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  1   .  Introduction 

 Softened bulk products of organic chromophores and ionic 
compounds have attracted considerable interest because of 
their unexpected properties, novel functions, easy-to-pro-
cess, and novel applications. [  1  ]  Recently, room-temperature 
liquid-organic-fl uorophores based on  π -conjugated molecule 
oligo(phenylenevinylene) have been developed. [  2  ]  These liquid 
compounds have many benefi ts, such as high electron den-
sity, intrinsic transparency, nonvolatility, and solvent-free con-
dition processing, to serve as a fl uorescent matrix for other 
components in white light-emitting composite systems. In this 

regard, softening the generally stiff and 
rigid rod-like  π -conjugated polymers to 
gums or oils at room temperature without 
decreasing their molecular weights to the 
monomer or oligomer level is a consider-
able challenge for novel optoelectronic 
applications. On the other hand, con-
ventional  π -conjugated polymers, such 
as polythiophene, polyfl uorene, poly-
phenylene, polyphenylenevinylene, and 
polyphenyleneethynylene, have planar 
geometries and strong intermolecular 
interactions due to the extremely stiff and 
rigid main chains, resulting in a highly 
cofacial chain packing in the solid state. [  3  ]  
Although such a stacked chain structure 
is essential for effective intermolecular 
charge-carrier transport in the active layer 
within thin-fi lm organic optoelectronic 
devices, [  4  ]  a cofacial packing structure 
is not preferable for high quantum 
effi ciency and softness in the bulk solid 
state because it produces crystal domains, 
leading to signifi cant self-quenching 
because the intermolecular excimers 
have an extremely low transition energy 

in a nonradiative process. [  5  ]  Although the attachment of a long 
alkyl side chain to the backbone, which results in a so-called 
“hairy-rods” structure, can enhance the solubility and charge-
carrier mobility of the polymers, it is insuffi cient to collapse 
the cofacial chain packing structure. [  6  ]  Therefore, the crystal 
domains remain unchanged or grow preferentially, resulting in 
weak solid-state emission. Accordingly, the molecular design of 
highly emissive and intrinsically soft conjugated polymers in 
the solid state is one of the most attractive issues in advanced 
organic devices. In particular, if soft conjugated polymers are 
used in combination with elastomeric rubber matrices, they 
will be the key material for stretchable electronics. [  7  ]  

 Very unusually, poly(diphenylacetylene) [PDPA] derivatives 
have a highly twisted backbone due to steric repulsion between 
the two bulky phenyl groups. Hence, its backbone is essen-
tially non-coplanar with side phenyl rings. [  8  ]  Consequently, 
the PDPA derivatives are worm–like chain molecules with 
a relatively weak intermolecular interaction and non-planar 
geometry, which can lead to an unstacked chain conformation 
in the solid state. Moreover, PDPA derivatives are intensively 
fl uorescent over a wide visible region from sky blue to greenish 
yellow due to intramolecular excimer emission resulting from 
a highly effi cient exciton confi nement between the bulky side 
phenyl rings. [  9  ]  In particular, unlike the cases of conventional 
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bulk materials. Therefore, the gum-like behavior is an inherent 
property of the single bulk component. The gummy solids of 
pC18 and mC18 produced featured fi lms through not only 
conventional fi lm-preparation methods of solvent casting and 
spin-coating but also a consecutive mechanical process. Manual 
kneading and pressing of the polymer gums produced soft 
fi lms with very smooth surface ( Figure    1  a and Movie S1, Sup-
porting Information). In contrast, the glassy polymers of pC1 
( M  w :13.4 × 10 5 ; PDI: 1.16) and mC1 ( M  w :11.7 × 10 5 ; PDI: 1.43) 
did not form such a soft fi lm after the same processing, but 
left powdery materials (Figure  1 a). In particular, when a thick 
mC18 fi lm was compressed manually using an acryl resin 
stamp, it gave a completely clogged, three-dimensionally fea-
tured fi lm in a well-defi ned pattern, as shown in Figure  1 b. The 
reason for this is that mC18 is softer than pC18 because of its 
lower storage modulus ( E ′) of mC18 (13.3 MPa) at room tem-
perature than that of pC18 (53.7 MPa). Moreover, mC18 was 
much stickier than pC18. Owing to the adhesive behavior, the 
mC18 fi lm stuck rapidly to a smooth surface (glass) and even to 
a highly porous, rough surface (paper) (Figure  1 c and Movie S1, 
Supporting Information). This suggests that the substitution 
position of the alkyl side chain as well as the alkyl chain length 
is an important factor for making the PDPA derivative a softer 
and stickier gum-like polymer. Details of the thermomechanical 
and rheology analysis will be described later.  

 The polymer gums of pC18 and mC18 were evaluated by 
differential scanning calorimetry (DSC) and compared with 
the corresponding glassy polymers. As shown in  Figure    2  , the 
heating traces in the DSC thermogram indicate that both gum 

conjugated polymers, the introduction of long alkyl side chain 
to PDPA derivatives leads to signifi cantly improved emission 
quantum effi ciency. [  10  ]  This has been attributed to the long alkyl 
side group acting as a plasticizer in the solid state to relax the 
intramolecular phenyl-phenyl stack structure effectively owing 
to the less dense chain packing structure. [  11  ]  Moreover, the 
PDPA derivative containing an extremely long alkyl side chain, 
such as an octadecyl group (pC18 in  Scheme    1  ), was found to 
be quite soft and somewhat sticky, even though its physical 
features and mechanical/rheological properties have not been 
examined in detail. [  11a  ]   

 Have you ever heard gum-like  π -conjugated polymers? Here 
we introduce high molecular weight PDPA derivatives as fl uo-
rescent, soft conjugated polymers that exist in the gum state 
at room temperature. The gum-like behavior of the polymers 
was modifi ed easily according to the side alkyl chain length 
and substitution position. This paper provides details of their 
unique thermodynamic, thermomechanical, rheological, and 
photophysical properties. Some of the PDPA derivatives should 
be a promising candidate material for highly fl uorescent and 
very soft  π -conjugated polymer gums that are potentially appli-
cable to stretchable optoelectronic devices.  

  2   .  Result and Discussion 

 The molecular design of PDPA derivatives, including the chain 
length and substitution position of the side alkyl group, was 
very important for determining the physical features of the 
product polymers. The long alkyl chain-coupled PDPA deriva-
tives (pC18 and mC18 in Scheme  1 ) provided soft and sticky 
gums at room temperature, whereas short alkyl chain-con-
taining PDPA derivatives (pC1 and mC1 in Scheme  1 ) were 
obtained as glassy solids. The gum polymers were purifi ed by 
Soxhlet extraction with methanol and acetone sequentially sev-
eral times to afford yellow (pC18) and orange (mC18) gums in 
high yield (>70%). The weight average molecular weights ( M  w ) 
of pC18 and mC18 were extremely high, 8.7 × 10 5  (PDI 1.31) 
and 8.0 × 10 5  g mol –1  (PDI 1.63), respectively (Table S1, Sup-
porting Information). These quantitative yields and high molec-
ular weights, even after Soxhlet extraction, indicate the absence 
of residual solvent and low molecular weight impurities in the 

      Figure 1.  a) Changes in the physical features of PDPA derivatives by 
kneading and subsequent roll-pressing. b) Fluorescent images of the 
free-standing mC18 fi lm (prepared by solvent casting method, thickness 
>20  μ m, excited at >365 nm) before and after compression with acryl-
resin stamp. c) Adhesive behavior of the mC18 fi lm on the surfaces of 
glass, wood, and paper. 

       Scheme 1.  Chemical structures of the poly (diphenylacetylene) [PDPA] 
derivatives. 

mC1 : R = Methyl
mC18 : R = Octadecyl

pC1 : R = Methyl
pC18 : R = Octadecyl
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in pC18 and mC18 were calculated to be 5.0 and 7.9%, respec-
tively, indicating a higher degree of crystallinity in mC18 rather 
than in pC18. This might be because the meta-polymer has a 
highly stable and regular intramolecular phenyl-phenyl stack 
structure in a continuous helical manner, whereas the para-
polymer has a randomly dispersed phenyl-phenyl stack struc-
ture in a discontinuous zigzag pattern. [  11b  ]  Consequently, the 
higher degree of crystallinity of the alkyl side chains in mC18 
should be due to a better-ordered arrangement along with the 
regularly stacked side phenyl rings.  

 The disordered amorphous structures of the gum polymers 
at room temperature were determined by X-ray diffraction 
(XRD) and compared with the corresponding glassy polymers 
( Figure    3  ). Both glassy polymers of pC1 and mC1 showed a 
sharp signal at a small angle of 6.9° due to the lamellar layer, 
which corresponds to a distance of approximately 12.8 Å 
according to the Bragg equation, whereas the small angle dif-
fraction peaks of pC18 and mC18 appeared at a lower angle 
of 4.2° and 3.6°, respectively, corresponding to a distance of 
approximately 21.0 Å and 24.4 Å, respectively. The broad scat-
tering signals were also observed over a wide angle region for 
the present polymers, indicating that these polymers are basi-
cally amorphous. The glassy polymers showed a roughly single 
peak at ≈24°(3.7 Å), whereas the gum polymers showed a new 
signal at ≈19°(4.6 Å) in addition to a peak at 24°. The 3.7 Å dis-
tance corresponds to the mean  π – π  stack distance of the side 
phenyl rings whereas the 4.6 Å distance corresponds to the 
mean distance of the molten aliphatic chains. [  13  ]  The integral 
peak intensity ratios of  I  4.2° / I  24  °  for pC18 and  I  3.6° / I  24  °  for mC18 
were calculated to be approximately 3, which are much smaller 
than the  I  6.9° / I  24°  ratio (about 10) for glassy polymers. This sug-
gests that the ordered lamellar structure of PDPA derivatives in 
the bulk solid had been partially collapsed by the extremely long 
alkyl chains and the amorphous phase increased slightly more. 

polymers have relatively low thermodynamic transition temper-
atures of approximately −2 °C due to an endothermic volume 
change, whereas the short alkyl chain-containing glassy poly-
mers, pC1 and mC1, showed no transition over a wide range of 
−50 to 200 °C. Accordingly, the endothermic peaks at approxi-
mately −2 °C should be due to melting of the side chain octa-
decyl groups in the bulk solid. Moreover, in the cooling process, 
the gum polymers apparently showed an exothermic transition 
at a lower temperature (ca. −6 °C) due to crystallization of the 
alkyl side chains. On the other hand, the melting temperature 
( T  m ) of octadecane was 28 °C. Consequently, the lower transi-
tion temperature of the side chain octadecyl group relative to 
the crystalline hydrocarbon should be because of the weak-
ened intermolecular force due to the longer distance between 
the side chains attached to the highly twisted backbone. The 
enthalpy of fusion ( Δ  H  fus ) for the octadecyl chains in pC18 and 
mC18 was determined to be 12.3 and 19.2 J g –1 , respectively, 
whereas the  Δ  H  fus  of octadecane was 241.6 J g –1 . [  12  ]  From these 
 Δ  H  fus  values, the degrees of crystallinity of the alkyl side chains 

      Figure 2.  DSC thermogram of PDPA derivatives on a) heating and 
b) cooling process (heat fl ow rate ≈10 °C min -1 , under nitrogen gas). 

      Figure 3.  Wide-angle X-ray diffraction (WAXD) patterns of the PDPA 
derivatives in solvent-cast fi lms at room temperature. 
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a plateau of approximately 33 and 2.5 MPa, respectively. It is 
reported that the values of plateau modulus of fl exible polymers 
are in the range, 0.2 to 2.6 MPa. [  14  ]  The plateau modulus of a 
molten polymer is known to correspond to the modulus of a 
rubbery polymer network formed by entanglements. Because 
the origin of the plateau modulus is conformation entropy 
rather than the energies for chain torsion and interchain inter-
actions, more fl exible chains, such as polyethylene (PE) or 
polybutadiene (PBD), shows a higher plateau modulus (2.6 and 
1.25 MPa, respectively) than the less fl exible chains, such as 
polystyrene (PS) and polymethylmethacrylate (PMMA) (0.2 and 
0.3 MPa, respectively). The plateau modulus of both pC18 and 
mC18 are higher than those of PE and PBD even though the 
main chains of pC18 and mC18 have more rigid structures 
compared to PS and PMMA. This suggests that the origins of 
the plateau modulus of pC18 and mC18 appear like a combina-
tion of the relatively low temperature relaxation transition and 
disordered phases of the polymer chains as already described in 
DSC and XRD results. Consequently, melting of the side chains 
endows pC18 and mC18 with rubber-like mechanical proper-
ties at room temperature. In particular, the plastic deformation 

This should be because the molten long alkyl chain groups 
act as plasticizers to reduce the interchain interactions and 
increase the degree of molecular disorder in the bulk system.  

 DSC and XRD revealed the importance of the highly twisted 
backbone and long alkyl side chain of pC18 and mC18 in the 
bulk solid in molecular design strategy for room temperature 
gum-like conjugated polymer in terms of the thermodynamic 
relaxation transition and disordered phases. Considering the 
DSC and XRD results, viscoelastic relaxation is expected at 
the melting temperature of the long alkyl side chains.  Figure    4   
shows dynamic thermo-mechanical analysis (DTMA) data of 
the four polymers. The loss modulus ( E″ ) of pC1 and mC1 do 
not show any peak in the temperature range, −40 to 40 °C. On 
the other hand, both pC18 and mC18 show a strong viscoelastic 
relaxation peak at the melting temperature of the alkyl side 
chains, as expected from the DSC data.  

 Although the main chains of pC18 and mC18 are expected 
to remain in the glassy state, even after the melting of long 
alkyl side chains, the high-mobility region generated by melting 
reduces the storage modulus ( E’ ) dramatically. As the temper-
ature was increased, the  E ′s of both pC18 and mC18 showed 

      Figure 4.  DTMA of the PDPA derivatives (Initiated force: 0.05N at frequency 1 Hz; Heating rate: 10 °C min -1  under nitrogen gas): a) pC1, b) mC1, 
c) pC18, d) mC18, storage modulus (red), loss modulus (blue). 
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Therefore, this study examined the rheological properties of 
all the present polymers. Surprisingly, both para-polymer (pC1 
and pC18) solutions exhibited gel-like behavior, whereas both 
meta-polymer (mC1 and mC18) solutions were fl owing down, 
as shown in the inset in  Figure    5  . Figure  5  shows the linear 
viscoelasticity of the PDPA derivatives in highly concentrated 
dichlorobenzene solutions (concentration 5.0 × 10 −2  mol L -1  in 
repeat unit). Over the frequency range, 0.1–100 rad Pa s −1 , and 
at a shear strain of   γ   = 0.1, the complex viscosities of both mC1 
and mC18 were nearly independent of the frequency, whereas 
those of pC1 and pC18 showed shear thinning. In terms of 
the dynamic moduli, mC1 showed fully developed terminal 
behavior, where the storage modulus ( G’ ) is proportional to the 
square of the frequency and the loss modulus ( G’ ’) is propor-
tional to the frequency. The strange frequency dependence of 
the  G’  of mC18 is due to the much lower elasticity, which is 
contaminated by noise, whereas the  G ″ of mC18 shows clear 
terminal behavior. On the other hand, pC1 and pC18 do not 
show terminal behavior. The linear viscoelasticity of pC18 in 
this frequency region exhibited plateau behavior rather than 
terminal behavior. Figure  5  shows that the order of relaxation 
time is pC1 > pC18 > mC1 > mC18, which is the same order 
observed for the zero-shear viscosity (  η   0 ). The   η   0  of pC1, pC18, 
mC1 and mC18 in the concentrated solution were determined 
to be >65.8, 56.9, 0.31, and 0.05 Pa s, respectively. This clearly 
suggests that the meta-polymers have less entanglement than 
the para-polymers. The less entanglement of mC18 relative to 
pC18 was also confi rmed by the fact that mC18 promptly dis-
solved in hexane upon contact, whereas despite the structural 
similarity and similar  M  w  between the two polymers, pC18 

(permanent strain) due to stamping (Figure  1 ) 
suggests that the structure of mC18 at room 
temperature is totally different from general 
rubber materials. Elastic recovery of rubber 
materials originates from the junction points 
between the fl exible chains. On the other 
hand, plastic deformation implies that rela-
tive positions of the chains are changed after 
large deformation due to slippage between 
the chains. Therefore, the permanent strain 
after the stamping of mC18 can be explained 
by the melting region between the rigid main 
chains. 

 The PDPA derivatives are known to have 
large fractional free volumes (FFV). [  15  ]  Gen-
erally, the modulus of glassy polymers is in 
the GPa range. The  E ’ values at the lowest 
temperature (−40 °C) of the PDPA derivatives 
are in the MPa range, which are much lower 
than those of conventional glassy polymers. 
These lower values refl ect the large FFVs of 
PDPA derivatives very well. Interestingly, the 
 E ’ values of pC1 and mC1 at −40 °C were 
lower than those of pC18 and mC18. This 
can be explained by the long alkyl side chains 
forming rigid crystals below the melting tem-
perature, whose modulus is higher than that 
of the glassy regions of the backbone chains. 
Accordingly, the long side alkyl chains form 
strong anchors below the melting point, whereas the side alkyl 
chains play the role of lubricants in the slippage of rigid main 
chains over the melting point. This supports the idea that the 
long alkyl side chains weaken the interchain interaction to plas-
ticize the stiff and rigid polymer backbones effectively at room 
temperature. 

 It should be also noted that the difference in the dynamic 
mechanical properties between the para- and meta-polymers is 
dependent on whether the polymer is a gum or glassy. That is, 
for the glassy polymers at room temperature, the meta-polymer 
(mC1,  E’  330.6 MPa) was stiffer and more rigid than the para-
polymer (pC1,  E’  280.5 MPa), whereas for the gum polymers, 
the meta-polymer (mC18,  E’  2.5 MPa) was softer and stickier 
than the para-polymer (pC18,  E’  33.0 MPa). The comparative 
main chain rigidity of the glassy polymers can be estimated 
from the fact that mC1 has a much higher viscosity index 
(  α   = 1.07 in THF at 40 °C, where   α   value is defi ned as the 
Mark-Houwink-Sakurada equation, [  η  ] =  KM  α    ) than pC1 with 
an   α   value of 0.80. [  11b  ]  Therefore, it is reasonable to think that 
the elastic modulus of the glassy polymers is mainly dependent 
on the main chain rigidity. However, the difference in elastic 
modulus between mC18 and pC18 could not be explained by 
the main chain rigidity because the meta-polymer was softer 
than para-polymer. In such unusual quasi-solid states of the 
rigid conjugated polymers of which the molten side alkyl 
chains act as a plasticizer in the bulk solid, chain entangle-
ment would be a more dominant than the chain rigidity for 
determining the softness and stickiness of the bulk solid. That 
is, as the chain entanglement decreases, the softness of such 
a gum-like polymer in a bulk solid might increase further. [  16  ]  

      Figure 5.  Log-log plots of the shear dynamic modulus of the polymer solutions as function of 
the angular frequency (1,2-dichlorobenzene solution, concentration 5 × 10 −2   M ): a) pC1, b) mC1, 
c) pC18, d) mC18. Inset: FL photographs (excited at >365 nm). 
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the plasticizer effect, whereas substitution position is respon-
sible for the chain entanglement and rigidity. The mC18 is the 
softest polymer due to the plasticizer effects of the molten alkyl 
side chain and less entanglement in the disordered bulk phase, 
whereas mC1 is the hardest polymer due to the main chain 
rigidity and less entanglement in the ordered bulk phase.  

 The gum-like behavior and disordered amorphous struc-
ture of the longer alkyl chain-coupled PDPA derivatives were 
refl ected in their photophysical properties.  Figure    8   shows the 
FL emission spectra and emission color photographs of the 
softest polymer (mC18) in both the bulk solid and solution 
compared to the hardest polymer (mC1). The   λ   max,em  of mC18 
in solution and gum fi lm was similar (526 nm in a toluene 
solution and 528 nm in the spin-coated fi lm), even though the 
full-width-at-half-maximum (FWHM) was slightly narrower in 
the bulk solid than in solution. Moreover, the FL emission of 
mC18 was quite intense in the fi lm and ideal solution (Sup-
porting Information, Table S2: quantum emission yield   Φ   em  
= 5.58% in solution; 5.56% in fi lm; average FL lifetime   τ   avr  = 
0.211 ns in solution; 0.576 ns in fi lm). The insets show images 
of mC18 in fi lm and solution at room temperature under 
a hand-held UV lamp (  λ   ex  > 365 nm). The intense emission 
could be observed by the naked eye. In contrast, the FL emis-
sion of mC1 was weak in solution and almost quenched in 
the fi lm (Supporting Information, Table S2:   Φ   em  = 1.19% in 
solution; 0.23% in fi lm;   τ   avr  = 0.076 ns in solution; 0.176 ns 
in fi lm). Unlike the case of mC18, mC1 in bulk solid and 
solution showed signifi cantly different   λ   max,em . The FL emis-
sion band of mC18 in solution was noted at a slightly shorter 
wavelength (  λ   max,em  525 nm) relative to that (526 nm) of mC1 
in solution, whereas the FL emission band of mC18 in fi lm 

did not readily dissolve in the same solvent but dissolved very 
slowly over several days. Basically, these gum-like polymers 
have almost no interchain interactions except for the very weak 
Van der Waals force. Accordingly, mC18 should have a much 
greater degree of molecular slipping and lower cohesive energy 
in the bulk solid due to less entanglement as compared to pC18 
with much more entanglement. This chain entanglement effect 
can explain why the mC18 is softer and stickier than pC18.  

 From the view point of the development of a soft conju-
gated polymer, the entanglement effect is still interesting. 
Therefore, it will be important to discuss 
the original reason for the difference in the 
degree of chain entanglement between the 
para- and meta-polymers. The less entangle-
ment of the meta-polymer should be due to 
the more extended chain structure relative 
to the para-polymer. This was strongly sup-
ported by UV-vis absorption and fl uorescence 
(FL) emission spectroscopy. As shown in 
 Figure    6  , the UV-vis absorption maximum 
band (  λ   max,abs ) of mC18 in an ideal solution 
showed a 4 nm shift to a longer wavelength 
of 437 nm compared to pC18 (433 nm). 
Moreover, the FL emission maximum band 
(  λ   max,em ) of mC18 appeared at a much longer 
wavelength of 525 nm compared to pC18 
(507 nm). As defi nite evidence, pC18 appar-
ently showed a monomer emission band at 
approximately 470 nm due to the kink struc-
ture of the polymer segments, whereas the 
mC18 did not. This suggests that mC18 has 
a more rigid main chain than pC18, which 
corresponds to the results of the viscosity 
indices of the glassy polymers of pC1 and 
mC1.  

  Figure    7   summarizes the comparative 
physical features of all the present polymers. 
The alkyl side chain length is responsible for 

      Figure 6.  UV-vis absorption and FL emission spectra (excited at 420 nm) 
of pC18 and mC18 in solution (1 × 10 −5   M , in toluene). 

      Figure 7.  Schematic diagram of the effects of the alkyl side chain length and its substitution 
position on the softness of PDPA derivatives in a bulk solid. 
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shifted to a much shorter wavelength (  λ   max,em  528 nm) com-
pared to that (550 nm) of the mC1 fi lm.  

 To explain the reason why the gum-like mC18 fi lm showed 
signifi cantly enhanced FL emission quantum effi ciency and 
a blue shift relative to the glassy mC1 fi lm, the FL origin of 
these PDPA derivative polymers should be considered. The 

difference in the FL emission properties between these two 
polymers should not be correlated with the intermolecular 
excimer generation because both polymers are totally unstacked 
in the solid state. Their FL emission is based on the intramo-
lecular excimer species, which arises from side phenyl-phenyl 
stacking. [  11  ]  In general, FL emission becomes weaker with 
increasing degree of the stack structure. As mentioned previ-
ously, the side phenyl-phenyl stack structure can be relaxed 
by the long alkyl side chains because the molten alkyl groups 
at room temperature can act as a plasticizer in the bulk solid. 
Accordingly, the higher emission quantum effi ciency and blue-
shift of the gum-like mC18 compared to the glassy mC1 should 
be due to a highly relaxed side phenyl-phenyl stack structure 
with a higher electronic  π – π * transition energy in a radiative 
process. 

 Recently, highly polarized FL emissive conjugated polymers 
have attracted considerable attention because of their potential 
applications in the fi elds of organic light-emitting devices. [  17  ]  
Highly anisotropic fi lms can be obtained by carefully control-
ling the solid-state morphology via mechanical processing as 
well as molecular design. In this study, when the mC18 fi lm 
(free-standing, thickness ≈20  μ m) was drawn manually, it was 
stretched approximately 2 times in length to the maximum to 
produce a uniaxually oriented fi lm ( Figure    9  a). As expected, 
however, the glassy polymers of pC1 and mC1 were not 
stretched. Figures  9 b and  9 c show the polarized UV-vis absorp-
tion and FL emission spectra of the oriented mC18 fi lm. The 
parallel and perpendicular components in absorption were sig-
nifi cantly different from each other (Figure  9 b). The 430 nm 
absorption band due to the  π – π * transition of the polymer back-
bone reached a maximum intensity in the direction parallel to 

      Figure 8.  FL emission spectra of mC1 and mC18 in solution (1 × 10 −5   M  
in toluene) and bulk solid (spin-coated fi lm, thickness ≈200 nm) (excited 
at 420 nm). Inset: FL photographs (excited at >365 nm). 

      Figure 9.  a) Stretching of the free-standing mC18 fi lm (thickness ≈20  μ m), b) Polarized UV-vis absorption (A // : absorption parallel; A ⊥ : absorption 
perpendicular to stretching direction) and c) polarized FL emission spectra (excited at 420 nm, ex // : excited at 0°; em // : monitored at 0°; ex ⊥ : excited 
at 90°; em ⊥ : monitored at 90°) of the stretched mC18 free-standing fi lm. Insets: polarized optical microscopy image in b), polarized FL microscopy 
image (excited at >365 nm) in c). The script “A”, “S”, “P” indicates the analyzer direction, stretching direction, and polarizer direction, respectively. 
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the stretching direction, whereas the 370 nm band due to the 
localized electrons in the side phenyl rings reached a maximum 
in the perpendicular direction. This suggests that the polymer 
chains had aligned in a direction parallel to the stretching direc-
tion. To evaluate the degree of polymer chain alignment, the 
optical order parameter ( S ) was calculated using the following 
equation:  S  = ( D  abs  – 1)/( D  abs  + 2), where  D  abs  is the apparent 
dichroic ratio of absorption (A // /A ⊥ ). If the molecular axes are 
ideally parallel and perpendicular to the stretching directions, 
the  S  value will be 1.0 and −0.5, respectively. The polarized 
absorption spectra revealed  D  abs  = 1.63 at 430 nm. Therefore, 
the  S  value was calculated to be 0.17, which is closer to the ideal 
value of 1.0 rather than −0.5, confi rming that the polymer chain 
prefers to align along the direction parallel to the stretching 
direction. The FL emission in the parallel direction (em // : mon-
itored at 0°; ex // : excited at 0°) was much more intense, approxi-
mately 3.5 times than that in the perpendicular direction (em ⊥ : 
monitored at 90°; ex ⊥ : excited at 90°), suggesting that the ori-
ented mC18 fi lm has highly polarized FL emission (Figure  9 c). 
The optical anisotropy of the oriented mC18 fi lm was also con-
fi rmed by polarizing optical microscopy (POM) and polarizing 
FL microscopy (PFM), as shown in the insets. Also, when the 
monitored wavelength was varied in the range of 450–650 nm, 
the polarized excitation spectra of stretched mC18 fi lm in the 
parallel and perpendicular direction were almost identical to 
each other in the spectral shape (Figure S1, Supporting Infor-
mation). This indicates that the emission of the stretched pol-
ymer fi lm comes from same luminescent photoexcited species, 
irrespective of polarizing direction.  

 Elastomeric rubbers can serve as matrices or substrates to 
impart elasticity under tensile strain as well as fl exibility to 
intrinsically rigid materials, which has led to the outstanding 
recent developments of stretchable optoelectronic devices. [  18  ]  
As mentioned above, mC18 was stretched readily using the 
drawing method to exhibit great optical anisotropy. On the 
other hand, the polymer fi lm did not return to its initial state 
due to the lack of elasticity. To make the fi lm stretch and 
relax reversibly, an elastomer-supported fi lm (fi lm thickness 
≈200 nm) was prepared by spin-coating a mC18 solution on 
a PDMS substrate. A mC1 fi lm (fi lm thickness ≈200 nm) was 
also prepared using the same method to compare with the 
mC18 fi lm. In general, a buckling phenomenon occurs when 
compressive strain is applied to a system consisting of a rigid 
fi lm on an elastomeric substrate. [  19  ]  The as-prepared, rigid mC1 
fi lm apparently exhibited buckles with disordered waves on 
the PDMS substrate due to the intrinsic rigidity, whereas the 
mC18 fi lm showed no regular features, presumably due to the 
intrinsic softness ( Figure    10  a). After stretching (strain of 200%) 
and subsequently relaxing the fi lms several ten times, both 
polymer fi lms showed newly generated buckles perpendicular 
to the axis of strain (Figure  10 b). The mC1 fi lm, however, pro-
duced many cracks and was ultimately delaminated from the 
PDMS substrate. On the other hand, mC18 fi lm accommo-
dated a large strain without cracking and delamination, even 
after several hundred repetitions of the stretching and relaxing 
process. Similar to the free-standing mC18 fi lm, the elastomer-
supported mC18 fi lm showed great optical anisotropy in UV-vis 
absorption ( S  value ≈0.19) and FL emission when stretched 
(Figure  10 c).   

      Figure 10.  Fluorescent microscopy images of the mC1 and mC18 fi lms 
spin-coated on PDMS substrates (fi lm thickness ≈200 nm) : a) as-pre-
pared, b) after stretching (strain 200%) and relaxing the fi lms 50 times. 
c) Polarized UV-vis absorption and FL emission spectra (excited at 420 
nm) of the elastomer-supported mC18 fi lm when stretched at 200%. 
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Q2000) was performed under pure nitrogen gas at heating and cooling 
rates of 10 °C min −1 . Dynamic thermo-mechanical analysis (DTMA, 
TA Instruments TMA Q400EM) was performed in tension mode using 
an oscillating force ramp. All samples were prepared by the solvent 
casting on the Tefl on plate, the sample size was 26 mm (L) × 35 mm 
(T) × 4.7 mm (W). The initiated force was 0.05N at a frequency of 
1 Hz (heating rate: 10 °C min -1 , under nitrogen gas). The rheological 
behavior was measured by AR2000-ex (TA instruments, stress-controlled 
rheometer) with a 40 mm cone-and-plate. The frequency sweep tests 
were conducted at room-temperature (25 °C). The concentration of the 
samples in a 1,2-dichlorobenzene solution was 5 × 10 −2  mol L -1  in repeat 
unit. The photoluminescence quantum yields of the PDPA derivatives in 
a toluene solution were determined relative to a quinine sulfate solution 
in a 1 N H 2 SO 4  at room-temperature, assuming a quantum yield of 0.546 
when excited at 365 nm. The solid state quantum yields were obtained 
relative to 9,10-diphenylanthracence in poly(methyl methacrylate) 
(PMMA) matrix (  Φ   re  = 0.83, 10 −3   M ).  
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