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ABSTRACT.

Chiral molecule-based organic thin films are of increasing interest in optoelectronics and light
technologies where the development of isotropic neat films of chiral molecules is important for
practical applications. Understanding the chiroptical responses of dense molecular aggregates
often becomes challenging due to the reflection or scattering of light arising from significant
reflectivity changes at the excitonic transition. Furthermore, the combination of linear
birefringence (LB) and linear dichroism (LD) from micro- to mesoscopic ordering is a potential
source of artifacts. Here we report the circular dichroism (CD) of optically isotropic neat films of
a new BODIPY—BINOL conjugate (O-BODIPY) which reveals a negligible LD-LB contribution
as measured with both conventional methods and Mueller polarimetry. A 5-fold increase in the
anisotropy factor in the neat film relative to the solution is explained by intermolecular exciton
coupling. Time-dependent density functional theory calculations of possible intermolecular
geometries induced in the film indicate the formation of short-ordered structures in the isotropic
film with the help of combined chiral units. These results provide insight into chiral light—matter
interactions, which are currently at the core of many fundamental discussions and promising

chiroptical applications.



KEYWORDS Chiral molecule, Circular dichroism, Exciton coupling, Mueller polarimetry

Chiral light—matter interactions that exploit the spin angular momentum of light in relation
to specific electronic transitions of matter have attracted much attention for potential applications,

such as biosensing,l_4 chemical syn‘[hesis,s’6 and the development of new optical devices.” 10

The strength of the light—matter interactions is determined by the real and imaginary parts of the
refractive index of the materials. In regard to chiroptical signatures, chiral features can be
controlled by the molecular structure and the macroscopic ordering. Recent advances in
synthesizing chiral molecular systems ranging from small molecules to large supramolecular
assemblies provide new strategies to put to work the intimate relationship between such molecular

structures and chiroptical responses, paving the way for handedness selective manipulation of

light.1°

Circular dichroism (CD) is a standard chiroptical property of molecular-based chiral
materials, with an associated spectrum that is dependent on molecular structures and

intermolecular interactions. Since CD depends on absorption, i.e., optical path length, the
absorption dissymmetry factor gabs (Where gas =2(AL — AR)/(AL + AR)) is also used to evaluate
the intrinsic chiroptical response. Typical CD values for usual molecules are weak, resulting in
. —4 -3 11,12 . .
Zabs values in the range of 10 " to 10 -, where AL and AR denote the respective absorption

of left- and right-handed light, respectively, through the chiral material. The CD value is related

to the rotational strength Regll

Reg = Im({glile) - {e|m|g)) (1)



that involves the imaginary part of the scalar product of the electric and magnetic dipoles induced

by light, where ji and m refer to the magnetic and electric dipole operators, respectively, taken
between the ground (g) and excited (e) states. To get a nonvanishing Reg, a simple strategy is to

13-19

combine a m-conjugated system with a chiral moiety, which produces a magnetic dipole

moment along the same direction as the electric one.

Recently, Sanchez-Carnerero et al. demonstrated that a conjugate of an achiral BODIPY

with a chiral BINOL (O-BODIPY) shows both CD and circularly polarized light emission in the

visible range above wavelengths of 500 nm.'# Thanks to the simplicity of the synthesis, a new
variety of O-BODIPY compounds has been developed that absorbs light from the ultraviolet to the

near-infrared ranges of the optical spectrum.zo_25

In condensed molecular aggregates, where more than two chromophores are close to each

other, exciton coupling also contributes to nonvanishing Reg. The CD derived from exciton

coupling shows a bisignated spectmm.26 Since the sign and intensity of the spectrum are correlated

with the intermolecular geometries and dipolar interactions, a series of chiral molecular systems
has been designed to search for optimal chiroptical responses.11 Importantly, effective usage of

exciton coupling has recently enabled reaching gaps values larger than 1072,27 which are much

larger than the typical values of isolated chiral molecules (gabs < 10_3). To further optimize such

systems for practical applications, it is essential to understand the relationship between the



molecular structure and the optical response, including the electronic structure in aggregated

phases.28

Strong chiral light—matter interactions in organic neat films have the potential to allow for
the manipulation of the polarization properties of light at the nanoscale. However, the nature of

the film requires the careful assessment of its polarimetric properties with respect to potential

29-32

artifacts. Microscopic to mesoscopic ordering of dense molecular aggregates indeed results

in optical anisotropic features such as linear birefringence (LB) and linear dichroism (LD) that can

contaminate circular dichroism (CD) and birefringence (CB) signals, as observed already in

31,33

polymer films. In addition, reflection and scattering at the film—air interface lead to an

overestimation of the absorption and to a potential limitation of depolarization effects, respectively.

To fully characterize samples including depolarization, Mueller matrix polarimetry has been

introduced as the right methodology.34737 Thickness-dependent absorbance (—log(T))

measurements combined with Mueller polarimetry have been performed to provide measurements

of the gabs of functionalized squaraine films that are intrinsic (‘[hickness—independent).35

Here, we designed a new O-BODIPY derivative (O-BDPhR1/S1, Figure la) and
investigated the optical response of neat films made of such a derivative with both conventional
methods and Mueller polarimetry. With the help of the asymmetric chiral BINOL structure and
the introduction of a phenyl ring, an optically isotropic thin film with a highly smooth surface was
obtained (Figures 1b and S4) with negligible polarization artifacts, as described next. The
outstanding optical qualities (see below) of the thin films yielded absorption dissymmetry factors

that were 5 times larger than a solution of O-BDPhR1/S1 in toluene. This very large enhancement



of the chiroptical response points to specific molecular geometries in the isotropic neat film. Such
geometries are discussed on the basis of the single-crystal structure of O-BDPhS1 and using time-

dependent density functional theory (TD-DFT) calculations.

(b)

o
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lk=1 +intermolecular R </,
exciton coupling

Figure 1. (a) Chemical structure of O-BDPhR1/S1. (b) Photographic image of a spin-coated film
of O-BDPhSI together with a reflection light microscopy image under crossed polarizers. (c)
Graphical image of the neat film stressing the importance of the combination of both intrinsic

CD and intermolecular exciton coupling in the transmission.

The basic photophysical properties of O-BDPhR1/S1 in toluene were consistent with the

reported values for O-BODIPY (Figure 2).30 The lowest transition of the BODIPY—BINOL at 528

nm has been assigned to the m—n* transition along the long axis of BODIPY.>® The optical activity



measured at that transition is understood to be due the electronic dipole associated with the n—n*

transition of BODIPY now coupled to the magnetic dipole associated with the BINOL chiral

unit.>” The absorption dissymmetry factor of O-BDPhR1/S1 was calculated to be 1.1 x 1073, We

note that the introduction of the phenyl ring did not affect the electronic energy, most probably

because the steric hindrance of hydrogens makes the phenyl ring orthogonal to the BODIPY

backbone, which does not extend the m-conjugation.
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Figure 2. (a) CD and (b) absorbance spectra of O-BDPhR1/S1 both in toluene and in the neat film.
These spectra have been obtained by using a conventional CD spectrometer where the LB and LD

are not considered.

After spin coating the concentrated solution on a clean glass substrate, O-BDPhR1/S1
forms a transparent neat film with significantly enhanced CD intensity (Figures 1b and 2a). The
isotropic feature of the film was confirmed by a crossed-polarized image (Figure 1b). AFM
imaging showed that the root-mean-square (RMS) roughness of the film is very low (0.29 nm
RMS, Figure S4), bringing light scattering at the surface to negligible levels in the visible range.
This gave our system a clear optical advantage: the absolute absorption of the film can be evaluated
by recording only the transmission and reflection spectra. The CD intensity at wavelengths around

the lowest m—n* transition of the BODIPY unit at 528 nm was enhanced significantly, while the
one around 340 nm attributed to the m—m* transition of the BINOL units* remained practically

unchanged. The observed enhancement is due to exciton-coupled CD, which emerges when
molecules are close to each other with fixed geometries in the condensed phase, indicating the
limited number of relative intermolecular geometries available in the neat film without mesoscopic

ordering. We stress that the expected bisignation typical of exciton-coupled CD was not observed

(see a similar observation reported by Schultz et al. 35), probably because the negative branch (at

a lower energy) of the exciton-coupled CD is spectrally compensated for by the positive CD band
associated with the monomeric species. The observed enhancement led us to study different
aggregate geometries that can be made possible within the film based on the single-crystal analysis

and the TD-DFT calculations, as reported below.



Single crystals of O-BDPhS1 were obtained through recrystallization. The compound

crystallized in the chiral orthorhombic P212121 space group (Figures S5 and S6, Table S1). In the

crystal, there are pairs of O-BDPhS1 with a twisted and tilted geometry (geometry 1, Figures 3a
and S6a) that from a one-dimensional J-type arrangement along the a-axis (geometry 2, Figures
3b and S6b). Investigating these geometries gives us clues about understanding the enhanced CD
spectrum in the isotropic neat film. We also found that solvent vapor annealing for the neat film

with toluene induces crystallization (Figure S7a). The X-ray diffraction (XRD) pattern of the

annealed film was almost the same as the one from the crystalline powder with the P212121 form

(Figure S7d) only; no other polymorphs were observed.
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Figure 3. (a and b) Intermolecular geometries of dimers of O-BDPhS1 found in the crystal

structure. (c) Calculated electronic CD spectra of O-BDPhS1 based on TD-DFT (6-31G(d)).

For the closest two geometries (1 and 2) extracted from the crystal structure, we conducted
TD-DFT calculations to obtain the electronic CD spectra (Figure 3c). Geometry 1 gave a positive
couplet around the lowest transition of O-BDPhSI1 in energy. In contrast, for geometry 2, the CD

signal was similar to the monomer results, as expected since the J-type geometry 2 has two parallel

10



dipoles. Although the energy levels do not exactly match with the experimental absorbance and
CD spectra, the geometries satisfactorily explain the trends observed in the neat film. We also
noted small red shifts on the absorbance spectra (Figure 2b) that reveal the presence of
intermolecular dipole interactions. This led us to conclude that the total CD in Figure 2a can be
explained by the combination of contributions coming from the monomeric CD and from the
Frenkel-exciton-like coupled species in geometry 1. The negative signals of the exciton-coupled
CD from geometry 1 that originated from the m—n* transitions of BODIPY could be partly
compensated for by the CD from monomeric species. Other geometries with different relative
orientations and distances are expected due to the isotropic feature, but their contributions are
hardly detectable experimentally. Precise assignment of the two dips was difficult because of the
accuracy of the current theoretical calculation results. Note that the DFT accuracy of the

determination of the energy levels for O-BODIPY could be improved by a proper account of the

vibrational structure.39

To unveil the relationship between the intermolecular distance and the exciton coupling of
the O-BDPhR1/S1 film, concentration-dependent CD spectra were measured (Figure 4a). We
mixed O-BDPhS1 with polystyrene and prepared films following the same methodology used for
the neat films. As the concentration of O-BDPhS1 was increased, the peak of the CD showed a red
shift accompanied by the emergence of small dips around 495 and 515 nm (Figure 4a) which most
probably are the traces of the negative components of the exciton-coupled CD signals discussed
above. Due to the significant change of the refractive index around the electronic absorption,

correcting for the reflection that underestimated the absorption was necessary to obtain the right

dissymmetry factor of the neat film (gabs,exp, abs,cor, Figures 4b and S8). These results directly

11



point toward the role played by the interactions between the molecules in the measured

enhancement values.
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Figure 4. Concentration-dependent (a) CD, (b) gabs,exp and gabs,cor, (¢) and absorbance spectra

of O-BDPhS1 in polystyrene ranging from at 4.8—100 wt %. The arrows in (a) point to the dips at

ca. 495 and 515 nm that emerged at high concentrations. The dashed lines in (b) denote the gabs

of O-BDPhSI1 in toluene (orange), the neat film (black), and the reflection-corrected gabs of the

neat film (gabs,cor, blue). Note the conditions at 100 wt % correspond to the neat film limit.
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As a control of the CD spectra, Mueller polarimetry was conducted for the neat films
(Figures 5, S9, and S10). On such films, the LD and LB components could indeed potentially spoil
a reliable CD measurement. It turned out that as measured, such LD-LB components were
negligibly small, indicating that the CD signals are of intrinsic nature and not emerging from
macroscopic sources of anisotropy. The CD spectra of both enantiomers showed a mirror image
with the expected Kramers—Kronig relation between the CB and the CD. Thanks to the very
smooth surfaces of our films, the second asset of our chiroptical molecular material, depolarization,
was also negligible throughout the measured wavelength range (Figure S10). This outstanding
optical quality of the film not only validates the reflection correction performed but also perfectly

justifies the Mueller matrix differential decomposition method (see Experimental Methods).
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Figure 5. Chiroptical polarization quantities associated with neat films made of O-BDPhR1 (red)
and O-BDPhSI (gray) calculated after performing a differential decomposition of the Mueller

matrices. Each matrix is recorded for each enantiopure neat film that we prepared.

In addition, the importance of the covalent conjugation for the enhancement was confirmed
by a control experiment with a nonconjugated hybrid material of an achiral BODIPY (Al, Figure
S11a) and a chiral BINOL derivative (C1, Figure S11a). The spin-coated film of A1-C1 (A1:C1
= 1:1) had negligible LD, LB, CD, and CB components (Figure S11c). The molecular distance
between Al and CI1 in this case is expected to be large, which does not provide a chiral
environment for Al. This proved that the achiral (BODIPY)—chiral (BINOL) conjugation is

necessary to obtain the CD enhancement seen in the O-BDPhR1/S1 films.

To conclude, the chiral BINOL structure of O-BDPhR1/S1 results in intermolecular
exciton coupling that enhances the absorption dissymmetry factor by a factor of 5 in the condensed
phases. Thanks to the asymmetric structure of BINOL and the weak intermolecular interactions
among the molecules, O-BDPhR1/S1 forms an isotropic neat film with a smooth surface, which
gives negligible LD-LB signatures and very low levels of depolarization. These exceptionally good

optical features are promising for exploring more complex chiroptical systems obtained, for

instance, by coupling such O-BODIPY conjugates with plasmonic nanostructures. | >*"*? The

twisted and tilted intermolecular geometry found in the crystal structure of O-BDPhSI1
qualitatively explains the enhancement due to a limited number of molecular geometries in the
neat film. Further investigation of the side chain—optical response relationships can pave the way
to maximizing the molecular dissymmetry factor. In the perspective of optoelectronic applications,

it is crucial to perform such optimization while maintaining the isotropic nature of the film.

14



Experimental Methods. Sample Preparation

The glass substrates were initially thoroughly cleaned in an aqueous solution of Hellmanex in
ultrapure water with sonication for 10 min, followed by sonication in ultrapure water for 10 min
more and sonication in isopropanol for an additional 10 min. The glass substrates were rinsed in
ultrapure water and dried. The toluene solution of O-BDPhR1/S1 (20 mg/mL) was dropped onto

the substrate and spin-coated at 3000 rpm.

Theoretical Calculations.

TD-DFT calculations were conducted with the MNI15 exchange—correlation functional as

implemented in the Gaussian 16 software.*> MN15 has been reported to show results in excellent

agreement with experimental absorption and CD spectra.39 The basis set used was 6-31G(d).

Frequency analyses were also conducted to ensure that the converged structures reached the
potential energy minimums. The CD intensities for the dimers (geometry 1 and 2) in Figure 3c

were divided by two to compare with the monomer. Molecular structures were visualized using

GaussView 6.1.1.44

Estimation of Dissymmetry Factors.

Following the methodology recently presented,34 the apparent absorption dissymmetry factors

(gabs,exp) were calculated by:

AAbs _ CD(mdeg) 2)
32980
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AAbs

AbSpmes’

3)

Yabs,exp =
which assumes the reflection becomes negligible (Ames = —log(Tmes)) after baseline correction.

To estimate the real absorption of the neat film, the reflection of the neat film was measured to
correct the absorbance measurements taken (as standardly done) from the sole transmission

measurements of O-BDPhR1/S1. The reflection correction for decadic absorbance was based on
Acor = — log(Tmes - Rmes)- 4)

This led us to estimate the corrected absorption dissymmetry factors (gabs,cor) by the following

equation

AAbs
= g 5
gabs,cor AbScor ( )

The correction process gave a significant difference (~80%) in the neat film state (Figure 4b),
while the hybrid films with less than 50 wt % loading of polystyrene did not. Note that the

contribution of the reflection can also be estimated by thickness-dependent absorbance

measurements, as reported previously.35

Mueller Polarimetry.

The Mueller matrix (MM) polarimetry enables the extraction of artifact-free polarimetric

quantities such as circular dichroism (CD), from complex optical media.>*>> To determine the

MM, we used a dual-rotating quarter-wave plate (QWP) methodology, where a linear polarizer
and a quarter-wave plate are used to set the polarization of the beam in a specific state characterized

by a Stokes vector. A set of intensity measurements, associated with the different selection of

16



Stokes vectors in the preparation and analysis stages, allows the retrieval of the MM. For each
measurement, we probed our sample with a specific Stokes vector and projected the outgoing beam
into a known polarization state. The procedure is detailed in the Supporting Information. From the
acquired experimental MM, one can eliminate the residual polarimetric contributions coming from
the substrate and the bare optical setup. Using a differential decomposition method, we can then
extract chiroptical observables with the capacity to isolate out any linear contribution that could
arise from the given molecular system under study and that can become an artifact in the

determination of CD strengths.
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