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Strong chiroptical properties from thin films of
chiral imidazole derivatives allowing for easy
detection of circularly polarized luminescencef
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We report the synthesis and characterization of four similar chiral 1-methyl-1H-imidazole n-conjugated
derivatives. In particular, we focus on the thin film chiroptical characterization (electronic circular
dichroism and circular polarized luminescence), able to highlight how small changes in the chemical
structure can lead to significant variations in the solid state aggregation. For one material showing
relevant circularly polarized luminescence (CPL) properties, we have been able to detect the signal with
the aid of an ultra-cheap setup we designed, which in this case showed good performance in
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with elevated dissymmetry factor in spite of its highly reduced complexity and much lower cost if
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Introduction

In the last few years, organic n-conjugated molecules have been
widely adopted in electronics,"? extending their scope to a field

Dipartimento di Chimica e Chimica Industriale, Universita di Pisa, via Moruzzi 13,
56124, Pisa, Italy. E-mail: marco.lessi@unipi.it, francesco.zinna@unipi.it

i Electronic supplementary information (ESI) available: Synthesis and compound
characterization, measurement details, additional spectra and graphics. See DOI:
https://doi.org/10.1039/d4tc01234h

i These authors contributed equally.

Francesco Zinna earned his PhD in
2016 at the University of Pisa and
then worked as a postdoctoral assi-
stant at the University of Geneva. In
2018, he joined the faculty of the
Department of Chemistry and
Industrial ~ Chemistry at the
University of Pisa. Since the time of
his master’s thesis, his work has
focused on  developing  chiral
materials endowed with interesting
chiroptical properties, with wide
interests ranging from fundamental
aspects to spectroscopic techniques
and possible technological fallouts. In 2022 he was awarded the
Ciamician Medal of the Italian Chemical Society for his contributions
to the development of frontier chiroptical techniques.

Francesco Zinna

9210 | J Mater. Chem. C, 2024, 12, 9210-9216

compared to conventional CPL instrumentations.

which was previously dominated by inorganic materials.*”
Introducing chirality in organic semiconductors opens the
way to the fabrication of optoelectronic devices able to produce
or detect circularly polarized (CP) light, such as CP-OLEDs® "
and CP-sensitive detectors,"*® as well as offers an intriguing
approach to influence solid state aggregation.>® Furthermore,
chirality allows for the development of technologies to filter
electrons based on their spin, thanks to the so-called chirality
induced spin selectivity (CISS) effect.’°>> CP-light finds appli-
cations in various contexts, including satellite communication
and 5G technologies,*® quantum optics,”” security labelling,>®
bioimaging® and many advanced sensing technologies.****
Such applications require a fast and reliable detection of
circular polarization. This is generally possible through two
different approaches: adopting optical elements or, alterna-
tively, involving CP-sensitive materials.>* The most classical
example for the optical elements is represented by the coupling
of a linear polarizer with a photoelastic modulator (PEM),
which is generally employed to generate circular polarization in
circular dichroism (both electronic, ECD, and vibrational, VCD)
spectropolarimeters,®?* or its emission counterpart, namely cir-
cularly polarized luminescence (CPL).*>*® Alternatively, the linear
polarizer (LP) can be coupled with a static quarter-wave plate
(QWP), both of them in the form of polymeric films.*” > Very
recently, such a strategy has been adopted to physically separate
and detect both circular polarizations, thanks to the further aid of
a beam splitter.">*" This is not only confined to specialized
applications, such as the ones mentioned above. In fact, in
everyday life circular polarizers, made of coupled LP and QWP

This journal is © The Royal Society of Chemistry 2024
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films, are applied in front of the vast majority of displays,
to prevent glare and obtain true black.*” When involving chiral
CP-sensitive materials, the most reliable setup for detecting
CP-light is nowadays represented by CP-sensitive transistors.*>
They are characterized by good performances but, further than a
CP-sensitive material, they also require an optimization of the
device architecture, which is usually not trivial. Despite their fame
as dyes and emitters,**™’ chiral azole derivatives’ chiroptical
properties have never been investigated in thin films, but mainly
in solution*® or powder form.*’

In the context of CP detection, one can distinguish between
two extreme cases: accurate measurements of possibly weak
signals on a full wavelength range vs. fast, inexpensive, minia-
turizable detection of conspicuously polarized light. In the first
case, one must resort to dedicated spectrofluoropolarimeters,
based on PEM as CP-light modulators and photomultiplier
tubes (PMT) as detectors. Such instruments can be extremely
sensitive and accurate but at the cost of being very bulky (>1
linear meter) and expensive (>100 k€). On the other hand,
several research groups addressed the latter challenge, devel-
oping cheap, compact and easy-to-use devices. To this end,
static polarizing elements (QWP and LP) can replace the
PEM,>>*" while the detection could be operated by a CCD
camera.”>™> These set-ups can usually reliably record CPL
signals with dissymmetry factors at least down to 10>,

A significant improvement could be the use of passive
electronics as the detector, ie. elements that do not need an
external power to operate. An example of this principle is the
photo-sensitive resistor (or photoresistor), widely employed in
light-activated circuits. Anyway, such system is non-sensitive to
light polarization.

In this work, we report the synthesis of four new 1-methyl-
1H-imidazole-based chiral mn-conjugated molecules and
show their thin film chiroptical features (ECD and CPL).
Moreover, we show that their CPL can also be measured
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through an ultra-cheap setup based on a common photoresis-
tor as the detector.

Results and discussion
Molecular design and synthesis

Chiral derivatives 1-4 (Scheme 1) were designed and synthe-
sized to evaluate the effects of small structural variations on
their supramolecular aggregation and the resulting chiroptical
properties. Different supramolecular structures can be high-
lighted by chiroptical spectroscopies. For instance, the C-2 and
C-5 positions of the central 1-methyl-1H-imidazole core are
substituted with m-conjugated side-chains of similar nature,
where the only difference is the presence or absence of a triple
bond acting as a spacer (Scheme 1).

Compounds 1-4 were synthesized starting from commer-
cially available 1-methyl-1H-imidazole. The synthetic strategy
involved the functionalization of 1-methyl-1H-imidazole with
distinct n-linkers via Pd-catalyzed cross-couplings.

The modular design of imidazole-based m-conjugated sys-
tems is outlined in Scheme S1 (ESIf). Symmetrical 2,5-diaryl
and dialkynyl-substituted imidazoles 1 and 4 were prepared via
two-fold Pd-catalyzed cross-coupling reactions. In detail, com-
pound 1 was synthesized by one-pot Pd-catalyzed and Cu-
assisted direct arylation on 1-methyl-1H-imidazole with 4-
bromobenzaldehyde.*® Conversely, compound 4 was obtained
by a C-2/C-5 regioselective iodination, followed by a two-fold
alkynylation under classical Sonogashira conditions.””"*®

Asymmetrical 2,5-disubstituted imidazoles 2 and 3 were pre-
pared in a stepwise fashion, taking advantage of C-5 or C-2
regioselective cross-coupling reactions. For the synthesis of 2, a
C-5 regioselective Pd-catalyzed direct arylation was firstly per-
formed on 1-methyl-1H-imidazole, followed by a Pd-catalyzed
dehydrogenative alkynylation at the C-2 position.>>®® Finally,
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Scheme 1 Schematic representation of the structures of chiral t-conjugated derivatives obtained from 1-methyl-1H-imidazole and investigated in this
work. The central n-conjugated cores (bold bonds) differ in the presence or absence of triple bonds in between aryl groups and positions C-2 and/or C-5

of the central moiety.
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compound 3 was prepared via a Pd- and Cu-assisted C-2 direct
arylation on 1-methyl-1H-imidazole,** followed by alkynylation at
the C-5 position with 4-ethynylbenzaldehyde through a one-pot
bromination and Sonogashira coupling procedure.®

The chiral aliphatic chain, derived from B-citronellol,”> was
introduced in the last step of each synthesis via Knoevenagel
condensation (Scheme S1, ESI{).%*%*

Material characterization

We started the characterization of the four chiral 1-methyl-1H-
imidazole-based dyes 1-4 with their optical properties in
solution. The normalized UV-vis absorption and photolumines-
cence (PL) emission spectra in CHCl; are reported in Fig. S1
(ESTt). All the compounds showed a main absorption band with
similar broadening between 340 nm and 460 nm. A slight red-
shift of maximum absorption can be observed going from
compound 1 to compound 4, which can be rationalized with
the increased conjugation ensured by the presence of triple
bonds. Interestingly, PL spectra of Fig. S1 (ESIt) show that
compounds 2-4 show similar elevated Stokes shifts of around
140 nm (6200 cm™ '), while compound 1 is characterized by a
smaller Stokes shift of about 100 nm (5000 cm ™), associable to
a decreased polarity of the excited state. These Stokes shifts are
in the typical range for imidazole-based systems.®” It is impor-
tant to note that no significant ECD or CPL has been observed
in the solution.

The thin film characterization started with the investigation
of the optical and chiroptical properties. Thin films of all
compounds were prepared by spin-coating and solvent annealed
with CH,Cl, vapours. Films prepared by molecules 1/2 showed
blue-shifted main absorption bands (Fig. 1), if compared with
the solution absorption (Fig. S1, ESIt). On the contrary, thin

o
o
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films of 3/4 are characterized by red-shifted main absorption
bands (Fig. 1) with respect to the solution (Fig. S1, ESIT).
Interestingly, small structural variations between the com-
pounds investigated are associated to considerable changes in
the magnitude, form and origin of the chiroptical properties of
the solid-state aggregates. In fact, thin films formed by com-
pounds 2/4 showed much less pronounced ECD properties than
compounds 1/3 (Fig. 1(a) and(b)). A useful metric to quantify
the ECD independently from the film thickness is represented
by the absorption g-factor (g.»s = A4/A).> Thin films of com-
pounds 1/3 showed maximum g,;,s values (—0.34 at 529 nm and
—0.17 at 521 nm, respectively, Fig. S2b, ESIT) of more than one
order of magnitude higher than the ones of molecules 2/4
(+0.008 around 530 nm at —0.007 at 408 nm, respectively,
Fig. S2a, ESIt). By structurally comparing molecules 2 and 3
(Scheme 1), one can notice that switching atoms in positions 3
and 4 of the central imidazole core leads to the interconversion
of one chemical structure into the other, and vice versa. Such
single-atom-switching, which is a minor structural modifica-
tion, deeply affects the final chiroptical properties in thin films,
as already discussed. Focusing on spectral features, compound
1 shows a bisignate ECD signal between 460 nm and 320 nm,
with a crossover point at 373 nm almost coincidental with the
absorption maximum (381 nm). Of note and rarely observed, is
a marked absorption blue shift (16 nm, 1000 cm ') from the
solution to the aggregate. This is consistent with an exciton
coupling with a coupling potential approx. 1730 cm ™', formed
between interacting monomers forming an H-type aggregate
with right-handed helicity. On the other hand, the seemingly
similar bisignate band displayed by compound 3 is not con-
sistent with an excitonic feature, as the apparent exciton
potential of 5600 cm™ ' would be far too large. Moreover, the

N
1=
S
[N)

4000

2000

— 0.00

=)
=]

ECD (mdeg)
o é
7 l
ECD (mdeg)

CPL (I, Ig)
S S
a 3

-2000

N
=1
=]

-4000

—

—3

-300

300 400 500 600 700 300 400
Wavelength (nm)

Wavelength (nm)

500 600 700 450 500 550 600 650 700
Wavelength (nm)

—_—2
—4

—~1.04

3

o8

[

2

<06
04

0.2

— —1

3 —3

o ot
o ®

Fluorescence (a.u.)
o
=

0.0

00— . h . 0.0
300 400 500 600 700 300 400

Wavelength (nm)

Abs (a.u.)
o © © © a4 =
N A O ®® O N
532
o
o

Wavelength (nm)

T T T r T
500 600 700 450 500 550 600 650 700
Wavelength (nm)

Fig. 1 ECD (top) and absorption (bottom) spectra in thin films of a couple of compounds (a) 2/4 and (b) 1/3. (c) CPL (top) measured with a benchtop

spectrofluoropolarimeter and fluorescence (bottom) spectra of compounds
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crossover point does not match with the absorption maximum,
while the positive ECD band at 392 nm lies in correspondence
to Sy — S, transition, as shown by TD-DFT calculations (ESIT).
The spectral features would therefore suggest a molecular
origin of the ECD signals, rather than an excitonic one, stem-
ming from a rigidification of the molecules in the aggregate,
each adopting a twisted conformation. In this case a red-shift of
the absorption band from solution to the aggregate is consis-
tent with an overall head-to-tail arrangement (J-type aggregate)
in addition to solid-state planarization on the phenylethynyl
side.®® In both cases, the exceptionally large ellipticity values
are likely related to electric-magnetic couplings between closely
packed and twisted chromophores.®” The presence of a direct
2-imidazolyl-phenyl junction (as in 1 and 3) seems crucial to
impart the proper twist to establish such kinds of interactions,
while the ethynyl bridge (as in 2 and 4) would favour a more
planar structure reducing the intrinsic magnetic transition
moment. It is worth mentioning that while several aggregate
systems with exceptionally high dissymmetry factors are known
to date, a conclusive interpretation of the phenomenon is still
missing.®®

Given the highly intense ECD characterizing thin films of
compounds 1/3 and the observation of a remarkable solid-state
fluorescence, CPL measurements were carried out using a
benchtop spectrofluoropolarimeter.®® Compound 1 in thin film
showed an intense negative CPL signal at 550 nm, while
molecule 3 showed a negative signal of slightly higher intensity
around 570 nm (Fig. 1(c)). Compound 3 showed a luminescence
dissymmetry factor (gum) value of —0.32, twice the value of
—0.16 obtained for the film of molecule 1 (Fig. S3, ESIT). Such
Zum values are among the highest ever observed for thin films
made of small organic chiral molecules and on the same order
of magnitude of thin films prepared with luminescent polymers
with chiral dopants.>”® Films of compounds 2 and 4 showed
only a vanishingly small CPL (|gium| < 10~?, Fig. S5, ESIt). The
impact of film thickness (ranging approximately from 100 to
400 nm) on the ECD and CPL was investigated. In the case of 3,
films up to 100 nm did not show significant chiroptical proper-
ties, while films of 150 nm or higher displayed similar ECD and
CPL features. Both the normalized ECD and CPL intensities
increase slightly but significantly with thickness (Fig. S7, ESIT).

Morphological analyses (optical microscopy, scanning
electron microscopy and atomic force microscopy) of thin films
showed that stronger chiroptical properties are associated with
the presence of ordered phases on the relative films. Cross-
polarized microscopy allowed for the identification of birefrin-
gent domains for thin films of 1 and especially 3 (Fig. S8, ESIt).
In particular, the thin film of 1 is composed by birefringent
spots of around 1 um in an environment majorly dominated by
an amorphous area (Fig. S8b, ESIT). The thin film of 3 is fully
dominated by a birefringent ordered phase (Fig. S8d, ESIY),
while no birefringent domains are observed for films of 2 and 4.
Scanning electron microscopy (SEM) further highlighted what
was observed by cross-polarized microscopy (Fig. S11, ESIt).
The film of compound 3 shows a reticular structure, made of
fibrillar/dendritic patterns, at sub 10 pm scale (Fig. S11c and d,

This journal is © The Royal Society of Chemistry 2024
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ESIt), as observed by SEM and AFM. Such structures form
island-like domains, possibly responsible for the birefringent
patterns observed in cross-polarized microscopy. In contrast
with the textures observed for films of 1 and 3, films of 2 and 4
show a mostly amorphous surface characterized by closely
spaced holes (Fig. S10 and S12, ESIt). The AFM analysis also
allowed for a coarse estimation of the film thickness, of
approximately 200 nm in every case (Fig. S14, ESIt), as well as
surface roughness (calculated as root mean square, RMS)
ranging from 36 to 99 nm. Finally, thanks to circularly polar-
ized microscopy (CPM)*® we were able to map the spatially
resolved ECD of the film of 3 at 500 nm. CPM images high-
lighted a generally negative ECD activity and dissymmetry
factor over an area of around 3 mm? (Fig. S15, ESIt). The g.ps
factor is normally distributed around —0.15 (Fig. S16, ESIT),
consistent with the ECD spectrum reported in Fig. 1. The
presence of domains or clusters with significantly different
ECD was not observed.

Measuring CPL through an ultra-cheap setup

Given the considerably intense CPL given by compound 3 in
thin film, we designed an ultra-cheap instrumental setup
dedicated to its detection. The components of this setup are
reported in Fig. 2(a). Thanks to an in-line geometry, a UV LED
centred at 365 nm excites the photoluminescence of the sam-
ple. The luminescence is isolated into its circularly polarized
contributions through a cheap circular polarizer filtering the
desired handedness of light. After this, the light is restricted to
a defined spectral range by a bandpass filter. This component
has two functions: allowing for a modest spectral resolution
and avoiding the visible component of the UV LED to reach the
detector. Finally, the circularly polarized light emitted from the
sample is revealed using an ultra-cheap (<1 €) photoresistor,
which passively detects the incident light intensity as a function
of the resistance (R), measured with a multi-purpose digital
multimeter operated in ohmmeter mode. The photoresistor
conductance (G = 1/R) was confirmed to be linearly propor-
tional to the light intensity (Fig. S17, ESIt). In this way, the left
and right circular components of the emission can be collected
independently by changing the circular polarizer. The gj,m can
be calculated as:

1 1
— R Rr
8lum = 2 1 N 1
Ry  Rr

where R, and Ry are the resistance values measured with left
and right circular polarizers.

To test the setup, we validated it via measurements of known
compounds. To this end, we chose CsEu(hfbc), (hfbc = hepta-
fluorobutyrylcamphorate, see ESIt), widely known for its remark-
able CPL.”"’? By applying a narrow bandpass filter centred at
590 nm, the CPL of the °D, — ’F, transition of CsEu(hfbc), was
measured, finding gjum values of +1.30 (st. dev. = 0.011) for
CsEu((+)hfbc), and —1.30 (st. dev. = 0.011) for CsEu((—)hfbc),
(Table S1, ESIY), in good agreement with the values reported in
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Fig. 2 (a) Experimental setup of optical and electronic components involved in ultra-cheap CPL detection. (b) Graphical representation of gi,m values
obtained through photoresistor detection (PR gium) in comparison with the spectral g\, obtained with a standard benchtop CPL spectropolarimeter. The
error bars reported for the PR g, m values represent the standard deviation over a set of measurements.

the literature.”* "

Furthermore, we measured a CPL-inactive
fluorescent achiral material (fluorescein solution) as a blank,
to define the minimum detectable |gjum|. In this way we
determined the limit of |gj,m| detection as approximately 0.02,
which was defined as 3 times the standard deviation over a set
of multiple measurements of the blank (fluorescein solution,
Table S1, ESIt). Following these first validations, this ultra-cheap
CPL setup was adopted in the CPL characterization of films of
compound 3, focusing on two specific wavelengths (600 nm and
650 nm) selected with two different bandpass filters. The values
of —0.15 (st. dev. = 0.020) and —0.16 (st. dev. = 0.016) obtained,
respectively, with the bandpass filter centered at 600 nm and
650 nm appear in good agreement with the expected gjym, as
measured with a standard benchtop spectrofluoropolarimeter
(Fig. 2(b)). These results highlight the possibility to detect the
CPL of thin films just by the aid of inexpensive optic elements
and a photoresistor as the detector, instead of using expensive
instruments and electronically sophisticated photomultiplier
tubes.”

Conclusions

In summary, in this work we have reported the synthesis and
the thin film investigation of four 1-methyl-1H-imidazole chiral
derivatives, differing by small structural variations among
them. In particular, we have shown how tiny structural varia-
tions (such as, for example, the single-atom-switch between
compounds 2 and 3) lead to significant modifications of the
chiroptical properties magnitude. Furthermore, the aggregate
type (H vs. J-type) and the origin of the chiroptical activity are
affected by minor structural modifications, as established for

9214 | J Mater. Chem. C, 2024, 12, 9210-9216

molecules 1/3. Finally, we showed that the bright CPL of films
of compound 3 can be detected with an unprecedented ultra-
cheap setup based on passive detection.
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