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Thin films of a chiral diketopyrrolopyrrole derivative were imaged
with spatially-defined Mueller Matrix Polarimetry, focussing on the
Circular Dichroism signal, giving unique insight into the impact that
deposition techniques and thermal annealing can have on chiral
supramolecular structures in the solid state, where homogeneity
was observed for spun-coated films while drop-coating afforded
chiroptical diversity in the material, a feature invisible to absorption
spectroscopy or optical microscopy.

The morphology of thin films influences greatly the efficiency
of organic photovoltaic (OPVs) and other organic devices."
Control of this morphology can be achieved by: (i) changing the
composition and constitution of materials that self-assemble, (ii)
the method of deposition,> and (iii) post-deposition annealing
processes. OPVs often incorporate branched moieties to influence
aggregation,® and chirality does, in certain cases, affect device
performance through morphological variation.*® In basic
research, spin coating is perhaps the most commonly used
method for deposition as a result of its ease of use and reprodu-
cibility for uniform films,” where morphology can be strongly
affected by solvent® and spin speed.’ Post-deposition thermal- or
solvent-annealing can improve film morphology and therefore the
efficiency of devices.'”

However, the exact microstructure across these thin films is
often unknown because determining and imaging structure is
hugely challenging. Diffraction techniques cannot precisely
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reveal the local packing in films'"' because they are amorphous
or only partly crystalline, lacking the long-range order required
for many diffraction methods. Amorphous regions are poorly
understood. Electron microscopy'* and energy dispersive X-ray
(EDX) analysis have also been employed but because organic
films typically only consist of light elements, there is rarely
enough contrast to be able to distinguish domains. Atomic
Force Microscopy (AFM) is often used to screen these films
down to nanometric precision but is surface-specific; the
interior of the film remains unprobed.?

Circular Dichroism (CD) spectroscopy is very sensitive to
organic group’s relative orientations.'*'® Unlike diffraction
techniques, CD does not require long-range order and so it is
particularly suited to observing short-range chiral arrangements
in organic films,'®° where film thickness can cause significant
changes in the optical activity.”® However, CD spectroscopy
generally lacks spatial resolution to reveal intricacies. A com-
mercial instrument’s spatial resolution is around 0.5 cm?, so
averaged signals are observed. The highly collimated light at CD
beamline B23 at Diamond Light Source, UK, allows spatial
resolution down to 50 um and mapping of films.**>* An X-Y
motorized and temperature-controlled stage (Linkam MDS600)
allows CD imaging (CDi) measuring spatially resolved spectra
in the 190-650 nm wavelength region at the highest spatial
resolution of 50 pm also as a function of temperature to
study the effects of annealing on the supramolecular structure
in situ.

Derivatives of 1,4-diketopyrrolo[3,4-c]pyrrole (DPP) are inter-
esting as active layer components of OPVs,**™>® and their self-
assembly can give films with excellent properties.>* OPVs made
from chiral DPPs can have efficiency modulated by symmetry,
and CD spectra of films of these materials show large differences
in the supramolecular order,® albeit at a large scale lacking
spatial resolution. Here, we will show how the mapping and
sensitivity of CD to supramolecular conformation can reveal
differences and changes in the organisation of a chiral organic
dye (1, Fig. 1) in films through variation of the processing
parameters used in the film preparations.
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Fig.1 Chemical structure of 1.

DPP 1 was synthesised in several steps (Scheme S1, ESIt) using
similar procedures described for related achiral materials.*'~*
The CD spectra of 1 in toluene (3.41 mM) correspond to a fully
dissolved molecule (Fig. S1, ESIt). In cyclohexane, temperature
and concentration dependent CD indicates aggregation resulting
in a red shifted negative CD band. A 0.34 mM solution of 1
showed little effect on the CD upon cooling (Fig. S2, ESIt), despite
an increased in absorbance intensity. At 0.46 mM, on cooling
from 60 to 5 °C a substantial and reproducible hypochromic effect
occurs, consistent with J-type aggregate accompanied by red-
shifted CD bands (Fig. S3 and S4, ESI¥).

Films of 1 from chloroform were prepared with two methods:
spin- and drop-coating (Fig. S5, ESIT). AFM of both films showed
that the surface topography differed significantly. The spin-coated
were expectedly the much more homogeneous and uniform films,
all areas scanned had similar features (Fig. S5 and S6 (ESIY),
average roughness 4.6 £ 0.2 nm). The drop-coated films had a
roughness over 20 nm (Fig. S7 and S8, ESIt). Comparison of the
films at 1 x 1 pm scale (Fig. S5, ESIT) shows the continuity of the
spin-coated film, without well-defined domain boundaries, whilst
the drop-coated samples apparently contained small crystallites.

The supramolecular structure within the bulk was studied
using the noted beamline with both CD imaging (CDi)*** and
Mueller Matrix Polarimetry (MMP) facilities.>> MMP measurements
allow disambiguation of the various polarization properties that
can affect CD. Here, CD, circular birefringence (CB), linear dichro-
ism (LD), linear birefringence (LB) and absorption were performed
simultaneously with MMP for both drop- and spin-coated films of 1
prepared from chloroform solution. For the purposes of this study,
only the CD (that have negative maxima at approximately 284, 360
and a broader positive band with maximum at about 408 nm) and
absorption (maxima at around 280, 360 and 510) spectra are
discussed and analysed. The CD of the films is quite different to
that of solution aggregates, a common situation for hierarchical
aggregation.

To probe annealing effects initially, twenty-five absorption
and CD spectra in the 200-650 nm spectral region were
recorded by raster scanning a 5 x 5 grid array (Fig. S9, ESIt)
with step size of 400 pm using the B23 focused beam light of
about 50 x 30 pm cross section. The spectra of thin films of 1
were measured at 20, 70, 120 and 170 °C (below the melting
point of 1, 181-184 °C) to assess the annealing effect to the
sample’s supramolecular structure. For both spin-coated
(Fig. S10 and S11, ESIt) and drop coated films (Fig. S12 and
S13, ESIY), the greatest effect of increasing optical activity with
temperature was observed at 120 °C (Fig. S14 and S15, ESIY),
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which was chosen for the subsequent imaging measurements
as the optimum annealing temperature.

To ensure the same area of the film was studied before and
after thermal annealing with the vertical chamber for CDi, the
MMP tower, and an optical microscope, the film was masked
leaving a circular area exposed. The wider area maps show a
circular area inscribed in a dark, optically inactive square
(Fig. S16, ESIT). The CD and absorption maps from MMP scan
at single wavelength (where signal to noise is highest) of thin
films of 1 from drop- and spin-coated deposition methods were
apparently quite different (Fig. S16, ESIt), although controls are
necessary. They were consistent with the AFM observations that
the spin-coated film was much more uniform than that of the
drop-coated film (Fig. S5-S8, ESIt).

A more detailed spectroscopic study conducted on a 9 by 9
grid of the drop-coated film at 400 pum steps (81 spectra) in the
200-600 nm region revealed that many of the investigated 81
spots had absorption spectra exceeding the optimum intensity
magnitude range between 0.4 and 1.6 (Fig. S17 and S18, ESIY).
Outside that range, some the CD spectra showed a very intense
positive band at about 400 nm that was negative in other areas,
or very small in others. Certain CD spectra (Fig. S18, 5E’ and
5F', ESIT) though resembling others (such as 5G’), showed
excessive absorption intensity, and may contain spectral
distortions, giving artefacts in CD spectra. From these spectra,
the absorption and CD values at 284 nm of the 81 spot
coordinates were plotted as 2D maps (Fig. S17, ESIT). The results
show that relying only on the values at single wavelength could
lead to misinterpretation of the optical activity of the material.
Once the area is scanned with full spectra with a course grid
area, for example, 4 x 4 or 5 x 5 at 0.5 to 1 mm steps, a single
wavelength map can be re-scanned at much higher spatial
resolution of 50 or 100 um. Examples for drop- and spin-
coated films are shown in Fig. 2 and 3, respectively.

The same type of MMP measurements (the full maps are
given in Fig. S20 and S21 (ESIY) for the drop-coated film) were
conducted with the spin-coated film of 1. The absorption and
CD 2D maps at single wavelength (284 nm) confirmed by the
full spectra in the 200-600 nm region that a much more
uniform and homogeneous spin coated thin film (Fig. S22,
ESIT) had been prepared compared to that of the drop coated
film. Only 7 spots out of 81 showed much higher absorption
(Fig. S22A and C, white labels, ESIf) than the rest of the spots,
which were clustered with similar optimal absorption spectra
(Fig. S22D, ESIt) and located at the four corners (Fig. S22A,
ESIt).

The comparison of the spectral data for spin- and drop-
coated films is better illustrated in terms of g-factor (or dis-
symmetry factor),>* the ratio between the CD in AA [AA = (AL — Ag),
where Ap, and Ag are the absorption of left and right circularly
polarized light] over the absorption 4 [A = {(4;, + Ag)/2}]. It is
concentration independent, so any spectral difference in g-factor
terms represent conformational and supramolecular differences
of 1 in the films. The g-factor of the 74 spots of the 2D map of the
spin-coated thin film of 1 are tightly clustered and superimposed
to a large degree, confirming the film’s uniform and
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Fig. 2 (A) 2D map of 4 x 4 mm area of 41 x 41 grid at 100 um steps
scanned at 408 nm of drop-coated film. From this initial 2D map a smaller
area of 3.2 x 3.2 mm (dashed green line) was selected having reasonable
transmission and 81 MMP CD spectra were scanned of the 9 x 9 grid at
400 mm steps (B). 2D maps of absorption and CD at 408 nm (C and E) and
284 nm (D and F).

homogeneous nature. A contrasting situation exists for the drop-
coated film, where 7 out of 18 spectra showed large differences
related to the supramolecular arrangement of the DPP chromo-
phore (Fig. S22, ESIt). The spectra are in the optimum absorp-
tion range, and therefore do not show differences arising from
spectral distortion of the type noted above. Only one spot
scanned in the drop coated film was similar to the largest CD
measured with the MMP for the spin coated film (Fig. 4). Even
so, the peak positions are slightly different, indicating that non-
identical supramolecular structure can be induced in both film
preparations, and more diversity was observed in the drop
coated film. It is important to note that when supramolecular
differences are observed by CD and g-factor from MMP measure-
ments, the absorption in the solid state might be not directly
related to the sample thickness, as the hypochromic effect
observed for the J-aggregate will be convoluted with the apparent
chromophore concentration.

The CD imaging and CD from MMP mapping (with similar
optimal absorption) are qualitatively similar for both the
annealed spin- and drop- coated films, though the latter was
much closer (Fig. 5). The CD spectral features from CDi
measurements of the as-formed spin-coated film were about
half the intensity in the 200-400 nm region but with opposite
sign at 500 nm than that observed when annealed (Fig. 4).
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Fig. 3 Spin Coated Film 2D maps from MMP data. CD (A) and absorbance
(B) 2D maps of 4 x 4 mm area of 41 x 41 grid at 100 m steps scanned at
fixed 284 mm wavelength. CD (C) and Abs (D) 2D maps of the smaller
dashed square area of 9 x 9 grid generated at 284 mm and at 408 nm for
CD (E) and Abs (F) from 81 spectra.

0.005

é

-0.005

g-factor {[AA= (A, - Ag)]/ A}

= Drop-coated (Scan 19)
——— Spin-Coated (Scan 80)
-0.010 T T T T T T T
200 250 300 350 400 450 500 550 600
Wavelength (nm)

Fig. 4 Most similar g-factor spectra of 1 from a drop- and spin-coated
films generated from the ratio between the spectra converted from mdeg
to AA for the spectra (see Fig. S22 for all spectra, ESIT).

Relatively large 2D maps scanned with the drop-coated thin
film of 1 annealed at 120 °C for 30 minutes using B23 CD
imaging and B23 Mueller Matrix Polarimetry (MMP;) revealed
areas of CD signal with opposite sign and variable intensity
magnitude (Fig. 2). This feature was much less pronounced
when observed with both absorption and optical microscopy
demonstrating how the MMP mapping method can reveal more
precisely the uniformity and chiroptical homogeneity of thin
films. This study indicates unambiguously that areas in the
films have different or variable supramolecular structures,

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Absorption (A), CD (B) and g-factor (C) spectra of 1 in annealed
drop-coated film from MMP mapping (green) and spin coated from MMP
(black), and from CDi of an as-formed film at 20 °C (red) and annealed at
120 °C (blue).

indistinguishable using UV mapping or optical microscopy,
that are detected using spatially-resolved CD from MMP data.
This study provides unique insight into the effect of deposition
techniques and thermal annealing on the supramolecular struc-
ture of thin films of organic dyes, where other techniques would
provide averaged signals that do not detect the inhomogeneities
in the films. The MMP mapping using synchrotron light is thus a
non-destructive and unique way to probe the supramolecular
structure in thin films. The results discussed here can be viewed
as proof of concept with the aim of incorporating these and
similar structures into bulk heterojunctions and gain otherwise
inaccessible details of structural domains in devices leading to a
new understanding of the photovoltaic performance of chiral
films and ability to control them. The relative arrangement of
chromophores in a chiral sense will affect the material’s photo-
induced charge transport, and recent interest in these kinds of
systems mean our findings and approach may be of use.>*>”
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