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Abstract. The optical and electronic properties of n-conjugated polymers in organic electronic devices
depend on their intra and inter-chain interactions, dictated by the internal arrangement of the polymer
chains in an amorphous or semi-crystalline aggregated state. Here, we discuss the utility of circular
intensity differential scattering (CIDS) of circularly polarized light as a sensitive probe to identify the
internal arrangement of the polymer chains in helical polymer aggregates. We advance existing
theoretical models to utilize the CIDS response and extract structural properties such as the size,
orientation and periodicity of a polymer aggregate. As an example, we analyze the CIDS signatures of
helically assembled fibrillar aggregates of a chiral polymer poly[(9,9-di-n-octylfluorenyl-2,7-diyl)-alt-
(benzothiadiazole)](PFBT) in solution and reveal that PFBT fibrils incorporate at least 5 intertwined
polymer chains. We anticipate our approach can be extended more generally to investigate the internal
arrangement of supramolecular assemblies of wide range of fibrillar aggregates of n-conjugated

polymers.
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n-conjugated polymers have attracted immense interest owing to their application as active layer
materials in solution-processed organic electronic devices.! The efficiency of these devices critically
depends on the polymer morphology, which is intimately related to the aggregation state of the
polymer chains.?3 Notably, the aggregation of polymer chains into fibrillar networks has come up as a
promising strategy to improve device performance of bulk heterojunction organic solar cells (OSCs), with
efficiencies reaching as high as 12.7 % for OSCs with optimized fibril morphology.* As polymer aggregate
morphology is highly influenced by the nature of inter-chain interactions, parameters like backbone
molecular structure,® side-chain geometry,® molecular weight,” solvent,®® and thermal history®
influence the internal arrangement of polymer chains in the aggregate or fibril. Understanding the
internal arrangement of the polymer chains into fibrillar geometries is necessary not only to identify the

origin of fibril morphology, but also to determine optimum device fabrication processing conditions.

X-ray and neutron-based scattering techniques have been used in the past to identify the
dimensions of polymer fibrils in solution, provided fibrils are ordered (crystalline)and the polymer
concentration is significant (~1 wt%).1%12 Detailed insights into the internal structure of the fibrils such as
backbone conformation, side-chain arrangement and inter-chain stacking can also be obtained by x-ray
diffraction measurements provided the assembled fibrils are well-aligned.3-1> This limits their
application in the investigation of spontaneously assembled, poorly ordered polymer fibrils, which are
routinely observed during the aggregation of conjugated polymers such as in the case of polyfluorenes,®
polythiophenes!” and phenylvinylenes!®. Probing the internal arrangement of polymer chains in fibrils,
not limited to the specific case of ordered geometries, necessitates sensitive investigation on
individually dispersed fibrils in dilute solutions (<0.1 wt%); a regime which is hitherto inaccessible by

standard scattering based techniques such as wide and small angle x-ray scattering.



In the case where polymer aggregates are helical in nature, chirality can be exploited as a
sensitive reporter of its internal structure (handedness, pitch, radius). Specifically, the difference in the
scattered intensities of left (L) and right (R) circularly polarized light, known as circular intensity
differential scattering (CIDS), can be used to extract valuable information on the geometry, periodicity
and orientation of the aggregate. Seminal contributions from Bustamante!®-2!, Nicolini??, Maestre?,
Tinoco?® 24, Hunt? and coworkers in both theory and experiment have demonstrated the potential of
utilizing CIDS to identify the internal structure of protein aggregates, chiral nanoparticles,?® cholesteric
liquid crystals?> 27-28 and helically-organized macro domains in biological systems?°. The extraordinary
sensitivity of the CIDS response to varied aggregate structures in dilute solutions allows it to be used as a
novel spectroscopic probe of the internal arrangement of polymer chains in aggregates and fibrils.
However, to best of our knowledge, there is no report demonstrating the application of CIDS to

investigate the internal structure of supramolecular assemblies of -conjugated polymers.

In this report, we advance the discussed CIDS model*®2 for structures beyond a single polymer
chain to include an orientationally averaged supramolecular bundle of intertwined helical chains. We
outline a general relationship between excitation wavelength dependent CIDS spectral features and
their associated helical polymer aggregate geometries that are frequently reported in literature. We
demonstrate the utility of this extended model by reproducing CIDS experiments carried on a dilute
solution (~0.01 wt%) of aggregates of a chiral polyfluorene copolymer, poly[(9,9-di-n-octylfluorenyl-2,7-
diyl)-alt-(benzothiadiazole)] (PFBT). With the help of fluorescence detected circular dichroism (FDCD),
we decouple the chiroptical response arising from differential absorbance of L and R circularly polarized
light, known as circular dichroism (CD) and CIDS. AFM reveals aggregates are fibrillar in nature. Using a
home-built setup, we probe CIDS as a function of fibril size. Our model is able to reproduce the
experimental results and demonstrate the internal structure of PFBT fibril to comprise of at least 5

polymer chains. Furthermore, we show that these fibrils are building blocks for larger spherulites



formed in concentrated solutions. Our findings are consistent with other reports in literature?® 30-31 that
propose cholesteric phases in thin films of polyfluorenes arise from long-range hierarchical arrangement

of fibrils.

CIDS is defined as

I (1,0, — Ir(r1, 6,
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where I;,(1, 6, @) and Iz (T, 6, @) are scattered light intensities for L and R excitations, respectively,
as a function of spherical coordinates given by the radial distance (r), the azimuthal angle (0) and the
polar angle (). In the case of a non-aligned periodic structure such as a rotationally averaged helix, the
shape and magnitude of CIDS as a function 8 can be directly related to its helical pitch and radius. A thin-
wire helical polymer chain defined by the pitch (P) and radius (a) can be modeled as an array of point-
polarizable scatterers whose position vectors (R;, R;) map out a helix geometry and the polarizibility
vectors (£, f;) are defined along the tangential direction (Figure 1a). Further, we define the length of a
polymer chain to be significantly larger (in the order of magnitude) than the pitch. We consider a fibril to
be a bundle of N identical helical chains displaced with respect to each other along the helical axis.
Figure 1a illustrates a fibril made up of 2 intertwined polymer chains. Within the first Born
approximation, the differential scattering intensity (I, — Ir) can be calculated using the general
analytical expression calculated by Shapiro et al.?>32 (equation 5). The double sum in equation 5 can
then be calculated, considering all possible permutations of the inter-particle separation vector (R;;), to
arrive at the differential scattering intensity. Similarly, the expression of the total scattered intensity can

be obtained, to calculate the ratio CIDS as a function of 6.
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Here, j;and j, are first and second order spherical Bessel functions with the argument defined by
the scattering wave vector (q), 4 is the wavelength of excitation, X, § and Z are orthogonal unit vectors
in the laboratory frame and 7, defines the angular separation between individual point scatterers on the
helix. Here, each individual helical strand is defined as a thin-wire, which implies that the polarizibility
vectors (£, f;) of all point polarizable groups (i, j) are tangential to the helix. For helices with tangential
polarizibility, the CIDS ratio is independent of the actual polarizibility magnitude, which significantly
simplifies the CIDS calculations.?® Further, we only focus on the CIDS signals outside the absorption
band, meaning that dispersive properties of the scatterers are not in the picture. It must be noted that
we only focus on the CIDS signals outside the absorption band, meaning that dispersive properties of the

scatterers aren’t included.

Under the set of assumptions, the independent parameters which control the shape of the CIDS
spectrum of an orientationally averaged helix are the helical pitch (P), radius (a) and the wavelength of
incident excitation (1). The CIDS spectrum can be conveniently analyzed as a function of the ratio
between P and a, defined as p (p = P/a) for different values of ¢ (¢ = A/P). Here, p is an intrinsic
parameter which is dependent on the shape of the helix while o depends on the wavelength of the

incident light.
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Figure 1. (a) Schematic of CIDS model showing a segment of a helical bundle comprising two left-handed
helical chains (defined by point polarizable groups) oriented parallel to the z axis in the laboratory
frame. The helix pitch (P), radius (a), the tangential polarizibility (£,) and the azimuthal angle (8) are
also depicted. (b) Calculated (normalized) CIDS spectra as a function of p for orientationally averaged
helical bundles made up of N number of individual chains. (c) The dependence of the number of lobes in
the CIDS spectrum on p for a single chain at different ratios of o and (inset) helical bundles for o = 1. (d)
Minimum value of p (pmin) for obtaining a monosignate CIDS spectrum for helical bundles as a function
of the ratio o. The number of lobes in figure 1c and 1d are calculated by considering the CIDS spectra in

the azimuthal angle range 0 to 180°.



To understand the relationship between CIDS response and fibril geometry, we first calculate the
CIDS response of an orientationally averaged individual helical chain (N = 1). For given values of p and &,
the sign and magnitude of the CIDS spectrum of a chain are determined by its handedness and total
length, respectively. For a chain of a given length and pitch, the increase in the wavelength of excitation
(increase in o) results in a concomitant decrease in CIDS magnitude. This implies that significant non-
zero CIDS response as determined by the instrument sensitivity (typically ~ 10-3) can only be obtained if
the wavelength of incident excitation is not too large in comparison to the pitch of the helical structure
(for example, CIDS > 103 if ¢ < 20). With reference to nano-materials where the helical pitch is less
than few tens of nanometers, measuring non-zero CIDS with visible excitation necessitates
improvements in the instrument sensitivity. This can be possible by utilizing state-of the art detection
techniques such as incorporation of avalanche photodiodes,?? electron-multiplying charge coupled

devices3* (EMCCDs) and direct detection of CIDS using detectors made of chiral materials®®.

The shape of the CIDS spectrum of a single helical chain is controlled by the parameters p and .
Specifically, for a given value of g, a threshold value (pp,i, ) can be defined such that a chain
characterized by p values larger than p,in exhibits a monosignate CIDS spectrum (Figure 1b, c). For
example, if P and A are equal (o0 = 1), a monosignate CIDS spectrum will be observed for a helical chain
where the pitch is at least 5 times the radius (p,,;, = 5). Alternatively, chains characterized by very
small values of p (p < pmin) Will always exhibit a multisignate CIDS spectrum, marked by multiple
positive and negative lobes in the CIDS spectrum. We find that the threshold value p,;,;,, is negatively
correlated with g, i.e., ppmin is small if o is high (Figure 1d). For a majority of self-assembled helical fibers
of conjugated systems reported in the literature, the helical pitch of a polymer chain is usually of the
order of tens of nanometers.3® Hence, CIDS response at visible wavelengths is expected to be generally

monosignate in nature.



In addition to the sensitivity of the shape of the CIDS response on the helix geometry defined by
p, it is also sensitive to bundling of individual helical chains. The most significant effect of bundling of
chains is on the value of p,,;»(Figure 1c, d) where an increase in the number of helical chains (N)
comprising a bundle, results in an increase in p,,;,- This implies that for a helical bundle of a specific
geometry (fixed p) and a given incident wavelength (fixed ¢), an increase in N should increase the
number of lobes in the CIDS spectrum. It should be noted that the minimum number of chains necessary
to affect the CIDS spectrum of a bundle depends on ¢ such that intertwining of a higher number of
individual chains is required if o is large. The sensitivity of the CIDS response to the helix geometry and
bundling makes it an efficient probe to reveal the internal structure of fibrillar morphology in self-

assembled supramolecular structures.
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Figure 2. (a) CD and (b) absorbance spectra for a 6 pg/ml solution of PFBT in chloroform solution

containing different percentages of methanol. Inset figure (a) shows the molecular structure of PFBT.



To demonstrate the utility of our model, we applied it to reproduce CIDS measurements on
kinetically self-assembled aggregates of chiral PFBT that form fibrillar structures. Recently, scattering
from PFBT fibrils in cholesteric thin films has been proposed to account for an unprecedented high
magnitude of circularly polarized electroluminescence observed from PFBT polymer light emitting

diodes.?”

Kinetically controlled self-assembly of PFBT was achieved by dissolving PFBT in chloroform,
followed by stepwise addition of the ‘bad solvent’ methanol to the molecularly dissolved solution. The
aggregation of PFBT polymer chains into helical supramolecular structures is confirmed by exciton
coupled CD (Figure 2a), consistent with the previous reports.3% 38 Increase in the magnitude of CD with
increasing aggregate size indicates the growth of helical ordering within the aggregates. Interestingly, a
non-zero CD is observed well outside the absorption band edge (A > 525 nm) arising due to circularly
intensity differential scattering (CIDS). To differentiate the chiroptical response originating from CD and

CIDS, we utilized fluorescence detected circular dichroism (FDCD) measurements.

Unlike CD spectroscopy that probes differential transmission of left (L) and right (R) circularly
polarized light to obtain complimentary value of AA (= A, — Ag), FDCD measures the difference in the
total intensity of emission upon L and R circularly polarized excitations. As a result, FDCD is insensitive to
chiroptical responses originating from scattering and is has been used to decouple intrinsic CD from
CIDS.3%% For dilute solutions, the measured FDCD signal (8r) is related to AA, given the absorbance (A)

of the solution is known (equation 2).

32982AA
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in (a) confirms that CD spectra at long-wavelengths arise solely due to CIDS. (c) Calculated CIDS of a
helical bundle comprised of different number of helical chains for p =5 and ¢ = 1. Inset figure shows a

relationship between minimum number of chains in a bundle (Nmin) and p required to yield a zero-

crossing in the CIDS spectrum.

The shape and sign of the FDCD spectra of kinetically controlled PFBT aggregates obtained at
different percentages of methanol in the solvent mixture are very similar and agree well with the
characteristic FDCD spectrum of thermodynamically assembled PFBT nano-fibers, reported by us

previously.3® As shown in figure 3a, no appreciable FDCD is observed in the wavelength region outside
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the absorption band edge of polymer aggregates (A > 525 nm, region to the right of vertical dashed line)
confirming that the CD spectra at long wavelengths can solely be attributed to CIDS.?® Surprisingly, CD at
these wavelengths for larger aggregates formed at higher percentage of methanol is of an opposite sign
compared to smaller aggregates. This suggests that aggregate size must significantly influence CIDS. To
identify the effect of increasing amount of aggregation on CIDS and understand how these changes
relate to the aggregate morphology, we performed CIDS measurements using a custom-made setup
(See Sl).

As shown in figure 3b, PFBT aggregates in methanol and chloroform solvent mixtures exhibit
significant CIDS as a function of azimuthal angle (8). With increasing methanol content, CIDS is marked
by the growth of a negative spectral lobe between 8 = 30° and 70°, indicating an increase in scattered
intensity of R circularly polarized light. The change in the sign of the CD in PFBT aggregates outside the
absorption band edge is consistent with the observed changes in CIDS where R circularly polarized light

is scattered more as aggregate size increases, hence resulting in a change in sign of CD.

Using the above model, changes in the shape of the CIDS spectra with increasing aggregation can
be reproduced by considering a polymer aggregate as a bundle of a few intertwined polymer chains. It
should be noted that the minimum number of single chains in a bundle (Nmin) required to affect the
shape of the CIDS spectrum is dependent on the pitch and radius of the helical chains as well as the
incident wavelength. Specifically, Nmin is directly correlated to the parameter p, i.e., Nmin is large if the
individual strands are thin (small radius). Assuming that the helix pitch is at least 5 times the radius (p =
5) as is usually observed for polymer aggregates®® and for the limiting case of o = 1, we infer that helical
intertwining of at least 5 polymer chains is necessary to explain the observed growth of the bisignate

feature observed in the experimental CIDS spectra of PFBT aggregates.
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Figure 4. (a) Schematic of the evolution of the morphology and the internal structure of PFBT
aggregates. Shown also are atomic force microscopy (AFM) phase and scanning electron microscopy

(SEM) images of PFBT aggregates drop-casted from a dilute solution containing 30% and concentrated

solution containing excess of 50% methanol, respectively. While AFM displays fibrillar aggregates, SEM

shows larger aggregates exist as spherulites. Inset in SEM image is zoomed-in polarizing optical

micrograph of PFBT spherulites showing Maltese cross pattern. (b) Fluorescence intensity decay curves

and (c) histogram of the fluorescence lifetimes for isolated PFBT chains in chloroform, PFBT fibrils and

spherulites measured using fluorescence lifetime imaging microscopy. Inset figure compares the

emission spectra of isolated PFBT chains, fibrils and spherulites.
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Atomic force microscopy (AFM) phase image of PFBT aggregates drop-casted from a dilute PFBT
solution containing 30% methanol confirms that polymer aggregates are fibrillar in nature (Figure 4a).
This is consistent with our hypothesis that aggregates are indeed bundles of intertwined polymer chains.
Based on the insights from Dynamic Light Scattering measurements of fibrils (see SI) and AFM images of
drop-casted fibrils, the length of the PFBT fibrils can be estimated to be greater than 100 nm while their
respective radii to be less than 30-40 nm’s. These bundles exist as fibrils and are also building blocks of
larger semi-crystalline structures such as spherulites, formed due to slow evaporation of solvent in drop-
cast films of concentrated PFBT solutions containing an excess of 50% methanol. Remarkably, the
internal morphology of these spherulites appears to arise from self-sorting of PFBT fibrils. This is
confirmed by the characteristic Maltese cross pattern in the polarizing optical micrograph image of the
PFBT spherulites, consistent with previous reports.***? Furthermore, emission spectra of individual
spherulites are very similar to the emission spectra of PFBT fibrils confirming that fibril are building
blocks of these spherulites. The effect of bundling is also reflected in the emission decay dynamics of the
fibrils and spherulites. In contrast to the isolated polymer chains in chloroform, PFBT fibrils as well as
spherulites exhibit an additional fast decay component. While the contribution from the fast component
on the overall emission is small for PFBT fibrils (< 10%), extensive bundling in spherulites impacts the
decay dynamics such that the fast component accounts for more than 90% of the overall emission
lifetime. The appearance of the fast decay component with increasing aggregation is consistent with
previous reports on the emergence of aggregation induced non-radiative decay pathways for PFBT
polymer chains.3®

Based on FDCD, CIDS and microscopy measurements we propose the following schematic of
polymer aggregation (Figure 4a). PFBT chains are randomly oriented and molecularly dissolved in
chloroform, as confirmed by the lack of any net CD response. Addition of the bad solvent (methanol)

results in aggregation of polymer chains into fibrillar geometries. CIDS measurements show that the
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fibrils are formed as a result of intertwining of at least 5 polymer chains. At high aggregation levels,
enforced by precipitation of the polymer chains in solution and slow evaporation of methanol, the fibrils
self-organize into a spherulite shaped geometry.

In conclusion, we advocate the potential of utilizing CIDS, that is usually disregarded as a CD
artifact, to develop detailed insights on the internal structure of self-assembled aggregates in solutions.
For example, utilizing CIDS on self-assembled PFBT fibrils, we have shown that intertwining of polymer
chains is a primary process in the formation of PFBT fibrils. We anticipate that similar conclusions can be
drawn on for a wide range of other it -conjugated systems, which involve self-assembly of isolated
molecules into fiber-like supramolecular structures.

Supporting Information

Details on the experimental procedures are provided in the ESI. The ESI also includes details about the
CIDS setup, the theoretical formalism of CIDS and supporting figures for the various techniques

discussed in the main text.
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