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ABSTRACT: We introduce an optical microscopy technique, circularly
polarized microscopy or CPM, able to afford spatially resolved electronic
circular dichroism (ECD) of thin films of chiral organic semiconductors
through a commercial microscope equipped with a camera and inexpensive
optics. Provided the dichroic ratio is sufficiently large, the spatial resolution is
on the order of the μm and is only limited by the magnification optics
integrated in the microscope. We apply CPM to thin films of small chiral π-
conjugated molecules, which gave rise to ordered aggregates in the thin layer.
Primarily, conventional ECD can reveal and characterize chiral supramolecular
structures and possible interferences between anisotropic properties of solid
samples; however, it cannot generally account for the spatial distribution of
such properties. CPM offers a characterization of supramolecular chirality and
of commingling polarization anisotropies of the material, describing their local
distribution. To validate CPM, we demonstrated that it can be adopted to
quantify the local ECD of samples characterized by intense signals, virtually on any standard optical microscope.
KEYWORDS: optical microscopy, chirality, ECD, thin films, π-conjugated materials

1. INTRODUCTION
There is tremendous interest in the development of organic
materials for applications in optical and electronic (optoelec-
tronic) devices.1,2 Both low molecular weight and macro-
molecular organic semiconductors are one key point of the
materials,3,4 aiming at replacing inorganic systems based on
silicon. This responds to several needs: foldable devices;
avoiding the use of rare elements; ease of fabrication; reduced
impact at the end of life.1 Furthermore, crucial features, such as
band gap, optical properties or charge mobility, can be
modulated by chemical modifications with standard organic
chemistry reactions. One aspect that needs to be carefully kept
under control is the structural homogeneity of thin films,
because this can affect their performances,5 sometimes with the
appearance of new features.6,7 The first tool to check this
aspect is optical microscopy. Primarily, it reveals thickness
differences and, in the case of blends, phase segregations.8 In
the following, we shall deal with thin layers made by spin
coating glass substrates with solutions of small organic
chromophoric molecules. Under these conditions, composi-
tional and thickness homogeneities are ensured. However, one
aspect that remains open is the supramolecular organization.
One may expect that, during solvent evaporation and during
post-deposition annealing, molecules order themselves, at least
to some extent. If multiple aggregation modes coexist,
polymorphs can give rise to phase boundaries, which one
would like to visualize.9 Unfortunately, standard microscopy,
even taking advantage of phase contrast techniques, does not
meet this need, because the variation of refractive index in

response to different local order is not sufficiently pronounced.
On the contrary, thanks to supramolecular chirality, ordered
structures can lead to strong discrimination of light circular
polarization, both in absorption and in emission.6 At least in
absorption, in the following, we shall demonstrate how this can
be revealed on microscopic scale by simple modifications of a
standard optical microscope, providing useful information,
which would not be accessible otherwise.
The differential absorption of left and right circularly

polarized (CP) light in the UV−vis spectral range gives rise
to electronic circular dichroism (ECD), which is one of the
most significant manifestations of chirality in light−matter
interactions.10 It provides important information regarding the
absolute configuration of chiral molecules bearing chromo-
phores.11−13 Conformational aspects can also be rationalized
by ECD characterization.14 Besides molecular insights, ECD is
even a fundamental tool to investigate noncovalent chiral
assemblies or aggregates.15

ECD finds application in the study of small biomole-
cules13,16 and biomacromolecules17 and in the investigation of
their interactions.18 ECD is also widely adopted in the
investigation of chiral inorganic metal complexes.19 More
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recently, it found a role in the characterization of synthetic
organic chiral π-conjugated systems designed for optoelec-
tronic applications.20,21 Within this field, CD is fundamental to
understand the chiral aggregation modes at various hierarchical
levels of these materials in thin film, which represents the most
common form in which they are employed in optoelectronic
devices.3,22

Getting information on the spatial distribution of ECD on
materials of various natures sheds light on samples presenting
chirality at a particular scale but characterized by its absence on
a different hierarchical level.23 ECD can be extremely sensitive
to supramolecular chiral arrangements, and for this reason, it is
ideal to investigate a difficult dimensional range, going from
the subnm to the μm scale throughout several orders of
magnitude. Unfortunately, commercial benchtop ECD spec-
tropolarimeters are not conceived for performing localized
analysis and they are unable to detect submm spatial
distributions of chiral aggregates, as the typical observation
area is about 3 × 3 mm. Selecting a restricted area by covering
the surrounding while using a conventional light source would
not solve the issue, since not enough photons will reach the
photomultiplier tube to be detected, so a collimation of the
light beam and a powerful source are required.
An idea of ECD microscopy was first developed several years

ago to allow measurements on single eukaryotic cells.24 More
recently, the unique highly collimated synchrotron radiation
circular dichroism (SRCD) of Diamond Light Source B23
beamline allowed us to scan the surface of materials and to
produce spatially resolved ECD maps. This takes advantage of
a high density photon flux joint with the optical elements and
the electronics typical of conventional spectropolarimeters,
such as photoelastic modulator (PEM) and lock-in detection.
This concept found application in the spatially resolved ECD
characterization of chiral π-conjugated materials in thin
film25−27 with a maximum spatial resolution of about 50 μm,
the so-called ECD imaging or ECDi.28 In these conditions, one
can very accurately record localized ECD spectra over the
whole UV−vis spectral range and with full sensitivity, allowing
the accurate detection and quantification of even small signals.
The current limitation of SRCD using B23 is not capturing
features smaller than 50 μm.
Okamoto and co-workers designed a near-field ECD

microscope keeping all the optical components of commercial
instruments, which overcame this limitation, reaching a spatial
resolution on the nanoscale. These authors integrated this
instrumentation with a XY-stage to be able to scan the spatial
distribution of CD signals of chiral metal 2D nanostruc-
tures29,30 as well as to show the local ECD distribution of
globally ECD-inactive gold 2D nanostructures.31 Although
powerful, this technique suffers from the limitation of requiring
specialized equipment not readily available in every laboratory.
All the mentioned setups capable of measuring spatially

resolved ECD adopt a linear polarizer followed by a
photoelastic modulator (PEM) to generate circularly polarized
light, as commercial spectropolarimeters.32 In this manner, the
light is continuously modulated between left and right
handedness, passing through linear polarization (LPn). If
part of the LPn is retained because of possible imperfections in
the optics and the electronics, the outcoming beam will be
elliptically polarized and the resulting ECD measurements in
transmission may be affected by instrumental artifacts because
of the interaction with possible linear anisotropies present in
the sample and in the detection optics.33,34 A practical solution

is isolating in time left CP (LCP) and right CP (RCP) light
(the so-called discrete approach). It was successfully applied to
a map at a sub-μm scale chiral chromium complex layer,35 thin
films of plasmonic nanocomposites,36 and organic materials
showing strong chiral induced spin selectivity.37 The final
solution to the problem of spurious contributions to ECD
requires the determination of the full Mueller matrix, which is
by far a nonstandard technique.38−40

Despite the progress of spatially resolved ECD, all the setups
cited above require the utilization of a XY-stage to move the
sample so that the signal may be recorded point by point,
requiring long acquisition times. A discrete ECD microscopy
technique adopting a CMOS camera as the detector and, thus,
simultaneously acquiring the signal over all the pixels of the
area studied was reported by Kahr et al. to elucidate the
enantiomorphous twinning of crystals of 1,8-dihydroxyanthra-
quinone.41 Besides ECD, microscopies based on the differ-
ential emission of left and right CP light (circularly polarized
luminescence) from emitting chiral compounds were re-
ported.42−45

Among various forefronts of current research in the field of
chiral organic materials for optoelectronic applications, there is
the quest for systems affording conspicuous discrimination of
light circular polarization. These materials will find application
for fabricating devices responding to or producing CP light,
such CP-sensitive organic transistors21 or circularly polarized
OLEDs (CP-OLEDs).46 In these conditions, giant ECD
signals arise and the use of sophisticated polarization elements
for ECD detection and quantification may be circumvented, at
least within well-defined limits of accuracy and of wavelength
selection.
In the following, we show that a regular microscope

equipped with a commercial camera and inexpensive optics
can be successfully employed to obtain ECD mapping with a
μm scale resolution of materials characterized by intense ECD
signals. In this way, circularly polarized microscopy (CPM)
images of chiral materials may be easily obtained.
Herein, we have applied a discrete ECD microscopy method

to simultaneously reveal the local signals at a μm spatial
resolution on thin films made of compounds 1 and 2.
Compound 1, based on carbazole, provides a very homoge-
neous film and will be used to demonstrate the principle. On
the contrary, compound 2, (S,S)-PTPO (phenylene bis-
thiophenyl propynone), is an organic chiral π-conjugated
molecule previously reported by us and fully characterized with
standard chiroptical techniques as well as by scanning electron
microscopy.47 Thin films of 2 are characterized by a very
uncommon feature of the apparent ECD spectrum. In fact, the
ECD signals instead of being independent of sample
orientation, as one would expect, invert upon sample flipping.
On similar compounds, we had put forward that this
peculiarity arises from a self-organization into ordered
domains.20,48 This apparent, nonreciprocal, ECD spectrum,
which has also been referred to as LDLB coupling, can have
paramount consequences in devices, such as CP-OLEDs47,49 or
resonating cavities.50 Its foundations are rooted in classical
literature,33,51,52 but they have been the object of recent
theoretical investigation by Tempelaar and co-workers, who
determined minimal conditions for the appearance of this
effect.53

Here, we found that, despite appearing homogeneous when
retro-illuminated with unpolarized light, 2 has a complex CP
light-sensitive texture deeply affecting the resulting properties.
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Moreover, it presents the advantage of a sizable chiroptical
activity.

2. RESULTS AND DISCUSSION
Before undertaking any more significant and quantitative
analysis, we must demonstrate and validate the setup and the
subsequent data elaboration to extract ECD information by
means of CPM. Compound 1, shown in Scheme 1, is known to
produce homogeneous films3 and can be used as reference.

Interestingly, thin films of compound 1 are photo- and
electroluminescent and they display circularly polarized (CP)
luminescence, which allowed us to produce the first CP-OLED
where the emitting layer is made of a single small organic
molecule, rather than one of the usual blends of different
components.3

We prepared the film samples by spin coating a dichloro-
methane solution of the material to be analyzed on a glass
substrate.
With reference to Figure 1, our CPM setup enables the

detection of the differential transmission of CP light as
described in the following.

A Zeiss Discovery V8 microscope has a housing to host a
linear polarizer (LP) above the lamp, which can be used to
obtain linearly polarized light along a known direction. To
achieve CP-sensitive images, we placed the LP in its housing
and above this we placed a birefringent quarter-wave plate
(QWP). By positioning the QWP fast axis at +45° or −45°
with respect to the LP axis, RCP and LCP back-illumination
was generated (Figure 1). It is important to highlight that the
transmission/DIC imaging de Seńarmont compensator of the
microscope was not in use. The absence of this component

allowed a reliable chiroptical selection. The analysis of a pair of
pictures taken with RCP and LCP illumination provides
quantitative data of the CP-selective transmittance of the thin
film analyzed.
The two pictures shown in Figure 2 are taken under LCP

and RCP light illumination of 1 thin film, respectively. Overall,
one may appreciate that the film is indeed homogeneously
dispersed, apart from a few spots. By comparing these two
pictures, we may observe the presence of a slightly different
hue, which can be related to the differential transmission of the
two CP light beams, due to the sample ECD. This quantity is
the dimensionless differential absorbance between LCP (AbsL)
and RCP (AbsR) light:54

ECD Abs Abs AbsL R= = (1)

The differential transmittance of LCP and RCP of a
homogeneous sample can be extrapolated from the ECD
spectrum measured with a standard benchtop spectropolarim-
eter, which is reported for compound 1 in Figure S1b and
displays a negative signal around 450 nm. Above this
wavelength, both absorbance and ECD rapidly decay (Figure
S1). To match the same wavelength with our microscope, we
placed an Edmund Optics bandpass filter centered at 450 nm
(fwhm = 80 nm) above the film (Figure 1) and we obtained
the set of images in Figure 2. By comparing the LCP and RCP
retro-illuminated images in Figure 2, we notice that they show
a small but clear difference in hue, which is related with the
sample ECD. In particular, the LCP backlit picture appears
brighter than the RCP backlit one, meaning that AbsR > AbsL,
so that the ECD is negative, in agreement with the ECD
spectrum recorded with a standard instrument.
The spectrum in Figure S1b shows a ΔAbs of about −0.013

at 450 nm. With IL0 and IR0 defined as the intensities of incident
LCP and RCP light and IL and IR defined as the intensities
exiting the film, we have
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Temporarily assuming that IL0 = IR0 , it follows:

I
I

10R

L

Abs=
(3)

With ΔAbs = −0.013, we derive

I I1.03L R= · (4)

That is, we predict that at 450 nm the intensity of LCP light
must be about 3% stronger than that of RCP light, which can
indeed be appreciated in the LCP labeled picture of Figure 2,
appearing with a slightly lighter hue than the RCP one. Given
the small difference, any quantitative analysis is precluded.
After this preliminary investigation on a homogeneous

sample, we faced the more complex case of a thin film of
product 2, which we define also as (S,S)-PTPO. The
compound 2 thin film was thermally treated at 80 °C for 1
h, as reported in our previous work.47

In standard bright-field microscopy with unpolarized light
(Figure 3), apart from some visible and clearly discernible
scratches and imperfections on the surface, the film appears
homogeneous.
Oppositely, when the film is retro-illuminated with CP light,

its partition into grains becomes evident. We can appreciate a
remarkable contrast with sharp polygonal boundaries among

Scheme 1. Carbazole-Based Material 1 and (S,S)-PTPO 2
Chemical Structures

Figure 1. Schematic representation of the optical setup adopted. (1)
White light source, (2) linear polarizer, (3) QWP rotated at 90° steps,
(4) thin film sample, (5) 450 nm blue bandpass filter, (6) Zeiss
Discovery V8 microscope, (7) digital camera.
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regions which appear more transparent to LCP light and other
ones to RCP light. Such grain-like structures of approximately
100 μm in size are comparable with the domains previously
observed in HR-TEM microscopy.47 This is best observed by
taking into account pictures of the same film area which are
retro-illuminated with opposite handedness of CP light (Figure
4a). In fact, an inspection of the two pictures reveals domains
that are bright yellow when the sample is backlit with LCP
light but become darker when the sample is backlit with RCP
light and vice versa. To summarize the concept and relate it to
ECD, grains that appear darker when retro-illuminating with
LCP light preferentially absorb this circular polarization, so
that AbsL > AbsR and ECD > 0. Vice versa, grains that appear
darker when retro-illuminating with RCP light are charac-
terized by AbsR > AbsL and ECD < 0.
We can appreciate that the heterogeneity characterizing

(S,S)-PTPO 2 is absent in the pictures discussed for
compound 1.
For 1, we had a homogeneous sample with an identical ECD

spectrum for every point of the film. On the contrary, for
(S,S)-PTPO, the ECD measured on a large surface (i.e., with a
standard spectropolarimeter, Figure S2b) is the result of an
average of very different values, not only in magnitude but even
in sign.
After this qualitative observation, we managed to quantify

the ECD of (S,S)-PTPO at the same spatial resolution of the
pictures acquired.

Nonetheless, we observe that above 450 nm the total
absorbance of this film quickly decays to zero (Figure S2a)
and, for this reason, we chose again to adopt a 450 nm
bandpass filter.
Essentially, we repeated the same experiments as described

above, taking pictures of the sample and of the blank, upon
illumination with LCP and RCP light, as shown in Figure 4b.
The domains are evident also in the blue spectral region

(Figure 4b). We then isolated two superimposable rectangular
selections on both pictures of Figure 4b to quantify the ECD
exclusively on the chosen area (Figure S3a). The clippings
were converted in matrices of total intensities, corresponding
to black and white (BW) images (Figure S3b).
The spatially resolved ECD matrix (ECD) has been

calculated following its definition in eq 1, in which the
absorbances relative to the two circular polarizations are
obtained through the incoming and outcoming light intensity
matrices with respect to the sample. IL and IR are, respectively,
the LCP and RCP outcoming light intensity matrices, while IL0
and IR0 are the respective incoming light intensity matrices.
Each element ecdi,j of ECD has been obtained from the
corresponding elements in the light intensity matrices by the
following equation:

ecd
i

i

i

i

i i

i i
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(5)

We obtained the incoming light intensities (IL/R0 ) through the
acquisition of images of blank glasses illuminated with LCP or
RCP light, while keeping the 450 nm bandpass filter. The same
rectangular selections as in Figure 4b were converted into BW
total light intensity matrices. After the calculation of ECD from
eq 5, the matrix was converted back to a spatially resolved map
at the same resolution of the original images adopted for the
light intensity estimation (Figure 5a). As hypothesized earlier
through the observation of images reported in Figure 4, the
ECD map clearly shows the presence of an actual separation of
the material among domains with positive ECD and domains
with negative ECD. The domains depicted in red in Figure 5a
are characterized by positive ECD, therefore by AbsL > AbsR.
Vice versa, for the blue domains in the same figure (negative
ECD), AbsR > AbsL. The intensity in ΔAbs within each
domain is reaching absolute values of ∼0.2, considerably high
if compared with what is commonly found for organic chiral π-

Figure 2. Microscopy images of compound 1 thin film acquired backlighting with LCP and RCP light in the blue region (450 nm, fwhm = 80 nm).

Figure 3. Bright-field microscopy image of (S,S)-PTPO thin film
(sample backlit with unpolarized light).
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conjugated molecules with similar structural design in thin
film.6

At this point, we must give an estimation of the sensitivity
and limit of detection of the procedure we adopted to quantify
the spatially resolved ECD using the setup proposed. In 32-bit
gray scale representation, each value has 3 significant divisions
per unit; therefore, the intensity of each pixel is mapped onto
768 overall divisions. This scale of gray sets a theoretical limit
to the smallest detectable ECD. In optimal absorbance
conditions (i.e., Abs ∼ 0.7−0.8), such resolution corresponds
to a minimum detectable ECD of 2.7−3.5 × 10−3

(corresponding to 90−110 mdeg of ellipticity) and to a
dissymmetry factor (see below) of approximately 5 × 10−3.
Although this minimum value is relatively large compared to
most dedicated ECD instruments, it is completely suitable for
the task at hand. Moreover, the use of static optics (QWP), as
opposed to a photoelastic modulator, poses more stringent
limitations on the smallest reliably measurable dissymmetry
factor, which we can estimate in the order of 10−2.
A convenient and alternative metric to quantify the ECD is

the absorption dissymmetry factor (gabs). This parameter is
defined as the ECD signal (reported in ΔAbs) normalized on

Figure 4. Microscopy images of (S,S)-PTPO thin film (a) acquired backlighting with LCP and RCP white light; (b) acquired backlighting with
LCP and RCP light in the blue region (450 nm, fwhm = 80 nm). The white dashed rectangles in the blue region images indicate the clippings
considered for the calculation of ECD.

Figure 5. (a) ECD image of the area of interest of (S,S)-PTPO 2 thin film. Domains with AbsL > AbsR (red) can be clearly distinguished from
domains with AbsR > AbsL (blue). (b) g-factor image of the same area. The g-factor, in the case of some of the distinguishable domains, is reaching
values close to theoretical maximum absolute value of 2.
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the overall absorbance, so it is in principle independent of
sample thickness (eq 6).

( )
g

ECD
Abs

Abs Abs
abs

tot

L R
Abs Abs

2
L R

=
+

(6)

The g-factor can assume values comprised between −2 and +2,
with −2 meaning the material is exclusively absorbing RCP
light and +2 meaning the material is exclusively absorbing LCP
light. We calculated the g-factor matrix G, to be then converted
into the relative map, by taking into account IL, IR, IL0, and IR0
elements already adopted for the calculation of ECD elements
in eq 5. The overall absorbance matrix (relative map reported
in Figure S4) has been calculated as the average between LCP
and RCP light absorbances, as reported in eq 6. From the
combination of eqs 5 and 6, we obtained the G element gi,j as
follows:
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The matrix G obtained from eq 7 was consequently plotted to
afford the relative g-factor map (Figure 5b). The spatially
resolved depiction of the g-factor reports a situation in which
domains of the same sign are characterized by g-factors close to
the theoretical maximum absolute value of 2. Such local values
are much higher than the emergent g-factor (+0.078,
considering a spectral range of 80 nm centered at 450 nm)
as measured on a commercial benchtop instrument which
operates on a much larger surface area containing approx-
imately 104 grains (Figure S2c). In fact, averaging the pixels
over all the area of the film considered gives a value of +0.135,
which is much lower than the g-factors (absolute value)
visually appreciable on the color scale used in Figure 5b within
every single domain. As expected, the average g-factor obtained
is in reasonable agreement with the g-factor of +0.078 obtained
from a commercial benchtop spectropolarimeter.
We subsequently focused on quantifying the spatial partition

among opposite sign g-factor domains. We applied the Boolean
Algebra to isolate domains characterized by the same sign of
the g-factor.55 For each sign, we built Boolean matrices of the
same dimension of the g-factor one. In these matrices,
elements corresponding to G elements with the sign of
interest are defined to be equal to 1, while elements
corresponding to G elements with opposite sign are set to 0.
In this way, we define two matrices, B+ as the Boolean Matrix
for positive g-factor domains and, oppositely, B− as the
Boolean Matrix for negative g-factor domains as
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By averaging all the elements of matrices B+ and B−, we
obtained the fractions of positive and negative g-factor areas,
which, respectively, are 0.60 and 0.40. The area of the thin film
studied is, thus, partitioned in 60% of positive and 40%
negative g-factors domains. The slight imbalance between
positive and negative sign domains ultimately affects the global
g-factor value of +0.135, which is indeed positive.
After the evaluation of the spatial partition between domains

characterized by opposite g-factor signs, we calculated the two
actual g-factors coming out from the two domains’ group with
opposite sign. We multiplied each element of B+ and B−

(respectively, bi,j+ and bi,j−) by the corresponding element of the
g-factor matrix G (gi,j). The two obtained matrices G+ and G−

are exclusively reporting g-factor values of the same sign within
the matrix G, and all the other elements with opposite sign
with respect to the one of interest are substituted with 0.
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Afterward, we averaged all the nonzero elements of matrices
G+ and G− to calculate the two overall opposite sign g-factors
on the analyzed area of the material. For the positive g-factor
domains, we obtained an emergent value of +0.585, while for
the negative ones, an emergent value of −0.527 was obtained.
This evidence suggests that the globally positive g-factor
obtained is exclusively dominated by the ratio between positive
and negative g-factor domains and the magnitude of each sign
does not play a relevant role.
In other words, with reference to our previous papers,20,47

we can say that product 2 self-organizes in domains which are
characterized by a |g-factor| around 0.55, but these domains
prefer to lay 60:40 on the face providing positive apparent
ECD.

3. CONCLUSIONS
With the aid of a standard optical microscope equipped with a
digital camera and inexpensive optical elements, we evaluated
the spatially resolved ECD of two thin film samples made by
the organic chiral π-molecules 1 and 2. CPM images revealed
marked differences between the ECD-homogeneous 1 thin
film and the ECD-inhomogeneous (S,S)-PTPO 2 thin film.
Despite the simplicity of the technique and its instrumental
limitations in terms of sensitivity (actual limit of detection of
10−2 in optimal absorbance conditions), CPM allows for a
quantitative evaluation of the spatially resolved ECD. For the
film of 2, a spatial partition between domains characterized by
equal and opposite ECD was highlighted, with a spatial
resolution on the μm scale, which is smaller than the typical
domains’ scale of π-conjugated materials in thin film. Through
comparison between the ECD measured with a conventional
spectropolarimeter (i.e., the spatially averaged ECD) and the
spatially resolved ECD obtained with the microscope, we
established that the overall positive emergent ECD signal of 2
thin film is solely dictated by the excess of domains with
positive ECD on the surface. The possibility to employ a
standard microscope and a simple experimental protocol to
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extract localized ECD data may prove useful in several fields
ranging from materials science to biochemistry and biology.
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