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Giant intrinsic circular dichroism of prolinol-derived
squaraine thin films
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Molecular chirality and the inherently connected differential absorption of circular polarized
light (CD) combined with semiconducting properties offers great potential for chiral opto-
electronics. Here we discuss the temperature-controlled assembly of enantiopure prolinol
functionalized squaraines with opposite handedness into intrinsically circular dichroic,
molecular J-aggregates in spincasted thin films. By Mueller matrix spectroscopy we accu-
rately probe an extraordinary high excitonic circular dichroism, which is not amplified by
mesoscopic ordering effects. At maximum, CD values of 1000 mdeg/nm are reached and,
after accounting for reflection losses related to the thin film nature, we obtain a film thickness
independent dissymmetry factor g = 0.75. The large oscillator strength of the corresponding
absorption within the deep-red spectral range translates into a negative real part of the
dielectric function in the spectral vicinity of the exciton resonance. Thereby, we provide a
new small molecular benchmark material for the development of organic thin film based
chiroptics.
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hirality is a fundamental symmetry property describing an

object such as a molecule that is non-superimposable on its

mirror image. Nature has evolved with single handedness
meaning that essentially all biological processes are intrinsically
chiral'. This is well recognized for instance in pharmacological
applications, but however, the enantiopure, i.e. homochiral, synth-
esis of drugs remains a challenge for chemists. Other applications
such as chiral optoelectronics (chiroptics) not focused on the
underlying mechanism of molecular recognition processes or
structural ordering in optoelectronic thin films>? are still rare.
Optical activity comprising circular birefringence (CB) and circular
dichroism (CD), is an inherent optical property of chiral molecules
or chiral supramolecular assemblies. CD manifests in the differ-
ential absorption of left- and right-handed circular polarized (CP)
light*~®. This effect can be utilized for light harvesting or emitting
devices with direct detectivity’ or emissivity® of CP light, respec-
tively. Prerequisite are the availability of the enantiopure molecular
components through an efficient and scalable synthesis, and the
subsequent transfer of molecular chirality via supramolecular
interactions to a sizable macroscopic scale’'2. Currently, (plas-
monic) metamaterials'?, which incorporate structures with char-
acteristic lengths comparable to the wavelength of light, surpass
natural chiral materials regarding their chiroptical effects. For
organic matter thin films without mesoscopic structural ordering,
the layer thickness normalized ellipticity typically is below 10 mdeg/
nm due to a weak overall absorbance, and the correspondin%
absorbance normalized dissymmetry factor g ranges between 10~
to 1072 417 In rare cases, extreme g-values exceeding 0.3'8 or
even up to 119 have been reported for polyfluorene thin films.
These values include thickness and orientation dependent, pseudo-
CD effects originating from cross-terms between linear dichroism
and birefringence?® as well as selective CP reflection due to long-
range cholesteric ordering (Bragg reflection)?!~2%. This liquid
crystallinity results in amplified g-values®®. Pseudo-CD effects are
concomitantly probed for (anisotropic) thin film samples due to the
oversimplified utilization of (commercial) CD-spectro-polarimeters,
which are well-designed for diluted solutions and any other iso-
tropic samples, but not for the quantitative assessment of CD of
typical thin film samples®>2°.

Here we show the versatility of a rotating compensator
ellipsometer to perform Mueller matrix spectroscopy?’ to attain a
true CD spectrum of spin casted thin films from enantiopure
prolinol-functionalized squaraine compounds. Following a pre-
viously published, updated ex-chiral pool strategy?®?° we have
obtained the two enantiomers (S,5)-ProSQ-C16 and (R,R)-
ProSQ-C16, where C16 denotes a linear alkyl chain with sixteen
carbon atoms attached to the prolinol functional group, see
Supplementary Note 1 and Supplementary Fig. 1 for details. We
show that thermal annealing of such thin films leads to a giant
and sharp excitonic CD within the deep-red spectral range
located around 780 nm. The normalized CD well reaches a value
of 1000 mdeg/nm and a dissymmetry factor of g= 0.75 for highly
enantiopure films. To obtain this layer thickness independent
dissymmetry factor we propose a simple approach to account for
reflection losses of the measured absorbance related to the sam-
ple’s thin film nature. The circular dichroic properties are evenly
distributed over the complete thin film area and most importantly
are free from contributions due to mesoscopic structural ordering
effects. The large oscillator strength of the optically active
absorbance resonance causes the real part of the dielectric func-
tion to become negative over a small wavelength range just below
this exciton resonance. To the best of our knowledge, this com-
bination of negative real permittivity and CD has not been
documented previously for excitonic organic materials. Thereby,
we provide a new small molecular benchmark material for the
development of organic thin film based chiroptics.

Results

Early stage supramolecular aggregation in solution. To begin
with, we investigate the early stage supramolecular aggregation
and optical activity of ProSQ-C16 colloidal aggregates in solution
by so-called poor solvent titration experiments. This helps us to
develop a, yet phenomenological, picture of the aggregation in
the thin films. The compound is dissolved in a good solvent,
here chloroform, and this stock solution is diluted with a mixture
of chloroform and a poor solvent, here acetonitrile, with
increasing volume fraction of acetonitrile?. Subsequently, UV-
Vis spectra and CD-spectra of the colloidal solution are recorded.
The UV-Vis spectra of (S,5)-ProSQ-C16, Fig. la and (RR)-
ProSQ-C16, Fig. 1b, are qualitatively equivalent. The sharp mo-
nomer absorption centered at 645nm, accompanied by a
vibronic progression at 595 nm, stems from the electronic So—S;
transition along the long molecular axis of the squaraine back-
bone’’. It decreases with increasing acetonitrile fraction in favor
of an aggregate peak absorbing at higher energy around 550 nm.
No peak at longer wavelengths appears contrary to the thin films
we discuss hereafter. The change in color of the solution is visible
to the eye, see Fig. le. Both ProSQ-C16 monomers are CD-silent,
Fig. Ic, d, but the aggregate species show clear bisignate CD-
couplets crossing zero where the absorbance spectrum peaks,
which is evident for excitonic CD%3132, No vibronic progres-
sions are noticeable for the aggregated species, which is indica-
tive for a strong excitonic coupling®®. The prolinol functional
groups serve as aggregation directing chiral centers for homo-
chiral, helical packing of the achiral chromophores, which here
are the squaraine backbones. The excitonic CD signals result
from coupling of twisted side-by-side arranged molecules
within a helical stack (intra-helical stack coupling). Together
with the spectral blue shift we can clearly identify the aggregates
as H-aggregates®’. Helical n-stacking (H-type aggregation) of
carotenoid assemblies’*?°, conjugated polymers?*3%37  or
molecular compounds!'®*8-4% induced by chiral side-chains is a
commonly adopted route to excitonic supramolecular chirality*!.
Formation of CD-active J-type aggregates in solution have been
rarely documented?®#2, In case of our (S,S)-enantiomer, Fig. 1c,
negative excitonic chirality is visible, i.e. the Cotton effect is
negative at longer wavelength. This is indicative for the forma-
tion of a counter clockwise (left-handed) molecular helix, as
sketched in Fig. la. As expected for a mirror image, Fig. 1d, the
(R.R)-enantiomer shows positive excitonic chirality, ie. the
Cotton effect is positive at longer wavelength. This suggests
the formation of a clockwise (right-handed) molecular helix, as
sketched in Fig. 1b. Note that these sketches are for illustration
only, and do not necessarily provide the correct number of
molecules involved in the coupling, torsional angles or inter-
molecular spacings. Within the range of experimental error
the CD-spectra of both colloidal enantiomer solutions are
mirror-imaged but otherwise equivalent. Any minor enantio-
meric impurities (see Supplementary Note 2 and Supplementary
Fig. 2) will not be noticeable, since preferably molecules of the
same handedness assemble (chiral discrimination), and the
concentration threshold for aggregation of the undesired enan-
tiomer or diastereomer is not reached.

Morphology and unpolarized optical properties of thin films.
In the next step, we discuss temperature induced aggregation and
unpolarized optical properties of thin films. We prepare these
films by spincasting from solution and subsequent thermal
annealing. The temperature treatment ranging from no annealing
to 210 °C does not induce any crystallization or formation of
distinct morphological features with micro- to mesoscopic
domain size, which is rather untypical for small molecules and in
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Fig. 1 Early stage aggregation experiments in solution. a, b UV-vis spectra and ¢,d ellipticity spectra of (5,5)-ProSQ-C16 and (R,R)-ProSQ-C16 in mixtures
of chloroform and acetonitrile, respectively. The concentration is approximately 5.7 pM. The volume fraction of acetonitrile is increased as indicated. The
insets in a and b illustrate the proposed helical aggregation of the molecules as follows from the line shape of the CD bands. Note that these here are
only sketches. In e a photograph of the stock solution and diluted solutions with increasing acetonitrile volume faction from left to right is shown

particular anilino squaraines*’. For annealing at 240 °C a sub-
stantial dewetting of the organic material is seen leaving only few
material droplets behind, see Supplementary Fig. 3. All other
films are cohesive and free from long-range crystallographic
order, which is concluded from X-ray diffraction Supplementary
Fig. 4. In an optical microscope and in an atomic force micro-
scope (AFM) the films look alike for all annealing temperatures
up to 210°C, Fig. 2. Clusters with heights of several tens of
nanometers to a few hundreds of nanometers are distributed
randomly over the faintly birefringent thin films. Small Maltese-
cross-shaped birefringence patterns are noticeable around the
clusters in crossed polarized optical microscopy images, Fig. 2d.
Otherwise, no in-plane anisotropy is noticeable. Supplementary
Movies 1 and 2 provide movies pieced together from series of
overexposed bireflectance microscopy images of samples rotated
between crossed polarizers for further illustration. The R, sur-
face roughness of the widespread film areas is about 6 nm. Thus
the films are smooth enough to appear as dark background in
darkfield microscopy imaging, Fig. 2c. Typically, three main
distinct height levels can be identified on a sample with a spacing
of 3nm each, Fig. 2d. This step height could correspond to
upright standing ProSQ-C16 molecules, or rather to the diameter
of a helical coil of 7-stacked molecules (cf. aggregation in solu-
tion), which is lying with its long coil axis parallel to the surface.

In Fig. 3a we show absolute absorbance spectra of ProSQ-C16
thin films without annealing and annealed at varying temperatures
starting from 60 °C in steps of 30 °C up to 240 °C. The spectra for
120 °C, 180 °C and 210 °C annealing are identical within the range
of experimental spread, therefore only the absorbance for 180°C
annealing is plotted in Fig. 3a for clarity of the presentation. The
spectra of the (R,R)- and the (S,S)-enantiomer are indistinguishable.
Above the graph photographs of selected samples are shown to
give an impression of color. Unlike the morphology the absorbance
properties clearly depend on temperature treatment. With increas-
ing annealing temperature the long-wavelength peak is increasing
in intensity and its maximum is red-shifting to 780 nm, while
the broad short-wavelength feature is decreasing and narrowing
with its maximum blue-shifting. Further increasing the annealing
temperature results in disruption of the absorbance properties.
According to the spectral positions relative to the monomer
absorption maximum, Fig. 1, we assign the long-wavelength
peak as J-band and the short-wavelength peak as H-band**~.
The Davydov splitting in between is large, estimated from the
absorbance spectrum for 180 °C to be easily exceeding 0.4 eV.

Effective optical constants valid for both enantiomers of
ProSQ-C16 thin films annealed at 180 °C have been obtained
by fitting spectroscopic ellipsometry data. The real and the
imaginary part of the complex refractive index, n and k, are
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Fig. 2 Micro-morphological characterization of ProSQ-C16 thin films. a, b Intermittent contact mode AFM images, and optical microscopy images
¢ darkfield and d between crossed polarizers of typical ProSQ-C16 samples annealed at 180 °C. The optical microscopy images show the same sample area
and are overexposed for better visibility. e Distribution of heights extracted from AFM image (b)

graphed in Supplementary Fig. 5. They reach remarkable
maximum values of 4.5 and 3.3, respectively, at the J-band. The
optical constants reproduce the transmission and reflection
spectra of our thin films well. The real and the imaginary part
of the dielectric function, ¢’ = n>—k? and &'’ = 2k, are calculated
based on the optical constants and plotted in Fig. 3b. In the
spectral regime just below the excitonic J-band resonance at
780nm the real part & becomes negative due to the large
oscillator strength of the resonance. This feature that made
plasmonics prominent, albeit having a different physical origin,
is underexplored for organic excitonic materials*®=>1.

Obviously the ProSQ-C16 has a predominant tendency for
J-type aggregation in thin films contrary to the colloidal
aggregation in solution resulting in H-aggregates only, cf. Fig. 1.
A similar behavior has been found for pseudocyanine, which is a
textbook example for J-aggregates®>>3, that actually forms H-
aggregates on the early steps of aggregation54. We propose that
this spectral relocation in favor of the J-band is caused by inter-
helical coupling between stacks in the solid state with increasing
dominance upon increased thermal annealing®®. On the mole-
cular level, the interacting transition dipole moments of adjacent
coils adopt an oblique-angled in-line orientation. The red-shift of
the peak maximum can be caused by a flattening of the
orientational angle for increased in-line coupling of the transition
dipoles. The asymmetric broadening of the peak towards smaller
wavelength might stem from a distribution of the obliqueness
angle. In general, it is typical for squaraine thin films on a glass
support that the intermolecular interactions dominate over the
molecule-substrate interactions, so that the molecular 7-stacking
direction is orientated parallel to the substrate*>. In case of
ProSQ-C16 this means that the long helical molecular stacking
axis is oriented within the plane of the substrate, but with random
in-plane alignment consistent with the lack of linear dichroism.
Note that this is a phenomenological model that requires

validation by a structural model based on quantum chemical
calculations. However, the circular dichroic properties of the thin
films discussed in the following support this preliminary model.

Circular dichroic optical properties of thin films. We utilized a
VASE with a single compensator in a polarizer-compensator-
sample-analyser (PCSA) configuration to perform Mueller matrix
spectroscopy. Such an instrument can record 11, i.e. the first three
rows out of the 15 elements of a normalized Mueller matrix. We
can deduct the missing fourth row of the matrix by symmetry
considerations to obtain a complete (4 x4) Mueller matrix M,
as it was verified for selected samples in a full Mueller matrix
ellipsometer. Details on the experiment are given in the Methods
section. After calculating the matrix logarithm of M, the differ-
ential Mueller matrix L has the following symmetry for non-
depolarizing samples:>>~>7

0 —-LD -—-LD’ CD
—LD 0 CB LB’
L=In(M) = , (1)
—LD’ —CB 0 —LB
CD -LB LB 0

For transmission of light along a homogeneous medium the six
independent parameters have the following physical interpreta-
tion: CD, circular dichroism; CB, circular birefringence; LD,
horizontal linear dichroism; LB, horizontal linear birefringence;
LD’, 45° linear dichroism; LB’, 45° linear birefringence.

The circular dichroism value CD is extracted from the
differential Mueller matrix elements by:

CD = (lo3 + L) /2 2)
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Fig. 3 Unpolarized optical properties of ProSQ-C16 thin films. (a) Total
absorbance spectra —log(T) of spin-casted ProSQ-C16 thin films on glass,
with thicknesses around 25 nm, thermally annealed at the indicated
temperatures. Annealing at 120 °C, 180 °C and 210 °C results in similar
spectra, and for clarity of the presentation only the absorbance measured at
180 °C is shown. Gray arrows are to guide the eye to see the evolution of
the H- and J-band with annealing temperature. Above the graph
photographs of selected samples annealed at the indicated temperatures
are shown. b Effective real and imaginary part of the dielectric function ¢’ =
n?2—k? and &'’ = 2nk, respectively, for ProSQ-C16 thin films annealed at
180 °C

and the ellipticity 0 can be calculated according to:

cD _
0 = arctan (e 1) (3)

el + 1

For CD values <0.5 rad the usual approximation for ellipticity:
6=CD/2 (4)
is accurate. While CD scales linear with pathlength (layer

thickness) 6 is only linear within this small value approximation,
see Supplementary Fig. 6. Therefore, we chose in the following to

present our data in values of CD or CD per nm and not ellipticity
(per nanometer).

The calculated differential Mueller matrices of typical samples
annealed at 180 °C are presented in Fig. 4 for the (R R)-enantiomer
and in Fig. 5 for the (§,S)-enantiomer of ProSQ-C16. Their differential
Mueller matrices agree well with the matrix symmetry in Eq. (1). The
linear anisotropies of both samples are orders of magnitudes below
the circular anisotropies, thus the anti-diagonal elements resemble the
true, extraordinary large CB and CD of the samples. This is in
coincidence with the microscopic inspections, cf. Fig. 2, not showing
preferential in-plane ordering nor birefringence for the ProSQ-C16
thin films. Sample flipping to measure the Mueller matrix through the
glass support results in congruent data sets, see Supplementary Fig. 7.
Additionally, our thin film samples do not exhibit any measurable CP
Bragg reflection, which has its origin in structural ordering”>>’. This
has been validated by performing Mueller matrix scans in reflection,
Supplementary Fig. 8.

A strong, intrinsic CD signal is now associated with the J-band
absorbance, while the weak H-band is CD-silent, see ly; and
Ly within the differential Mueller matrices in Figs. 4 and 5.
Interestingly, the line shape of the CD band is no longer
proportional to the first derivative of the absorbance band, i.e. no
clear bisignate couplet forms, even though the resonance is caused
by strong exciton coupling>>4>°8, However, the CD spectrum is still
conservative, i.e. the spectral integral over the CD peak including
the wider side bands approaches zero, see Supplementary Fig. 9.

The net Cotton effect is positive for the (R,R)-enantiomer
meaning that it absorbs left circularly polarized light more strongly,
while the net Cotton effect is negative for the (S,S)-enantiomer
indicative for a preferential absorption of right circularly light. The
CD-signal increases with increasing annealing temperature until it
saturates and finally vanishes due to disruption of the thin film. The
trend is depicted in Fig. 6a. While the J-band absorbance already
saturates at 120°C annealing, the long range coupling of the
excitonic CD-signal further increases up to 180 °C annealing®”. In
Fig. 6b a collection of thickness normalized CD spectra of thin films
annealed at the optimum temperature of 180°C for both
enantiomers are plotted. In addition to the experimental variance
in peak maximum, we can see a trend that the sharp peak shifts
from 780nm to slightly longer wavelength with increasing layer
thicknesses. The (R,R)-ProSQ-C16 performs better reaching (1000
+120) mdeg/nm while the maximum ellipticity of the (S,S)-ProSQ-
Cl16 amounts only to (—650+ 100) mdeg/nm under optimum
annealing conditions. This is due to a lower enantiomeric purity
resulting in inferior optical activity related performance most
evident for the thin films. The (S,S)-enantiomer has an admixture of
2% of both the (R,R)-enantiomer and the (R,S)-diastereomer, which
was evidenced by analytical chiral high-performance liquid
chromatography (HPLC), see Supplementary Fig. 2 and explanation
in Supplementary Note 2 for full details. While in solution the
enantiomeric impurities will not reach the concentration threshold
for self-aggregation, in the solid state they must somehow be
integrated into the film at the expense of homochirality. All other
(optical) properties, not connected to chirality, remain unaffected.

For an ultimate quantitative assessment of the optical activity,
we calculate the dissymmetry factor g%2 for thin films annealed
at 180 °C by normalizing the CD in units of absorbance AAbs®?
to the unpolarized absorbance of the sample. Note that we use
Abs = —log(T) for the absorbance, while A stands for the
absorption. The differential circular absorbance of left (LCP)
and right (RCP) CP light is calculated by:

2
AAbs”? = Abs"? — Abs"“P =

~In(10) D (%)

with CD according to Eq. (2).
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Fig. 4 Mueller matrix spectroscopy. Calculated differential Mueller matrix L of (R,R)-ProSQ-C16 annealed at 180 °C with 16 nm film thickness. The
assignment of the matrix elements is according to Eqg. (1) in units of radian vs. wavelength in nm. The element /oo equals zero and is omitted. Note that the

scaling of the axes for the linear anisotropies is smaller by a factor of ten

The apparent dissymmetry factor g,;, is obtained by:

AAbs®?
Sap = Apgmes

(6)
with Abs™¢?S being the measured absorbance of the sample. For
highly reflective thin film samples as the ProSQ-C16 samples, the
measured absorbance must be corrected for reflection losses at
the interfaces. We obtain this reflection corrected absorbance
Abs®" for our ProSQ-C16 samples by a simple approach: The
measured absorbance at its maximum at 780 nm is plotted against
layer thickness d and fitted linearly. The obtained slope is
proportional to the absorption coefficient a according to:

—Abs™* = _log(1 — R)* + %y

In(10) ()
where (1—R)? summarizes reflection losses at all interfaces for
a free-standing film not accounting for coherent thin film
interference®®. To warrant this model to be sufficient, we provide
further details in Supplementary Note 3 and Supplementary
Fig. 10. The reflection-corrected absorbance Abs®’ is then
obtained by multiplying the slope of the linear fit with the layer
thickness of interest. This value then replaces the measured
absorbance in Eq. (6) to give the true dissymmetry factor gi e

AAbs®F
8true = ji_cor (8)
Abs

which is an intensive quantity, independent of the film
thickness??. Note that the differential reflectivity of CP light is

zero under normal incidence for true = intrinsic chirality and the
absence of CP Bragg reflection, thus AAbs®" does not require any
reflection correction®3.

The unpolarized maximum absorbance at 780 nm for 180 °C
annealing is plotted in Fig. 6¢ for both enantiomers as a function
of layer thickness. For determining the reflection corrected
absorbance Abs“®" according to Eq. (7) we fit only data points for
an intermediate thickness range. A deviation from the simple
model is noticeable for very thin layers (thinner than 5nm) and
thick layers (thicker than 50 nm). For thicknesses above 60 nm
the films become opaque around 780 nm, see Supplementary
Fig. 11 and are therefore not considered in our experiments.

In Fig. 6d the apparent and the true dissymmetry factors for
both enantiomers for varying layer thicknesses are plotted. The
data correspond to Fig. 6b. Thus, the peak maximum of AAbsC?
is subjected to the same spectral shift, however, for simplicity we
speak about the spectral position being at around 780 nm in the
following. Obviously, g,, scales with layer thickness (patterned
pink squares and patterned light green circles, respectively), while
Zirue (filled lilac squares and filled green circles, respectively) is
thickness independent. Thus, our proposed reflection-correction
remediates the artifactual thickness dependence of g.,. When
averaging over the data points for gy, in Fig. 6d the true
dissymmetry factor amounts to 0.75+0.07 for the (RR)-
enantiomer (lilac filled squares) and to —0.45+0.05 for the
(S,S)-enantiomer (green filled circles), respectively. This inferior
performance of the (S,S)-enantiomer is consistent with thickness
normalized ellipticity values. For intrinsic CD, the dissymmetry
factor is expected to be independent of layer thickness. This is
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Fig. 5 Mueller matrix spectroscopy. Calculated differential Mueller matrix (L) of (5,5)-ProSQ-C16 annealed at 180 °C with 20 nm film thickness. The
assignment of the matrix elements is according to Eq. (1) in units of radian vs. wavelength in nm. The element Ioo equals zero and is omitted. Note that the

scaling of the axes for the linear anisotropies is smaller by a factor of ten

actually the case within the experimental error. However, a linear
fit through the data points suggests a slightly increasing giue-
value with layer thickness. Possibly, this can be attributed to
simplicity of the model for obtaining the reflection-corrected
absorbance and additional experimental uncertainties. To the best
of our knowledge, a correction for reflection losses resulting in a
larger true dissymmetry factor than the apparent has not been
documented previously.

Discussion

In the literature the g-value is commonly overestimated and needs
to be corrected to smaller values to get the true g-value. This is
because the measured CD signal is superimposed and artifactually
increased by linear dichroism or amplified by mesoscopic
structural ordering manifesting in thickness dependent circular
Bragg reflection. The latter has been documented for spincasted
and thermally annealed thin films of poly-paraphenylene-
ethynylene!® reaching a g-value of —0.38 and for poly-fluorenes
even scoring —0.8% or —122. These values are clearly identified by
the authors as apparent dissymmetry factors due to mesoscopic
structural ordering, which is absent in our ProSQ-C16 samples.
The true dissymmetry factor reduces to 103 (note the change in
sign) for the poly-fluorene samples®. Typical dissymmetry values
for organic semiconductor thin films such as poly->"°° and oligo-
thiophenes?® range between 1073 to 1072, These are one to two
orders of magnitude below the values of the annealed ProSQ-C16
thin films. For a detailed comparison we provide a table in
the Supplementary information itemizing several recent pub-
lications on organic thin films, Supplementary Tab. 1.

However, these data are not acquired under the same condi-
tions. Mostly they are measured by conventional CD spectro-
meters. Furthermore, no information about the dielectric
function is given. Therefore, we characterized spincasted and
thermally annealed thin films of a phenyl-bithiophene with chiral
dimethylethylamine functional groups shortly named (S,S)-
NPTTPN by Mueller matrix spectroscopy and ellipsometry in our
labs. The molecular structural appearance of NPTTPN is similar
to the ProSQ-C16 giving one reason for its selection. For details
on the NPTTPN see Supplementary Note 6 and Supplementary
Figs. 12 and 13. The NPTTPN thin films are free from meso-
scopic structural ordering just as in case of the ProSQ-C16. As a
marked difference the NPTTPN films show spectral signatures of
weakly coupling H-aggregates, Supplementary Fig. 12c, instead of
strongly coupling J-aggregates. However, both types are excitonic
molecular aggregates, and the excitonic character of the optical
response of the NPTTPN is also visible in the CD spectra, Sup-
plementary Fig. 12e. The thickness normalized CD approximates
to 1 mdeg/nm and the apparent dissymmetry factor g,, to
maximum values of +5x 10~3, Supplementary Fig. 12d and f.
Thus, the excitonic origin of the CD signal alone in the absence of
linear dichroism and Bragg reflection is not sufficient to boost the
g-value. This typical excitonic CD signal of our NPTTPN thin
films is by a factor of 150 smaller than the maximum CD values
of our ProSQ-C16 samples. The weak excitonic coupling of the
NPTTPN thin films is certainly not large enough to translate into
a partially negative real permittivity, Supplementary Fig. 13, as it
is the case for the ProSQ-C16 material. Therefore, no “excitonic
amplification” of the CD can be expected for the NPTTPN. Thus,
the exceptionalism of the ProSQ-C16 material lies in the fact of
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Fig. 6 Thickness and absorbance normalized circular dichroic properties of ProSQ-C16 thin films. a Averaged maximum values of thickness normalized CD
for varying annealing temperatures of (R,R)- and (S,5)-ProSQ-C16 thin films. The error bars are standard deviations. b Collection of thickness normalized
CD spectra for thin films of varying thicknesses annealed at 180 °C. The layer thickness is color-coded as stated in the legend. ¢ Unpolarized absorbance
Abs™Me3S ys, |ayer thickness. Data are peak values at around 780 nm from samples annealed at 180 °C. The unpolarized absorbance is valid for both
enantiomers. From the linear fit of Abs according to Eq. (7) the reflection corrected absorbance Abs®" is calculated. d Maximum apparent and true
dissymmetry factors g., and gy according to Egs. (6) and (8), respectively, at 780 nm against layer thickness for samples annealed at 180 °C. Straight
lines in ¢ and d are linear fits to the data points. Data in b and d are from the same samples and thus are convertible. Error bars are inferred from the
experimental uncertainties of the measurements and are not standard deviations

showing a giant intrinsic CD not amplified by mesoscopic
structural ordering but arising from the site of optical excitation.
Here, the strong coupling of the molecular J-aggregates plays a
crucial role, more precisely the large oscillator strength of the
excitonic transition*?, The real part of the dielectric function
becomes negative over a small wavelength range just below the
circular dichroic exciton resonance, see Fig. 3b. This feature is
largely underexplored for organic matter even though it allows for
resonant and bound electromagnetic modes within that range
such as exciton-polaritons*®~>! possibly triggering novel concepts
within the field of organic chiroptics. To conclude this work, we
turned the spotlight on naturally homochiral squaraine based
compounds and their ability to form strongly coupled J-
aggregates to obtain an exceptionally high intrinsic CD in tech-
nologically applicable thin films. For that, we employ the pow-
erful technique of Mueller matrix spectroscopy, to measure CD of
thin films quantitatively and free from artifacts. Yet a correction
for reflection losses due to the thin film nature is required to
determine the true dissymmetry factor. A quantum chemical
model is desirable for deeper understanding of the origin of the
extraordinary strong CD. For now, we provide a new small
molecular benchmark material for the development of organic
thin film based chiroptics with a uniquely high CD rooted in a
large oscillator strength of the J-type excitonic optical transitions
and not in mesoscopic structural ordering.

8

Methods

Titration experiments. Stock solutions with concentrations of ¢ = 0.175 mM
were prepared of both ProSQ-C16 enantiomers by dissolving 1.65 mg of the
respective enantiomer in chloroform in 10 mL graduated flasks. For

each measurement 0.1 mL of the respective stock solution were transferred

into a 10 mm Hellma quartz cuvette and subsequently diluted with 3 mL of a
chloroform-acetonitrile mixture to give a concentration of ~5.7 uM. For the
solvent mixture the acetonitrile volume percentage is indicated ranging from
70% to 100% in steps of three. Cuvettes were gently shaken three times for
equilibration and immediately measured. CD spectra were recorded with a Jasco
J-810 spectro-polarimeter with 0.1 nm step size, 500 nm/min scan speeds, and 1 nm
bandwidth. The instrument was calibrated with a reference sample in advance.
UV-vis spectra were recorded on an Analytik Jena AG Specord 200 spectrometer
with 0.2 nm step size.

Thin film sample preparation. (S,5)-ProSQ-C16 or (R,R)-ProSQ-C16 was
dissolved in amylene stabilized chloroform (Aldrich, reagent grade), typically to
give concentrations of 3 to 6 mg/mL. Thin films were prepared by spincoating for
60 s with varying rotation speeds and acceleration (1500 rpm, ramp 5; 3000 rpm,
ramp 3; 4000 rpm, ramp 1) on 15 x 15 mm? glass substrates cut from VWR
objective slides. Samples were subsequently thermally annealed for 90 min at the
indicated temperatures. Preparation took place under inert atmosphere in a
nitrogen filled glove box.

Optical and atomic force microscopy. Atomic force microscopy (AFM) images
were recorded either in contact mode with an Agilent 5420 AFM equipped with a
BudgetSensors Contact-G Al cantilever, or in intermittent contact mode with a JPK
NanoWizard AFM (BudgetSensors Tap-300G, resonance frequency 300 kHz, force
constant 40 N/m, tip radius <10 nm, and Nanosensors SSS-NCH, resonance
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frequency 330 kHz, force constant 42 N/m, tip radius <5 nm) in combination with
an inverted optical microscope (Nikon Eclipse TE 300) to image the very same
sample region characterized by optical means before. Other optical microscopy
images in darkfield mode or between crossed polarizers were obtained with an
Olympus BX41 in reflection equipped with a DP12 digital camera. For bireflection
microscopy, a Leica DMRME polarization microscope is used. Samples are rotated
in between two crossed polarizers by a computer controlled rotation stage (see
Supplementary Movies 1 and 2).

Mueller matrix ellipsometry. A Woollam variable angle spectroscopic ellips-
ometer (VASE) with a polarizer-compensator-sample-analyzer (PCSA) config-
uration and beam diameter of ~2 mm was used to determine optical constants, as
well as to measure Mueller matrices, transmission spectra, and to determine layer
thicknesses on the same spot on the sample by keeping the sample mounted in the
same position in the sample holder.

Transmission data with linear s- and p-polarized light were measured in normal
incidence and resulted in essentially the same transmission curves, which were
therefore considered to resemble the unpolarized transmission. This was also
validated by measurements in a conventional Cary 100 UV-Vis spectrometer with
unpolarized beam. Absorbance equals Abs = —log(T). As expected for a sufficiently
non-depolarizing sample, the global extinction is the same for polarized and
unpolarized light.

Standard isotropic ellipsometry ¥ and A data were acquired in reflection at
varying angles of incidence ranging from 25° to 65° in 10° steps with spectral
resolution of 5nm. Data were fitted in the transparent infrared spectral regime
from 1000 to 1700 nm by a Cauchy layer with the vendor’s software WVASE32 to
give the layer thickness, which was spot checked by AFM. Effective optical
constants were obtained by extending the Cauchy model by a point-by-point fit
over the complete spectral range. Normal incidence transmission data and s- and
p-polarized reflection at 15° angle of incidence were included in the fitting. The
MSE was smaller than 1, but the quality of the fit was ultimately assessed by how
well the transmission and reflection data were reproduced. Either incoherent
backside reflections from the glass substrate were considered in the fit routine, or
the glass substrate backside was covered with milky Scotch tape during
measurement.

We can record 11, i.e. the first three rows, out of the 15 normalized
elements of the (4 x 4) Mueller matrix M with our single-compensator
ellipsometer (PCSA configuration) by performing normal incidence
transmission generalized ellipsometric scans. The Mueller matrix data are
normalized to mg. For determination of CD, scans were performed in
normal incidence transmission with the monochromator entrance slit
narrowed to 600 um to reach a 2 nm spectral resolution. For cross validation
purposes, additional Mueller matrix spectroscopy transmission measurements
on a selected set of samples were done with a 4 photoelastic modulator
(4-PEM) polarimeter(’l. This instruments measures all 15 elements of the
normalized Mueller matrix simultaneously. Data comparison between both
instruments was in good agreement and showed that, for these samples,
we could deduct the missing matrix row by symmetry considerations. Finally,
we can extract the CD spectrum from the differential Mueller matrix L, i.e. the
matrix logarithm of M. The calculation is done in Matlab using the “logm”
command. For a non-depolarizing system, the differential Mueller matrix
the symmetry shown in Eq. (1). The element [y, equals zero, because the
original matrix M comes normalized to mgo. The other diagonal elements
referring to the extinction properties of the sample can be affected by
depolarization®. The anti-diagonal elements, resembling the circular
anisotropic properties CB and CD of the sample, cannot be distorted by linear
anisotropic effects, i.e. LD and LB, such as happens in conventional CD and CB
spectroscopy methods®®. We assess depolarization effects and prove them to be
insignificant. For that, we use the Jones matrix quality factor Qjy;, which is output
by the ellipsometer together with the measured 11 Mueller matrix elements®?.
Normalized Qjy spectra for all annealing temperatures are shown in
Supplementary Fig. 14.

Data availability. The data that support the findings of this study are available
from the corresponding author on reasonable request.

Received: 21 December 2017 Accepted: 18 May 2018
Published online: 20 June 2018

References

1. Michaeli, K., Kantor-Uriel, N., Naaman, R. & Waldeck, D. H. The electron’s
spin and molecular chirality—how are they related and how do they affect life
processes? Chem. Soc. Rev. 45, 6478-6487 (2016).

2. Yang, Y. et al. Emergent properties of an organic semiconductor driven by its
molecular chirality. ACS Nano 11, 8329-8338 (2017).

10.

11.

13.

14.

15.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Fronk, S. L. et al. Effect of chiral 2-ethylhexyl side chains on chiroptical
properties of the narrow bandgap conjugated polymers PCPDTBT and
PCDTPT. Chem. Sci. 7, 5313-5321 (2016).

Brandt, J. R., Salerno, F. & Fuchter, M. J. The added value of small-molecule
chirality in technological applications. Nat. Rev. Chem. 1, 1-12 (2017).
Keene, F. R. ed. Chirality in Supramolecular Assemblies: Causes and
Consequences. (Wiley, Chichester, UK, 2016).

Berova, N., Nakanishi K. and Woody R. Circular Dichroism: Principles And
Applications 2nd edn, Vol. 2 (Wiley, New York, 2000).

Gilot, J. et al. Polymer photovoltaic cells sensitive to the circular polarization
of light. Adv. Mater. 22, E131-E134 (2010).

Di Nuzzo, D. et al. High circular polarization of electroluminescence achieved
via self-assembly of a light-emitting chiral conjugated polymer into
multidomain cholesteric films. ACS Nano 11, 12713-12722 (2017).

Kim, Y. et al. Reconfigurable chiroptical nanocomposites with chirality
transfer from the macro- to the nanoscale. Nat. Mater. 15, 461-468 (2016).
Roche, C. et al. A supramolecular helix that disregards chirality. Nat. Chem. 8,
80-89 (2016).

Yang, Y., Zhang, Y. & Wei, Z. Supramolecular helices: chirality transfer
from conjugated molecules to structures. Adv. Mater. 25, 6039-6049

(2013).

Castriciano, M. A., Gentili, D., Romeo, A., Cavallini, M. & Scolaro, L. M.
Spatial control of chirality in supramolecular aggregates. Sci. Rep. 7, 44094
(2017).

Plum, E. et al. Metamaterials: optical activity without chirality. Phys. Rev. Lett.
102, 113902 (2009).

Kim, C.-J. et al. Chiral atomically thin films. Nat. Nanotechnol. 11, 520-524
(2016).

Bensalah-Ledoux, A. et al. Large-scale synthesis of helicene-like molecules for
the design of enantiopure thin films with strong chiroptical activity. Chem.
Eur. J. 22, 3333-3346 (2016).

Nowacki, B. et al. Design and synthesis of polymers for chiral photonics.
Macromolecules 46, 7158-7165 (2013).

San Jose, B. A., Matsushita, S. & Akagi, K. Lyotropic chiral nematic liquid
crystalline aliphatic conjugated polymers based on disubstituted polyacetylene
derivatives that exhibit high dissymmetry factors in circularly polarized
luminescence. J. Am. Chem. Soc. 134, 19795-19807 (2012).

Wilson, J. N. et al. Chiroptical properties of Poly(p-phenyleneethynylene)
copolymers in thin films: large g-values. J. Am. Chem. Soc. 124, 6830-6831
(2002).

Craig, M. R., Jonkheijm, P., Meskers, S. C. J., Schenning, A. P. H. J. & Meijer,
E. W. The chiroptical properties of a thermally annealed film of chiral
substituted polyfluorene depend on film thickness. Adv. Mater. 15, 1435-1438
(2003).

Albano, G., Lissia, M., Pescitelli, G., Aronica, L. A. & Bari, L. D.

Chiroptical response inversion upon sample flipping in thin films of a chiral
benzo(1,2-b:4,5-b’]dithiophene-based oligothiophene. Mater. Chem. Front. 1,
2047-2056 (2017).

Lakhwani, G., Koeckelberghs, G., Meskers, S. C. J. & Janssen, R. The
chiroptical properties of chiral substituted poly[3-((3s)-3,7-dimethyloctyl)
thiophene] as a function of film thickness. Chem. Phys. Lett. 437, 193-197
(2007).

Lakhwani, G. & Meskers, S. C. J. Insights from chiral polyfluorene

on the unification of molecular exciton and cholesteric liquid crystal
theories for chiroptical phenomena. J. Phys. Chem. A 116, 1121-1128
(2011).

Arteaga, O. Natural optical activity vs circular Bragg reflection studied by
Mueller matrix ellipsometry. Thin Solid Films 617, 14-19 (2016).

Watanabe, K., Sun, Z. & Akagi, K. Interchain helically 7-stacked assembly
of cationic chiral poly (para-phenylene) derivatives enforced by anionic
n-conjugated molecules through both electrostatic and 7--7 interactions.
Chem. Mater. 27, 2895-2902 (2015).

Castiglioni, E., Biscarini, P. & Abbate, S. Experimental aspects of solid state
circular dichroism. Chirality 21, E28-E36 (2009).

Harada, T. and Moriyama, H. Solid-State Circular Dichroism Spectroscopy.
Encyclopedia of Polymer Science and Technology. (Wiley, New York, 2013).
Pérez, J. J. G. & Ossikovski, R. Polarized Light and the Mueller Matrix
Approach. (CRC Press, Boca Raton, 2016).

Schulz, M., Mack, M., Kolloge, O., Liitzen, A. & Schiek, M. Organic
photodiodes from homochiral L-proline derived squaraine compounds with
strong circular dichroism. Phys. Chem. Chem. Phys. 19, 6996-7008 (2017).
Stoll, R. S., Severin, N., Rabe, J. P. & Hecht, S. Synthesis of a novel chiral
squaraine dye and its unique aggregation behavior in solution and in self-
assembled monolayers. Adv. Mater. 18, 1271-1275 (2006).

Lambert, C. et al. Energy transfer between squaraine polymer sections: from
helix to zigzag and all the way back. J. Am. Chem. Soc. 137, 7851-7861 (2015).
Liu, M., Zhang, L. & Wang, T. Supramolecular chirality in self-assembled
systems. Chem. Rev. 115, 7304-7397 (2015).

| (2018)9:2413 | DOI: 10.1038/541467-018-04811-7 | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Pescitelli, G., Bari, L. D. & Berova, N. Application of electronic circular
dichroism in the study of supramolecular systems. Chem. Soc. Rev. 43,
5211-5233 (2014).

Spano, F. C. Analysis of the UV/Vis and CD spectral line shapes of carotenoid
assemblies: spectral signatures of chiral H-aggregates. J. Am. Chem. Soc. 131,
4267-4278 (2009).

Brixner, T., Hildner, R., Kéhler, J., Lambert, C. & Wiirthner, F. Exciton
transport in molecular aggregates—from natural antennas to synthetic
chromophore systems. Adv. Energy Mater. 7, 1700236 (2017).

Simonyi, M., Bikddi, Z., Zsila, F. & Deli, ]. Supramolecular exciton chirality of
carotenoid aggregates. Chirality 15, 680-698 (2003).

Resta, C., Pescitelli, G. & Di Bari, L. Natural a-amino acid-functionalized poly
(phenyleneethynylene)s (PPEs): synthesis and chiroptical characterization of
aggregate states. Macromolecules 47, 7052-7059 (2014).

van Dijk, L., Bobbert, P. A. & Spano, F. C. Extreme sensitivity of circular
dichroism to long-range excitonic couplings in helical supramolecular
assemblies. J. Phys. Chem. B 114, 817-825 (2010).

Wiirthner, F. et al. Perylene bisimide dye assemblies as archetype functional
supramolecular materials. Chem. Rev. 116, 962-1052 (2016).

Marty, R,, Frauenrath, H. & Helbing, J. Aggregates from perylene bisimide
oligopeptides as a test case for giant vibrational circular dichroism. J. Phys.
Chem. B 118, 11152-11160 (2014).

Li, C.-H. et al. Chiral amplification in one-dimensional helical nanostructures
self-organized from phenylethynyl thiophene with elaborated long-chain
dicarboxamides. J. Org. Chem. 76, 5524-5530 (2011).

Yashima, E. et al. Supramolecular helical systems: helical assemblies of small
molecules, foldamers, and polymers with chiral amplification and their
functions. Chem. Rev. 116, 13752-13990 (2016).

Markova, L. I, Malinovskii, V. L., Patsenker, L. D. & Héner, R. J- vs. H-type
assembly: pentamethine cyanine (Cy5) as a near-IR chiroptical reporter.
Chem. Commun. 49, 5298-5300 (2013).

Balzer, F. et al. Spotlight on exciton coupling in polymorphic and textured
anilino squaraine thin films. Cryst. Growth Des. 17, 6455-6466 (2017).
Kasha, M., Rawls, H. & El-Bayoumi, M. The exciton model in molecular
spectroscopy. Pure Appl. Chem. 11, 371-392 (1965).

Hestand, N. J. & Spano, F. C. Molecular aggregate photophysics beyond the
Kasha model: novel design principles for organic materials. Acc. Chem. Res.
50, 341-350 (2017).

Spano, F. C. The spectral signatures of Frenkel polarons in H- and
J-aggregates. Acc. Chem. Res. 43, 429-439 (2010).

Kistler, K. A., Pochas, C. M., Yamagata, H., Matsika, S. & Spano, F. C.
Absorption, circular dichroism, and photoluminescence in perylene diimide
bichromophores: polarization-dependent H-and J-aggregate behavior.

J. Phys. Chem. B 116, 77-86 (2011).

Tristani-Kendra, M. & Eckhardt, C. J. Influence of crystal fields on the
quasimetallic reflection spectra of crystals: optical spectra of polymorphs of a
squarylium dye. J. Chem. Phys. 81, 1160-1173 (1984).

Gu, L, Livenere, J., Zhu, G., Narimanov, E. E. & Noginov, M. Quest for
organic plasmonics. Appl. Phys. Lett. 103, 021104 (2013).

Gentile, M. J., Nufiez-Sanchez, S. & Barnes, W. L. Optical field-enhancement
and subwavelength field-confinement using excitonic nanostructures. Nano
Lett. 14, 2339-2344 (2014).

Woo, B. H.et al. Dispersion control of excitonic thin films for tailored
superabsorption in the visible region. ACS Photonics 4, 1138-1145 (2017).
von Berlepsch, H., Moller, S. & Diahne, L. Optical properties of crystalline
pseudoisocyanine (PIC). J. Phys. Chem. B 105, 5689-5699 (2001).
Wiirthner, F., Kaiser, T. E. & Saha-Méller, C. R. J-aggregates: from
serendipitous discovery to supramolecular engineering of functional dye
materials. Angew. Chem. Int. Ed. 50, 3376-3410 (2011).

Kopainsky, B., Hallermeier, J. & Kaiser, W. The first step of aggregation of
PIC: the dimerization. Chem. Phys. Lett. 83, 498-502 (1981).

Arteaga, O. Number of independent parameters in the Mueller matrix
representation of homogeneous depolarizing media. Opt. Lett. 38, 1131-1133
(2013).

Arteaga, O. & Kahr, B. Characterization of homogenous depolarizing media
based on Mueller matrix differential decomposition. Opt. Lett. 38, 1134-1136
(2013).

Mendoza-Galvan, A. et al. Mueller matrix spectroscopic ellipsometry study of
chiral nanocrystalline cellulose films. J. Opt. 20, 024001 (2018).

58. Kobayashi, N. Handbook of Porphyrin Science Vol. 7, (eds Kadish, K. M.,
Smith, K. M. & Guilard, R.) (147-245. World Scientific Publishing Company,
Singapur, 2010).

59. Stenzel, O. The Physics of Thin Film Optical Spectra: An Introduction
(Springer, 2016).

60. Langeveld-Voss, B., Janssen, R. & Meijer, E. On the origin of optical activity in
polythiophenes. J. Mol. Struct. 521, 285-301 (2000).

61. Arteaga, O., Freudenthal, ], Wang, B. & Kahr, B. Mueller matrix polarimetry
with four photoelastic modulators: theory and calibration. Appl. Opt. 51,
6805-6817 (2012).

62. Hilfiker, J. N. et al. Estimating depolarization with the Jones matrix quality
factor. Appl. Surf. Sci. 421, 494-499 (2016).

Acknowledgements

We thank Prof. Dr. J. Parisi (head of Energy and Semiconductor Laboratory Division,
University of Oldenburg) most sincerely for his shared-labs policy thereby providing
access to a variety of state-of-the art equipment including technical support. We thank
Andreas J. Schneider, University of Bonn, for conducting the analytical HPLC separation.
The DFG-funded Research Training Group 1885 “Molecular Basis of Sensory Biology” is
acknowledged for funding.

Author contributions

M.Schulz did the synthesis of ProSQ-C16 and collected analytical data, summarized all
analytical data, conducted the titration experiments, provided graphs for the manuscript,
and searched the literature for benchmarking of the ellipticity. J.Z. contributed to
synthesis, collection of analytical data and titration experiments. O.S.A. contributed to
sample preparation and did the contact mode AFM measurements. S.B. did the synthesis
of NPTTPN and collected and summarized all analytical data. F.B. did the intermittent
contact mode AFM measurements, polarized microscopy, calculation of optical spectra,
typesetting of manuscript, was involved in data discussion, and contributed to manu-
script writing. A.L. supervised M.Schulz and J.Z. and did proofreading of the manuscript.
O.A. conducted the 4-PEM Mueller matrix spectroscopy, provided the concept of
reflection-corrected absorbance, was deeply involved in data discussion and contributed
to manuscript writing. M.Schiek initiated the experiments, prepared samples, did all
single-compensator Mueller matrix spectroscopy and transmission measurements and all
data analysis thereof, measured and fitted the spectroscopic ellipsometry data, recorded
(polarized) optical microscopy images, prepared all figures, and wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-04811-7.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

| (2018)9:2413| DOI: 10.1038/541467-018-04811-7 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-018-04811-7
https://doi.org/10.1038/s41467-018-04811-7
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Giant intrinsic circular dichroism of prolinol-derived squaraine thin films
	Results
	Early stage supramolecular aggregation in solution
	Morphology and unpolarized optical properties of thin films
	Circular dichroic optical properties of thin films

	Discussion
	Methods
	Titration experiments
	Thin film sample preparation
	Optical and atomic force microscopy
	Mueller matrix ellipsometry
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




