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ABSTRACT: Recent reports have shown increased 600

interest in the capacity of conjugation break spacers ssof
(CBS) to soften relatively rod-like conjugated poly- 0o f
mers (CP) to yield low moduli, high ductility, all while 1
maintaining charge mobility in conjugated polymer
blends. Despite this increased interest there remains a
lack of fundamental understanding in the role of CBS
on backbone rigidity of conjugated polymers and their sof
thermomechanical properties. Here, we provide a first
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holistic approach to understand the fundamental influ- .
ence of CBS length on an n-type naphthalene diimide-
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based conjugated polymer, denoted by PNDI-Cx. CBS lengths are varied from CO (fully conjugated) to C7 with the CBS engineered
into each repeat unit for systematic evaluation. Solution small angle neutron scattering (SANS) and oscillatory shear rheometry were
employed to provide the first quantitative evidence of CBS influence over conjugated polymer chain rigidity and entanglement mo-
lecular weight (M.), demonstrating a reduction in Kuhn length from 521 A to 36 A for fully conjugated PNDI-CO and PNDI-C6,
respectively, as well as a nearly consistent M. of ~ 15 kDa upon addition of CBS. Thermomechanical properties, including: elastic
modulus, glass transition temperature, and melting temperature were all shown to decrease with increasing CBS length. An extraor-
dinary ductility, upwards of 400% tensile stain before fracture, was observed for high molecular weight PNDI-C4 which we attribute
to a high number of entanglements and disruption of crystallization. Furthermore, the deformation mechanism for PNDI-Cx was
studied under strain through X-ray diffraction, polarized UV-vis, and atomic force microscopy.

Introduction

A main attribute of organic semiconductors is the potential to
produce inherently soft and ductile electronics for emerging ap-
plications in technology such as wearable and implantable de-
vices.">3 Such applications require an active material with high
charge transport and compliance similar to biological tissue.
Conjugated polymers (CPs) have seen vast improvements in
charge transport performance in the last three decades?, this im-
provement has driven recent research interest towards the in-
vestigation of mechanical performance which is still in its in-
fancy. Key parameters governing the mechanical property in-
clude: glass transition temperature (T,), entanglement molecu-
lar weight (M.), and morphology which are all highly dependent
on the chemical structure and specifically chain flexibility. De-
spite the high heterogeneity of many CPs, the structural compo-
nents can be separated into two regions of interest, namely, side
chains which offer enhanced solubility and a conjugated back-
bone which promotes charge transport. Side-chain engineering
offers a reliable route for tuning the mechanics through moder-
ate influence over backbone chain dynamics. Increasing side
chain length promotes plasticization of the backbone resulting
in a reduction in T, and subsequently the modulus, which has
been previously demonstrated with poly(3-alkylthiophenes)

(P3AT).>*More recently, Sugiyama et al. investigated the influ-
ence of side-chain length, branching, and chemical structure on
a diketopyrrolopyrrole (DPP) based D-A polymer, concluding
that increased length and flexibility of the side-chain will result
in reduced T, and increased ductility.” Although a successful
method for tuning the modulus, side-chain engineering is rela-
tively indirect compared to direct modification of the polymer
backbone.

Backbone engineering provides a more direct control over
chain flexibility which is a key contributing factor to backbone
T, as well as the propensity of chains to entangle which governs
ductility. Solution scattering is the principal route to quantita-
tively assess chain flexibility, but has primarily been limited to
more conventional CPs such as P3ATs®!% polyfluorene (PF)'!,
and poly(p-phenylene vinylene) (PPV)'2. The general consen-
sus is that CPs containing higher content of fused rings will
have greater rigidity due to an increase in the rotational energy
barrier thus reducing conformational freedom.!® This is evident
in the comparison of P3HT and fused PF which exhibit a per-
sistence length of approximately 3 nm'® and 7 nm'' respec-
tively. Previous research by Roth et al. explored a broad library
of 51 low-bandgap polymers of varying architecture, demon-
strating that a higher content of fused rings to result in increased
stiffness as well as likelihood of fracture.'* A similar trend was



observed in our recent publication where we examined the ef-
fect of isolated and fused thiophene content on the thermome-
chanics of DPP-based polymer.'® It was discovered that increas-
ing thiophene content exhibited an anti-plasticization effect
yielding an increase in modulus and reduced ductility.

Conjugation break spacers (CBS) were recently introduced to
the field of organic electronics in 2014 by Sivula to disentangle
the effect of intra and intermolecular transport.'® For randomly
incorporated CBS at small concentration, the charge mobility
was found to be largely maintained relative to the parent
PBTTT polymer. Although no mechanical properties were con-
sidered, this study has sparked interest in the conjugated poly-
mer community for utilizing flexible CBS to reduce backbone
rigidity and enhance mechanical performance without compro-
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decreased with increasing CBS, indicating that morphology and
not structure alone are responsible for the deformation mechan-
ics within these systems. Also, in 2016, Savagatrup et al. inves-
tigated the influence of CBS length upon incorporation into the
monomer repeat unit itself where previously only random co-
polymers have been reported.'® Although, the thermomechanics
ofthese systems were not considered, a surprisingly high charge
mobility was maintained for blend systems containing as little
as 2% fully conjugated DPP within a matrix of CBS based pol-
ymer. Many more investigations on the utilization of CBS have
been reported, including: promotion of solubility and melt pro-
cessability!®2%2122 healable semiconductors®, and semi-ran-
dom copolymers.?*?* However, there remains a fundamental
gap in knowledge for these systems, namely a lack of quantita-
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Figure 1: Solution SANS profile and fitting of (a) PNDI-Cx polymers in d-DCB solvent at (b) 25 °C and (c) 85 °C. (d) Kuhn length depend-
ence on CBS length as fitted using the flexible cylinder model in SasView software.

mising charge mobility. The first mechanical study of such sys-
tems was performed by Savagatrup et al. in 2016, in which the
effect of CBS concentration on a DPP-based polymer was in-
vestigated.!” A reduction in modulus was found upon increasing
CBS content. Despite the supposed increase in flexibility of-
fered by incorporation of CBS the strain at failure was observed
to be surprisingly low, below 15% strain, regardless of CBS
content. This was justified through the solid-state packing,
where alkyl packing distance and full width half max (FWHM)

tive information regarding the influence of CBS on chain rigid-
ity, propensity to entangle, and mechanical dependence on mo-
lecular weight.

Here, we investigate NDI-based polymer as the first n-type
polymer to be incorporated with CBS of varying length to as-
certain the role of backbone flexibility on thermomechanics as
well as morphology. Our findings provide a quantitative verifi-
cation that increased backbone flexibility results in a softening
effect expressed through a reduction in T, and elastic modulus.
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An extremely high ductility, upwards of 400% strain, is ob-
served at multiple CBS lengths and determined to be directly
proportional to the number of entanglements in the system
given by oscillatory melt shear rheology and molecular weight
dependent mechanical analysis using our unique film on water
tensile tester. Given the profound ductility, a high degree of
alignment was observed and characterized through an in-depth
morphological analysis, including grazing incidence wide angle
X-ray scattering (GIWAXS), transmission WAXS, polarized
UV-Vis, and atomic force microscopy (AFM).

Results and Discussion

Chain rigidity characterization using solution small angle
neutron scattering. NDI-based conjugated polymer was uti-
lized to investigate the effect of CBS length on backbone flexi-
bility with the CBS incorporated into each repeat unit for sys-
tematic evaluation (Figure 1a). Random incorporation of CBS
masks the inherent influence over both electrical and thermo-
mechanical performance due to two factors: 1) While CBS con-
centration can be relatively maintained, its placement within the
polymer structure is unclear and may provide varying effects at
the chain end or centrally located along the backbone. This be-
comes particularly important for low molecular weight polymer
systems where it’s feasible to consider that only one CBS may
be incorporated into the polymer chain. 2) Packing morphology
is greatly affected by structure consistency and upon random
insertion, disruption of the morphology is likely to occur and
act as defects towards crystallization.?%?”? Therefore, the prop-
erties obtained from such systems may be dominated by the
morphology induced from random addition rather than the CBS
itself. Thus, this work opted to investigate 100% incorporation
of the CBS to elucidate the effect of backbone flexibility on
thermomechanical property.

The CBS length was varied from CO (fully conjugated) to C7
with the purpose of demonstrating the effect of increasing back-
bone flexibility on the thermomechanics. Despite the notion
that CBS offers improved flexibility for conjugated systems,
there is currently no quantitative experimental evidence of this
in the literature. In order to investigate the polymer chain con-
formation, solution small angle neutron scattering (SANS) was
conducted for each polymer (2D scattering profiles are availa-
ble in Figure S1 in the supplemental information). A 5 mg/ml
concentration in deuterated dichlorobenzene was used to pro-
vide a strong coherent scattering signal while also being suffi-
ciently dilute to obtain non-interacting polymer chains and thus
elucidating the form factor. Temperature was also controlled at
both 25 °C and 85 °C to consider variable solvent interactions
as well as potential aggregation of conjugated polymer, espe-
cially for fully conjugated PNDI-CO. The scattering data was
fitted to the flexible cylinder model in SasView? software
which enabled the calculation of the chain rigidity through the
Kuhn length (Lx) (Figures 1b-d and Table S1). The Ly was
shown to dramatically diminish upon insertion of C3 CBS from
521 to 85 A in the case of 25 °C and 196 to 84 A for 85 °C. Such
strong temperature dependence is only found in PNDI-CO
which may indicate a transition to a more disaggregated state,
while all CBS containing PNDI-Cx polymers are highly soluble
and interact strongly with the solvent at room temperature.
Upon further increasing the CBS length, the Ly continued to re-
duce indicative of increased flexibility, thus providing the first

experimental evidence that incorporation of CBS does indeed
increase the flexibility within conjugated systems.

Thermomechanical property. An in-depth thermomechan-
ical analysis was performed to ascertain the impact of chain
flexibility, provided by the CBS, on glass transition temperature
(T,), elastic modulus, and crack-onset strain (COS). Such pa-
rameters ultimately govern the softness and ductility that can be
achieved for intrinsically stretchable electronics. In past litera-
ture, differential scanning calorimetry (DSC) has shown to be
unreliable for the characterization of glass transition phenom-
ena associated with conjugated polymer. This is due to high
backbone rigidity, semi-crystalline nature, and high side chain
content which ultimately results in a low backbone Ac, that is
nearly imperceptible when using conventional DSC.***! In the
case of PNDI-CO, physical aging was used in our previous pub-
lication to elucidate the T, through the associated enthalpy over-
shoot and further verified with a modified DMA technique.***
The resulting values previously obtained for PNDI-CO were 101
and 131 °C respectively. In contrast, the enhanced backbone
flexibility and reduced crystallinity of PNDI-Cx polymers con-
taining CBS provide a strong T, signal from conventional DSC.
Glass transition was studied with DSC at a heating/cooling rate
of 30 °C/min, the thermograms are shown in Figure S2. Figure
2a reveals a clear reduction in both T, and melting temperature
(Twm) with increasing CBS length. This demonstrates a strong
dependence of backbone flexibility to influence chain dynamics
and crystalline packing. The most dramatic change occurs upon
introduction of the CBS unit where backbone flexibility is dra-
matically enhanced due to the break in conjugation. While ad-
dition of CBS with greater length provides diminishing im-
provement in flexibility and T, as chain dynamics are already
quite mobile.

From the thermal analysis we hypothesized a reduction in the
elastic modulus with increasing CBS length due to greater chain
dynamics as expressed by the reduction in T,. This was verified
through the use of the pseudo-free-standing tensile tester which
as described in our previous publications enables the mechani-
cal property of an ultrathin film to be directly obtained through
stress-strain analysis while supported by a smooth water sur-
face.!333:343536 Prior to characterization, each polymer film was
annealed under a nitrogen atmosphere for two days at either the
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Figure 2: Influence of chain flexibility on thermomechanical and rheological property. (a) Elastic modulus, backbone Tg, and Tm for all
examined PNDI-Cx polymers. Thermal data was obtained from DSC and Tg was verified through physical aging. (b) Comparison of stress-
strain curves obtained from the pseudo-free-standing tensile test post a two-day annealing at an undercooling of ~ 30 °C. PNDI-C0 was
annealed for 8 hours at 200 °C. Shaded red area indicates region of interest relative to insert. (¢) Molecular weight dependent tensile test of
PNDI-C4 post two-day equilibrating at room temperature in nitrogen atmosphere. (d) Van Gurp-Palmen-plots of PNDI-C4 - C7.

operating temperature of the tensile tester (25 °C) or an under-
cooling of 30 °C below each polymer’s respective Ty,. The ra-
tionale for this is two-fold: 1) The thermal properties of the
PNDI-Cx polymers, namely Ty < Toperating < Tm, allow for iso-
thermal crystallization to take place at room temperature which
may yield time-dependent mechanics as the morphology is in a
state of flux. 2) The increased flexibility of these systems yields
relatively slow crystallization rates as compared to the fully
conjugated PNDI-CO, whose crystallization cannot be impeded
even when cooling from the melt at rates of more than 10,000
K/s.* Thus, the annealing protocol was designed to achieve
equilibrated morphologies for deriving structure-property rela-
tionships without the obfuscation of time dependence. Figure
2b shows representative curves for the tensile analysis at 30 °C
undercooling (see Figure S3 for raw curves) where a clear trend
in elastic modulus is given by the diminishing slope in the linear
elastic regime thus confirming our hypothesis. However, it is
important to note that in the case of PNDI-Cx films annealed at
room temperature the trend in modulus is not as clear, which
may be due to the variable thermodynamic driving force

towards crystallization. A summary of the tensile data from
both regimes is given in Table 1. The COS for the polymers
covers a wide range from below 5% strain to above 400% in the
case of high molecular weight PNDI-C4 annealed at 25 °C.

Stretchability or COS is often found to be proportional to the
number of intermolecular entanglements in a polymer sys-
tem.>”-33 As the number of entanglements increase, the distri-
bution of load bearing chains becomes more uniform minimiz-
ing the influence of inherent defects and ultimately providing
increased elasticity. Due to limited material supply, the sample
was molded into disks 8 mm in diameter and 0.5 mm in thick-
ness under vacuum for oscillatory melt shear rheology.*0:4:4243
The rheological measurements were successful for PNDI-C4 to
C7 and the associated master curves are given in Figure S4.



Table 1: Physical and mechanical properties of NDI-Cx polymers

M (kDa) M (kDa) PDI Me (kDa) Thickness (hm) Modulus (Mpa)  STDEV cos STDEV
PNDI-CO 157.5 313.4 2.0 - 97 691 38 0.69 0.05
PNDI-CO PA 157.5 313.4 2.0 - 115 881 26 0.65 0.11
PNDI-C3 33.2 53.9 1.6 - 83 293 3 0.83 0.53
PNDI-C3 PA 33.2 53.9 1.6 - 135 664 19 0.04 0.01
PNDI-C4 4.73 9.6 2.0 - 67 386 25 less than 0.02 NA
PNDI-C4 10.5 17.3 1.6 - 71 364 6 0.03 0.01
PNDI-C4 14.6 24.6 1.7 - 82 320 8 0.04 0.01
PNDI-C4 34.1 64.8 19 - 94 312 16 0.43 0.18
PNDI-C4 61.3 144.3 2.4 15.9 78 338 11 4.04 0.27
PNDI-C4 PA 61.3 144.3 2.4 15.9 66 585 25 1.10 0.55
PNDI-C5 15.3 46.5 3.0 15.9 83 335 10 0.06 0.01
PNDI-C6 16.7 48.0 2.9 14.2 99 309 3 0.16 0.02
PNDI-C7 19.0 62.3 33 14.8 79 213 7 1.80 0.41

PA: post annealing at 30 °C below the respective melting temperature
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Figure 3: (a) 2D GIWAXS profiles of as cast NDI-Cx films. (b) Schematic diagram of the shifting solid-state morphology upon addition of
CBS. Face-on PNDI-CO0 with strong pi-pi stacking transforms to predominantly edge-on PNDI-Cx with disordered pi-pi stacking and closer

alkyl packing. (¢) 1D in-plane line cut profile.

Van Gurp-Palmen-plots (vGP-plot) were constructed to eluci-
date the entanglement characteristics, namely the entanglement
molecular weight (Mc) and the degree of entanglement (Figure
2¢).4446 The entanglement plateau modulus Gy was obtained
from the norm of complex modulus corresponding to the mini-
mum phase angle of the vGP-plot. Gy is shown to be rather

independent of CBS length with values ranging indiscrimi-
nately from 19-23 kPa. This also implies a consistent M.
through the equation:*’

eql



which is in the range of 14-16 kDa. Additionally, the position
of the minimum in respect to the phase angle describes the mo-
lecular weight of the system where higher molecular weight
polymer is expressed through a lower phase angle. Considering
the relatively consistent M., the phase angle will be directly re-
lated to the number of entanglements within the system and
therefore greatest ductility should be found at the minimum
phase angle. This was found to be the case as 144 kDa PNDI-
C4 possesses the lowest phase angle followed by C7, C6, and
CS5 which corresponds well to their relative COS of 400%,
180%, 16%, and 6%.

We then performed molecular weight dependent mechanical
analysis on PNDI-C4 (Figure 2d) with weight average molec-
ular weight (My) ranging from 9.6 kDa (just over half M.) to
144.3 kDa (equivalent to ~ 9 entanglements). Samples with M,
equivalent to 4*M. were shown to be relatively ductile with
above 40% strain at failure, but not to the extent of 144 kDa M,
which could tolerate strains above 400%. This transition is jus-
tified given that multiple entanglements are generally required
for high ductility. Additionally, given that mechanical analysis

was performed on solution cast films the solid-state entangle-
ments cannot be directly understood as the My, to entangle is
greater for solution than the melt state at which rheometry was
performed. Regardless, we highlight the importance of obtain-
ing material properties such as M. which has a profound influ-
ence over both mechanical and electrical property yet has gen-
erally been overlooked.

Morphology. Next, grazing incidence wide angle X-ray scat-
tering (GIWAXS) was used to study the film crystalline mor-
phology (Figure 3 and Table S2). PNDI-CO has predominantly
face-on morphology with strong m-m stacking as well as in-
plane (100) and (001) scattering peaks corresponding to the al-
kyl and backbone respectively, consistent with literature.*®4°
Upon addition of CBS we observed a shift from the face-on to
edge-on morphology as well as a significant loss of m-m stack-
ing. Additionally, the in-plane q vector of the (100) peak was
shown to increase from 0.258 to 0.337 A-! indicating a more
closely packed alkyl system and the (001) peak was shown to
decrease from 0.470 to 0.332 A" indicative of increasing CBS
length which provides the contrast to elucidate the (001) peak.
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Figure 4: X-ray characterization for deformed PNDI-C4 polymer. (a) 2D GIWAXS profile of PNDI-C4 under tensile strain for both parallel
and perpendicular exposures relative to strain direction. (b) 1D in-plane line cut scattering profile. (c) 2D transmission WAXS profiles of
free-standing thin film (192-119 nm thickness) PNDI-C4 under ex-situ tensile strain. (d) Diagram showing an increase in orientation corre-

sponding to transmission WAXS at 0, 50 and 300% strain.



This trend continues until a CBS length of C6 is reached at
which point the alkyl and backbone scattering become indistin-
guishable.

Deformation mechanism and tensile alignment of poly-
mer backbone. X-ray scattering technique was extensively
used to determine the degree of alignment in the crystalline re-
gion for PNDI-Cx. GIWAXS was performed on tensile strained
PNDI-CO0, C3, C4, and C7 to study the effect of tensile align-
ment on these ductile systems (Figure 4a, Figures S6-S7 and
Table S3). The d-spacing of (100) and (001) were largely main-
tained upon strain and a shift in the orientation of these scatter-
ing peaks was evident through comparison of perpendicular and
parallel exposures to the strain direction. PNDI-C4 showed the
most dramatic alignment, evident in Figure 4b, where an in-
crease in the (100) intensity occurred with increasing strain
along with a reduction in the (001) intensity for exposure paral-
lel to strain. The opposite trend occurs for exposure perpendic-
ular to strain where the (001) scattering is the majority of the
detected signal. Such scattering is indicative of a highly aligned
system. Unfortunately, the illuminated volume was not well ac-
counted for, thus preventing accurate normalization and quan-
titative understanding of the alignment. To quantify the degree
of alignment we transitioned towards ex-situ transmission

(a) (b)

circle gathering analysis (Figure 5a-b) the peak area was deter-
mined to increase with strain up to 150% upon which the area
decays towards 300% strain. This was observed for both (100)
and (001) although we note the trend is inconsistent in the case
of (100). The FWMH of (001) peak was determined to decrease
with increasing strain (Table S4-S5). Together the increase in
area and reduction in FWHM imply an increased backbone con-
tribution and a greater long-range order pervading throughout
the system. Pole figure analysis was performed for both (100)
and (001) scattering peaks to assess the contribution of scatter-
ing at each azimuthal angle and analyzed using Walker/Wagner
alignment factor methodology to quantitatively determine the
degree of tensile induced alignment (Figure 5c-d).** We note a
high degree of alignment upwards of 0.3 and -0.5 for (100) and
(001) regimes respectively which plateaus post 150% strain;
this is in agreement with both observed area and FWHM trends.
A value of 1 or -1 represents a purely aligned system orientated
in the horizontal and vertical directions respectively and agrees
with (100) and (001) orientation direction. For plotting pur-
poses, the absolute value of the alignment factor was taken, as
the direction of orientation is inconsequential for quantitative
confirmation of alignment.

While the discussed above X-ray technique only probes the
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Figure S: Alignment analysis of NDI-C4 under tensile strain. (a) 1D circle gathering plot obtained from transmission WAXS and (b) fitted

peak area. (c) Pole figure analysis of 100 and 001 peaks at q vectors of 0.305 and 0.366 A_] respectively and (d) resulting alignment factor
analysis. (e) Polarized UV-Vis parallel and perpendicular to strain normalized by the absorption in the parallel to strain direction and (f) the

corresponding dichroic ratio.

WAXS which provides enhanced elucidation of the in-plane
morphology which encompasses the (100) and (001) peaks of
interest. The transmission 2D profiles are given in Figure 4c
and were achieved for free standing films with thickness rang-
ing from 192 to 120 nm depending on extent of strain. Through

crystalline regions, the alignment of amorphous domains must
also be considered. To confirm the highly aligned system of
PNDI-C4 we then performed polarized UV-Vis (Figure Se-f)
to study the whole chain align (both amorphous and crystalline)
as well as atomic force microscopy (AFM) (Figure S8) for
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topographical investigation. Polarized UV-Vis is unique for
conjugated polymers as the transition dipole moment (T-1t*)
lies parallel to the backbone thus enabling elucidation of align-
ment through comparison of parallel and perpendicular absorp-
tion intensities, also known as the dichroic ratio.’! This is
demonstrated in Figure Se where the parallel to strain absorp-
tion is normalized for each strain and we note the perpendicular
to strain absorption diminishes with increasing strain. This cor-
relates to a linearly increasing dichroic ratio up to a value of
3.35 in the case of 300% strain. Furthermore, it is feasible to
expect an even greater dichroic ratio throughout the tensile pro-
cess as PNDI-C4 possess a T, below room temperature, thus
significant relaxation of amorphous domains is expected prior
to measurement. Together with transmission WAXS, this indi-
cates an alignment of the crystalline phase followed by plateau
and disruption of crystallites at high strain while amorphous do-
mains continue to align given their high chain mobility and de-
gree of entanglement. Although more qualitative, AFM does
show an aligned morphology at 300% strain. Considering the
high amorphous content in the PNDI-C4 system, it stands to
reason that at relatively low strains the relaxation of the surface
would prevent significant visual alignment.

Conclusion

In summary, a suite of characterization methodologies was
performed on PNDI-Cx polymers to provide a holistic perspec-
tive into the role of backbone flexibility on thin film thermome-
chanics and morphology. For the first time, backbone flexibility
was quantitatively shown to significantly reduce upon addition
of CBS into the conjugated backbone. Such increase in flexibil-
ity was evident through the T, Tn and modulus which all
demonstrated a reduction with increasing CBS length. A high
ductility was observed for high molecular weight PNDI-C4
which was rationalized through the large number of entangle-
ments expressed by oscillating melt-shear rheology. The M.
was discovered to be relatively independent of CBS length and
therefore ductility was directly proportional to the molecular
weight. In-depth morphological analysis was conducted indi-
cating strong in-plane scattering which was exploited to evalu-
ate the degree of tensile alignment for PNDI-C4. Currently, we
are exploring blend mechanics and the possibility of coalign-
ment with a fully conjugated tie-chain as well as the crystalli-
zation kinetics of these polymers which was noted in this work
to have a strong influence over thin film mechanics.

Methods

Materials and Processing: Six PNDI-Cx polymers were syn-
thesized with CBS units incorporated into each monomer repeat
unit. The synthesis was performed as previously described by
McNutt et al. For GPC analysis, the polymers were dissolved
by shaking in 1,2,4-trichlorobenzene (TCB) at a concentration
of 1-2 mg/mL for 2 hrs at 160°C through use of an Agilent PL-
SP 260VS sample preparation system, the samples were then
filtered through a 2 pm stainless steel filter into the 2 mL glass
GPC vials and ran in the instrument at 160°C using TCB as an
eluent. The high temp (HT)-GPC utilized was an Agilent PL-
GPC-220 system, this system is equipped with 3 pLGel Olexis
(13 pm particle size) in series in addition to a differential re-
fractive index (RI) detector, a dual angle (15° and 90°) light
scattering (LS) detector, and a viscometer (VS) detector. The
chromatograms were worked up from the RI signal utilizing a

narrow standard polystyrene calibration (14 points, ranging
from 162 g/mol to 3,242,000 g/mol).

PNDI-Cx polymers were dissolved in chlorobenzene at 80 °C
at a concentration of approximately 25 mg/ml. PNDI-CO was
prepared at 10 mg/ml under identical conditions. Poly(sodium
4-styrenesulfonate) (PSS) was obtained from Sigma Aldrich at
a molecular weight of 70 kDa in 30% by volume aqueous solu-
tion. PSS was first diluted to 3 wt% in aqueous solution and
spun cast onto plasma treated silicon wafer at 4000 rpm for 2
minutes. PNDI-Cx solution was then cast at 2000 rpm for 1 mi-
nute forming the composite film.

Solution small angle neutron scattering: SANS was per-
formed at the National Institute of Science and Technology at
the NGB 30 m SANS. A wavelength of xxx was used for two
sample-detector distances of 1 and 8 m which was combined for
increased q vector range. Solution was prepared in deuterated
chlorobenzene at 5 mg/ml. Each sample was exposed at both 25
and 85 °C with an exposure time of 5 and 30 minutes for sample
to detector distances of 1 and 8 m respectively. Data reduction
was performed through Wavemetrics Igor. Finally, SasView
software was used to fit the scattering data to the flexible cylin-
der model*? to calculate the chain rigidity.

DSC: DSC was performed with a Mettler Toledo DSC 3+ at
heating and cooling rates of 30 °C/min.

Pseudo-free-standing tensile test: Thin film tensile tests
were performed on a water surface through the pseudo-free-
standing tensile tester, as described in our previous publica-
tion.** Briefly speaking, the composite films were patterned into
a dog-bone geometry using a Boss FM series laser. Laser pa-
rameters are as follows: 1064 nm wavelength, 14% power, 80
Hz frequency, and 400 mm/s etching speed. Post patterning, the
composite film was floated on top of water before being further
unidirectionally pulled at a strain rate of 5 x 10™* s™! until the
film fractures. Generally, five independent samples were meas-
ured for each conjugated polymer to provide statistically aver-
aged mechanical properties. The elastic modulus was obtained
from the slope of the linear fit of the stress—strain curve within
the first 0.5% strain.

Oscillatory melt-shear rheometry: Linear rheological meas-
urements of PNDI-C4 to C7 were performed with strain-con-
trolled rheometer Advanced Rheometric Expansion System
(ARES-LS) from TA Instruments under dry nitrogen protec-
tion. The sample was molded into a 0.5 mm thick bubble-free
disk with 8 mm in diameter under vacuum at 30 °C above the
relevant melting temperature. The sample was loaded between
8-mm aluminum disposable parallel plates and heated above the
melting temperature to ensure good contacts between sample
and plates. The dynamic frequency sweep between 100 to 0.1
rad/s were performed in a wide temperature range: 150 °C to 70
°C for C4, 80 °C to 30 °C for C5, and 100 °C to 30 °C for C6
and C7, after the linear viscoelastic strain range was determined
with strain sweep measurements.

GIWAXS: GIWAXS was performed on beamline 11-3 at the
Stanford Synchrotron Radiation Lightsource. Data was col-
lected at a sample to detector distance of ~ 300 mm under a
helium environment with an incident beam energy of 12.7 keV
and an incidence angle of 0.12°. Diffraction analysis was per-
formed using Nika software package within Wavemetrics Igor,
in combination with WAXS tools.



Transmission WAXS: Transmission WAXS was performed
using a Xenocs Xeuss 2.0 SAXS/WAXS lab source instrument.
Free-standing films were exposed for 2.5 hours with an incident
beam energy of 8.05 keV and a beam geometry of 1.2 x 1.2 mm.
The sample to detector distance was approximately 157 mm.
Free-standing films were obtained by lifting post tensile drawn
films from the pseudo free-standing tensile tester’s water bath
using a steel washer with an inner diameter of 3.85 mm. The
films were allowed to dry under vacuum at room temperature
overnight prior to the obtained scattering. Film thickness was
obtained by interferometry and AFM for normalization of the
scattering intensity.

Transmission UV-Vis: UV—Vis—NIR transmission spectra
were performed with an Agilent Cary 5000 with a specified op-
erating wavelength range of 300 — 1100 nm. Polarized measure-
ments were achieved with a Harrick Glan-Taylor polarizer at 0°
and 90°. For tensile drawn samples, measurement was con-
ducted on glass slides after collection and subsequent drying.

AFM: AFM images were acquired on an Asylum Research
Cypher S operating in AC mode in air. The samples were col-
lected post tensile strain onto bare silicon wafer.
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