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Spatiotemporal Mapping of Efficient Chiral Induction by Helicene-
Type Additives in Copolymer Thin Films

Marius Morgenroth, Mirko Scholz, Laure Guy, Kawon Oum,* and Thomas Lenzer*

Abstract: We observed efficient induction of chirality in
polyfluorene copolymer thin films by mixing with
helicene-type chiral additives based on the dibenzo-
[c,h]acridine motif. Images obtained from circular
dichroism (CD) and circularly polarized luminescence
(CPL) microscopy provide information about the chiral
arrangements in the thin films with diffraction-limited
resolution. The CD signal shows a characteristic depend-
ence on the film thickness, which supports a
supramolecular origin of the strong chiral response of
the copolymer. In particular, we demonstrate the
discrimination between films of opposite chirality based
on their ultrafast transient chiral response through the
use of femtosecond broadband CD spectroscopy and a
newly developed setup for transient CPL spectroscopy
with 28 ps time resolution. A systematic variation of the
enantiomeric excess of the chiral additive shows that the
“Sergeants and Soldiers” concept and “Majority Rules”
are not obeyed.
’ J

Introduction

Supramolecular copolymer thin films exhibiting a strong
chiral response are of considerable interest for diverse
optoelectronic and photonic applications, such as OLEDs
with circularly polarized luminescence (CPL),!™! liquid-
crystal lasers,® photodetectors,”’ and polarization-depend-
ent security features.’! In principle, there are two ap-
proaches to obtain such chiral copolymer systems. One of
them uses intrinsically chiral polymers forming
supramolecular chiral structures after annealing at temper-
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atures above the transition to the chiral nematic phase.”!

Alternatively, enantiopure organic molecules can be mixed
into an intrinsically achiral polymer, leading to induced
chirality after annealing of the polymer-additive blend.
Regarding the latter case, helicenes have proved themselves
as efficient chiral additives,!'? yet the large-scale synthesis
of enantiopure helicenes remains a difficult task.!'>!¥
Recently, the Guy group succeeded in the facile preparation
of enantiopure helicene-like molecules on a gram scale.!'>!%!
These molecules feature dibenzo[c,h]acridine units and
exhibit quite weak CD and CPL activity. Here, we show that
these helicene-type molecules however act as highly efficient
chiral additives and demonstrate this for the achiral copoly-
mer poly-[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-(benzo-
[2,1,3]thiadiazol-4,8-diyl)], shortly FSBT (1). Specifically, we
used 2,2'-dimethoxy-5,5",6,6'-tetrahydro-1,1"-bidibenzo-
[c,h]acridine 2 and its methylene-bridged analog 3 (Fig-
ure 1).! The photophysics of the pure compounds 2 and 3
has been investigated in detail previously.'>!”

We address open questions regarding the origin of the
large induced chiral response in such films by employing
steady-state CD and CPL microscopy with diffraction-
limited resolution."® CD microscopy also provides a clear
picture of the influence of film thickness and the impact of
enantiomeric excess of the chiral helicene-type additive on
the chiral properties. In addition, the dynamic response of
these unique copolymer films is investigated on femtosecond
time-scales using transient broadband circular dichroism
(TrCD) spectroscopy®”) and a newly developed setup for
transient circularly polarized luminescence (TrCPL) meas-
urements enabling picosecond time-resolution. Together
with the results from steady-state CD and CPL microscopy,

Figure 1. Chemical structures of the achiral F8BT copolymer 1 and the
unbridged and bridged helicene-type chiral additives 2 and 3,
respectively (shown are the (4)-enantiomers).
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these experiments support a supramolecular origin of the
strong chirality in these systems.

Results and Discussion
CD and CPL Microscopy of Chiral Thin Films

Thin films were prepared by spin-coating solutions of the
copolymer 1 and the chiral additives 2 or 3 in a mixture of
chlorobenzene and chloroform onto glass slides. Subsequent
annealing at 150°C provided yellow films with a thickness in
the range 100-360 nm, depending on the spin-coating
conditions. Details about the film preparation process and
experimental procedures are provided in the Supporting
Information (Note 1).

The films were investigated using our very recently
developed setup for CD microscopy.'® Representative data
for F8BT films containing the chiral helicene-type additives
(+)-2, (-)-2, (+)-3 and (—)-3 are displayed in Figure 2a-d.
The upper panels show CD microscope images of the
dissymmetry factor g,,, which is defined as the CD signal
normalized to the optical density for unpolarized light

[Eq. (D]:
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Here, OD; and ODy are the optical densities for the
absorption of left circularly polarized (L or LCP) and right
circularly polarized (R or RCP) light, respectively. Micro-
scope images with a diffraction-limited resolution of ca.
400 nm were recorded using a bandpass filter with a center
wavelength of 470 nm (FWHM 10 nm), which is located
close to the peak of the CD spectrum. As shown by the blue
and red colors in Figure 2a and b, the unbridged helicene-
type chiral molecules (+)-2 and (—)-2 lead to strong chiral
induction of opposite sign, reaching g, values of —0.32 and
0.33, respectively. The microscope images show island-like
granular structures of micrometer dimensions, consistent
with a statistical orientation of the individual copolymer
domains.!"?! Comparable textures are also observed in the
crossed-polarizer images provided in the Supporting Infor-
mation (Note 2). In addition, the appearance is very similar
to that of thin films formed from intrinsically chiral
polyfluorene copolymers, such as c-PFBT.'! An analysis of
the complete images, containing about 175000 data points,
finds that the g, distributions can be well described by a
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Figure 2. CD microscopy for blends of the achiral polymer F8BT (1) and the two enantiomers of the helicene-type molecules 2 and 3. a) Microscope
image (80x 60 ym?) showing the dissymmetry parameter g,,, of an F8BT:(+)-2 thin film (top) with the distribution of g, values (middle) including
a Gaussian fit (dashed red line), determined over the entire field of view, and corresponding spectra integrated over the entire field of view

(210x 160 pm?, three panels at the bottom) displaying the optical density for left- and right-circularly polarized light (OD, (black line), OD (red
line)), the CD spectrum (OD.-ODg, blue line) and the g, spectrum (green line), with the thick red line indicating the spectral region selected by
the bandpass filter (470 nm, FWHM 10 nm) used for CD imaging. b)—d) Same as in panel a, but for F8BT:(—)-2, F8BT:(+)-3 and F8BT:(—)-3 thin
films. The black scale bar in each CD image corresponds to a distance of 25 pm. In each case, 33 wt % of the helicene-type additive was employed.
The values for the film thickness in panels a—d were ca. 200 nm, ca. 250 nm, 202 nm and 156 nm, respectively.
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Gaussian function (green areas and dashed red lines). The
absorption spectra for LCP and RCP light (black and red,
integrated over the complete field of view) show pro-
nounced differences in the region of the S, — S, absorption
band of F8BT resulting in large CD values of —0.21 and
0.24, corresponding to —7000 and 7900 mdeg, respectively
(10D =32982 mdeg), and peak g, values of —0.44 and
0.44 at 495nm. These values rival those for helicene
additives, such as 1-aza[6]helicene.!"?!]

We note that annealing of the blends is absolutely
required to obtain a strong chiral response, whereas pristine
blends are CD-silent (Supporting Information, Note 3). The
annealed samples also did not exhibit any changes in the CD
response and the dissymmetry factor g, upon rotation of
the thin film down to the few hundred nanometer length
scale. Contributions resulting from a combination of linear
dichroism and linear birefringence in combination with any
possible anisotropies of the CD microscopy setup can be
therefore safely excluded (Supporting Information, Note 4).
An additional investigation using differential scanning
calorimetry (DSC) of pure FSBT and F8BT:(+)-2 thin films
with 33wt% of the chiral additive demonstrated that
addition of (+)-2 barely changed the transition temperature
to the chiral supramolecular phase (Supporting Information,
Note 5).

Chiral induction in achiral FS8BT by the bridged
helicene-type molecules (+)-3 and (—)-3 leads to qualita-
tively similar results (Figure 2c,d). The images show the
same type of island-like granular structures, yet, the chiral
induction is weaker, as shown by the pale blue and red
colors. The image analysis provides distributions, which can
be well modeled by Gaussian functions with g,,,=—0.12+
0.02 and 0.09+0.06, respectively. The absorption spectra,
integrated over the complete field of view, also show the
clear but smaller difference between illumination with LCP
and RCP light. We obtain peak CD values of —0.11 and
0.05, corresponding to —3500 and 1600 mdeg, respectively,
with peak g, values at 485nm of —0.14 and 0.16,
respectively.

Complementary information is provided by measuring
the circularly polarized luminescence of these films using
our recently introduced setup for CPL microscopy.'¥ Here,
one can define a corresponding dissymmetry factor g, for
CPL [Eq. ()]

_CPL LI
glum N Iunpolarizcd N OS(IL + IR) (2)

where I; and Iy are the luminescence intensities for LCP
and RCP light, respectively. CPL images for blends of F§BT
with the unbridged helicene-type chiral molecules (+)-2 and
(—)-2 are provided in Figure3a and b. A strong chiral
induction of opposite sign is clearly indicated by the blue
and red colors, and the image analysis provides distributions
with g,,=-0.32+0.02 and 0.224+0.02, respectively. The
difference of 30 % in the g, values could arise from slightly
different annealing temperatures, as previously observed by
Wade et al.'” The structures in the CPL images have a very
similar island-like granular appearance as the CD images,
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but are more blurred, most likely due to reflection and
scattering of the isotropic luminescence from polymer
domain boundaries as well as the influence of minuscule
vibrations of the microscopy setup during the fluorescence
integration time of several seconds.

The corresponding luminescence spectra of the FSBT:2
blends for LCP and RCP illumination (black and red lines,
integrated over the complete field of view) show pro-
nounced differences in intensity for the region of the S§; —
S, emission band of F8BT. This is reflected in the strong
CPL spectra of opposite sign. We obtain peak g, values at
570 nm of —0.42 and 0.27, respectively.

CPL microscopy images for the FS8BT:3 blends are
presented in Figure 3c and d. The analysis of the pale blue
and pale red images provides distributions for the dissym-
metry factor with g,,=—0.12+0.02 and 0.16 £0.02, respec-
tively. Differences in the LCP and RCP emission and the
CPL spectra are clearly smaller than for the FSBT:2 blends
(black, red and blue lines). Peak g, values at 560 nm are
—0.11 and 0.16. We finally would like to emphasize that
there are no contributions of the chiral additives to the
spectral features in Figures 2 and 3, because their absorp-
tion, emission, CD and CPL spectra are located at shorter
wavelengths, as independently determined in our previous
study of pure (+)-2, (—)-2, (+)-3 and (—)-3 thin films. The
&avs and g, values of these compounds both as molecules in
solution and as thin films are quite small (about 102 or
below). Films of the pure additive therefore do not support
chiral supramolecular structures.!>!”

Ultrafast Transient CD Spectroscopy and Microscopy of F8BT
Blends with the Helicene-Type Additives (+)-2 and (—)-2

In TrCD spectroscopy, an ultrashort laser pulse (A=320 nm)
promotes chiral molecules to an electronically excited state,
and subsequently the sample is probed alternately by LCP
and RCP broadband laser pulses covering the UV/Vis range
(260-600 nm). The TrCD signal is thus obtained as [Eq. (3)],

ACD(t) = A40D(t) = AOD, (1) — AODg (1)
3
= ODL,Wp - ODL,wop - ODR,Wp + ODR,wop ( )

where “wp” means with pump beam and “wop” without
pump beam. The experiment simultaneously provides
information regarding the transient circular dichroism and
transient absorption of the sample with a time resolution of
about 100 fs. The transient absorption signal for unpolarized
probing is obtained as [Eq. (4)].

AODunpnlarized(z) = OS(A ODL (t) +A ODR(I)) (4)

Details of the TrCD setup are provided in the Support-
ing Information (Note 1). In the following, we focus on the
TrCD results for F8BT blends with the helicene-type
molecules (+)-2 and (—)-2 because of their superior
chirality-inducing properties. In the contour plot for F8BT:-
(+)-2 (Figure 4a), the transient absorption spectra for LCP

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. CPL microscopy for blends of the achiral polymer F8BT (1) and the two enantiomers of the helicene-type molecules 2 and 3.

a) Microscope image (80x60 pm?) showing the dissymmetry parameter gi,,, of an F8BT:(+)-2 thin film (top) measured using a bandpass filter with
a center wavelength of 560 nm (FWHM 10 nm), with the distribution of g, values (middle) including a Gaussian fit (dashed red line), determined
over the entire field of view, and corresponding spectra integrated over the entire field of view (210x 160 pm?, three panels at the bottom)
displaying the luminescence intensity for left- and right-circularly polarized light (I_ (black line), Iy (red line)), the CPL spectrum (I.-I, blue line) and
the g, spectrum (green line). b)—d) Same as in panel a, but for F8BT:(—)-2, F8BT:(+)-3 and F8BT:(—)-3 thin films. The black scale bar in each CPL
image corresponds to a distance of 25 pm. In each case, 33 wt % of the helicene-type additive was employed. The values for the film thickness in

panels (a)—(d) were 198 nm, 251 nm, 150 nm and ca. 150 nm, respectively.

and RCP detection exhibit distinct blue-violet colored
ground state bleach (GSB) features at 320 and 465 nm and
pronounced yellow-orange excited state absorption bands at
380 and 550 nm, which clearly belong to FSBT.” We note
that the GSB feature for RCP detection at 465 nm is much
stronger than for LCP detection, and there is also an
additional blueish sideband at 340 nm, only observed for
RCP detection. The contour plot for the TrCD measure-
ment, which corresponds to the difference of the contour
plots for LCP and RCP detection, therefore, shows two
positive CD features at 345 and 480 nm (orange) which must
belong to the supramolecular FSBT assembly. They coincide
with the position of the main peaks of the steady-state CD
spectrum of the chiral FSBT blend. The TrCD spectrum
therefore looks like an inverted steady-state CD spectrum,
without indications for excited-state CD activity (cf. Fig-
ure 4c). Its absence is consistent with a supramolecular
origin of the CD signal: For a fractional excitation of about
10% F8BT units (given by the ratio of the transient
absorption bleach and the steady-state absorbance of the
sample), the excited-state polymer species are too far apart
to establish any efficient in-plane or across-planes couplings
between the excited-state chromophores.!®! What is there-

Angew. Chem. Int. Ed. 2022, 61, €202203075 (4 of 10)

fore observed is just a bleach of the ground-state CD
spectrum of the FSBT film.

If the picture above is correct, we should observe a
mirror-image like behavior in the TrCD spectra of F8BT:-
(—)-2. This is indeed the case, as demonstrated by the
contour plot of Figure 4b. Now, the GSB feature for LCP
detection at 465nm is more extended than for RCP
detection, and there is a broader blueish sideband at 340 nm
for LCP detection. As a result, the TrCD spectrum has
negative features at 345 and 480 nm, at the same position,
but of opposite sign than for F8BT:(4)-2 (cf. the TrCD
spectra at 1 ps shown in Figure 4c). Transient CD spectro-
scopy is therefore able to distinguish between the two
different chiral supramolecular assemblies on ultrafast time
scales.

Representative kinetic traces averaged over the low-
wavelength band of the TrCD bleach region (340-350 nm)
are shown for F8BT:(+)-2 and F8BT:(—)-2 in Figure 4d.
Both signals exhibit a fast decay over the first few pico-
seconds, which is governed by singlet-singlet annihilation.
The residual signal (15 % at 1000 ps) is due to a long-lived
charge-pair state. Detailed results from a modeling of the
TrCD kinetics are provided in the Supporting Information
(Note 6).

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. Ultrafast transient absorption and transient circular dichroism spectroscopy and microscopy of F8BT:(+)-2 and F8BT:(—)-2 thin films.

a) Left: Transient absorption of F8BT:(+)-2 for probing with left-circularly polarized light, middle: Transient absorption for probing with right-
circularly polarized light, right: Transient circular dichroism (difference of the contour diagrams for TA (LCP) and TA (RCP)). b) Same as in a, but
for F8BT:(—)-2. c) Comparison of TrCD spectra at 1 ps (solid lines) and steady-state CD spectra (dotted lines) for F8BT:(+)-2 (red) and F8BT:(—)-2
(blue). d) Experimentally measured kinetics (open circles) averaged over the probe wavelength range 340-350 nm including fits from a kinetic
model (solid lines) for F8BT:(+)-2 (red) and F8BT:(—)-2 (blue). e) Top: Ultrafast transient circular dichroism map of F8BT:(+)-2 at 1 ps (average:
425-525 nm). Bottom: Histogram of TrCD values from the transient CD map (green) including a Gaussian fit (red dashed line). f) Same as in (e),
but for F8BT:(—)-2. Note the logarithmic time axis in the contour plots of panels (a) and (b).

The TrCD setup also enables spatial point-by-point
mapping of the thin films, with the 50 um spatial resolution
of the TrCD probe beam. This is demonstrated for the
F8BT:(+)-2 and F8BT:(—)-2 thin films in panels e and f of
Figure 4, respectively. The maps are recorded for a delay
time of 1 ps and are averaged over the spectral region 425—
525 nm. Again, there is a clear chiral discrimination of the
two samples, with positive AAOD values in the case of
F8BT:(+)-2 (red areas), and negative AAOD in the case of
F8BT:(—)-2 (blue areas). From the statistics of the map
(20x20=400 points) we obtain ACD values of 8.8+0.7 and
—2.0£0.9 mOD from a Gaussian fit to the histograms, as
shown in the lower half of panels e and f.

Angew. Chem. Int. Ed. 2022, 61, €202203075 (5 of 10)

Transient Circularly Polarized Luminescence Spectroscopy with
Picosecond Time Resolution

Chirality-sensitive ultrafast spectroscopic methods are val-
uable tools for monitoring transient electronic and structural
changes of optically active molecules and supramolecular
structures. Beside ultrafast transient CD spectroscopy, time-
resolved CPL approaches have been frequently utilized, as
summarized very recently by Meskers.”” These include
high-sensitivity setups employing differential photon count-
ing techniques, which are however limited to slower
processes in the time range 0.01-100 ms.**?! TCSPC-based
approaches so far have reached sub-nanosecond time-
resolution with a fairly coarse point-by-point spacing of
about 200 ps.”*"!

Here, we present results from a new instrument for
transient CPL spectroscopy based on TCSPC with pico-
second time-resolution. We employed excitation at 410 nm
(Sy — S, transition of F8BT) by the second harmonic of an

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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80 MHz titanium:sapphire femtosecond laser oscillator and
detection of the TrCPL signal by a fast hybrid photo-
multiplier detector in combination with a high-resolution
TCSPC electronics, resulting in an instrument response
function of 28 ps. Single photon counting provides a very
good signal-to-noise ratio, because high photon count rates
up to 10 MHz can be harnessed with state-of-the-art photon-
counting electronics and combined with extended photon
accumulation times. In the current experiments for thin
films with a strong chiral response, peak counts up to 2 x 10°
(channel width: 3 ps) were sufficient to arrive at a clean
TrCPL signal.

Figure 5 contains our results for the chiral F8BT:(+)-2
and F8BT:(—)-2 thin films in comparison with an F8BT thin
film without chiral additive. A bandpass filter centered at
the emission wavelength 530 nm (10 nm FWHM) was
employed. Panels a and b show the decays for the FS§BT:-
(+)-2 film (blue circles) for LCP and RCP emission,
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Figure 5. Time-resolved CPL spectroscopy with picosecond time reso-
lution for F8BT:(+)-2, F8BT:(—)-2 and F8BT thin films using a bandpass
filter at 530 nm. a) Transient photoluminescence intensity /, at left
circular polarization for the F8BT:(+)-2 film (open blue circles) and
laser scattering signal I_obtained from a colloidal SiO, nanoparticle
suspension (solid black circles) providing the instrument response
function of the setup. b) Same as in panel a, but showing the
photoluminescence intensities I for right circular polarization. c) and
d) Same as in panels a and b, but for the F8BT:(—)-2 thin film and the
same nanoparticle suspension. e) Resulting transient CPL signal I-lg
for the F8BT:(+)-2 thin film (blue circles) and the F8BT:(—)-2 thin film
(red circles). Also shown is the transient CPL signal of an achiral F8BT
thin film (without chiral additive, violet circles). f) Resulting time
resolved g, signal for the F8BT:(+)-2 (blue circles), F8BT:(—)-2 (red
circles) and F8BT thin films (violet circles).
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respectively. The solid black circles indicate the scattering
signal from a dispersion of achiral silica nanoparticles,
showing the sharp detector response (with a small after-
pulse) and an FWHM of 28 ps. We note that the much larger
peak intensity of the [ transient for the thin film already
indicates a substantial negative transient CPL and gy,
signal. In contrast, I; and I for the scattering solution are
identical. Panels ¢ and d of Figure 5 display the correspond-
ing results for the F8BT:(—)-2 film (red circles), including
the same scattering signal as in panels a and b (black
circles). Here, the intensity of the [ transient of the film is
much larger, indicating a positive CPL and g,

The resulting transient CPL signals for the two thin
films, with peak signals of about 60000 counts, are depicted
in panel e. The kinetics resemble mirror images. For
comparison, we also include the response of the achiral
F8BT thin film (violet circles), which essentially shows no
CPL signal and only a small undulation around time zero.
Panel f contains the resulting time-resolved g, signal. For
the achiral F8BT sample g, is zero, whereas we observe
essentially time-independent values of —0.41 and 0.37 in the
case of the chiral F8BT:(+)-2 and F8BT:(—)-2 thin films,
respectively. We find very similar results in complementary
TrCPL experiments using excitation at 273 nm by a UV-
LED (Supporting Information, Note 7).

The result is consistent with a supramolecular origin of
CPL. The strong CPL signal likely arises from circular
intensity differential scattering!"®! or from a mechanism
where initially linearly polarized luminescence emitted from
a quasi-nematic layer is circularly polarized by passing the
remaining film layer,” or it could be a combination of both.
The transient CPL signals in panel e are therefore solely due
to the electronic decay of population from the S; exciton
state. They do not reflect any structural changes in the
excited state.

Thickness-Dependent Chirality of F8BT Films with
Helicene-Type Additives

Further insight regarding the origin of the very large CD
signals of the F8BT:(+4)-2 and F8BT:(—)-2 thin films can be
gained from studying the thickness dependence of the chiral
response.” >l Results for three FSBT:(+)-2 films of differ-
ent thickness (each with 33 wt % of the chiral additive) are
shown in Figure 6a—c, and additional examples are provided
in the Supporting Information (Note 8). The thickness of the
three films was determined in situ by picosecond
ultrasonics"®***? using the transient absorption kinetics
[determined via Eq.(4)] averaged over the wavelength
range 490-520 nm. Characteristic oscillations appear in the
transient absorption signals (Figure 6d), which arise from a
coherent acoustic phonon propagating back and forth
between the two interfaces of the film. The oscillation
period z, of the acoustic phonon was obtained from a fit by a
sum of a biexponential and a damped cosine term providing
values of (166+1), (256+2) and (573 +3) ps. The thickness
d of the films was then determined via®! [Eq. (5)],
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Figure 6. Thickness-dependent chirality of F8BT:(+)-2 thin films. a) Microscope image (80x60 pm?) for the dissymmetry parameter g, of a film
with the thickness d=103 nm (top) and a corresponding histogram of g, values (green) including a Gaussian fit (dashed red line), determined
over the entire field of view, and spectra integrated over the entire field of view (210x 160 pm?’, bottom) showing the optical density for left- and
right-circularly polarized light (OD,_ (black), ODg (red)), the CD spectrum (blue) and the g, spectrum (green), with the thick red line indicating the
spectral region selected by the bandpass filter (center wavelength 470 nm) employed for CD imaging. b) and c) Same as in panel a, but for films
with the thicknesses d =159 and 356 nm. The length of the black scale bar in each CD image corresponds to 25 pm. d) Oscillatory transient

absorption kinetics (4

oump = 320 nm) averaged over the probe wavelength interval 490-520 nm (open circles) indicating the propagation of a

coherent acoustic phonon in films with a thickness of 103 nm (red), 159 nm (green) and 356 nm (blue); solid lines are fits based on a sum of a
biexponential term and a damped cosine term. e) absolute value of the peak of g, as a function of the film thickness d, as indicated by the violet
solid circles (including error bars), open violet circles are results from the approximate reflectivity correction described in the text; corresponding

Z.bs Values for three intrinsically chiral c-PFBT films (data from ref. [18]) are shown as black circles for the sake of a better comparison.

d =0.25t,c, )

where ¢, is the longitudinal sound velocity of the F8BT:(+)-
2 thin film. Here, we use a value of (2490 +150) ms™', which
we previously obtained from the closely related polyfluorene
copolymer c-PFBT.P? This way, we arrive at thicknesses of
103, 159 and 356 nm for the three films.

The microscope image of the thinnest film (panel a),
recorded by a bandpass filter with the center wavelength
470 nm (FWHM 10 nm) located close to the peak of the CD
spectrum, shows a granular structure. The histogram of g,
values is well described by a Gaussian distribution with
8ars=—0.17£0.04. Spectra integrated over the complete
field of view, shown in the lower half of panel a, provide
peak CD and g, values of —0.054 (—1800 mdeg) and —0.21,
respectively.

Upon increasing the layer thickness to 159 nm (panel b),
the average optical activity increases substantially, as
indicated by the pronounced color change of the image from
violet to orange, resulting in a Gaussian distribution with
8avs=—0.271+0.03. The spectra provide peak values of
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—0.133 (—4400 mdeg) and —0.38 for the CD response and
Zavs» Tespectively. A further substantial increase of the layer
thickness to 356 nm (panel c) leads to a slighter increase of
Zavs (—0.294+0.03), as indicated by the brighter orange color
of the image. The peak values of the CD response and g,
are —0.276 (—9100 mdeg) and —0.44, respectively.

In the case of molecular chirality, g, should be
independent of thickness.”” However, the correlation in
Figure 6e indicates a clear increase of | g, | up to a thickness
of ca. 150 nm and a leveling-off above (violet solid circles).
This is consistent with experiments for supramolecular
structures of the chiral copolymer c-PFBT, also included in
Figure 6e (black circles).['¥!

A similar thickness dependence was found previously by
Lakhwani and Meskers for thermally annealed poly-[9,9-
bis((3S5)-3,7-dimethyloctyl)-2,7-fluorene] films.”” This result
also suggests that the large induced CD signal of these
F8BT:(+)-2 films arises from supramolecular chirality.

We note that considering reflection losses at the
interfaces will increase the values for g, but will not
significantly change the trend in the thickness dependence
of g..- Here, we consider an approximate correction method
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proposed by Schulz etal, which is valid for a free-
standing slab of material and will lead to an overestimation
of g.s. Applying their correction, we obtain the violet open
circles in Figure 6e. While all g, values increase, the
difference Ag,,, between the first two points remains almost
the same. A short description of the model is provided in
the Supporting Information (Note 9).

Influence of the Amount of the Chiral Additive and its
Enantiomeric Excess

Additional CD experiments accompanied by atomic force
microscopy (AFM) measurements were performed, in which
the amount of the chiral additive (+)-2 was varied systemati-
cally (Supporting Information, Note 10). The surface mor-
phology recorded by AFM shows aggregated structures of
less than 1 pm size which may be correlated with CD-active
regions of similar size found in the CD microscope images.

In the field of induced chirality, the issue of enantiomeric
excess has been frequently discussed in terms of the
“Sergeant and Soldiers” principle and “Majority Rules”
concepts.* " For instance, previous studies dealing with the
aggregation of intrinsically chiral polythiophenes into a
supramolecular structure in the poor solvent n-decanol
found a nonlinear relation between the g, value and the
percent enantiomeric excess. Already for 20 % monomer
enantiomeric excess, about 90 % of the maximum g,,, value
was reached.’” Similar results were reported for chiral
polyisocyanates.”*! In such systems, chiral amplification is
induced by a small enantiomeric excess of “chiral sergeants”
who control the (supramolecular) chirality of a large amount
of “achiral soldiers”. Here, we investigate if these concepts
are still valid when mixtures of the helicene-type additives
(4)-2 and (—)-2 with different percent enantiomeric excess
are present in the FSBT thin film.

Figure 7 shows the results of such a systematic study. A
total of 33wt% was kept for the sum of the two
enantiomers, which is the same as for the optimized
conditions using only a single enantiomer, such as in
Figure 2. The enantiomeric excess was varied systematically
between 20 % ee of (+)-2 and 20 % ee of (—)-2, as indicated
in panels a—e. We focus first on the spectra integrated over
the whole field of view shown in the lower half of each
panel. Even for the extreme cases with 20 % ee of (+)-2 and
(—)-2, only weak chiral induction is observed, with absolute
peak values of 0.04 (1300 mdeg) for the CD signal and 0.10
for g, For 10 % ee, this drops sharply to 0.01 (300 mdeg)
and 0.03 for the CD and g, values, respectively. As
expected, the racemic mixture shows no CD response. These
findings are clearly not compatible with the “Sergeant and
Soldiers” and “Majority Rules” principles, which would
predict substantial preferred chiral induction already at
20 % ee.

Next, we focus on the g,,, images at the top of panels a—
e. Here, we observe granular structures similar to those in
Figure 2, however now with domains of roughly 600-900 nm
diameter with positive and negative g, side-by-side, either
equally distributed (racemic mixture) or dominated by the
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chiral additive in excess (20 % ee). It therefore appears as if
there is a homogeneous distribution of regions with different
8as Over small length scales according to the individual
contributions of the respective chiral additives rather than a
“The winner takes it all” situation as in the “Sergeant and
Soldiers” and “Majority Rules” concepts.

Conclusion

The current investigation clearly demonstrates that heli-
cene-type additives based on the dibenzo|c,k]acridine motif
indeed act as very efficient chiral additives for polyfluorene
copolymers, such as F8BT (1). Interestingly, the unbridged
chiral additive 2 exhibits significantly better chiral induction
properties than additive 3, which structurally differs only by
one additional methylene bridge. Perhaps the less rigid
structure of 2 is responsible for its better adaptation to the
FS8BT environment during the formation of the
supramolecular chiral phase.

The supramolecular origin of the large chiral optical
response, detected in absorption and luminescence, both
steady-state and time-resolved, is underpinned by several
experimental findings. The nonlinear increase of the dis-
symmetry parameter g, with film thickness is not compat-
ible with a molecular picture of chirality, which would
predict g, values which are independent of thickness.
Furthermore, the ultrafast CD experiments only find tran-
sient spectral features of the copolymer’s electronic ground
state and no clear indications for transient excited-state
chirality. The latter is probably due to the weak coupling
between the widely spaced excited-state chromophores in
the film, again pointing toward a supramolecular origin of
the transient CD signal. Furthermore, measurements using a
newly developed setup for picosecond transient CPL spec-
troscopy reveal a time-independent dissymmetry parameter
Zum» Which is compatible with a static mechanism for the
generation of CPL: Circular polarization could be imprinted
on the initially emitted photons by either circular selective
scattering or a change in polarization upon passing the
residual supramolecular chiral film structure. Taken togeth-
er, all of these findings are also compatible with the picture
emerging for supramolecular chiral assemblies consisting of
intrinsically chiral polymer chains.!"

In the course of the current investigations it has also
become more and more apparent that CD and CPL micro-
scopy techniques with diffraction-limited resolution are
indispensable tools for understanding the chiral organization
of such supramolecular assemblies. This is, for instance,
underlined by the experiments dealing with the impact of
the enantiomeric excess of the chiral additive on the chiral
response. These measurements do not find clear indications
for a “Sergeants and Soldiers” concept or “Majority Rules”
underlying chiral structure formation in polyfluorene co-
polymer thin films. Likewise, TrCPL spectroscopy with
picosecond time resolution, as presented in this study, is a
welcome addition to the chiroptical toolbox and has
considerable potential for the investigation of systems with
much weaker chirality.
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Figure 7. Chirality of F8BT thin films with different percent enantiomeric excess of the helicene-type compounds (+)-2 and (—)-2. a) Microscope
image (80x 60 pm?) including a zoom-in of a representative region for the dissymmetry parameter g, of a film with 20% ee of (+)-2 (top) with a
histogram of g, values (green) including a Gaussian fit (dashed red line), determined over the entire field of view, and spectra integrated over the

entire field of view (210x 160 ym?, bottom) showing the optical density for left- and right-circularly polarized light (OD, (black), ODy (red)), the CD

spectrum (blue) and the g,,, spectrum (green), with the thick red line indicating the spectral region selected by the bandpass filter (center
wavelength 470 nm) employed for CD imaging. b)—e) Same as in panel a, but for films with 10% ee of (+)-2, 0% ee (racemic), 10% ee of (—)-2
and 20% ee of (—)-2. The length of the black scale bars in the CD images corresponds to 25 ym or 2 pm. The values for the film thickness in
panels (a)—(e) were 221 nm, 236 nm, 316 nm, 234 nm and 275 nm, respectively.
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