD signals 
compared to the Woollam RC2-DI. ECD is more practical for routine 
UV–VIS chiroptical measurements of solutions, while HAUP may serve 
as a potential alternative for more specialized, non-routine analyses.

In summary, RC2 MMP could be used for classical tasks in analytical 
chemistry. A significant advantage is the compatibility with CCD 
detection, allowing simultaneous measurements across the entire UV- 
NIR spectrum in a fraction of a second. The proposed methodology ap-
plies to all Mueller matrix-based polarimeters but currently requires 
longer acquisition times. Technological advancements – including the 
development of super-continuum light sources, polarizers with ultra- 
high extinction ratios, highly precise motorization, and compensators 
free of material-induced parasitic polarization – alongside improved 
temperature stabilization, can significantly enhance signal-to-noise ra-
tios and thus reduce measurement times. Nonetheless, such technolog-
ical enhancements would similarly benefit other polarization-based 
measurement techniques. Consequently, due to intrinsic instrument 
design considerations, the inherent sensitivity of RC2-based systems to 
chiroptical signals will always remain lower compared to specialized 
instrumentation. In spite of these problems, custom RC2 MMP and 
MMSE systems have the potential to become valuable tools for routine 
and exceptionally rapid chiroptical measurements, capable of reliably 
monitoring equilibrium, time-varying, in-situ, and in-vivo complex 
chiroptical signals.

5. Conclusions

In this work, we have applied the commercially available Mueller 

matrix spectroscopic ellipsometer Woollam RC2-DI in transmission 
configuration referred to as Mueller matrix polarimetry for the chirop-
tical analysis of metal salen-chelate organic complexes. We established 
an optimal and universally applicable measurement methodology 
(illustrated in Fig. 3), that can be easily adjusted for specific re-
quirements of samples in form of isotropic solution and various exper-
imental instrumentations. We analyzed the complex chiroptical 
responses (CD and ORD), which we compared to a more established ECD 
technique in this field to validate the results obtained with MMP. In 
addition, the ab-initio calculations were applied to (i) further validate 
the findings collected via the MMP and (ii) unravel the mechanisms 
causing the chiroptical response of each studied compound. At this 
point, we highlight that our intention was not to challenge the tradi-
tional chiroptical methods, aim for competition, and claim superiority of 
MMP; instead, we attempted to portray the MMP with all the benefits it 
brings into the established field, outline its potential future perspectives, 
and, with the same importance, point out drawbacks this method may 
carry. Along the methodology and demonstration of MMP in classical 
tasks of analytic chemistry, the original results of this work are as 
follows: 

• We have acquired the chiroptical response of each salen-chelate 
complex over a spectral range spanning from 300 nm to 1660 nm, 
which is broader than the spectrum accessible by most commercial 
ECD spectrometers. The lower limit is due to absorption of sample 
and sensitivity of used setup; the MMP used in this work enables 
193 nm. The accessibility to the NIR region allowed for the experi-
mental characterization and subsequent DFT modeling of the chi-
roptical signal of Co-salens in their neutral form. 

Of course, some commercially available ECD spectrometers cover 
an extended spectral range, such as the ellipsometer used in this 
work; however, these instruments are considerably expensive, 
single-purpose, and less versatile.

• The MMP measures a complex chiroptical response within a single 
set of measurements (sample and background). The resulting CD and 
ORD spectra obey KK relations, which makes them self-consistent. 
This fact potentially enables a robust characterization of chirop-
tical spectra even for compounds for which only one enantiomer is 
accessible. The KK consistency guarantees recognition of a physically 
significant signal from parasitic effects or systematic errors from, for 
instance, linear birefringence induced by the instrument or sample 
itself (sub-optimal cuvette). 

Simultaneous measurement of CD and ORD signals can open up 
possibilities for study of non-equilibrium processes, such as chiral 
reaction kinetics, mutarotations, chiral crystallization, or Belousov- 
Zhabotinskii-type reactions with chiral molecules. However, high 

Fig. 8. ) S and R-MnCl-salen. b) MMP compared to traditional ECD measurements. c) ORD obtained with MMP. d) Experimental and theoretical calculated ab-
sorption. e) Simulated CD and individual electronic transitions. f) Simulated ORD.
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absorptions might hinder the observation of CD time responses. 
Observing the ORD spectrum in a different spectral region corre-
sponding to the same phenomenon can address this issue. 

One may be tempted to convert the CD signal obtained with ECD 
into ORD through KK relations, sidestep thus the MMP and assuming 
this approach to be sufficiently accurate. This is a pitfall. We 
demonstrated in Fig. 6, this may lead to unphysical spectral profiles 
or, to maintain the physical significance, will substantially reduce 
the viable spectral range of the sought response function.

• We unveiled a potential drawback of the current Woollam RC2-DI 
system: overall lower sensitivity of the method, particularly over 
UV and a portion of the VIS spectrum (up to 450 nm) due to the low 
intensity of source lamps over this spectral range. Other methods like 
ECD and HAUP are still more suitable for equilibrium chiroptical 
measurements within this part of spectrum.
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analysis, Investigation, Methodology, Writing – original draft. Jana 
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