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ABSTRACT 

Molecular doping is effective method for changing the electrical and physical properties of organic 

semiconductors. However, the mechanism of doping process was not certainly discovered and moreover the 

doping efficiency of the donor-acceptor copolymer was low. Herein, we synthesized diketopyrrolopyrrole 

based donor-acceoptor copolymers and investigated the doping efficiency of each polymer by UV-Vis, FT-IR, 

and EPR spectroscopy. The TBD2F polymer which added thiophene linker with DPP based polymer, could be 

doped effectively by F4TCNQ molecular dopant. Moreover, the 2D-GIXD was measured to analyze the do-

pant position at polymer crystalline phase. From the result we could speculate that by dopant located at alkyl 

chain region of polymer crystalline matrix, the efficient doping enabled. 
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Ⅰ. INTRODUCTION  

 

1.1 Organic semiconductors 

Organic semiconductors (OSCs) are widely investigated to be applicable for photovoltaics, photodetec-

tors, light-emitting diodes, and transistors. [1-3] These electronic devices were firstly investigated with inorgan-

ic semiconductors which had superior performance than organic counterparts. Only some organic electronic 

devices could be commercialized such as organic light-emitting diode (OLED) which had advantages of visibil-

ity, low energy consumption, and viewing angle. [3] Instead of competing with inorganic one, OSCs are finding 

its way into the wearable, disposable, or lightweight electronics 

The working principle of OSC is resembled the inorganic semiconductor. As the semi-infinite atoms ar-

rangement forms the valence and conduction band in inorganic semiconductor, the numerous number of conju-

gated monomer forms each same band in OSC. Because the π–orbital composes these band structure and elec-

tronic charges travel in this orbital passage, the structure of conjugated π–orbital was important to use for vari-

ous organic electronics. 

 

1.2 Doping of organic semiconductors 

The molecular doping enables to change the mechanical and electrical conductivity of OSC. For exam-

ple, to the organic thermoelectric generator, the electrical conductivity could increase by proper doping to the 

matrix semiconductor. [4] Because of the charges generated by charge transfer, electrical conductivity can be 

enhanced. Other application of doping is doping induced solubility control (DISC), which enables the patterning 

of OSCs. [5] 

 

1.2.1 Mechanism of molecular doping 

The number of literatures explained the relation of dopant and OSC, and generally their interaction was 

understood by two mechanisms, integer charge transfer (ICT) and charge transfer complex (CTC) formation. [6] 

In general, for p-type OSC, the electron transferred from the donor OSC to strong acceptor dopant. The HOMO 

of OSC donated the electron to the LUMO of dopant by lowering the energy. On the other hand, if the HOMO 

of OSC is lower than the LUMO of dopant, the orbital hybridization will occur so the electron transfers from 
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HOMO of OSC to HOMO of hybridized orbital. This description is intuitive, however, this do not correspond to 

all OSC-dopant system nor can predict which mechanism to be followed. For instance, the HOMO of quaterthi-

ophene (4T) was slightly higher than the LUMO of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 

(F4TCNQ), although the CTC occurred between two molecules. [7] Likewise, the principles of doping and the 

interaction between OSC matrix and dopant need to be investigated. 

    To identify the doping mechanism, UV-Visible (UV-Vis) spectroscopy and Fourier transform infrared (FT-

IR) spectroscopy were widely used with the specific peaks indicating the degree of charge transfer. For the UV-

Vis spectra, the clear F4TCNQ anion peaks appear around 830 nm, meaning that the electrons completely trans-

ferred to F4TCNQ (ICT). The CTC can be determined by the hybrid orbital peaks around 1600 nm, and cannot 

find the F4TCNQ anion peak. [6] Meanwhile, more quantitative analysis is possible by FT-IR spectroscopy. 

The neutral F4TCNQ peak appears at 2,227 cm-1, and fully ionized F4TCNQ anion peak appears at 2,194 and 

2,188 cm-1. [6] The ICT is identified from the anion peak, and by confirmation of the relative position between 

2,227 and 2,194 cm-1, the degree of charge transfer can be quantitatively calculated.  

 

1.2.2 Doping of copolymer 

    Copolymer is composed of different monomer units in order to control the physical or electrical properties. 

The well-known high mobility up to 10 cm2 V-1 S-1 donor-acceptor (D-A) copolymer, poly[2,5-(2-

octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)] (DPP–DTT), has a 

low HOMO energy level of -5.2 eV. Due to the energy offset was mismatched with widely used molecular p-

dopant F4TCNQ, DPP–DTT should only be doped by dopant with deeper LUMO level. [8] Herein, even using 

a diketopyrrolopyrrole based D-A-D-A copolymer, the efficient doping by F4TCNQ was demonstrated. We 

speculated that this can be achieved by long alkyl chain, which enable to make enough spaces to locate 

F4TCNQ anion. 
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Ⅱ. RESULT AND DISCUSSION 

 

2.1 Molecular structure 

   The structure of polymer and dopant molecule was shown at Figure 2a. The polymer MECT-29DPP-BD2F 

(hereafter BD2F) and MECT-29DPP-TBD2F (hereafter TBD2F) was synthesized by Yun-Hi Kim at Gyungsang 

National University. For two of polymer, donor unit was based on cyclopentadithiophene (CDT) and acceptor 

units were base on DPP and benzothiadiazole (BTZ). The difference of two polymer is the thiophene linker on 

both side of benzothiadiazole. The DPP-DTT was used as reference DPP polymer. The energy level of 3 poly-

mers represented at Figure 2b. In terms of energy offset, only the DPP-DTT can be ICT and other 2 polymers 

should CTC.  

 

Figure 1. The molecular structure of 3 polymer and dopant (a). The energy level of corresponding polymers and 

dopant. 

 

2.2 UV-Visible spectroscopy 

   The UV-Vis spectroscopy showed the insight whether the molecules were doped or not. In the Figure 2, the 

UV-Vis spectra of pristine, doped, washed by chloroform, and dedoped was represented. In the spectra of the 

DPP-DTT, the spectrum was not changed after F4TCNQ doping and after washing the intensity of main peak at 

~800 nm was drastically decreased. This indicated that the DPP-DTT was not doped by F4TCNQ so that the 

existing DPP-DTT film was erased after chloroform washing by the high solubility of DPP-DTT at chloroform. 
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Meanwhile the BD2F showed the difference between the pristine and doped film. The new peak at 1,000-1,500 

nm induced by the polaron which is the result of doping with F4TCNQ. However, after the chloroform washing, 

the BD2F film also washed out which can be inferred by the weak doping mechanism. In the TBD2F case, the 

strong polaron peak was shown after doping and the main polymer peak at ~800 nm was recovered after chloro-

form washing. We speculated that because the TBD2F doping was ICT mechanism, the solubility at chloroform 

was sharply decreased, so the TBD2F film was not washed by chloroform. This could be supported my spec-

trum of dedoping. The dedoping process removed the F4TCNQ at polymer film with basic solution. (Ethylene-

diamine:Acetone (1:10 v/v%) in this paper) The spectrum of DPP-DTT and BD2F could not recover the pristine 

polymer peak after dedoping process, however, the TBD2F showed the almost identical spectra after dedoping. 

The entire TBD2F film was not erased after chloroform washing due to the high doping intensity, so the film 

restored the original absorption spectrum after the dedoping process. 

 

Figure 2. The UV-Vis absorption spectroscopy of DPP-DTT (a), BD2F (b), and TBD2F (c). For each spectrum, 

the pristine polymer (black), after doping (red), after chloroform washing (blue), and after dedoping (green) was 

shown. 

 

2.2 Fourier transform infrared spectroscopy 

    More quantitative understanding of doping intensity was conducted by FT-IR spectroscopy. The doped 

films of each polymer were summarized at Figure 3. It was clearly seen that for the DPP-DTT, the peak of anion 

C-N vibration cannot be seen at ~2190 cm-1. This agreed with previous UV-Vis spectra, which indicated that the 

DPP-DTT was not doped by F4TCNQ. The BD2F and TBD2F had peak at 2192 cm-1, and the TBD2F had more 

intense peak at 2187 cm-1. Some papers demonstrated that the intensity of this two peak could be varied by the 

position of anionic dopant molecules. [9, 10] We could speculate that the dopant position of BD2F and TBD2F 

was different, probably due to by the presence of thiophene linker. 
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Figure 3. FT-IR spectra of DPP-DTT (black), BD2F (blue), and TBD2F (red). 

 

2.3 Electron paramagnetic resonance spectroscopy 

   To identify doping intensity, the electron paramagnetic resonance (EPR) spectroscopy was also conducted. 

The DPP-DTT showed insignificant paramagnetism after doping, which corresponded with previous results. For 

both BD2F and TBD2F, paramagnetic response can be seen after doping while the intensity is much higher at 

the TBD2F. The more paramagnetic resonance ensured the more electron transferred from polymer to dopant. 

The dedoping process of TBD2F also showed that the film recovered the original properties by removal of 

F4TNCQ dopant.  

 

Figure 4. EPR spectra of DPP-DTT (a), BD2F (b), and TBD2F (c). The intensity of paramagnetic resonance 

after chloroform washing and dedpoing was additionally illustrated in order to show the effective dedoping of 

TBD2F. 
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2.3 2-D Gazing incident X-ray diffraction 

   To understand how the polymer crystallinity was changed after doping, the 2D-GIXD was measured. The 

clear edge-on structure was clearly shown at all 2D-GIXD images. (Figure 5) We also calculated the d-spacing 

and π-π stacking to verify the position of dopant anion. (Table 1) The parameters of doped BD2F and dedoped 

d-spacing were could not be found, because of the low crystallinity induced by doping and dedoping process, 

therefore we compared the parameters of TBD2F with DPP-DTT. The all parameters of DPP-DTT increased 

due to the intercalation of dopant at the polymer backbone and alkyl chain. However, only the d-spacing in-

creased after doping for TBD2F, while π-π stacking remained constant after doping, dedoping and annealing. 

We speculated that the dopant of TBD2F only intercalated to the alkyl chain, and this enabled the strong doping 

intensity as previous reports suggested. Also because the difference between two new polymers, BD2F and 

TBD2F, was the thiophene linker, the free volume of alkyl chain region allowed the highly doped film. We 

carefully suggested that this phenomenon originated from the large number of stabilized dopant anion by free 

space near the alkyl chain. More sophisticated analysis must be achieved to investigate the behavior of dopant 

and polymer matrix. 

 

Figure 5. 2D-GIXD images of each pristine polymers and doped ones. For TBD2F, the dedoped and annealed 

states were additionally indicated due to further analysis. 
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Table 1. The summarized parameters about d-spacing and π-π stacking. 
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Ⅲ. CONCULSION  

 

   In this paper, we studied the mechanism for doping of donor-acceptor copolymer, focused on the position of 

dopant molecules in polymer matrix. By using newly synthesized molecules, we successfully doped the donor-

acceptor copolymer with F4TCNQ which hardly dope the general copolymer. The effective doping of TBD2F 

was identified by UV-vis, FT-IR, and EPR analysis while the DPP-DTT, well-known copolymer, showed the 

extremely low doping efficiency even the matched energy offset with F4TCNQ. Also the origin of different 

doping efficiency was investigated by 2D-GIXD. The results indicated that the high doping efficiency of 

TBD2F could be caused by the free volume at the alkyl chain region. This research presented the insight of dop-

ing mechanism in the view of polymer structure, enabling the design of polymer matrix for effective doping. 
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요 약 문 

도너-어셉터 공중합체의 효과적인 도핑 

분자 도핑은 유기 반도체의 전기적 및 물리적 특성을 변경하는 효과적인 방법입니다. 그러나 

도핑의 메커니즘이 확실하게 발견되지 않았고, 더욱이 아직까지는 도너-어셉터 공중합체가 낮은 

도핑 효율을 보이고 있다. 따라서 이 논문에서 우리는 diketopyrrolopyrrole 기반으로 합성된  

도너-어셉터 공중합체를 UV-Vis, FT-IR, EPR 분광법을 통해 각 고분자의 도핑 효율을 

분석하였다. DPP 기반 폴리머와 함께 thiopheene 링커를 추가 한 TBD2F 폴리머는 F4TCNQ 분자 

도펀트에 의해 효과적으로 도핑 될 수 있음을 확인하였다. 또한 2D-GIXD 를 이용하여 고분자 

결정상의 도펀트 위치를 분석했습니다. 그 결과로부터 우리는 폴리머 결정질 매트릭스의 알킬 

사슬 영역에 위치한 도펀트에 의해 효율적인 도핑이 가능하다고 추측 할 수 있었습니다. 

 

 

 

 

 

 

 

 

 

 

 

핵심어: 분자 도핑, 공중합체, 유기반도체 
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