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Abstract Solvent-free fluidic materials possessing optoelectronic
functions are expected to be major components in soft electronics
applications. Conjugated polymers are promising targets for this
purpose and their design approaches are classified into three types with
respect to their structure: conjugation breaking (Type 1), copolymeriza-
tion with flexible polymers (Type Il), and side chain engineering (Type
IIl). In this short review, we highlight several early attempts to produce
Type lll conjugated polymers. We also present fully characterized Type llI
fluids recently developed by our group, with a brief summary of the
structure-property relationship and fluidity-oriented functions.
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Introduction

Optoelectronically active fluidic materials are attracting
attention as promising active components for stretchable
devices because of their limitless deformability. The use of
solvents or matrices is the simplest approach to endowing
deformability. However, in terms of nonvolatility and

Mechanofluorochromism

/ &

Consistent luminescent color

density of the functional unit, as well as the fundamental
curiosity about the structural requirements for fluidity,
intrinsic single-component fluidic materials remain worth-
while targets. Liquid crystals (LCs) are the longest-studied
functional fluidic materials, which form highly ordered
supramolecular self-assembled structure. Semiconducting
LCs have common molecular architecture: rigid m-conjugat-
ed units with soft side chains. Over the last decade, our
group'™ and many others'®23 have inherited this molecu-
lar design concept and focused not only on the highly
ordered, supramolecular self-assembled structure, but also
on the disordered and fluid properties under precisely
controlled intermolecular interactions.

Since conjugated polymers (CPs) have a longer conjuga-
tion length than their monomeric equivalents, they exhibit
unique optoelectronic properties such as metallic conduc-
tivity and carrier transportability.>*?> When considering
this class of material as a solvent-free fluid, it is also
expected to possess a variety of functions as a soft polymer.
Fluidic polymers exhibit deformation dynamics that are
substantially different from those of small molecular
fluids.?® For example, polymers concurrently possess
viscosity (fluidity) and elasticity, namely, viscoelasticity.
However, fluidification of CPs is more challenging due to the
enhanced intermolecular cohesive forces (e.g., m-m interac-
tion). In light of these factors, and despite CPs being
promising candidates for stretchable electronics, studies on
their viscoelasticity are limited compared to those on the
mature physics of commodity polymers.

Polymer design approaches to promote the deform-
ability of CPs can be classified into three types with respect
to their chemical structure (Figure 1): insertion of flexible
spacers into the conjugated backbone (Type 1)?728;
block?®-32 or graft copolymerization®*>* with a soft
polymer (Type II); internal plasticization by small molecular
side chains maintaining full conjugation of the polymer
backbone (Type III) (this review). Type I and II CPs are the
most well studied for controlling the crystallinity to
maintain the electrical properties.> The Type | approach
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Molecular design philosophy of Type IIl CPs is inher-
ently the same as that of traditional LCs where weak
intermolecular interactions are carefully controlled. While
softness has been pursued, less attention has been paid to
the fluidification and fluidity of CPs. This is likely due to the
fact that they are densely covered with insulating side
chains, thus their optical functions are rather emphasized
than inhibited electrical conductivity. There are excellent
reviews on the structure-property relationships of Type I
and II CPs.>®37 In this short review, we provide a concise
overview and describe future prospects of fluidic Type III
CPs.
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Figure 1 Polymer design approaches to endow CPs with fluidity. Thick
black bar: conjugated polymer backbone (a) insertion of flexible spacers
(blue spheres) (Type I); (b) block and (c) graft copolymerization (Type Il).
Blue segments indicate flexible polymer block/graft; (d) internal plas-
ticization by small molecular side chains (thin blue chains) (Type Ill, this
review).

1. Polymer Design
1.1. Fluidity of Polymeric Materials*®

Unlike most small molecular fluids, polymeric fluids
exhibit complex fluidity (i.e., viscoelasticity) that is strongly
dependent on the deformation time scale. At a constant
temperature, viscoelastic materials show fluidic behavior
under slow deformation, whereas they exhibit stiffer
behavior (rubbery and glassy) under fast deformation
(Figure 2).38 The famous pitch drop experiment is a good
example of this time-scale-dependent behavior.>® Coal pitch
flows over a time scale of years but it can be easily shattered
when hit with a hammer, showing stiff, glassy solid features.
It is therefore necessary to define ‘fluid’ with a specific
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Figure 2 Rheologicalspectrum of regiorandom poly(3-hexylthiophene)
as a typical example (reference temperature = 0 °C). A sharp drop
of moduli at a;w ~ 107" rad/s indicates glass transition. Reprinted
with permission from Ref. 38. Copyright 2017 American Chemical
Society.

deformation time scale as well as at a specific temperature.
Frequency-dependent fluidic properties of polymers are
routinely measured by dynamic mechanical analysis and
oscillatory shear rheometry (often referred to simply as
‘rheology’). The latter technique is preferably used for
soft/fluidic materials. The response of the polymer to the
sinusoidal oscillatory shear strain can be characterized by
two moduli, namely, the storage (elastic) modulus (G') and
the loss (viscous) modulus (G"), respectively.

Polymers can be broadly divided into two classes:
crystalline and amorphous. Amorphous polymers begin to
flow above their glass transition temperature (Tg). Although
G' >> G" in the glass state (with a typical glassy modulus of
G’ = 10° Pa), a crossover and a sharp drop in both moduli are
observed in this region. In thermal measurements, the
corresponding signature is observed as a jump in the heat
capacity. Amorphous polymers essentially exhibit only one
phase transition (i.e., glass transition), whereas crystalline
polymers exhibit multiple phase transitions and complex
thermomechanical behavior owing to strong intermolecular
interactions. Another consideration in terms of fluidity
common to crystalline/amorphous polymers is entangle-
ment. When the polymer exceeds a certain length (degree of
polymerization), it becomes entangled and its viscosity
increases with higher-order scaling. In thermomechanical
measurements, an entanglement plateau region is ob-
served, where G' is 10°-10° Pa (plateau modulus), and is
almost independent of the deformation frequency.

As mentioned above, the fluidity of polymers is
complicated. In this review, CP fluid (CPF) is defined as
satisfying the following criteria: first, T, is lower than room
temperature (25 °C). Second, in the general deformation
frequency measurement (typically 0.1-100 rad/s), there is a
linear viscoelastic region where G' is smaller than G” and
below ~10° Pa.

1.2. Type lll CPs with Ty < 25 °C

When compared to Type I and II CPs, the chemical
structural feature of Type III CPs is that they rely solely on
the small molecular side chains for their softness. Note that
graft copolymers or CPs with polymeric side chains are
classified here as Type II. Type Il CPs with a T, below room
temperature are listed in Figure 3 and Table 1. The most
typical example is a series of poly(3-n-alkylthiophene)s
(P3nATs; 1-8).°%4041 Ppoly(3-butylthiophene) has a T,
higher than room temperature, whereas P3nATs with side
chains longer than the hexyl group have a T, below room
temperature. It is noteworthy that the regioregularity is
almost independent of T, but it has a large influence on their
mechanical properties. Regioregular (refers to ‘consist
entirely of head-to-tail repeating units’) P3nATs show
pseudo-rubbery thermomechanical features due to their

© 2021. The Author(s). Organic Materials 2021, 3, 309-320
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Figure 3 Chemical structures of Type Ill CPs (1-34), which possess Ty < 25 °C.

high crystallinity, whereas regiorandom P3nATs behave
similarly to amorphous polymers due to their low crystal-
linity. Regioregular polythiophene substituted with a 2-
ethylhexyl chain possesses a T, nearly at room temperature,
depending on its molecular weight (9).4> Gomez and co-
workers found a universal rule for T, of Type III CPs, focusing
on the difference in the rotational barriers between 5- and
6-membered rings in polymers.#! They explained that
thiophene-rich polymers such as 10, which possess low
rotational barriers, tend to have a lower Ty compared to that
of polymers with large rotational barriers. However,

polyfluorenes, which are classified as high T, polymers,
can also have a T below room temperature by introducing
long side chains (11).

Diketopyrrolopyrrole (DPP)-based polymers (12-20),
well-known as high-performance organic semiconductors,
can easily introduce alkyl chains into nitrogen atoms,
making it easy to adjust T,.**~** Indacenodithiophene-based
polymers substituted with long alkyl chains (21-23) also
have a low T,.*®*” Note that all of these polymers have a G of
about 108 Pa. As mentioned in the Introduction, Type IIl CPs
do not appear to be a very attractive material in terms of

© 2021. The Author(s). Organic Materials 2021, 3, 309-320
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Table 1 Thermal and mechanical properties of Type Ill CPs (1-34) in Figure 1

Polymer Molecular weight Glass transition temperature Elastic modulus Ref.
M, (Da)? PDIP T, (°0) Method® G' (Pa) Method?
1 3.7 x 10* 1.83 14 Rheo 1.0 x 108 Rheo 38,41
2 2.3 x 10* - -17 Rheo 2.5 x 107 Rheo 41
3 4.8 x 10* — -27 Rheo <1.5 x 107 Rheo 41
4 4.5 x 10* — -18 Rheo 2.0 x 107 Rheo 41
5 4.2 x 10* 2.41 4 Rheo 3.0 x 108 Rheo 38,41
6 2.3 x 10* — -19 Rheo 3.0 x 10° Rheo 4
7 2.5 x 10* 3.0 -25 Rheo - - 40
8 4.6 x 10* — -30 Rheo <3.0 x 10° Rheo 41
9 1.1 x 10* 1.4 24 DMA 1.0 x 108 (E")° DMA 42
2.4 x 10* 1.8 30 DMA 2.0 x 108 (£")e DMA 42
10 1.7 x 10* — 5 Rheo 2.0 x 107 Rheo 41
1 3.4 x 10* — 17 Rheo 5.0 x 107 Rheo 41
12 4.4 x 10* 1.9 4 DMA 4.4 x 108 BM 43
13 3.3 x 10* 1.8 —48 DMA 2.4 x 108 BM 43
14 5.0 x 10* 1.7 —48 DMA 8.2 x 107 BM 43
15 4.7 x 10* 2.83 —4 DMA 1.7 x 108 DMA 44
16 4.4 x 10* 3.96 12 DMA 2.8 x 10% DMA 44
17 2.7 x 10* 3.18 19 DMA 3.2 x 108 DMA 44
18 5.1 x 10* 3.62 3 DMA 4.0 x 108 DMA 44
19 2.6 x 10* 3.69 4 DMA 4.8 x 108 DMA 44
20 4.7 x 10* 2.1 24 ACCC 1.7 x 108 BM 45
21 1.4 x 10* 1.6 -1 DSC 1.1-4.1 x 10® BM 46
22 1.5 x 10* 1.7 18 DSC 1.5-3.6 x 108 BM 46
9.0 x 10° 1.6 10 DSC — — 47
23 1.5 x 10* 1.7 -8 DSC 0.8-4.0 x 10% BM 46
2.9% 10* 1.8 8 DSC — — 47
24 6.6 x 10° 1.31 -3 DSC 3.3 x 107 DMA 48
-6 DMA
25 4.9 x 10° 1.63 -1 DSC 2.5 x 10° DMA 48
-9 DMA
26 — — 13 DSC (Rubber) — 49
27 - - 14 DSC (Rubber) — 49
28 — — 6 DSC (Rubber) — 49
29 2.2 x 10% (65%) 2.5 — — (Sticky oil) — 51
1.0 x 10° (35%) 1.1
1.6 x 10* 3.9 159 DSC (Solid) - 52
30 1.1 x 10° 16.7 18 DSC — — 54
1.2 x 10° 3.2 50 DSC — — 55
31 1.4 x 10* 3.1 — — (Liquid) - 56
32 1.5 x 10* 2.7 — - (Liquid) - 56
33 1.4 x 10* 2.4 — — (Liquid) — 56
34 1.4 x 10* 2.4 — — (Liquid) — 56

“Number-averaged molecular weight.

bPolydispersity index = MM, (My: weight-averaged molecular weight).
‘Rheo: rheology; DMA: dynamic mechanical analysis; ACCC: AC chip calorimetry; DSC: differential scanning calorimetry.
9BM: buckling metrology.
°E"': tensile loss modulus.

© 2021. The Author(s). Organic Materials 2021, 3, 309-320
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their electrical properties. It is widely believed that the
electrical properties (e.g., electrical conductivity) and
softness have a trade-off relationship. Softer DPP polymers
have not yet been reported in these systems.

The earliest studies focusing on the softness rather than
the electrical properties of Type Il CPs may be those by
Kwak et al.*8-3° They reported rubber-like mechanical
properties in poly(diphenylacetylene)s with two different
types of side chains: alkyl silane (24 and 25) and a
polyelectrolyte sulfonic acid with alkylammonium counter
cations (26-28). A detailed thermomechanical characteri-
zation has not been reported, but such CPs likely have a G’ of
about 10°-10° Pa corresponding to the rubbery state.

Despite having a T below room temperature, none of the
above Type III CPs meet the CPF requirements. Some reports
have declared Type IIl CPs as a ‘fluid’, but did not provide
detailed thermomechanical characterization. Poly(p-phenyl-
ene vinylene) (PPV) 29 was reported independently by
Vanderzande and coworkers, and Suh and coworkers.>>? The
former was reported as a fluid and the latter as a fibrous solid.
PPV is synthesized by the Gilch method, in which radical
polymerization and anionic polymerization compete with
each other, resulting in a bimodal molecular weight

(a)

H17Csg CgH17

H17Cg CgH17

Hi3C¢

O, -

35-39

CeH13
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Under UV light
(365 nm)

(b)

108

N
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Loss modulus G” (O)
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Angular frequency, w (rad/s)
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distribution.>® The fluid properties may be due to low-
molecular-weight fractions, suggesting that the high-molec-
ular-weight fraction is solids. Similar inconsistencies are also
found in other PPVs (e.g., 30).>*°> Thus, when discussing
intrinsic fluidic properties of CPF, complete information
about the molecular weight and its distribution is essential.

There are some alternative choices, in addition to alkyl
and ionic side chains, for reducing T, of CPs. Oligo(ethylene
glycol)s are well known as low-melting-point side chains
(internal plasticizers). Poly(p-arylene ethynylene)s substi-
tuted with branched oligoethylene glycol (31-34) are
reported as room-temperature fluid.>® Oligo(dimethylsilox-
ane)s are also known as low-melting-point side chains.>”->
However, there do not seem to be any examples of Type III
CPs with these types of side chains.

1.3. Fluidification of Polyfluorenes®

Our group has systematically examined the structural
requirements for the fluidification of poly(dialkylfluorene)s
(35-37; Figure 4a). Guerbet chains, which are asymmetric
alkyl chains with the chemical formula of -CH,-CH

f 38 s ]
880000
[ 408
rooooooooooooooo ggggo
)ooooooooooooooo ]

101 102 101 100 101 102

Angular frequency, w (rad/s)

Figure 4 Polyfluorene-based Type IIl CPs. (a) Chemical structure and photos under daylight and UV light (365 nm). (b) Linear rheological spectra at 25 °C.
Insets show microscopic images of thin-film samples under cross Nicol (20 x 20 pm?). Reprinted with permission from Ref. 59. Copyright 2019 John Wiley.

© 2021. The Author(s). Organic Materials 2021, 3, 309-320



THIEME

(o] \ELITM\EICEILM  A. Shinohara et al.

Table 2 Thermal and mechanical properties of Type Ill CPs in Refs 59 and 63

Polymer Molecular weight Glass transition temperature Elastic modulus Ref.
M, (Da) PDI Ty (°0) Method? G' (Pa)® Method?
35 1.0 x 10* 1.87 24 DSC 2.0 x 10* Rheo 59
36 2.1 x 10* 4.63 -19 DSC 8.0 x 10° Rheo 59
37 1.0 x 10* 1.51 44 DSC - Rheo 59
38 1.2 x 10* 1.78 -6 DSC 6.0 x 10° Rheo 59
39 1.7 x 10* 1.81 15 DSC 1.0 x 107 Rheo 59
40 1.2 x 10* 1.21 22 DSC 2.0 x 108 Rheo 63
4 1.2 x 10* 1.26 -10 DSC 2.0 x 10° Rheo 63
42 1.4 x 10* 1.35 -23 DSC 1.0 x 10° Rheo 63
43 1.6 x 10* 1.31 -28 DSC 2.0 x 10* Rheo 63

aDSC: differential scanning calorimetry; Rheo: rheology.
bAt 1 rad/s, 25 °C.

((CH3),CH3)-(CH>),,,.»oCH3, have a much higher ability to
lower the melting point (or Tg) than the corresponding
linear alkyl chains.%® Previous studies, including detailed
thermal characterizations with short Guerbet chains, 2-
ethylhexyl groups, have shown that 2-ethylhexyl groups are
inadequate for fluidifying polyfluorene.5! Using a longer
Guerbet chain, a 2-hexyldecyl group, polyfluorene was
found to be fluidified (G” > G') at room temperature
(35, Figure 4b). The G’ of 2 x 10%Pa(atw = 1 rad/s, Table 2)
was significantly lower than previously reported for any
Type III CPs and was the first well-characterized CPF.

The relationship between the viscoelasticity and the side
chain structure was investigated by synthesizing alternating
copolymers with different amounts of alkyl chains while
maintaining the 9,9-bis(2-hexyldecyl)fluorene moiety. By
removing 50% of the branches (36), the polymer was
obtained as a rubbery substance and exhibited moduli of
10° Pa with almost equal G' and G" over the entire
measurement frequency range. This behavior resembles
that of what is known as a critical gel,%? indicating that the
properties of fluid and solid are in competition. Further
reduction of the alkyl chain content produced a polymer
solid (37).

With the introduction of different m-conjugated units,
the optical properties could be altered while maintaining
the polymer deformability. The introduction of thiophene
narrowed the band gap and resulted in a green luminescent
polymer (38). Introducing a push-pull (donor-acceptor)
structure further narrowed the band gap (39) and resulted
in a red luminescent color.

All the polymers showed a different frequency depen-
dency on their moduli from common amorphous polymer
melts, except for 39, which exhibited the usual glass-to-
Rouse transition (see Figure 2). Polymers 35, 36, and 38
showed a strong birefringence under polarized optical
microscopy (Figure 4b, insets). This is also clear from the

lack of transparency of the bulk substances under daylight,
indicating light scattering owing to their supramolecularly
assembled crystalline domains. It is not yet clear whether
polyfluorene can be amorphized and what the minimum
structural requirements are. Five-membered thiophene has
a low rotational barrier around the carbon bond that bridges
the allyl ring and is expected to be further amorphized.*! In
fact, the more thiophene-rich copolymer 39 exhibited no
birefringence.

1.4. Effect of Side Chain Length®’

It is easy to predict that G’ can be decreased if the side
chain length is increased. However, no systematic studies
have been conducted so far. We investigated the effect of the
side chain length on narrow band gap polymers using
dialkoxyphenylene as an internal plasticizer (40-43)
(Figure 5). In this polymer design, the internal plasticizer
(i.e., Guerbet chains) can be introduced into the dibromo-
benzene monomer by conventional Williamson ether
synthesis. With the shortest 2-ethylhexyl group (40), the
polymer exhibited glass-like viscoelasticity with a G' of 10%
Pa due to the polymer having a T, near room temperature.
Despite a slight elongation of the side chain, a 2-butyloctyl
group-bearing polymer (41) was observed to have a drastic
T, reduction of approximately 30 °C and a G’ reduction of 2
orders of magnitude. Further extension of the side chain (42,
43)achieved a low G' comparable to that of polyfluorene CPF
35.

2. Fluidity-Oriented Functions
As mentioned at the end of the Introduction section,

Type III liquid CPs have insufficient electrical conductivity
and cannot be expected to have the optoelectronic

© 2021. The Author(s). Organic Materials 2021, 3, 309-320
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2.1. Mechanofluorochromism®

Endowing polymers with unique viscoelasticity-related
functions is a fascinating goal. A series of work by Weder
and colleagues regarding mechanochromic polymers that
can visualize polymer deformation are milestones in this
area.5® It is based on a deformation-induced structural
change of the m-conjugated moiety referred to as the
mechanophore.®® Basically, this class of mechanochromism
is irreversible, because the energy barrier between the
initial and final states is too large under ambient conditions.
In addition, the crystal dynamics are extremely difficult to
predict and control due to their complexity. For this reason,
color recovery is a notable property of this class of materials.

We found reversible mechanofluorochromism in a Type
III CP blend (Figure 6). A blend of green fluorescent polymer
38 and red fluorescent polymer 39 at a weight ratio of 1:1
exhibited orange fluorescence, but emitted a red color when
mechanical stimuli such as scratches were applied. Obser-
vation with a fluorescence microscope revealed a clear
phase-separation structure in the as-prepared sample
(Figure 6a-i). That is, each polymer excited and emitted
independently, and thus the mixed color was observed. On
the other hand, the phase-separation structure disappeared
in the scratched sample (Figure 6a-ii). It is explained that the
efficiency of the excitation energy transfer from 38 to 39

Figure 6 Mechanofluorochromism in Type Ill CP blends. (a) Fluores-
cence microscopy images of the binary blend (1:1 w/w) of 38 (pseudo-
color mapped in green) and 39 (in red); i) as-cast film from dichloro-
methane, ii) scratched, iii) annealed for 1 h at 100 °C, and iv) scratched
film after 3 h at room temperature (RT). Insets show photos of films
under UV light (365 nm). b) Fluorescence spectra. c) Time course of
lacceptor/ldonor in 35+39 and 36+-39 blends. The complex viscosity
(In*1) of the 36+39 blend after shear deformation showed a virtual
mirror image relationship with l,cceptor/ldonor- Reprinted with permission
from Ref. 59. Copyright 2019 John Wiley.

improves with the enhanced miscibility. Various photo-
chemical experiments support this phenomenon
(Figure 6b). If the scratched sample is left at room
temperature, phase separation (viscoelastic phase separa-
tion) occurs again and the emission color is restored
(Figure 6a-iv). None of the polymers are fluids (G’ ~107 Pa),
but their G’ seems to be low enough for phase separation to
occur.

Since the rate of phase separation depends on G',%’ the
recovery rate of the luminescent color can be controlled by
the viscoelasticity. We blended red luminescent polymer 39
with 50 wt% of blue luminescent polymers 35 and 36 with
different G’, respectively (Figure 6¢). Blending with a fluid
polymer (35+39) showed a rapid (~10 min) recovery of the
luminescent color after scratching, while blending with a
rubbery polymer (36+39) showed a somewhat
longer recovery period (~1 h). Due to the lack of mixing
entropy, the polymers were mostly immiscible. This
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mechanofluorochromism is (i) based on dynamic phase
separation, (ii) does not require any special mechanophore
design, and (iii) can be achieved by simply mixing two
polymers with different bandgaps. This new mechanofluor-
ochromism principle can help simplify the design of future
mechanochromic materials.

2.2. Consistent Luminescence in Wide Range of Elastic

Moduli®?

The intrinsic optical properties of molecules are
generally characterized in dilute solutions. Since m-conju-
gated molecules have strong intermolecular interactions,
aggregation occurs in high-concentration solutions. In such
an aggregated state, the optical properties are no longer
equivalent due to the planarization of the m-plane, excimer
formation, exciton coupling, etc. Therefore, it is extremely
difficult to predict the optical characteristics in the solvent-
free state, which is the condition in which most polymers
are used. Several fluid m-conjugated small molecules
reported so far are known to have the same optical
properties as those of dilute solutions.!~® However, it was
not clear whether this consistency of optical properties
could be maintained in the CP solid and fluid states, or in the
rubber state in between.

CPs 40-43, with their wide range of G', exhibited
consistent fluorescent colors in the fluid, rubber, and even
glassy solid states (Figure 7). This suggests that there are no
active intermolecular interactions that affect the optical
properties of these polymers. It is particularly noteworthy
that the optical properties of the glassy polymer 40 were

(a)

SRGg

0.5
CIE x

Figure 7 (a) Photos of solvent-free samples of 40-43 under UV light
(365 nm), at room temperature. (b) Emission color chromaticity
coordinates on CIE 1931 color space. Standard red: (x, y) = (0.67, 0.33).
Reprinted with permission from Ref. 63. Copyright 2020 Royal Society
of Chemistry.

maintained. It is expected that this feature was brought
about by amorphous vitrification, but its structural require-
ments are not yet clear.

2.3. Prediction of Viscoelasticity®

The viscoelasticity of a polymer, or the deformation
dynamics, includes the molecular weight of the polymer, the
stiffness of the chains, and the friction coefficient between
the polymer chains. This complexity is the reason why
predicting the viscoelasticity of the polymers is still
challenging,® in other words, precisely designing polymers
with the desired viscoelasticity for the purpose.

We found that the glassy polymer 40 and the fluid
polymer 43 were miscible at all mixing ratios as confirmed
by differential scanning calorimetry and modulus mapping
mode atomic force microscopy. Therefore, their blends were
able to tune the viscoelasticity (Figure 8a). Interestingly, the
rheological spectra of the pure polymers and their blends

Measurement range

(0.1-100 rad/s)
Reference polymer: 40
1

ac: Time—chemistry shift factor

v G' G"40:43

x —-- O 1:0 ! 1

I —— o 2:1 I i !

1:1 !

10 132 ! 1

F 0:1 f _: !
10" 100 10" 102 100 10+ 102 100 102

w (rad/s) Shift factor X angular frequency, acw

(rad/s)

Figure 8 (a) Linear rheological spectra of binary blends 40+43 with
different ratios. (b) Frequency shifted spectra gave a ‘master curve’
indicating the equivalence between the deformation dynamics and
chemical structure. The spectra were referenced to 40. Reprinted with
permission from Ref. 63. Copyright 2020 Royal Society of Chemistry.

obtained a ‘master curve’ only by frequency shift factors
(Figure 8b). Creating a master curve is usually performed on
a temperature-dependent spectrum, known as the time-
temperature superposition law.®® This fact suggests that
there is some equivalence between the chemical structure
and the polymer dynamics.

In general, the side chain structure of grafted polymers
has a great impact on the main chain dynamics.”® On the
other hand, Type Il CP seems to share the same deformation
dynamics as liquid polymers (i.e., polymer 40), even in
glassy polymers (43). The findings from these electrically
inert polymers would be useful in the future for a
retroactive understanding of the mechanical properties of
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optoelectronically active CPs. Detailed follow-up work is
currently in progress on this anomalous chemical struc-
ture-viscoelasticity correlation.

Conclusions and Outlook

In this short review, we discussed Type III CPs that were
fluidified at room temperature with only small molecular
side chains. Materials in this class have a short history of
research and have not yet been fully elucidated. Therefore,
we raise several issues as described below.

First, little is known about the effect of molecular
weight on the mechanical properties of CPs, although it is
important to better understand the structure-viscoelas-
ticity correlation. In the conventional step-growth ap-
proach using cross-coupling reactions, it is essentially
impossible to control the molecular weight. Therefore, the
introduction of chain growth (living) polymerization is
important.”!~74 In addition to controlling the molecular
weight, the living polymerization method has the advan-
tage of obtaining polymers with a narrow molecular
weight distribution. The catalyst transfer polymerization
method has recently attracted attention as a living
polymerization method to obtain well-defined CPs. Using
this method, polythiophene, polyfluorene, polyphenylene,
etc. are being actively studied. In addition, various
alternating copolymers can be obtained by using dimeric
monomers.”” Living anionic polymerization in PPV is also a
well-known method.>? In addition, there are many reports
on the synthesis of PPV using the ring-opening metathesis
polymerization method.”®’” The living polymerization of
CPs is still poorly substrate-tolerant and leaves much room
for research.

We have prioritized to fluidify CPs rather than optimi-
zation of their electrical properties. However, balancing the
softness and the electrical properties is one of our goals.
Based on the existing knowledge, assembled structures in a
supramolecular manner are the least requirement to
possess sufficient electrical conductivity. This is classified
as Type II, but can be achieved by morphology control such
as by utilizing block copolymers. Proper combination of
Type I-1II approaches appears to be important.

In order to take full advantage of the properties of
functional fluid materials such as CPFs, it is necessary to
devise new device manufacturing methods, geometries, and
working principles rather than replacing the active materi-
als of existing devices. For example, fluidic active material
can be loaded into the device just by soaking, as we
proposed recently for the stretchable electric generator.!
Encouraging works of Adachi et al.”® and Mizuno et al.”® are
for unprecedented ‘refillable’ electroluminescent devices
using fluid convection and microinjection, which demon-
strates well the characteristics of a fluid.

The functions of the m-conjugated units are highly
diversified. Not limited to electrical characteristics, the
various functions expected of a m-conjugated unit can be
given to viscoelastic CPs. Light absorption/emission, elec-
tron spin, and photosensitization are just some of the many
possibilities. It is expected that numerous highly functional
polymer fluids will appear in the future.
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