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Matrix with Electron Accepting Molecule 
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Modulation of backbone conformation and aggregation behaviour of conjugated polymer is of 

great importance to aid the design of efficient organic semiconductors. We report the optical and 

electronic properties of polymer alloys comprising regioregular poly(3-hexylthiophene) (P3HT) and 

insulating matrix of polystyrene (PS) or poly(methyl methacrylate) (PMMA). Charge carrier 

mobilities in the polymer alloys were evaluated by flash-photolysis time-resolved microwave 

conductivity (FP-TRMC) and transient absorption spectroscopy (TAS) and found to vary with the 

matrix and blend ratio. Photoabsorption and fluorescence spectroscopies provide a rationale for 

the conformation and aggregation of P3HT. Phase separations in the blend films were investigated 

by atomic force microscopy to support the FP-TRMC results. Moreover, we design styrene-

perylenediimide (PDI) copolymer (St-PDI) and methyl methacrylate-PDI copolymer (MMA-PDI), 

which simultaneously allow the dispersion of electron-accepting PDI removing the contribution of 

electron mobility, spectroscopic probe of PDI radical anion, and modulation of electronic feature 

of P3HT. The hole mobility of 0.07 cm
2
V

-1
s

-1
 was determined in the P3HT:St-PDI by FP-TRMC and 

TAS. The proposed polymer alloy approach is useful and applicable to a wide range of p-type 

polymers to investigate their matrix-induced change of charge transport property. 

 

Introduction 

Conjugated polymers have started to be deployed in the field of 

flexible electronics such as organic photovoltaic cells (OPV),1-7 

organic field effect transistor (OFET),8-14 and organic light 

emitting diode (OLED).15-20 Regioregular poly(3-hexylthiophene), 

P3HT is one of the most promising p-type polymers in OPV21-24 

and OFET.25-28 High hole mobility in P3HT originates from the 

two-dimensional lamellar crystallites concomitant with its planar 

backbone.29-31 Therefore controlling the conformation and high-

order self-assembly of P3HT leverages the improvement of the 

electronic property. 

A polymer alloy comprising multiple polymers is a premier 

engineering plastic with excellent hardness and long-term 

durability. In organic electronics, all-polymer solar cell 

composed of p-type and n-type polymers, a counterpart of the 

wide-spread polymer: fullerene OPV, has experienced marked 

growth in the number of researches.32-34 In addition, since 

Jenekhe et. al.have reported the FET charge carrier mobility of 

P3HT/polystyrene,35 polymer alloys of P3HT and insulating 

polymer have garnered intense attention in OFET, because their 

stability and tolerance of oxidation are expected to be higher than 

pristine P3HT. Goffri et al. have reported the FET mobilities in 

polymer alloys of P3HT and crystalline polyethylene (PE) or 

amorphous polystyrene (PS).36 Most interestingly, the polymer 

alloy of PE blended with only 10 wt% P3HT showed the high 

FET mobility of 6 × 10-2 cm2 V-1s-1 comparable to that of pristine 

P3HT (~ 10-1 cm2 V-1s-1). Rendering vertical phase separation 

plays a key role to concentrate the low-content P3HT on the 

surface of gate insulator. Qui et al. revealed that the fibrous 

P3HT in the insulating PS matrix efficiently form percolation 

network, thus leading to the high FET mobility.37 They used 
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CH2Cl2 as a solvent of P3HT:PS mixture, which is rather poor 

solvent for P3HT. Therefore, it is suggested that large portions of 

the P3HT molecules have solidified at room temperature, to form 

nanofibers, which are selectively connected during spin-coating.  

In contrast, the use of good solvent would lead to more 

dispersed P3HT domain, impeding the long-range charge 

transport pathway unsuitable for FET characterization. In analogy, 

covering semiconducting polymer wire by aliphatic chain 

through chemical synthesis is another approach of isolation.38,39 

For the electrical evaluation of these semiconductors embedded 

in insulators, non-contact time-resolved microwave conductivity 

(TRMC)40-44 has advantage over the most common direct-current 

methods like FET, since TRMC can probe local charge motion 

by alternating-current electric field of microwave.  

Here, we report the polymer alloys of P3HT and PS or 

poly(methyl methacrylate) (PMMA) studied by photoabsorption 

and fluorescence spectroscopies, flash-photolysis (FP-)TRMC, 

and atomic force microscopy (AFM). Amorphous PS and PMMA 

with good transparency and film quality are unresponsive to FP-

TRMC and suitable for optical spectroscopy. Besides, the large 

difference in surface energies of PS and PMMA (26 and 44 mJ 

m-2, respectively) enable to tune the miscibility with P3HT (20 

mJ m-2)45 and influence its conformation and aggregation 

behaviour. Furthermore, we designed and synthesized a styrene-

perylenediimide (St-PDI) and methylmethacrylate-

perylenediimide (MMA-PDI) copolymers, which allows the 

complete non-contact evaluation of hole mobility of p-type 

polymer in an insulating matrix using FP-TRMC and transient 

absorption spectroscopy (TAS). This method make it possible to 

facilely evaluate the local hole mobility of various p-type 

polymers, giving access to an underlying electronic features 

associated with polymer conformation.  

Experimental 

Materials and general measurements. Synthesis of PDI 

monomer and copolymers are shown in Scheme 1. The synthetic 

details of PDI monomer and its precursors (1),46,47 (2), (3),48 and (4) 

are provided in Electronic Supporting Information (ESI). Reagents 

were purchased from Tokyo Chemical Incorporation (TCI), unless 

otherwise noted. PS (weight-averaged molecular weight, Mw = 280 

kg mol-1), PMMA (Mw = 350 kg mol-1), and regioregular P3HT (Mw 

= 42 kg mol-1, Plexcore OS 2100, regioregularity >98%) were 

purchased from Aldrich and used without further purification. 

Chlorobenzene was purchased from Kishida Kagaku Co. and used as 

received. Film samples were prepared by drop-casting from 

chlorobenzene solutions (totally ca. 10 wt%) onto a quartz substrate. 

They were dried for 1h in vacuum at room temperature. No thermal 

annealing was applied. 1H NMR spectra were recorded on a 400 

MHz JEOL Spectrometer. All the chemical shifts were referenced to 

(CH3)4Si (TMS; δ = 0 ppm). Elemental analysis was performed for 

the copolymers with a Yanagimoto Mfg. Co., Ltd. YANACO CHN 

CORDER (MT-5) for C, H, and N elements. The molecular weights 

of the polymers were measured by gel permeation chromatography 

(GPC, Hitachi, L-2130, L-2350, L-2455) in tetrahydrofuran solution 

calibrated against polystyrene standards. Photoabsorption spectra 

were recorded on a JASCO V-570 spectrophotometer and the 

fluorescence spectra (λex = 355 nm) in solution and solid state were 

recorded on a Hitachi F-2700. Atomic force miscopy (AFM) was 

performed on a Buker MultiMode 8 with ScanAsyst mode.  

Time-resolved microwave conductivity (TRMC) and transient 

absorption spectroscopy (TAS).42,43 The third harmonic generation 

(THG; 355 nm) of a Nd:YAG laser (Spectra-Physics Inc., INDI, 5-8 

ns pulse duration, 10 Hz) and X-band microwave (ca. 9 GHz, 3mW) 

were used as an excitation source and a probe, respectively. The 

laser power was fixed at 4.6×1015 photons cm-2 pulse-1. The value of 

conductivity is converted to the product of the quantum yield : φ and 

the sum of charge carrier mobilities : Σµ, by φΣµ = ∆σ (eI0Flight)
-1, 

where e, I0, FLight, and ∆σ are the unit charge of a single electron, 

incident photon density of excitation laser (photons m-2), a correction 

(or filling) factor (m-1), a transient photoconductivity, respectively. 

The change of conductivity is equivalent with ∆Pr/(APr), where ∆Pr, 

Pr, and A area change of reflected microwave power, a power of 

reflected microwave, and a sensitivity factor [S-1 m], respectively. 

Transient absorption spectroscopy (TAS) was performed by using 

THG of the same nanosecond laser as an excitation and a white light 

continuum from a Xe lamp as a probe light. The probe light was 

guided into a wide-dynamic-range streak camera (Hamamatsu 

C7700) which collects two-dimensional image of the spectrum and 

time profiles of light intensity. 

Poly[styrene-ran-perylene-3,4,9,10-tetracarboxylic-mono(10-

nonyldecyl)imide-mono(6-hexylacrylate) imide] (St-PDI copolymer) 

(5). Prior to the polymerization, styrene monomer was purified by 

distillation under reduced pressure. Distilled styrene monomer (5.0 g, 

48.1mmol) and PDI 4 (0.025 g, 0.03 mmol or 0.05 g, 0.06 mmol) 

and anhydride toluene (6.0 mL) were placed in a flask and subjected 

to freeze-pump-throw at 3 times. Then azobisisobutyronitrile 

(AIBN) (6.6 mg, 0.04mmol) was added and stirred at 85 ˚C for 12h. 

The mixture was cooled, and then precipitated in acetone by 3 times. 

The pink precipitate was filtered and dried to give the random 

 

Scheme 1. Synthesis of Swallow-tail PDI (1), St-PDI (5), and MMA-PDI (6) 

copolymer. 
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copolymer 5 (yield: ca. 40 %). Elemental analysis found: C, 91.27; 

H, 7.57; N, 0.10 % and calc.: C, 91.00; H, 7.72; N, 0.29 %. From the 

calculations based on the copolymer structure, the weight 

percentages of incorporated PDI contents were determined to be 3 % 

and 10 %, respectively (thus, abbreviated as St-PDI3% and St-

PDI10%). The number-averaged molecular weight (Mn) and Mw of St-

PDI3% were 62 and 102 kg mol-1, respectively, with a polydispersity 

index of 1.6. Those of St-PDI10% were found to be 50 and 72 kg mol-

1 with a polydispersity index of 1.4. 

Poly[(methylmethacrylate)-ran-perylene-3,4,9,10-

tetracarboxylic-mono(10-nonyldecyl)imide-mono(6-hexylacrylate) 

imide] (MMA-PDI3% copolymer) (6). Prior to the polymerization, 

methyl methacrylate monomer was purified by distillation under 

reduced pressure. Distilled methyl methacrylate monomer (5.0 g, 

48.1 mmol) and PDI 4 (0.025 g, 0.03 mmol) and anhydride toluene 

(8.5 mL) were placed in a flask and subjected to freeze-pump-throw 

at 3 times. Then azobisisobutyronitrile (AIBN) (7.0 mg, 0.04mmol) 

was added and stirred at 82 ˚C for 24h. The mixture was cooled, and 

then precipitated in acetone by 3 times. The pink precipitate was 

filtered and dried to give the random copolymer 6 (yield: ca. 50 %). 

Elemental analysis found: C, 67.10; H, 7.90; N, 0.10 % and calc.: C, 

59.31; H, 7.47; N, 0.08 %. From the calculations based on the 

copolymer structure, the weight percentage of incorporated PDI 

contents was determined to be 3% (thus, abbreviated as MMA-

PDI3%). Mn = 58 kg mol-1, Mw = 98 kg mol-1 with a polydispersity 

index of 1.7. 

Results and Discussion 

Binary Blends of PS+P3HT and PMMA+P3HT 

 
Electronic absorption spectra of binary polymer alloy of P3HT 

and PS (or PMMA) are shown in Fig. 1. All blend films display the 

primary broad peak at ca. 520 nm with two peaks at ca. 560 and 610 

nm. These peaks are attributed to S0 → S1 transitions with vibrating 

replicas of 0-2, 0-1, and 0-0, respectively, where the lowest energy 

peak (0-0) evolves as a result of planarization and/or intermolecular 

π-stack of P3HT.49-51 Spano has modeled and calculated the effect of 

excitonic coupling and assigned the low and high energy bands to 

the aggregated and disordered P3HT chains, respectively.52 In both 

P3HT+PS and P3HT+PMMA matrices in Fig. 1, the relative 

intensity of 610 nm peak was increased with P3HT concentration 

from 0.1 to 1 wt%. Upon further addition of P3HT, the intensity 

turned to decrease, resulting in the lowest intensity for the pristine 

P3HT. These results indicate that the planarity of P3HT backbone is 

higher for the polymer alloy than pristine film. Hellmann et al. 

reported the evolution of 0-0 peak in P3HT: poly(ethylene oxide) 

(PEO) blend and envisaged that polar matrices such as PEO 

planarize the backbone of a range of conjugated polymers.53 They 

also found that the increase in 0-0 transition intensity entails the red 

shift with the increase of molecular weight of P3HT. In our studies, 

polar PMMA reveals the stronger and more red-shifted 0-0 peak than 

PS, in good agreement with the report of Hellmann et al. 53 

Accordingly, PMMA is suggested to act as ‘poorer solvent’ than PS 

and facilitate the extension of π-conjugation length through the 

polymer-polymer interaction in the film formation process. 

FP-TRMC evaluations of the binary blend films of matrix+P3HT 

(100 : x in wt%, x = 0.05‒40) were performed. The 

photoconductivity transient maxima (φΣµmax, a product of quantum 

efficiency of charge carrier generation, φ, and sum of mobilities of 

positive and negative charge carriers, Σµ = µ+ + µ-) are plotted as a 

function of P3HT concentration in Fig. 2. Regardless of the 

insulating matrices (PS or PMMA), φΣµmax was increased almost 

linearly from P3HT = 0.1 to 10 wt% and saturated at the high 

concentrations. It should be noted that the absorption at the 

excitation wavelength (355 nm) is compensated in φΣµmax, hence the 

change of φΣµmax is due to the variation in φ and/or Σµ. The 

increasing trend is similar to the previous FP-TRMC study of 

P3HT+PS processed from concentrated solutions.54 On the other 

hand, the blend films of rather amorphous conjugated polymer and 

PS showed a flat dependence on the blend ratio.55  

Fig. 3 shows surface morphologies of PS+P3HT and 

PMMA+P3HT films observed by AFM. At PS : P3HT = 100:0.1 

(Fig. 3a),  no clear phase separation is observed and the surface 

roughness is small as dictated from the small height scale bar. 

Therefore P3HT is assumed dispersed in PS matrix at 0.1 wt%. 

However, dot pattern appeared even at 0.2 wt% P3HT (Fig. 3b) and 

the diameter was increased with the P3HT concentration (0.2 ~ 5 

wt% for Figs. 3c-3e). At 10 wt%, some of the dots are merged to 

form dumbbell-like structures (Fig. 3f). Apparently, the dots are 

mainly composed of P3HT and consistent with the phase-separated 

AFM images of PS:P3HT=100:100 film composed of P3HT island 

and PS sea.45 In the case of PMMA+P3HT blends, the similar dot 

patterns and evolution of their sizes were observed over the whole 

range of P3HT concentration (Figs. 3g-3l). Although φΣµmax of PS 

and PMMA matrices are similar over the range from 0.1 to 10 wt% 

P3HT, the phase separation and electronic absorption spectra are 

somehow different among them, where PMMA promotes the 

aggregation and planarization of P3HT more significantly than PS. 

 

Fig. 1. Normalized electronic absorption spectra of P3HT dispersed in (a) PS 

and (b) PMMA matrices. Matrices : P3HT = 100 : 0.05-40. 

 

Fig. 2. φΣµmax of binary blend films of P3HT+PS (red circles) and 

P3HT+PMMA (blue squares) measured by FP-TRMC (λex = 355 nm). 
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Ternary Blends of PS+P3HT+PDI and 

PMMA+P3HT+PDI 

 
To experimentally evaluate φ of P3HT+PS (or PMMA), we 

added swallow-tailed perylenediimide (PDI, 1 in Scheme 1) into the 

polymer alloy as the ternary component. This is because PDI is a 

representative electron acceptor,56-58 and its radical anion has a 

characteristic absorption at 700‒800 nm with the high extinction 

coefficient (> 104 dm3 mol-1 cm-1),59,60 which is compatible with a 

direct detection using TAS. In addition, electron transfer from PDI to 

p-type polymer leads to the increase in φ, thus gaining strength in 

TRMC signal with higher signal-to-noise ratio. We have 

successfully utilized this scheme in the binary blends61-63 and self-

assemblies of PDI derivatives64,65 to determine φ and Σµ.  

Fig. 4a shows the plot of φΣµmax of FP-TRMC transients as a 

function of PDI concentration observed in ternary blend films of 

PS+P3HT+PDI (100:1:0.1‒5 in wt%) (Kinetics are provided in Fig. 

S1).  φΣµmax is increased with the PDI concentration up to 5 wt% by 

virtue to the enhanced charge separation efficiency via donor-

acceptor framework, and then abruptly decreased at the high 

concentration. Such a decrease in the high PDI concentration region 

has been observed in P3HT+PDI (100 : >40 wt%),61,62 in which the 

deterioration of P3HT lamellar by excessive PDI was identified as 

the main cause of decreased Σµ.  

Fig. 4b shows the Σµ in PS (or PMMA)+P3HT+PDI evaluated 

by combination of FP-TRMC and TAS under the low PDI 

concentration (0.5‒5wt%). The TAS measurements of 

PMMA+P3HT+PDI at PDI > 5 wt% were not successful, because 

the film transparency was significantly degraded. The Σµ in 

PMMA+P3HT with 1‒3 wt% PDI were compelled to be almost 

constant at 0.3‒0.35 cm2 V-1s-1, while those of PS+P3HT are likely 

increasing from 0.13 cm2 V-1s-1 at 0.5 wt% PDI to 0.25 cm2 V-1s-1 at 

5 wt% PDI. Self-assembled PDIs have been known as good electron 

transporting materials, where the highest values are on the order of 

0.1‒1 cm2V-1s-1.65-70 Therefore, the contribution of electron mobility 

of PDI might be responsible for the increase of Σµ (= µ+ + µ-) 

observed in PS+P3HT+PDI.  

Fluorescence spectra of binary blends of PS (or PMMA)+PDI 

are shown in Figs. 5a and 5b, respectively. At the PDI concentration 

less than 0.5 wt%, the fluorescence spectra of blend films display 

two peaks at 530 and 570 nm, which are identical to those in CHCl3 

solution of isolated PDI molecule. However, further increase of PDI 

resulted in the appearance of the new broad peak at 600 nm. This 

peak is readily attributed to the excimer emission from PDI dimer.71-

73 Therefore PDIs are aggregated in insulating matrices even at the 

low PDI concentration of > 0.5 wt%. The situation was same in the 

ternary blends of PS (PMMA)+P3HT+PDI (Fig. S2). 

 

Binary Blends of St-PDI+P3HT and MMA-PDI+P3HT 

 
In order to remove the contribution of electron mobility of PDI 

aggregates, PDIs must be dispersed in polymer alloy. This drove us 

to design a random copolymer of PDI and insulator which can 

manipulate the electronic property of conjugated polymer and allow 

the evaluation of hole mobility without contribution of PDI electron 

mobility. To this end, St-PDI copolymers containing 3 and 10 wt% 

 

Fig. 3. AFM images of (a) - (f) PS+P3HT and (g) - (l) PMMA+P3HT blend 

films. The ratios of P3HT relative to 100 wt% matrix are (a) (g) 0.1, (b) (h) 

0.2, (c) (i) 0.5, (d) (j) 1, (e) (k) 5, and (f) (l) 10. The colorized height scale 

bars are normalized at the respective images (the minimum is 0 nm). The 

white length scale bar is 5 µm. 

 

Fig. 4. TRMC results of simple ternary blends of PS (PMMA) : P3HT : PDI = 

100 : 1 : 0.05‒20. (a) Plot of φΣµmax vs PDI concentration. (b) Mobility (Σµ) 

determined by TRMC and TAS. 

 

Fig. 5. Normalized fluorescence spectra (λex = 355 nm) observed in PDI + (a) 

PS and (b) PMMA matrices. Matrices : PDI = 100 : 0.02‒10. 
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PDI (St-PDI3% and St-PDI10%) and MMA-PDI copolymer containing 

3 wt% PDI (MMA-PDI3%) were synthesized according to the 

procedure in Scheme 1. The PDI ratio was determined by elemental 

analysis (see Experimental). Notably, the photoabsorption and 

fluorescence spectra of St-PDI3% and MMA-PDI3% films are similar 

to those of a dilute PDI solution, highlighting the dispersion of PDI 

molecules in the copolymer films (Figs. 6a-6f). This is sharp contrast 

to the distinct PDI excimer emission in the simple binary blend of 

PS (PMMA) and PDI at the same ratio (100:3). On the contrary, St-

PDI10% film showed the identical spectra to the blend of PS+PDI 

(100:10), indicative of the presence of PDI aggregates (Figs. 6c and 

6d). Therefore, St-PDI3% and MMA-PDI3% can be used as the 

functional matrix to evaluate hole mobility by TRMC and TAS.  

Fig. 7a shows the FP-TRMC transients of St-PDI3%+P3HT and 

PS+P3HT+3 wt% PDI. These transients are higher in intensity and 

longer in the lifetime than the binary blend of PS+P3HT (100:1) 

without PDI. This clearly indicates the electron transfer from P3HT 

to PDI covalently-bonded to the insulator and retarded charge 

recombination. However, the PS+P3HT+3 wt% PDI film shows a 

higher FP-TRMC signal than St-PDI3%+P3HT, although the 

component ratios are the same (PS:P3HT:PDI = 100:1:3). This is 

probably due to the unfavorable condensation of PDI near or inside 

the P3HT domain, facilitating the charge separation. φΣµmax of both 

alloys are increased with P3HT concentration by 4 ~ 5 times and 

saturated at the relatively low P3HT concentrations of 0.5‒2 wt% 

(Fig. 7b). Interestingly, the slope is steeper for St-PDI3% than MMA-

PDI3%. This could be rationalized by the size of P3HT domains as 

visualized in the AFM images of binary blend (Fig. 3), where the 

smaller size and large surface area of P3HT in PS are more 

advantageous than those of PMMA for charge separation at the 

P3HT/PDI interface.  

Fig. 8a shows the transient absorption spectrum of St-PDI3% : 

P3HT = 100 : 1 film, in which the positive signal  from ca. 700 to 

800 nm is attributed to the PDI radical anion, in good agreement 

with the previous reports.59-65 On the basis of kinetic traces of PDI 

radical anion at 795 nm (Fig. 8b), of which extinction coefficient is 

4.96 × 104 mol-1 dm3 cm-1,59,60 the quantum efficiencies of the PDI 

radical anion generation (φPDI) were evaluated to be 2.5, 1.3, and 2.3 

× 10-3 for the blend films of St-PDI3% : P3HT = 100 : 0.5, 1, and 2 

wt%, respectively.  

Accordingly, hole mobilities of P3HT were calculated to be 0.05 

± 0.01, 0.10 ± 0.02, and 0.07 ± 0.01 cm2 V-1s-1, respectively. The 

average value is 0.07 ± 0.02 cm2 V-1s-1, almost equal to the highest 

FET hole mobility of P3HT (0.1‒0.2 cm2V-1s-1),74,75 while the 

typical FET mobilities of P3HT are usually lying on the orders of 

10-3‒10-4 cm2V-1s-1.26-29 However, this TRMC mobility is one order 

higher than those found in benzene solution of P3HT measured by 

pulse-radiolysis TRMC (0.014 ~ 0.02 cm2V-1s-1 as the one 

dimensional mobility, their one thirds can be compared to those of 

the present results).76,77 Solution is the most effective way to isolate 

conjugated polymer; however, the conformation of dissolved 

polymer chain might undergo distortion, leading to the decrease in 

 

Fig. 7. (a) Conductivity transient observed in P3HT dispersed in PS-PDI3%, PS 

and PS + PDI matrix. The ratio was PS : P3HT = 100 : 1. (b) Dependence of 

maximum transient conductivity for P3HT concentration in St-PDI3% and 

MMA-PDI3% and. Matrices : P3HT = 100 : 0.1‒40. 

 

Fig. 8. TAS of P3HT+St-PDI3% binary blend (λex = 355 nm). (a) Transient 

absorption spectrum of St-PDI3%:P3HT=100:1 film at the pulse end. (b) 

Kinetic traces at. 795 nm in St-PDI3%:P3HT=100:0.5, 1, and 2 films. The 

spike at the pulse end seen in St-PDI3%:P3HT=100:0.5 is a fluorescence 

noise. 

 

Fig. 6. Normalized photoabsorption (left panel) and fluorescence (right 

panel, λex = 355 nm) spectra of (a)(b) St-PDI3%, (c)(d) St-PDI10% and (e)(f) 

MMA-PDI3% copolymers films (red lines). Photoabsorption and 

fluorescence spectra of simply-mixed films of PS+PDI (3% or 10%) and 

PMMA+PDI (3%) are drawn by the green lines. Those in CHCl3 solution of 

50 µmol dm
-3

 PDI are superimposed as the blue lines. 
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the intrachain mobility.78 On the contrary, charge carrier mobilities 

of pristine P3HT films61,62 and P3HT:fullerene blend film79 are 

higher by a few factors (0.1‒0.2 cm2V-1s-1), suggesting that the film 

processing condition and counter material in the blend are critical to 

the local mobility relating to the conformation and intermolecular 

interaction of the semiconductors. TAS signal of PDI radical anion 

was unable to be observed in MMA-PDI3% and P3HT blend, because 

the φPDI in the MMA-PDI3% matrix was smaller than the noise level 

of our TAS system. Therefore, hole mobility of P3HT in MMA-

PDI3% matrix is presumed higher than that in St-PDI3% at least by a 

few factors. PS and PMMA are often of choices as a gate insulating 

materials in OFET devices, and considerable suppression of charge 

carrier mobility has been reported via the localization of charge 

carriers by dipolar effects at the insulator‒semiconductor 

interfaces.80-82 Clear localization of carriers in the long-range 

translational motion was observed and measured by FET fabrication 

of binary mixture of semiconducting polymers with dipoles35,83, thus 

the effects of the dipoles of PS and PMMA are of interest in the 

present mixture systems. Here, the mobility of charge carriers are 

estimated as a result of non-translational local motion induced by the 

alternating electric field of microwave probes, and the effects of the 

local dipoles of the surrounding media can be estimated in terms of 

the complex dielectric constants induced by an injection of charge 

carriers, hence by tracing transient dielectric dispersion. The 

frequency of microwave probes is set at ~ 10 GHz, where the      

dielectric dispersion of the present mixture systems can be 

represented by Debye-type one as follows, 

( ) ( ) ( )ωτεεεωε iS +−+= ∞∞ 1/     (1). 

Here, εs, ε∞, and τ are the static dielectric constant of the media, the 

constant at the high frequency limit, and relaxation time, 

respectively. PMMA was used as the dipolar matrices in the glassy 

state at room temperature, in which multi-mode dipolar relaxation 

had been observed with considerable distribution of τ. Taking the 

distribution into accounts with the scaling parameters of α and β, the 

following Negami-type expression of a form provides a better 

interpretation to the dielectric dispersion of the media, 

 ( ) ( ) ( ){ }αβ
ωτεεεωε iS +−+= ∞∞ 1/   (2). 

In a PS matrix, the relative dielectric constants was reported as 2.5 

with small dependence on ω. In contrast, PMMA exhibited the 

higher value of the constant with several characteristic τ 

corresponding the local modes such as β’ and/or β’’ relaxation of the 

pendant ester groups. However the values of τ have been reported as 

10-6 s, leading to a convergent dielectric constant as ~ 2.7 at around 

9 GHz from eq. (2). This is the case giving the small effects of the 

dipoles in TRMC measurement, securing quantitative analysis of the 

local charge carrier mobility in the present system. Indeed, the high 

Σµ of 0.3‒0.35 cm2 V-1s-1 is observed in the simple blend of 

PMMA+P3HT+PDI (Fig. 4b), iterating that the large driving force 

of phase separation between nonpolar P3HT and polar PMMA leads 

to the planarization and strong intermolecular stacking in the P3HT 

domains.  

The Σµ of 0.07 ± 0.02 cm2V-1s-1 evaluated in St-PDI3% : P3HT = 

100 : 0.5‒2 is lower than that in the ternary blend of PS+P3HT+2 

wt% PDI (ca. 0.17 cm2 V-1s-1), where the latter was expected to 

include the electron mobility of PDI aggregates. It is noteworthy that 

the difference of these Σµ is 0.1 (= 0.17 - 0.07) cm2V-1s-1, which is 

coincident with the typical TRMC mobility of π-stacked PDIs (0.1‒

0.2 cm2V-1s-1).65,66 This supports our claim on the role of PDI-

appended insulator to remove contribution of electron mobility from 

the TRMC evaluation. Thus, we developed a new scheme to evaluate 

local hole mobility of conjugated polymer in insulating electron-

accepting matrix specially-designed for FP-TRMC. This matrix 

could be applicable to a wide range of p-type polymers and of help 

to investigate their potential charge transport properties. 

Conclusion 

Polymer alloy comprising P3HT and insulator (PS or PMMA) 

were investigated by AFM, FP-TRMC, and TAS. We found that the 

planarity of P3HT was enhanced more in polar PMMA than in 

nonpolar PS. Accordingly, the local mobilities (Σµ) of the former 

was higher (0.3‒0.35 cm2V-1s-1) than the latter (0.13‒0.25 cm2V-1s-1). 

This highlights the unique role of insulating matrix to modulate the 

backbone configuration of crystalline polymer. However, these 

mobilities were assumed to include electron mobilities of PDI 

aggregates which were blended into the polymer alloy to evaluate φ 

using TAS. We therefore designed the random copolymers of St-

PDI3% and MMA-PDI3%. The PDIs were found mostly dispersed in 

the film states as evident from the absence of PDI excimer emission. 

The hole mobility in the St-PDI3%+P3HT blend was determined to 

be 0.07 ± 0.02 cm2V-1s-1 on average, which is equivalent to the value 

calculated by extracting typical electron mobility of π-stacked PDI 

in the literatures (0.1‒0.2 cm2V-1s-1) from the Σµ of PS+P3HT+PDI 

(0.13‒0.25 cm2V-1s-1). Because of the technical reason, hole mobility 

in the MMA-PDI3%+P3HT blends was not evaluated; however, the 

value is expected much higher than that in St-PDI3%. The 

combination of FP-TRMC/TAS and polymer alloy offers a facile 

and effective way towards not only fully-experimental evaluation of 

hole mobility but also manipulating the backbone conformation and 

aggregation structure of conjugated polymer. 
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