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Introduction

Film thickness dependence of nanoscale
arrangement of a chiral electron donor in its
blends with an achiral electron acceptory
Giulia Pancotti, (2 12 C. Elizabeth Killalea,

Letizia Liird-Peluso, 2 £° Sergi Riera-Galindo,
Mariano Campoy-Quiles, (=@ Giuliano Siligardi

£9° Thomas W. Rees, (0 1§°
@ Peter H. Beton, (2 ¢
9 and David B. Amabilino (2 *@

The nanoscale chiral arrangement in a bicomponent organic material system comprising donor and
acceptor small molecules is shown to depend on the thickness of a film that is responsive to chiral light in
an optoelectronic device. In this bulk heterojunction, a previously unreported chiral bis(diketopyrrolopyr-
role) derivative was combined with an achiral non-fullerene acceptor. The optical activity of the chiral
compound is dramatically different in the pure material and the composite, showing how the electron
acceptor influences the donor’'s arrangement compared with the pure molecule. Mueller matrix polari-
metric imaging shows the authenticity of this effect and the homogeneity of short range chiral orien-
tations between the molecules, as well as more heterogeneous short and longer range arrangements in
the films observed in linear dichroic and birefringent effects. The two-dimensional circular dichroism (CD)
maps and spectra show the uniformity of the short range supramolecular interactions both in spun-cast
films on quartz and blade-coated films on photovoltaic device substrates, where evidence for the chiral
arrangement is uniquely provided by the synchrotron CD measurements. The external quantum efficiency
of the devices depends upon the handedness of the light used to excite them and the film thickness, that
influences the supramolecular arrangement and organization in the film, and determines the selectivity
for left or right circularly polarised light. The difference in external quantum efficiency of the photovoltaic
devices between the two handedness’ of light correlates with the apparent differential absorbance
(g-factor) of the films.

cularly polarized luminescence.>” Their supramolecular

organization in mixtures with complementary compounds that

There is an increasing interest in chiral n-functional organic
materials because of the unique properties they provide,
including the detection of circularly polarized light'™* and cir-
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form materials with particular properties is important in many
areas of science and technology, perhaps most significantly in
the preparation of photovoltaic devices.*® Thin films made of
this kind of material show physical properties intimately
dependent on their supramolecular architecture, from first
order relative arrangement in dimers or stacks, across a hierar-
chy of organization,'®™® to the mesoscale, and also upon
phase separation.’*® There is very little known, however,
about how parallel (also referred to as orthogonally) assembled
systems affect one another’s organization in thin films.
Studying the nature of this type of organization in chiral
systems®*2° using electronic circular dichroism (CD) spec-
troscopy reveals the optically active supramolecular
arrangements,”” ° and the use of Mueller matrix polarimetry
(MMP) at B23 beamline of Diamond light source reveals the
homogeneity and nature of the optical activity at high resolu-
tion through scanning and mapping thin films of chiral
materials.* The MMP tower is incorporated into the spectro-
meter and measures the sample in transmission mode with
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the beam vertically incident on the horizontal sample. For
non- or modestly de-polarising thin films of chiral materials,
the MMP is the only spectroscopic instrument capable of sep-
arating from each other the linear dichroism (LD), linear bire-
fringence (LD), circular dichroism (CD) and circular birefrin-
gence (CB). The B23 MMP can also be used in CD-mode, like a
conventional CD spectropolarimeter, to highlight the linear
anisotropies (LD and LB) effects on the CD spectral shape,
intensity magnitude, and sign. Therefore, the MMP measure-
ments can show the distinct optical activities that arise from
different length scales of organization: dichroism at the scale
of a few molecules and birefringence from longer range organ-
ization. The decomposed CD from the MMP analysis reflects
the chiral structure that is of paramount importance as it dic-
tates the material properties.***

Among the many families of donors used as part of the
active layer of bulk heterojunction photovoltaic devices (BHJ
PVs), derivatives of 1,4-diketopyrrolo[3,4-c]pyrrole (DPP) are
particularly versatile thanks to their tuneability through
chemical substitution.®*” DPP derivatives show interesting
solid state properties thanks to the organisation of their princi-
pally planar molecular structure, which allows intermolecular
n-n  interactions  forming  specific = supramolecular
arrangements,*®*! that can be made chiral.**™*#

In this work, an extended bis-DPP 1 was synthesised
(Fig. 1), where stereogenic centres were introduced at the ends
of the long axis of the molecule and the extended r-system
guaranteed a highly conjugated system, to emulate those seen
in polymers of this general type.*’

The work presented here focuses on mixtures (Fig. 1) of the
new bis-DPP molecule 1 and the electron acceptor 3,9-bis(2-
methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-indanone))-
5,5,11,11-tetra-kis-(4-hexylphenyl)-dithieno[2,3-d:2’,3"-d"]-s-
indaceno-[1,2-b:5,6-b'|dithiophene (ITIC-4F), widely used in
high performance BHJ PVs.”*>?

Study of the chiroptical response of organic films can be
achieved using CD spectroscopy.”>® The use of CD of thin
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Fig. 1 Chemical structures of the donor (1) and acceptor (ITIC-4F)
compounds used to make the mixtures in this paper.
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films of chiral DPP derivatives has been used to study their
supramolecular structure, and the advantages that CD has over
absorption  spectroscopy has been  demonstrated.>’”®
Notwithstanding, for optical imaging, conventional spectropo-
larimeters are limited in their spatial resolution, typically being
a few millimetres. Furthermore, solid state samples can have a
non-trivial CD response compared to isotropic solutions, mainly
because of local anisotropies that lead to various other contri-
butions to the spectrum (LD, LB and CB). For non-depolarising
and moderate depolarizing materials the Mueller matrix ana-
lysis allows disentanglement of the CD response of thin films
(and solid-state samples in general).>®>®° The highly collimated
microbeam, generated at Diamond light source (beamline B23),
can be used to assess the homogeneity of supramolecular struc-
tures in the preparation of thin films mapping the area of inter-
est with a spatial resolution of at least 50 pm”. The facility is
coupled with a Mueller matrix polarimeter (MMP) which allows
fine study of film’s optical activity (see ESIf for set-up).®*

It will be shown that this chiroptical tool reveals important
information about the organisation of the mixture of homo-
chiral 1 and ITIC-4F, and that the acceptor material signifi-
cantly alters the chiral organisation of the donor. First, the
preparation of the new material and its characteristics will be
described, and then the intriguing optical activity of the
blends will be discussed.

Results and discussion
Synthesis and characterization

The new chiral electron donor based on a bis-DPP was pre-
pared by the route shown in Scheme 1 for one of the enantio-
mers (see ESIf for details). The synthesis starts with the prepa-
ration of compound 2, as before,>” that was alkylated at the
lactam and deprotected with acid to generate phenol 3.
Introduction of the stereogenic centre, coming from ethyl

lactate (which proceeds with a high stereoselectivity®* °°), was
CeHlz
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Scheme 1 The synthetic route for the preparation of (S,S)-1.
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achieved using a Mitsunobu protocol, and bromination of the
thiophene in 4 with N-bromosuccinimide in the presence of
acetic acid to give bromothiophene 5. That compound was
coupled using palladium(0) with bis(pinacolato)diboron to
give the desired compound 1.

In solution, compounds 4 and 1 show the dual band
absorption characteristics (ESI Fig. S1 and Table S1}) that are
typical of DPP derivatives.®®®® The absorption properties of
monomer (S)-4 (Amax = 499, 518 nm, both with & = 24 600 M™"
em™') lie between those of similar symmetric derivatives, the
N-hexyl thiophene®” (Ap., = 548 nm and & = 31055 M~ cm™")
and N-hexyl phenol®® DPPS (A = 481 nm and & = 22000
M 'em™), illustrating how optical properties are changed by
chemical structure in these compounds.

Compound 1, that can be considered the covalent dimer of
4, has a large bathochromic shift (104 nm) of the low energy
absorption band and a loss of vibronic structure compared
with the monomer as a consequence of the extended conju-
gation in the structures. Both the low and high energy bands
are broadened greatly in 1 compared with 4, a type of broaden-
ing is typically observed in polymeric DPP systems.*”

In solution, 4 has an emission profile with a vibronic struc-
ture and a Stokes shift of 35 nm (ESI Fig. S21). Compound 1,
contrastingly, has emission profiles that, like their absorption
profiles, exhibit no vibronic structure (ESI Fig. S2t) and extre-
mely large Stokes shift of 100 nm. This effect suggests that
much of the absorbed energy is lost to vibrational relaxation —
a result of the increased conjugation and increased degrees of
freedom compared with the smaller molecule. This hypothesis
is supported by the low photoluminescence quantum yields of
1 compared to those of 4 (Table S2}). The absorption spectra
of thin films of compounds 4 and 1 show similar trends (ESI
Fig. S3 and Table S31).

The cyclic voltammetry data of (S,S)-1 shows irreversible
processes, with a single reduction peak at approximately —1.6
V with respect to Fc/Fc' and multiple complicated oxidation
processes starting from 0.84 V against the same reference (see
ESI, Fig. S4 and S5%). This irreversible and sweep-rate depen-
dent behaviour is interpreted as a result of non-reversible
adsorption to the electrodes during cycling (Fig. S67).
Nonetheless, the onset values are useful for estimating the
energy levels for the compounds. The values calculated from
these onsets for 1 (in chloroform) are for HOMO and LUMO
—5.28 and —3.61 eV, respectively (Table S4t). These values indi-
cate a gap of 1.67 eV, and the calculated optical gap is 1.59 eV.

Solution state circular dichroism spectroscopy

Compound (S,S)-1 dissolves readily in organic solvents of
medium polarity, such as chloroform, dichloromethane and
THF. In these media the optical activity is practically null in
the visible region. The lack of appreciable CD signal in this
area is a result of the large distance between the stereogenic
centres in the molecule and the chromophores that are respon-
sible for the absorption. Aggregation of the molecules was
observed in mixtures of chloroform and heptane, with the 1:5
ratio being particularly convenient for the study of the self-
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Fig. 2 High-tension (HT, equivalent to absorption, above) and CD
(below) spectra at different temperatures for solutions of the enantio-
mers of (S,5)-1 in chloroform : heptane (1:5, 32 uM) from a commercial
spectropolarimeter.

assembly at different temperatures. The CD spectra (Fig. 2)
were acquired between —5 and 60 °C, revealing very modest
CD signals at the higher temperature, but clear evidence for
aggregation of the molecules as the mixture was cooled. An
exciton couplet is clearly observed with maxima at approxi-
mately 580 and 690 nm, corresponding to the absorption
maximum of the compound. The thermally reversible signals
(Fig. S6 and S7 in ESIt) show the kind of change in CD inten-
sity characteristic of a system forming helical aggregates in
solution.”®”® The degree of aggregation is very sensitive to
concentration; at 8 pM in chloroform: heptane (1:5) the
aggregation is quite modest (ESI Fig. S8t).

Thin film preparation and morphology

Thin films of donors (S,$)-1 in neat form and in combination
with ITIC-4F were made from chlorobenzene solutions, at a
total concentration of 20 mg ml ™. The solutions were initially
spun cast onto amorphous quartz (fused quartz, to ensure
optical transparency for spectroscopy) at room temperature
(approximately 20 °C) to give films of the appropriate thick-
ness, approximately 90 nm (extracted from variable angle spec-
troscopic ellipsometry (VASE, see ESIT for details)), for measur-
ing the optical properties.

The morphology of the surface of the films was character-
ized by atomic force microscopy (AFM) performed in intermit-
tent contact (AC) mode, using parameters developed in other
systems.”? The films were imaged at multiple positions over
the surface (with scales between 1-10 um) to ensure reproduci-
bility and homogeneity (ESI Fig. S9 and S10%).

Nanoscale, 2025,17, 3133-3144 | 3135
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Smooth, randomly distributed intermeshed fibres can be
perceived in the images of the films (Fig. 3). The root mean
square (RMS) roughness over all images in the scale of 10 x
10 pm is between 7 and 12 nm.

Topography

Height (nm)

Phase

Topography

Height (nm)
> —

I\iQ‘; C |“ ﬂ; i 2 \
0 v o
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Fig. 3 Intermittent contact-mode AFM images of films of (S,S)-1 and of
mixture of (S,S)-1 and ITIC-4F (ratio 1:1 spun cast from chlorobenzene
solution on pre-cleaned quartz discs). Topography (top row for each
sample) and phase (bottom row for each sample) images and coloured
line profiles (middle row for each sample) extracted from the corres-
ponding topography images. Scale sizes: 10 x 10 ym (left column), 5 x
5 um (right column). Images acquired using the first eigenmode of a
standard Scout 70 RAl cantilever.
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The profiles extracted from the topography images reveal
heights and depressions slightly less than 30 nm. The surface
looks quite rough with no particular preferred orientation. The
phase images are smooth, which is expected for a single com-
ponent film (supposing domains do not have dramatically
different organization).

The films incorporating (S,S)-1 and ITIC-4F have clearer aci-
cular objects, especially in the phase response, more evidently
so when compared with the pure electron donor (Fig. 3). The
mixed sample shows a smoother film than the films of pure 1
prepared under identical conditions, with an RMS of approxi-
mately 6.7 nm on average, half that of the single component
film of (S,S)-1, albeit with the presence of some larger acicular
particles in the film.

It is believed that the specific growth conditions in the
mixture of donor and acceptor promote the formation of acicu-
lar objects, as shall be shown one component affects the
growth of the other, and the generally much finer structure
results in a flatter surface. The mixed film has a distribution of
heights (from the profiles extracted from the topography
images) of 13 nm with variations of +5 nm. The surface looks
homogeneous with a contrast in the topography image that
reflects the interchange of heights and depressions in the
nanometric range, with a morphological behaviour reminis-
cent of a fibre-like distribution. On the other hand, the phase
image shows a slightly pronounced but visible contrast in
colour, probably because of the presence of the two com-
ponents. The AFM of the blade-coated samples (ESI Fig. S117)
are quite distinct, and will be discussed later (see below).

Circular dichroism spectroscopy of films

The optical activity of the films was studied by electronic CD
spectroscopy on quartz discs using a conventional spectro-
meter in the first instance, allowing measurement of the
average optical properties over a wide range of wavelengths in
an area of approximately 0.5 cm?®. Multiple spectra were
recorded on each sample upon rotations of 45° steps around
the direction of the incident light and by flipping the films of
180° around the vertical axis to minimise the contributions
from the linear components (LB and LD) to the CD signal.

The strongest CD signal is located near the absorption
maxima of (§,5)-1 at around 600 nm (the band shows a red
shift and broadening compared to solution spectra). Weaker
CD signals with the opposite sign are observed either side of
this principal band, at 500 and 750 nm. The strong signal
arising from the supramolecular organisation of ($,S)-1 in the
films resembles that observed in solution of chloroform:
heptane (1:5) although the signals are apparently opposite
(allowing for the shift to higher wavelength of the solid state
absorption signals). This kind of inversion of optical activity
upon aggregation is usually assigned to the wrapping of
helical objects and is indicative of their hierarchical
assembly.”?

The composite films incorporating (S,5)-1 and ITIC-4F
display very different CD spectra. There are clearly chiral aggre-
gates present in the film, as the intensity of the Cotton effects

This journal is © The Royal Society of Chemistry 2025
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are far larger than to be expected from purely molecular chiral-
ity. However, the magnitude is less than that of the pure enan-
tiomers of the donor, as judged by the apparent g-factors of
each signal (see Table S5 in ESIt), and also the position of the
CD signals is red-shifted compared with the films of pure (S,
S)-1. The lower g-factor is partially a result of the overlapping
absorption of ITIC-4F in the region of the chiroptical activity
arising from (S,S5)-1 (Fig. 4). Indeed, the strongest CD signal
from the films of (S,S)-1 and ITIC-4F arises at approximately
715 nm, where the CD of pure 1 is comparatively small.

The IR spectra of the pure components and mixture of (S,
S)-1 and ITIC-4F display peaks that coincide in all the
vibrational types from the varied functional groups (see ESI
Fig. S12 and S13}). Mapping of the sample shows areas that
are richer in one component or the other. The coincidence of
the position of vibration of the functional groups in pure
material and composite is high, although minor differences
may be disguised by the noise.

These CD results indicate that the organisation of (S,5)-1 in
the composite films is very different to the assembly of the
pure compound, and therefore that the electron acceptor
ITIC-4F is affecting the supramolecular chirality of the donor
molecules in the film. The domain size of the donor is far
smaller in the composite films, and the domains have a large
area of interface with the acceptor, that apparently cause a con-
trasting organisation in the donor compared with the neat
material. That change in arrangement is imperceptible using
absorption spectroscopy alone. While polymorphism of the
electron acceptor used here is known,*>”®”” the authors are
not aware of any case where polymorphism of a donor is
induced upon incorporation of the acceptor into blend films.

—(S,9)1
1——ITiC-4F
——(S,S):ITIC4F

0.84

0.6 4

0.4 4

Normalized Absorbance (a.u.)

5 ]
® 20 3
E o - £
= a
o
© 60 -10
-804 -
~1004{— (.91 -
——(S.S)}-1ITIC-4F
~1204—, . -20

400 500 600 700 800
Wavelength (nm)

Fig. 4 Absorption (top) and CD (bottom) spectra of thin films of donor
(S,5)-1 alone and in combination with acceptor ITIC-4F.
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Mueller matrix polarimetric imaging

Mueller Matrix Polarimetry imaging (MMPi) of the films (S,S)-
1 and its mixture with ITIC-4F were performed on the B23
beamline at the Diamond synchrotron facility (ESI Fig. S147).
As in our previous work on single component films,>” CD spec-
tral maps were recorded at low resolution, followed by higher
resolution optical activity imaging maps, where the contri-
butions from all the components of the Mueller Matrix are
recorded. The spectral maps were also recorded to ensure that
the CD response (in particular) was arising from the chiral
materials present in the films.

The imaging of the blend mixtures proved particularly chal-
lenging because of the lower g value of the films caused by
high absorption and the relatively low optical activity com-
pared with other systems that have been imaged with CD on
the beamline B23.”%"®" The presence of the achiral electron
acceptor that effectively gives a higher absorbance than the
pure bis-DPP without increasing the CD signal, in principle at
least, makes the measurements harder than for pure material.
For this reason, experiments were carried out to optimise the
measurements. Maps were recorded (see ESI Fig. S157) where
the integration times were varied from 10 to 100 milliseconds
(using 16 integration cycles). The longer integration time gives
a uniform signal and much more reliable CD response, and
therefore this used for the optimised
measurements.

The MMP maps of spin coated film of (S,S)-1 (Fig. 5) shows
negative CD signal at 600 nm with a uniform distribution
across large areas, with relatively little variance (and the g
factor map corresponds well with the CD map). In the region
shown there are significant linear dichroic effects and rela-
tively weaker birefringent effects (presumably caused by local
orientation in the film and the deposition method), according
to the 16 element Mueller matrix the samples seem to show a

parameter was

€D (mdeg)

Abs (au)

G-factor (CD/Abs)

r 0034

LD’ (8a)

Fig. 5 MMP maps calculated from MM using the analytic inversion
method of a spin coated film of (S,5)-1 at 600 nm of a 0.5 x 0.5 mm
area (21 x 21 steps) with a lateral resolution of 25 um.
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complex behaviour® (biisotropic or bianisotropic) for this
reason the MMP were obtained through the analytic inversion
method. It is still safe to say that the chiral arrangement of (S,
S)-1 throughout the films is uniform (see ESI Fig. S16-S187 for
additional data including the full 16 element matrix), even if
longer range organisation does vary.

The MMP map of the mixed spin-coated film incorporating
(5,5)-1 and ITIC-4F gave noisier data because of the low g
factors mentioned previously, as well as the shift in the Cotton
effects that are near the 650 nm upper limit of B23 double
grating monochromator. The negative signal at 530 nm shows
a uniform distribution in a wide area with a very uniform
apparent g-factor (Fig. 6), while the slightly positive CD signal
at 630 nm is more noisy because of the weaker signal. These
results are consistent with the CD signal expected from Fig. 4.
Like the pure (§,S)-1, linear components are present but it is
still possible to disentangle the CD (see ESI Fig. S17 and S18}
for spectra of a map). These results clearly indicate that the
orientation of the chiral components is uniform at the limit of
resolution across the film, indicative of the homogeneous local
arrangement of the molecules, even if the longer range order
(seen in linear anisotropic effects) is more heterogeneous.
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Fig. 6 Optical activity MMP maps at 630 nm (top) and 530 nm (bottom)
of alx 1 mm area (41 x 41 steps) with a lateral resolution of 25 ym of a
spin coated film of (S,S)-1: ITIC-4F.
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Upon examining the sample prepared on an indium tin oxide
(ITO)-coated glass slide using the blade coating technique, (S,
S)-1 exhibits a strong negative signal at 600 nm, approximately
—100 mdeg (Fig. 7 and ESI Fig. S19t), as expected for aggre-
gates of the molecule.

The films of (S,5)-1 blended with ITIC-4F show a weaker,
positive signal at the same wavelength (Fig. 8 and Fig. S20 and
S217). These samples display significant linear dichroism (LD)
and linear birefringence (LB) signals, which is attributed to
the blade coating process, potentially causing preferential
orientation, and the layered structure (glass/ITO/ZnO nano-
particles layer/active layer) of the solar cell. A test on the ZnO-
coated layer (see ESI Fig. S227}) also revealed LD and LB signals
but no CD signal, confirming that these significant contri-
butions arise from the blade coating method and not from the
samples themselves (Fig. S22} shows that the LD and LD’ of
the corresponding M10 and MO01, and M20 and M02 are not
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symmetric as expected for an anisotropic sample. This effect is
ascribed to alignment from blade coating. It is interesting to
see that the linear birefringent elements M32 and M23, and
M31 and M13 are also antisymmetric). Both samples were ana-
lysed at spots with similar thickness (see ESI Fig. S17 and S18F
for the full 16 element matrix, and Fig. S211 for the full spec-
troscopic map).

Optoelectronic devices

The new electron donor material has energy levels that in
combination with those of the acceptor (vide supra) would be
expected to lead to a functioning BHJ PV device, and the
chiral nature means that the devices can also behave as circu-
lar polarised organic photodetectors (CP-OPDs). The device
structure incorporating the (S,$)-1:ITIC-4F active layer was
ITO/ZnO/active layer/MoOx/Ag (see ESIT for details). To study
the influence of the ($,5)-1:ITIC-4F thickness on the photo-
response, we deposited the active layers as thickness gradi-
ents using decelerating blade coating, employing a method-
ology developed previously.®>® This process created 12
devices of varying thickness on each substrate, allowing for
rapid and material-efficient optimization of the active layer
thickness dependency. The method involved testing 12 dis-
tinct parametric combinations, each replicated twice, result-
ing in a total of 24 devices arranged on a single large aspect
ratio substrate (Fig. 9, ESI Fig. S231 and the ‘optoelectronic
device fabrication and characterisation’ section in ESIf for
more details).
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Transmission optical micrographs of various regions of the
devices show clear changes in morphology of the material as
thickness is modulated, a feature also observable in AFM
measurements on selected regions (ESI Fig. S11). The area
highlighted in Fig. 9 with a green rectangle was imaged
directly using the B23 MMP facility in spectroscopic mode
from which the 2D maps at 530, 600 and 650 nm were gener-
ated, respectively. We were unable to record spectroscopic data
outside this green perimeter area because the sample was
either too thin or too thick to give a reliable signal.

The absorbance decreases down the plate as to be expected
as the film becomes thinner. More remarkably, the apparent
g-factor changes dramatically, as noted in the spectra and the
MMP maps at specific wavelengths that are extracted from the
spectra. There is a change in the sign of the Cotton effect in
the range 550 to 650 nm between the devices 5 and 6. In
addition, a positive Cotton effect emerges at approximately
530 nm (see ESI Fig. S217 for full spectroscopic MMP plots).
These data indicate a morphology-induced change in the
supramolecular structure in the films as they become thinner.
Film thickness has been shown to influence the chiral arrange-
ment in polymers,®*®” we are not aware of this affect being
observed in systems containing mixtures of small molecule.
While there is no direct proof of the origin of this effect,
domain size could influence the supramolecular organization
in the DPP part of the material, as it is clear that the presence
of ITIC-4F does affect the supramolecular structure. That effect
presumably arises from the interface between the two com-
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ponents. As film morphology changes, the interface to volume
ratio changes, and therefore the influence of the acceptor
molecule on the donor molecules chiral orientation is
modulated.

The devices were measured under non-polarized light (AM
1.5 G), varying the thickness. As shown in Fig. 10, most BH]J
devices exhibit a photocurrent around 1 mA cm 2, with
thinner layers detecting more photocurrent. The performance
of the devices as BHJ organic solar cells based on ($,S)-1:
ITIC-4F (Table S6 and Fig. S24, S25) are constrained by the
large domain sizes of the donor and acceptor molecules. This
is supported by AFM and optical microscopy data, which indi-
cate that the domain sizes exceed the scale necessary for
efficient charge transport (see ESI Fig. S11 and S23%). Using
different deposition and processing parameters did not
improve greatly the performance (see ESI Table S6} for a more
complete discussion of all the BH]J devices that were prepared).
However, these devices with thinner layers also exhibit very
low shunt resistance. In OPDs, a high shunt resistance is desir-
able as it reduces dark current, improves the signal-to-noise
ratio, results in faster response times, and enhances overall
sensitivity (Fig. 10). The response of the photocurrent under
illumination of 709 nm shows a linear dynamic response at 0

-20

. aq 1107

4 1x10°

] 41x10°

Photocurrent (mA/cm?)
]
=

U) 9ouB)sISaY JUNYS

L {1x10

30 45 60 75 90 105 120 135 150 165 180
(S,S)-1: ITIC-4F thickness (nm)

0.001
Dark current
14.5 Wm?2
1E-41 10.8 Wm?2 o
7.6 Wm?2 s
1E-51 3.7 Wm?2 Z
B = ——
<
1B /
\‘ -
1E-81 e
1E-9] <
1E-10 r r r r
-0.2 0 0.2 0.4 0.6

Voltage (V)

Fig. 10 Shunt resistance and photocurrent generated under AM 1.5 G
illumination for (S,5)-1:ITIC-4F as a function of film thickness in the
devices (top) and below the J-V characteristics of the blend, recorded
in the dark and under unpolarized illumination with increasing light
intensity.
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V (see ESI Fig. S267) of ~5.6 dB in the range from 3.7 W until
14.2 W.

External quantum efficiency (EQE) measurements, which
assess the current generated at each wavelength, were con-
ducted using circularly polarized light (CPL) by placing a
linear polarizer and a quarter-wave plate after the xenon lamp
(Fig. S277). Both left- and right-circularly polarized light (LCP
and RCP), were tested separately, assuming LCP (h" — e7) #
RCP (h' — €7). The same devices in the gradient array that
were tested for their EQE were explored in the spectroscopic
grid experiment at the B23 beamline at Diamond (Fig. 9) to
correlate the results of the two experiments (Fig. 11). In device
2 (Fig. 11), LCP light generates more current compared to RCP
light. The same pattern is observed in device 3. However, in
device 4, the situation reverses, with right circularly polarized
light producing more current. In devices 5 and 6, the differ-
ence between the two is diminished, and the curves appear
similar. When comparing this with the Mueller matrix map
extrapolated from the spectroscopic grid experiment, particu-
larly at 600 nm, it is evident that the film of the blended donor
and acceptor changes from a negative to a positive signal
around the 4th device, then decreases again, approaching
zZero.
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Fig. 11 (Top) EQE(%) calculated with right (solid line) and left (dotted

line) CPL of different devices along the gradient of the cell; (bottom)
comparison between the value of g-factor at 600 nm and the A(EQE) at
600 nm for the different devices in the gradient cell. To avoid any degra-
dation effects, experiments were systematically performed in the
sequence starting with RCP followed by LCP.
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With those measurements an EQE dissymmetry factor can
be calculated using:

gEQE — E’QELCP — EQERCP
2(EQE’LCP + EQERCP)

(1)

By plotting the apparent g-factor against gpqr, calculated as
in (1), a correlation between the two values can be observed
along the gradient.

Here, the small molecules embedded in the active layer
exhibit selectivity for left- or right-handed CPL depending on
the layer’s thickness. This selectivity results in a higher photo-
current generation, even though the absorption probability is
lower compared to linearly polarized light (see ESI Fig. S287).
Despite the reversal of circular polarization at the metallic
electrode,®®®® the distinction between left- and right-handed
CPL is preserved due to the asymmetry in the operation of the
two electrodes (with ITIC-4F being a superior charge carrier
compared to the DPP derivative). Additionally, part of the inci-
dent light is absorbed by the film, reducing the intensity of
the reflected light compared to the incident light.

A control experiment was performed by using a racemic
mixture of 1, formed from an equimolar mixture of (R,R)-1
and (S,S)-1, blended with ITIC-4F that showed no discrimi-
nation in the current generation upon illumination with
different light polarizations (see ESI Fig. S29%). The devices
based on a racemic active layer give a poorer performance than
that based on the enantiomeric material (ESI Table S77)
because of the larger phase separation observed in the films.

While the correlation between short-circuit current, open-
circuit voltage, and the thickness and morphology of the
device is well-established, the relationship with electronic pro-
perties and the preferential absorption and current generation
under CPL is novel. Using synchrotron radiation that enables
the highest spatial resolution, detailed MMP data was recorded
from which the CD solid state maps along the gradient of the
active layer in the organic solar cell were obtained, allowing
prediction of its behaviour under CPL excitation.

It is to be noted that the term apparent g-factor has been
used throughout this text. An analysis of the thickness depen-
dence of the absorption of the films studied with the MMP
showed that while there is a linear dependence of absorption
with the thickness (see Fig. S307) there is a non-zero intercept.
A contribution from reflection and/or light scattering, there-
fore, cannot be ruled out, and for this reason the calculated
g-factor is apparent. The corrected® g-factor curves are pre-
sented in Fig. S30.}

Conclusions

The optical activity data presented here indicates clearly that
the electron acceptor ITIC-4F influences dramatically the
chiral arrangement of (§,S)-1 compared with its supramolecu-
lar structure as a pure material. That information is not
evident from any other characterisation technique. The change
in organisation of the DPP-containing compound might be

This journal is © The Royal Society of Chemistry 2025
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interesting to consider in the context of other photovoltaic
materials of this type, and the method employed to observe
this arrangement with synchrotron MMP could be used widely.
Although it is not possible to image individual domains of the
chiral material in the nanostructured film, that AFM shows to
comprise of acicular objects consistent with phase separated
components in the films, the supramolecular arrangement is
shown at the micron scale.

The MMP imaging is proven to reveal homogeneity of short
range chiral orientations and more heterogeneous longer
range arrangements in the films. The CD signals recorded
with the MMP are similar across large areas, showing that the
local molecular order is conserved. The linear dichroic and cir-
cular birefringent effects are clearly present at certain ran-
domly distributed locations in the composite films, as seen in
the maps measured using the synchrotron light, but appar-
ently do not affect greatly the CD spectra recorded on a com-
mercial instrument that measures the optical activity at a
much larger length scale (several millimetres). The synchro-
tron MMP spectroscopic technique can be used to characterise
the materials in a device configuration on transparent electro-
des. That fact makes the method an extremely useful probe for
studying the arrangements of molecules at different length
scales in optoelectronic devices. Moreover, while the absor-
bance signal only decreases in intensity as the spectroscopic
grid maps were measured along the solar cell gradient, the
optical activity changes dramatically, reflecting variations in
supramolecular organization and domain size. This further
highlights the uniqueness of this technique, which allowed
recording of spatially resolved information from a functioning
organic solar cell and correlate it with its electronic properties.

The chiral materials show an EQE response that depends
on the circularly polarised sense of the irradiating light as well
as the apparent g-factor of the particular area in the gradient
film. The differentiation is surely affected by the optical
activity of the composite material across the visible range,
with positive and negative components that nonetheless
reaffirm great promise for chiral materials in optoelectronic
devices.”>*!
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