
 

 

 

 



 

 

ABSTRACT 

Molecular Designation and Network Stabilized Organic Photovoltaics 

by 

Zhiqi Hu 

Organic photovoltaics (OPVs) are appealing alternatives to conventional 

silicon based solar cells due to their advantages of low-cost, light weight, high 

flexibility and solution processability. Those properties are of great interest to 

researchers and make OPV possible candidates as future source of clean energy. 

However, the low power conversion efficiency and poor mechanical stability prevent 

the realization of OPV devices for industrial applications.  

In this thesis, we will demonstrate methods to address the challenges 

mentioned above. Through investigation of light sensitive polymer materials and 

optimization of processing conditions, we are able to obtain a better understanding 

in how OPV performance is related to charge transfer at polymer interface and 

fabricate OPV devices with improved mechanical stability under stretching/bending 

induced deformation.  

Future work will focus on mechanical analysis and molecular simulation of 

stabilized OPV films. This will allow a better understanding in stability improvement 

of OPV film on a microscale level. Finally, I wish this thesis can provide insight to those 

who are interested in the fabrication of OPVs for real world applications.  
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Chapter 1 

Introduction 

Photovoltaic (PV) or solar cell is a device that can harvest energy from sunlight 

and convert it to electricity. Organic photovoltaic (OPV) is photovoltaic that consist 

of polymers or organic small molecules. The fabrication of OPV caused great attention 

among scientists and researchers due to its possibility as substituent for traditional 

silicon based solar cells. Compared to silicon solar cells, OPVs possess the advantage 

to be cost-effective, light weight, flexible and solutional processable. However, the 

low power conversion efficiency as well as the low mechanical stability are still 

problems that prevent OPVs from mass production in industry. In this chapter, I will 

discuss and explain the development, applications, and theory of OPVs.  

1.1.  History and Development of Organic Photovoltaics 

In 1980s, photovoltaic devices are fabricated with single layer of semi-

conductive organic materials placed in the middle of two electrodes. Those devices 
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exhibited low photovoltaic power conversion efficiency in the order of magnitude 

around 10-5 %.1 In 1985, a research article from C.W. Tang reported a novel technique 

in the fabrication of OPV structure, in which two-layer structure of thin film was 

introduced. This OPV structure significantly improved the power conversion 

efficiency of the device. Tang fabricated a CuPc/perylene derivative donor/acceptor 

bilayer by vacuum deposition and obtained power conversion efficiency to around 

1 %.2 The difference in performance of the bilayer film to single-layer film is mainly 

due to the presence of interfacial region, which is crucial in the generation of 

photocurrent. However, the performance of this bilayer device is limited by the 

exciton diffusion at the donor and acceptor interface. The domain size for each layer 

was too large which exceeds the typical exciton diffusion length (~10 nm). The 

transport of exciton is therefore difficult to reach to the layer interface.  

 

Figure 1: A typical two-layer organic cell, reproduced from ref. 2. Copyright 

the American Chemical Society.  
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In 1992, Heeger’s group reported the photoinduced electron transfer in the 

composite of poly[2-methoxy,5-(2’-ethyls-hexyloxy)-p-phenylene vinylene] (MEH-

PPV) and buckminsterfullerene (C60) active layer, where MEH-PPV was used as donor 

and C60 as acceptor.3 The donor and acceptors were first dissolved in organic solvent 

and subsequently deposited to form bulk heterojunction (BHJ) film. The term bulk 

heterojunction was used to describe the interpenetrating of bicontinous 

donor/acceptor layers. This kind of morphology maximized the interfacial area inside 

the bulk material, and minimized exciton travelling distance to the donor/acceptor 

interface. The reported energy conversion efficiency increased up to 2.9 % in OPV 

device test.3  

Based on the advanced technique of OPVs fabrication, researchers nowadays 

have developed plenty of light sensitives organic materials which can provide OPV 

efficiency great than 10 %. The highest reported efficiency for single junction OPV is 

16.5 %, and 17.3 % for tandem OPV.4,5 The significant improvement of OPV efficiency 

demonstrates the huge potential of OPV device as alternative energy converter for 

real world industry.  

1.2. Applications of Organic Photovoltaics 

Organic photovoltaics have potential applications in different areas. For 

example, they can be used as wearable and portable electronic devices, in windows 

and architectural buildings, and in the field of biomedical applications.   
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Wearable and portable devices exhibit unique advantages in today’s consumer 

electronics because they eliminate the need of extra carriage for devices. OPV devices 

due to their extreme flexibility can be incorporated and serve as power source for 

wearable and portable electronics. For example, Lee and colleagues demonstrated 

flexible and lightweight OPVs could charge flexible batteries on clothes and 

watchstraps.6 A study from another Lee reported a textile based OPV and made it as 

stitchable power source.7 Those studies demonstrated OPV could potentially be an 

indispensable power source for our daily use in the future.  

Aside from being wearable and portable power sources, OPV device can also 

be incorporated in architecture. Berny and colleagues demonstrated that large area 

array of flexible solar cell can be implemented in a solar tree and still generated 

decent power conversion efficiency of 4.5 %.8 This is the first demonstration of 

customized OPV devices incorporated on large scale architecture.  

 

Figure 2: Large scale deployment of BELECTRIC OPV modules at the Universal 

Exhibition Milan 2015.8 
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In biomedical, OPV devices can be used as compatible and implantable power 

sources for human tissue. For example, a research article by Ferlauto reported a 

foldable OPV device for retinal prosthesis that can improve visual acuity and visual 

field size. This device can be implanted in human eyes for the purpose of sight 

restoration. Another article by Park demonstrated flexible OPV as self-powered 

sensor on skin and other tissue to measure biometric signals.9 Those research 

demonstrate that OPV devices can be applied for next generation electronics.  

1.3. Theory of Organic Photovoltaics 

A typical OPV device consist of 5 layers that are sequentially deposited on a 

substrate as shown in Figure 3. The top and bottom layers are electrodes that are 

made of conductive metals or alloy. Indium tin oxide (ITO) is a common material used 

as transparent electrode where sunlight can directly penetrate through. Electron and 

hole transport layers are positioned next to the respective electrodes. Those 

materials have compatible energy levels and will facilitate charge transfer in between 

layers. In the middle of the device is the active layer which consist of donor and 

acceptor materials. This is the most crucial part of OPV where light absorption, charge 

separation and charge transportation occur.  

  

Figure 3: Simplified schematics of typical layers in OPVs. 



 
6 

 

The mechanisms in the active layer for an effective charge transfer process can 

be illustrated in 4 steps. First, sunlight will impinge on the donor/acceptor active 

layer to generate hole/electron pairs (exitons). Those exitons can then diffuse to the 

donor/acceptor interface. After that, some of the exitons will charge separation and 

become free electron and hole carriers. Lastly, the electron and hole carriers will 

migrate through acceptor and donor phase toward the respective electrodes. A 

simplified process can be illustrated in Figure 4.  

 

Figure 4: Simplified schematics showing the principal internal processes taking 

place in OPVs.10  

1.4. Outline of Dissertation 

My work will focus on three parts. In the first part, I will talk about using block 

copolymer as OPV active layer. In particular, through structural modification at the 

donor and acceptor junction, we will study the effect of the charge separation and 

transportation within the block copolymer. This will provide us a direction on 

molecular engineering for high performance OPV polymer. In the second part, I will 
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discuss about fabrication of a flexible and stretchable active layer using crosslinked 

network as stabilizer. In the third part, I will continue the work with crosslinked 

network in the fabrication of bendable OPV device with high performance active layer 

materials. This research can improve the mechanical stability of OPV and will increase 

the lifetime of device again mechanical failure.  

1.5. References 

1. Chamberlain, G. A. Organic solar cells: A review - ScienceDirect. Solar Cells 8, 47–

83 (1983). 

2. Tang, C. W. Two‐layer organic photovoltaic cell: Applied Physics Letters: Vol 48, 

No 2. Appl. Phys. Lett. 48, 183–185 (1985). 

3. Sariciftci, N. S., Smilowitz, L., Heeger, A. J. & Wudl, F. Photoinduced Electron 

Transfer from a Conducting Polymer to Buckminsterfullerene | Science. Science 

258, 1474–1476 (1992). 

4. Cui, Y., Yao, H., Zhang, J., Zhang, T., Wang, Y., Hong, L., Xian, K., Xu, B., Zhang, S., 

Peng, J., Wei, Z., Gao, F. & Hou, J. Over 16% efficiency organic photovoltaic cells 

enabled by a chlorinated acceptor with increased open-circuit voltages | Nature 

Communications. Nat Commun 10, (2019). 

5. Meng, L., Zhang, Y., Wan, X., Li, C., Zhang, X., Wang, Y., Ke, X., Xiao, Z., Ding, L., Xia, 

R., Yip, H.-L., Cao, Y. & Chen, Y. Organic and solution-processed tandem solar cells 

with 17.3% efficiency. Science 361, 1094–1098 (2018). 



 
8 

 

6. Lee, Y.-H., Kim, J.-S., Noh, J., Lee, I., Kim, H. J., Choi, S., Seo, J., Jeon, S., Kim, T.-S., Lee, 

J.-Y. & Choi, J. W. Wearable Textile Battery Rechargeable by Solar Energy. Nano 

Lett. 13, 5753–5761 (2013). 

7. Lee, S., Lee, Y., Park, J. & Choi, D. Stitchable organic photovoltaic cells with textile 

electrodes. Nano Energy 9, 88–93 (2014). 

8. Berny, S., Blouin, N., Distler, A., Egelhaaf, H.-J., Krompiec, M., Lohr, A., Lozman, O. 

R., Morse, G. E., Nanson, L., Pron, A., Sauermann, T., Seidler, N., Tierney, S., Tiwana, 

P., Wagner, M. & Wilson, H. Solar Trees: First Large-Scale Demonstration of Fully 

Solution Coated, Semitransparent, Flexible Organic Photovoltaic Modules. Adv. 

Sci. 3, 1500342 (2016). 

9. Park, S., Heo, S. W., Lee, W., Inoue, D., Jiang, Z., Yu, K., Jinno, H., Hashizume, D., 

Sekino, M., Yokota, T., Fukuda, K., Tajima, K. & Someya, T. Self-powered ultra-

flexible electronics via nano-grating-patterned organic photovoltaics. Nature 561, 

516–521 (2018). 

10. Botiz, I. & Darling, S. B. Optoelectronics using block copolymers. Materials Today 

13, 42–51 (2010). 

 



 
9 

 

Chapter 2 

Conjugated Block Copolymers for 

Organic Solar Cells 

This chapter is included in the publication Hu, Z., Jakowski, J., Zheng, C., 

Collison, C.J., Strzalka, J., Sumpter, J., Verduzco, R. An experimental and computational 

study of donor-linker-acceptor block copolymers for organic photovoltaics. Journal of 

Polymer Science, Part B 56, 1135–1143 (2018)” 

2.1. Abstract 

Block copolymers with donor and acceptor conjugated polymer blocks 

provide an approach to dictating the donor–accepter interfacial structure and 

understanding its relationship to charge separation and photovoltaic performance. 

We report the preparation of a series of donor-linker-acceptor block copolymers with 

poly(3-hexylthiophene) (P3HT) donor blocks, poly((9,9-dioctylfluorene)-2,7-diyl-

alt-[4,7-bis(thiophen-5-yl)-2,1,3-benzothiadiazole]-20,200-diyl) (PFTBT) acceptor 

blocks, and varying lengths of oligo-ethylene glycol (OEG) chains as the linkers. 

Morphological analysis shows that the linkers increase polymer crystallinity while a 
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combination of optical and photovoltaic measurements shows that the insertion of a 

flexible spacer reduces fluorescence quenching and photovoltaic efficiencies of 

solution processed photovoltaic devices. Density functional theory (DFT) simulations 

indicate that the linking groups reduce both charge separation and recombination 

rates, and block copolymers with flexible linkers will likely rotate to assume a 

nonplanar orientation, resulting in a significant loss of overlap at the donor–linker–

acceptor interface. This work provides a systematic study of the role of linker length 

on the photovoltaic performance of donor–linker–acceptor block copolymers and 

indicates that linkers should be designed to control both the electronic properties and 

relative orientations of conjugated polymers at the interface. 

2.2. Introduction 

Organic photovoltaics (OPVs) are attractive alternatives to crystalline silicon 

and other inorganic photovoltaics due to their low weight and cost, favorable 

processing characteristics, and mechanical flexibility.1–3 Recent work has 

demonstrated large-scale printable OPV installations,4and a favorable levelized cost 

of energy for OPV modules compared to inorganic photovoltaics.5 State-of-the-art 

OPVs consist of a blend of donor and acceptor organic semiconductors, and 

controlling the morphology of the blend is a persistent challenge.6–10 An important 

aspect of the morphology that has a large impact on photovoltaic performance is the 

structure and composition at the donor–acceptor interface. Unlike inorganic 

photovoltaics, absorption of light in OPVs results in the formation of a bound 

electron–hole pair known as an exciton which can undergo a charge separation 
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process to produce free charges. The structure of the donor–acceptor interface is 

crucial for efficient charge separation, but a firm understanding of the optimal 

structure and composition of the donor–acceptor interface to promote charge 

separation is lacking.11,12 Further, rational strategies to modify the donor–acceptor 

interface to promote more efficient charge separation are limited. Recent studies 

have determined important characteristics of the donor–acceptor interface that can 

influence charge transfer. For example, Shaw et al. measured a drop in energy transfer 

kinetics for donor/spacer/acceptor multilayer films with increasing spacer 

thickness,13 and Zhong et al. found an enhancement in photovoltaic performance 

when a thin insulating spacer was introduced between donor and 

acceptorlayers.14Strategies have been developed in bulk heterojunction devices 

where additives that segregate to the donor–acceptor interface can serve as 

insulating spacers that sup-press interfacial recombination processes.15,16 These 

studies demonstrate that introducing a thin, insulating spacer between donor and 

acceptor domains can be beneficial to photovoltaic performance. Density functional 

theory simulations predict a significant suppression of interfacial charge 

recombination with sharp interfacial domains.17 All-conjugated block copolymers 

(BCPs) which consist of covalently bound donor and acceptor polymers provide a 

potential alternative for studying charge separation and recombination processes at 

the donor–acceptor interface. These materials have been implemented in single-

component photovoltaic devices, as detailed in recent publica-tions.7,10,18-21 In our 

previous work, we also showed that the composition of the linking group between 

donor and acceptor domains can play a critical role in charge separation.22 However, 
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a systematic study of the role of the linking group in all-conjugated BCPs with a 

flexible, insulating linker has not been carried out, and only a few prior studies have 

reported all-conjugated BCPs with flexible linkers.23-25 In this work, we present an 

approach to make a series of BCPs while introducing a variable but controlled length 

flexible linking group between the conjugated donor and acceptor blocks. We 

furthermore carry out comprehensive optical and photovoltaic performance analysis 

of our materials along with computational studies of the impact of the flexible linking 

group on charge transfer processes. This study provides insight into the structure and 

properties of linking groups for BCP OPVs and indicates that a short, rigid insulator is 

expected to be superior to flexible linking groups for photo-voltaic applications. 

2.3. Experimental 

Materials 

All reagents and starting materials were purchased from commercial sources 

and used as received. 2,5-dibromo-4-hexyl thiolphene,26 P3HT-Br (Mn = 58.5 kDa, Ð 

= 51.36) and P3HT-PFTBT (Mn = 514.6 kDa, Ð = 52.09)27 was synthesized as 

previously described. Details on the preparation of 2-(4-chloro-3-methylphenol) 

ethanol, 2-(4-chloro-3-methylphenol)ethanol tosylate, ditosyl-triethylene glycol, 2-

(4-chloro-3-methylphenol) triethylene glycol tosylate, 2-(4-chloro-methyl-phenol) 

ethanol tosylate end functionalized poly(3-hexylthio-phene) (P3HT-OEG1Ts), 4-

bromophenol ethylene glycol endfunctionalized poly(3-hexylthiophene) (5), poly(3-

hexylthio-phene)-b-2-(4-chloro-methyl phenol) ethanol-b-(90,90,-dioctyl-fluorene)-
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b-oligo(2,7-(90,90,-dioctylfluorene)-alt-5,5-(40,70-di-2-thienyl-20,10,30,-

benzothiadiazole) (P3HT-OEG1-PFTBT), 2-(4-chloro-methylphenol) triethylene 

glycol tosylate end func-tionalized poly(3-hexylthiophene), (P3HT-OEG3Ts), 4-

bromophenol triethylene glycol end functionalized poly(3-hexylthiophene) (6), and 

poly(3-hexylthiophene)-b-2-(4-chloro-methylphenol) triethanol-b-(90,90,- 

dioctylfluorene)-b-poly(2,7-(90,90,-dioctylfluorene)-alt-5,5-(40,70-di-2-thienyl-

20,1,30,-benzothiadiazole) (P3HT-OEG3-PFTBT) are presented inSupporting 

Information.1H NMR spectroscopy for all materi-als are presented in Supporting 

Information, Figures S1–S11. 

Gel Permeation Chromatography (GPC)  

Gel permeation chromatography (GPC) was carried out to determine 

molecular weight (Mn) and molecular weight dispersity (Ð) for each polymer. The 

GPC system is equipped with differential refractive index (RI) and UV–vis absorbance 

spectrometer. Tetrahydrofuran (THF) was used as the mobile phase for GPC with flow 

rate of 1 mL/min. Mn and Ð were determined relative to polystyrene standards. 

Nuclear Magnetic Resonance Spectroscopy (NMR)Measurements were carried out 

with a Bruker 400 MHz. Samples were prepared at 10 mg/mL concentration. The 

solvent contains chloroform with 0.05% TMS.  

Ultraviolet–Visible Absorption (UV–Vis)  

UV–vis measurements were carried out with a Shimadzu UV 2550. The 

absorbance wavelength was acquired in the range from 350 to 750 nm. 



 
14 

 

 Steady-State Photoluminescence (PL) 

PL measurements were carried out with a Horiba FluoroLog-3 

spectrofluorometer. The excitation wavelength was fixed at 470 nm, and absorbance 

and PL spectra were normalized with respect to their maximum intensity. For PL 

quenching measurements, the PL intensity was normalized with respect to the 

absorbance intensity at 470 nm.  

Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS) 

Measurements were carried out on Beamline 8-ID-E at the Advance Photon 

Source, Argonne National Laboratory. The photon energy was fixed at 10.92 eV. The 

specimen detector distance was 228 mm, and incident angle was 0.148.  

Fabrication and Testing of Photovoltaic Devices 

Photovoltaic devices consisted of an inverted architecture of ITO/ZnO/active 

layer/PEDOT: PSS/Ag. The active layer was composed of pure block copolymer or 

block copolymer mixed with P3HT and PCBM at a fixed mass ratio of 0.6:1:1.The 

overall concentration of the active layer solution before spin-casting was 20 mg/mL 

in chlorobenzene. The solution was stirred for 12 h before use. The ZnO precursor 

solution was prepared by dissolving 1 g of zinc acetate dehydrate in10 mL of 2-

methoxyethanol with 0.28 g of ethanolamine as a surfactant. The PEDOT:PSS solution 

was prepared by diluting 1 mL of PEDOT:PSS Clevios P VP AI 4083 (Heraeus) in 10 

mL isopropanol. ITO glass was cleaned sequentially for 15 min in ultrasonic baths 

using deionized soap water (0.5% Hellmanex III, Helma), deionized water, acetone, 
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and isopropanol, and dried in an oven at 908C for 1 h. The ITO glass was treated with 

UV–ozone before coating the ZnO precursor. The ZnO precursor was spin-coated onto 

the ITO glass at2000 rpm for 1 min, and thermally annealed at 2008C for1 h. The 

substrate was then rinsed with acetone and isopropanol, and dried in an oven at 908C 

for 1 h. The substrate was then transferred to a nitrogen-filled glovebox. Active layer 

was then spin-coated on top of ZnO layer at 800 rpm for 1 min and annealed for 15 

min at 1658C. The substrate was cooled to room temperature, and was spin-coated 

at5000 rpm for 1.5 min. A silver anode was deposited through a shadow mask under 

vacuum by thermal deposition to get a 200-nm-thick layer. J–V curve was measured 

using a Keith-ley source measure unit. The solar cell performance was measured with 

a Newport AM 1.5 G solar simulator at an irradiation power of 310 W. 

 

Figure 1: All-conjugated BCPs with varying linking group length reported in this 

study. P3HT serves as the donor, PFTBT as the acceptor, and OEG as the insulating 

linking group. 
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SCHEME 1: Schematic synthesis for functionalized Ni catalyst, the length of linking 

group p is 1 for OEG1 and 3 for OEG3. 

 

SCHEME 2: Schematic synthesis of block copolymer P3HT-PFTBT with flexible OEG 

linking group. The length of the linking group p is 1 for P3HT-OEG1-PFTBT and 3 for 

P3HT-OEG3-PFTBT. 
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2.4. Results and Discussions 

Our target materials consisted of block copolymers (BCPs) with P3HT as the 

donor block, PFTBT as the acceptor block, and different linking groups between the 

two blocks, as shown in Figure 1. While we and others have previously studied this 

block copolymer system,22,27-29 a method to introduce a flexible, insulating linker 

between donor and acceptor polymer blocks has not been reported. The block 

copolymer P3HT‐PFTBT with no flexible linker between donor and acceptor polymer 

blocks was synthesized as previously reported, using a combination of Grignard 

metathesis (GRIM) to synthesize functionalized P3HT macromonomer followed by 

Suzuki–Miyaura polycondensation to attach the acceptor polymer block.27,30,31 Our 

synthetic strategy for introducing a flexible linker between donor and acceptor 

polymer blocks took advantage of chemistries for end‐functionalization of P3HT 

using an externally initiated polymerization32-36 and is shown in Schemes 1 and 2. A 

functionalized initiator was first synthesized by reacting 2‐(4‐chloro‐3‐methylphenol) 

ethanol tosylate or 2‐(4‐chloro‐3‐methylphenol)‐triethyl glycol tosylate with 

Ni(PPh3)4 followed by ligand exchange with dppp.32 The resulting initiator was used 

in the synthesis of P3HT through GRIM, followed by modification of the tosylate 

endgroup to introduce aryl bromide functionality. Next, the PFTBT block was 

synthesized by Suzuki–Miyaura polycondensation, resulting in all‐conjugated block 

copolymers with flexible linking groups between donor and acceptor blocks. 

1H NMR provides direct evidence for the attachment of the OEG linking groups 

to P3HT. For both P3HT macromonomers, 1H NMR peaks corresponding to the 
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oligoethylene glycol endgroup are clearly resolved. For P3HT‐OEG1Ts, two distinct 

peaks at δ (ppm) = 4.16 and δ (ppm) = 4.38 corresponds to the CH2 groups on OEG1 

after Grignard reaction (Supporting Information, Figure S5). For P3HT‐OEG3Ts 

polymer, a total of 6 CH2 groups in OEG3 correspond to NMR peaks ranging between 

3.6 and 4.16 ppm (Supporting Information, Figure S8). Linking groups attached to 

the final block copolymers can also be resolved by 1H NMR, as shown in Supporting 

Information, Figures S7, S10, and S11. 

 GPC provides evidence for successful preparation of target block copolymers, 

as reflected in a clear shift in the molecular weight distribution for the final block 

copolymer relative to the P3HT macromonomer. GPC data with both RI and UV–vis 

analysis is presented in the Supporting Information (Supporting Information, 

Figures. S12–S17). The UV–vis analysis can distinguish between P3HT and PFTBT 

blocks, with a detection wavelength of 450 nm corresponding to the peak absorbance 

of P3HT. A shift in the peak absorbance for the final block copolymers relative to 

P3HT homopolymers (Supporting Information, Figures. S15–S17) indicates 

successful attachment of PFTBT and formation of block copolymer. 

 The morphology and crystallinity for each BCP and corresponding ternary 

blend was analyzed by grazing incidence wide‐angle X‐ray scattering (GIWAXS). The 

P3HT lamellar stacking corresponds to peak at q = 0.4 Å−1. As seen in Supporting 

Information, Figures S18–S21, a significant increase in peak intensity for P3HT 

lamellar stacking is observed seen with increase length of linking group. This 

indicates that insertion of a flexible linking group increases the P3HT crystallinity, 
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likely due to increased flexibility at the block copolymer junction. A similar result was 

found in a study by Lee et al. along with improved photovoltaic performance 

(Figure 2 and Table 1).25  

 

Figure 2: Normalized absorbance (dash lines) and photoluminescence (solid lines) 

for P3HT‐PFTBT (black), P3HT‐OEG1‐PFTBT (blue), and P3HT‐OEG3‐PFTBT (red). 

Absorbance and PL spectra were normalized with respect to their maximum intensity. 

Table 1. Number‐Averaged Molecular Weight Mn, Molecular Weight Dispersity Ð, 

and Mass Fraction for Each Block Copolymer 

Block Copolymer Mn 

(kDa) 
Ð 

P3HT content 
(wt %)a 

P3HT-PFTBT 14.6 2.09 58 

P3HT-OEG1-PFTBT 16.2 1.88 61 

P3HT-OEG3-PFTBT 14.9 3.33 67 

 

a P3HT wt % determined by GPC from the Mn of P3HT and its corresponding block 

copolymer 

https://onlinelibrary.wiley.com/cms/attachment/9410c3f5-3cdb-4b11-93d0-2054f0cadfab/polb24633-fig-0004-m.jpg
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 To understand the impact of the flexible linker on electronic and optical 

properties, absorbance and photoluminescence spectra were acquired. Compared to 

P3HT‐PFTBT, there is a small redshift of the PL peak for P3HT‐OEG1‐PFTBT polymer 

and a larger redshift for P3HT‐OEG3‐PFTBT. In prior work from our group where we 

compared the optical properties of P3HT‐PFTBT differing in the composition of the 

linker, we observed a similar shift of the PL emission maximum with varying linker 

composition.22 The redshift in the PL intensity is weaker for the present samples, but 

similarly reflects an impact of the linking group composition on the energetics at the 

donor–acceptor interface. This is also supported through density functional theory 

(DFT) calculations described below. 

 Energy and charge transfer processes at the interface were probed through 

photoluminescence quenching measurements. Block copolymers at a concentration 

of 2 mg/mL in chlorobenzene were spin‐cast on a glass substrate, and 

photoluminescence data for each block copolymer were acquired at a fixed excitation 

wavelength of 470 nm and normalized with respect to the absorbance at that same 

wavelength, as shown in Figure 3. PL for pure P3HT, PFTBT, and ternary blend are 

shown in Supporting Information, Figures S22–S24. A clear trend is observed where 

block copolymers with shorter linking groups exhibit stronger quenching of the 

normalized photoluminescence intensity. This suggests that the incorporation of 

linking groups reduces energy and charge transfer processes at the interface. 
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Figure 3: Photoluminescence (PL) quenching for P3HT‐PFTBT, P3HT‐OEG1‐PFTBT, 

and P3HT‐OEG3‐PFTBT with excitation at 470 nm and normalized by the absorbance 

at 470 nm.  

 To understand the impact of the linking group structure on photovoltaic 

device performance, devices with pure BCP active layer and blends of BCP with P3HT 

and fullerene were fabricated and tested. The characteristics of photovoltaic devices 

with BCP in the active layer are shown in Table 2. The best performance is observed 

for P3HT‐PFTBT material with no linker, but the efficiencies and currents are too low 

to draw strong conclusions across the series of devices. For further analysis, a series 

of devices comprised of ternary blends of BCP with P3HT homopolymer and PCBM 

were fabricated and tested. As shown in Figure 4, this series of materials exhibits a 

similar trend, in which the performance degrades significantly for BCPs with flexible 

linkers. Dark currents for each device in Figure 4 are provided in Supporting 

Information, Figures S25–S27. We observe a decrease in both the short‐circuit 

https://onlinelibrary.wiley.com/cms/attachment/67f7e509-05b2-41fc-b566-0595a6d0d8f0/polb24633-fig-0005-m.jpg
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current Jsc and open‐circuit voltage Voc and the power conversion efficiency PCE as 

the length of the OEG increases. 

 

Figure 4: Typical J–V curves for ternary blend photovoltaic devices with active layer 

comprises P3HT‐PFTBT, P3HT‐OEG1‐PFTBT, and P3HT‐OEG3‐PFTBT. Mass ratios 

for P3HT, PCBM, and BCP are fixed at 1:1:0.6.  

Table 2. Device Test Results for single component BCP OPVs and for ternary blend 

OPVs with fixed blend mass ratios of 1:1:0.6 P3HT:PCBM:BCP 

Active Layer PCE (%) Jsc (mA cm-2) Voc (V) FF 

P3HT-PFTBT Ternary blend 
2.49 

(±0.05) 

8.75 

(±0.21) 

0.66 

(±0.01) 

0.43 

(±0.01) 

P3HT-OEG1-PFTBT Ternary blend 
1.29 

(±0.13) 

6.78 

(±0.33) 

0.56 

(±0.01) 

0.29 

(±0.03) 

P3HT-OEG3-PFTBT Ternary blend 
1.14 

(±0.06) 

7.13 

(±0.45) 

0.41 

(±0.02) 

0.39 

(±0.01) 

P3HT-PFTBT 0.20 1.08 0.64 0.28 

https://onlinelibrary.wiley.com/cms/attachment/02413cc1-27c5-46da-9397-2ce885c7bdc4/polb24633-fig-0006-m.jpg
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(±0.01) (±0.03) (±0.01) (±0.01) 

P3HT-OEG1-PFTBT 
0.14 

(±0.01) 

0.80 

(±0.03) 

0.64 

(±0.01) 

0.26 

(±0.01) 

P3HT-OEG3-PFTBT 
0.04 

(±0.01) 

0.40 

(±0.02) 

0.36 

(±0.02) 

0.30 

(±0.01) 

 

The results show a decrease in PCE and Voc after insertion of linking group, which is 

in agreement with results from PL quenching and shifting. As donor and acceptor 

blocks are the same in all BCPs, a decrease in Voc suggests possible formation of 

energy barriers or of a low energy level charge transfer state induced by linking 

groups, in which charge transfer in between donor and acceptors is insulated. The 

induced energy barriers can also lead to a mismatch of the work function between 

BCPs and charge transport layers, which would account for the kink in the current 

density versus voltage curves for P3HT‐OEG1‐PFTBT and P3HT‐OEG3‐PFTBT 

observed in Figure 4. We also note that a similar shape in the current–voltage curve 

has been observed in previous studies of the same or similar donor–acceptor blends, 

which again suggests a mismatch in the energy levels between donor and acceptor 

polymers in this system.22,23,28   

Calculations using density functional theory (DFT) at the LC‐wPBEh/6–31G(d) level 

were performed to gain additional insight in energetics, charge transfer, and polymer 

conformation at the donor and acceptor interface. In this simulation, a model with 12 

hexylthiophene repeat units and 3 dioctylfluorene‐co‐benzothiadiazol repeat units 

was used to simulate the block copolymer P3HT‐PFTBT. 
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To analyze the energetics and kinetics of charge and energy transfer at the interface, 

the conformation of the polymer blocks at the interface was determined through 

minimization of the conformational free energy followed by analysis of the electronic 

structure. Optimizations of molecular structures were first performed with semi‐

empirical PM3 method. Analysis of electronic structure charge transfer rates was 

performed with LC‐wPBEh/6–31G(d). The corresponding HOMO orbitals are shown 

in Figure 5 (a,c,d). The molecular structure resulting from optimization shows that 

P3HT and PFTBT blocks both have planar conformations regardless of linker. This is 

expected, as there is strong π–π conjugation within the P3HT and PFTBT fragments. 

We also observe that the interfragment π–π conjugation persists in the no‐linker 

polymer P3HT‐PFTBT. Thus, the structure Figure 5 (a) of P3HT‐PFTBT is coplanar 

with the HOMO strongly delocalized across junction. 
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Figure 5: Simulated HOMO levels for (a) P3HT‐PFTBT (planar), (b) P3HT‐OEG1‐

PFTBT (planar), (c) P3HT‐OEG1‐PFTBT (nonplanar), and (d) P3HT‐OEG3‐PFTBT 

(nonplanar). Linking groups are inside the rectangle region. For all cases, the P3HT 

fragment is on the left side of the rectangle region (linker) and the PFTBT is on the 

right side of the rectangle.  

 As for the molecular structure of BCPs with an OEG linker, the OEG fragment 

is relatively flexible and breaks the interfragment π–π conjugations leading to a 

nonzero dihedral angle between P3HT and PFTBT planes, shown in Figure 5(c,d). To 

https://onlinelibrary.wiley.com/doi/full/10.1002/polb.24633#polb24633-fig-0007
https://onlinelibrary.wiley.com/cms/attachment/b3775af7-d6ec-4d15-96fc-9e5d5f2f7003/polb24633-fig-0007-m.jpg
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investigate whether interruption of interfragment delocalization in the HOMO is 

caused by the reduced planarity, we performed a constrained planar optimization of 

P3HT‐OEG1‐PFTBT in which the dihedral angle between P3HT and PFTBT was 

manually set to zero. The corresponding planar P3HT‐OEG1‐PFTBT and its HOMO is 

shown in Figure 5 (b) revealing that even when P3HT is oriented in‐plane with 

PFTBT, the π–π conjugation across the junction can still be disrupted and therefore 

has a strong effect on charge transport across the junction. 

 Overall, the OEG linking group serves as an insulator to reduce overlap of 

electron density at the donor and acceptor junction. This is clearly seen in the 

simulated HOMO energy level and the density of states depicted in Figure 5. The 

electron density resides mostly in PFTBT block after insertion of OEG linking group. 

This is due to the energy barrier induced by OEG linking group and is therefore 

expected to impede electron transport from P3HT to the linker and hole transport 

from PFTBT to the linker. Electron and hole transfer are still available from donor 

LUMO+ and acceptor HOMO− energy levels, but a consequence of twisting at the 

interface is a further reduction of energetic overlap and diminished charge transport 

between P3HT and PFTBT blocks. 

 Mulliken population analysis was carried out to further understand the 

insulation effect of the linking group at the donor and acceptor junction.39 This 

method is used to determine partial charge distribution on each monomer unit 

through linear combination of molecule orbitals. In our analysis, P3HT monomers are 

numbered from 1 to 12, the linking group is numbered 13, and PFTBT monomers are 
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numbered from 14 to 16, as shown in Figure 6. At the donor and acceptor interface, 

insertion of a linking group creates a negative charge space polarization on the linker. 

P3HT and PFTBT monomers adjacent to the linking group (unit 12 and 14) are both 

positively charged as a balance to the negatively charged linking group. This suggests 

that the linker affects transport along the BCP chain by inducing a charge space 

separation region and a buildup potential, which therefore creates a barrier for 

electron transfer from donor to the linking group. 

 

Figure 6: Charge distribution along the BCP chain from Mulliken population analysis. 

The P3HT model consists of 12 monomers numbered from 1 to 12. PFTBT consists of 

3 monomers numbered from 14 to 16. The linker is represented by the gray 

rectangular block (Unit 13).  

 To further analyze the effect of the linking group at the donor and acceptor 

interface, transfer integrals were calculated between donor and linker, and between 

linker and acceptor.40 These quantities are described for carrier mobility along the 

backbone of BCP chain. For example, transfer integrals between HOMOs of the donor–

https://onlinelibrary.wiley.com/cms/attachment/7ab6b297-4e82-4a7f-b37d-17ada47b53d4/polb24633-fig-0008-m.jpg
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linker–acceptor describe the transport of holes across the BCP junction. Similarly, 

transfer integrals between LUMOs of donor–linker–acceptor are directly related to 

transport of electrons across BCP junction. The decomposition of electronic structure 

on the HOMOs and LUMOs of donor, acceptor, and linker for P3HT‐PFTBT and P3HT‐

PFTBT is shown in Supporting Information, Figures S28–S30. As can be seen, linkers 

significantly block transfer of carrier charges along the BCP chain as their transfer 

integrals are not aligned with transfer integrals of the donor and acceptor. Out of all 

cases, the effect of blocking is strongest for OEG3 linker, for which coupling between 

the LUMO of the linker and the LUMO of the acceptor is only 0.02 meV, and coupling 

between HOMO of donor and HOMO of linker is 1.5 meV. This is expected as a longer 

length of OEG has a stronger insulation to charge transport. The calculated HOMO and 

LUMO levels for P3HT, OEG, and PFTBT blocks suggest that the energy level of the 

linking group is not aligned optimally to facilitate carrier transfer but instead may 

insulate charge separation and transportation at the donor and acceptor interface. 

The measured output voltage of the device (V) is reduced from the optical band gap 

(difference between LUMO of acceptor and HOMO of donor) due to a voltage drop 

resulting from charge transfer resistance (Rct), charge recombination (Ro), and the 

serial resistance (Rs) (see Figure 7). They are related to charge separation, charge 

recombination, and intermolecular transportation, respectively. In the case of open 

circuit, the serial resistance (Rs) is infinite and voltage drop between points S and O 

is zero. Thus the measured output voltage V is the same as that measured between 

points O and C. In the equivalent circuit model, the open circuit voltage is therefore 



 
29 

 

given by 𝑉𝑜𝑐 =
𝑉𝑜𝑝𝑡−𝑏𝑔

1+𝑅𝑐𝑡/𝑅𝑂 
. As Ro and Rct are inversely proportional to interfacial 

separation and recombination energy, we get the relationship equation which leads 

to a simulated Voc for those block copolymers shown in Table 3. The result suggests 

that differences in Voc for pure block copolymer as the active layer can be explained 

from the ratio of simulated separation and recombination rates. This is consistent 

with experimental results in Table 2, suggesting that increase in OEG length will lead 

to a decrease in Voc value (Figure 7). 

 

Figure 7: Equivalent circuit model for BCP‐based photovoltaic 

cell. Rct and Ro represent the resistance related to interfacial charge separation and 

recombination across heterojunction. Rs is the serial resistance due to finite 

mobilities of carriers during charge diffusion. Vopt‐bg is the optical band gap 

and V represents the measured output voltage of device.  

https://onlinelibrary.wiley.com/cms/attachment/b255cac7-06ea-4384-bd3c-a93fe54c7f5f/polb24633-fig-0009-m.jpg
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Table 3. Simulated Voc, Separation, and Recombination Energy for Block Copolymers 

Active Layer 
Separation 

(meV) 
Recombination 

(meV) 

Separation/ 
Recombination 

Ratio 

Simulated Voc 
(V) 

P3HT-PFTBT 3.5×102 2.6×101 13 0.64 

P3HT-OEG1-
PFTBT 

1.1 1.2×10-1 9.0 0.62 

P3HT-OEG1-
PFTBT (planar) 

4.6 2.0 2.3 0.48 

P3HT-OEG3-
PFTBT 

1.6×10-3 9.3×10-4 1.7 0.44 

 

Block copolymers with no linker exhibited the largest potential, indicating a 

stronger driving force for both separation and recombination when there is no 

insulating linker between donor and acceptor blocks. Insertion of a linker and 

minimization of the block conformation to a nonplanar orientation leads to a 

dramatic reduction in the potentials for both charge separation and recombination. 

The potential for recombination is much lower than for charge separation, indicating 

a potentially favorable effect on overall photovoltaic efficiency. Increasing the linker 

length dramatically reduces the potential for both separation and recombination, 

essentially shutting off charge transfer across the interface. Finally, inserting a linker 

is able to decrease the ratio of charge separation to recombination at the D/A 

interface, and therefore decreases the value of Voc. 
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2.5. Conclusions 

We demonstrated a synthesis method to insert flexible ethylene and 

triethylene linking groups in between the donor and acceptor block copolymers via 

GRIM reaction, followed by end group modification, and completed with Suzuki 

Miyaura polymerization. Compared to prior works, the primary advantage of this 

synthesis route is the ability to chemically tune the structure at the donor and 

acceptor junction of conjugated block copolymers. This allows possible investigation 

in OPV characteristics of different linkers at the donor/acceptor interface. 

Analysis of fluorescence data indicates the formation of low energy level 

charge transfer state at the junction of the donor and acceptor block copolymers 

caused by OEG. This is also supported by the DFT calculations in that the OEG linking 

group serves as a strong insulator and can decrease both tunneling and 

recombination rates between donor and acceptor polymers. The energies of HOMO 

and LUMO levels of the linking group do not align well with those of the donor and 

acceptor blocks. In addition, charge transfer in between donor and acceptor blocks is 

sensitive to the orientation of OEG. For a block copolymer with a longer linking group, 

the twisting effect at the donor and acceptor interface is expected to further 

deteriorate OPV performance. 

The simulation result of a decrease of Voc with increased OEG length agrees 

with solar cell device tests. Device testing in ternary blends by mixing the block 

copolymer with P3HT and PCBM exhibited a decrease in PCE, Voc and Jsc with 
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increasing length of linkers, which validates that the insertion of OEG in the block 

copolymer can impede charge transfer between donor and acceptors. 

This work indicates that conjugated block copolymers can serve as a model 

system for investigating the effect of the donor/acceptor interfacial properties 

applied to macroscale OPV performance. The capability of linking groups in tuning 

electrical properties at the D/A interface provides us opportunities to seek linker 

materials that can improve energy transfer between donor and acceptor blocks. 

Future optimization in linking chemistry should take both orientation and the charge 

insulation effect into account. 
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2.8. Supporting Information 

Materials Synthesis 

2-(4-chloro-3-methylphenol) ethanol 4-chloro-3-methylphenol (5.02 g, 35 

mmol) and potassium carbonate (9.96 g, 72 mmol) were added to a 250 mL round 

bottom flask. The mixture was dissolved in 100 mL dimethylformamide (DMF) and 

stirred at room temperature for 30 min. Ethylene carbonate was then added to the 

flask and stirred at room temperature for 24 hr. DI water was added to the mixture 

to dissolve the potassium carbonate residue, and the desired product was extracted 

with ethyl acetate/hexane in a 1:1 volume ratio. The organic layer was collected and 

dried with anhydrous magnesium sulfate. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.22 
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(1H, Aryl-H), 6.79(1H, Aryl-H), 6.69 (1H, Aryl-H), 4.03(2H, Aryl-OCH2), 3.94 (2H, HO-

CH2-CH2O), 2.33 (3H, Aryl-CH3). Full 1H NMR shown in Figure S1. 

2-(4-chloro-3-methylphenol) ethanol tosylate 2-(4-chloro-3-

methylphenol) ethanol (3.3 g, 17.7 mmol) and toluenesulfonyl chloride (6.8 g, 35.7 

mmol) were added to a 50mL round bottom flask. Dichloromethane and pyridine 

were added to the mixture. The round bottom flask was then placed at 0 °C and the 

contents were allowed to stir for 12 hr. The mixture was then rotary evaporated and 

purified by silica gel chromatography with ethyl acetate/hexane in a 1:3 volume ratio. 

1H NMR (400 MHz, CDCl3), δ (ppm): 7.82 (2H, Aryl-H), 7.35 (2H, Aryl-H), 7.17 (1H, 

Aryl-H), 6.65 (1H, Aryl-H), 6.56 (1H, Aryl-H), 4.35 (2H, TsO-CH2-CH2O), 4.16 (2H, Aryl-

OCH2),  2.45 (3H, Aryl-CH3), 2.31 (3H, Aryl-CH3). Full 1H NMR shown in Figure S2. 

Ditosyl-triethylene glycol (6.17 g, 32.4 mmol) was dissolved in a mixture of 

anhydrous dichloromethane (35 mL) and pyridine (10 mL) in a 100 mL round bottle 

flask. The flask was stirred at 0 °C. Triethylene glycol (200.5 mg, 13.3 mmol) was 

dissolved in dichloromethane (5 mL) in a 20 mL vial, and was then dropwise added 

to the round bottomed flask for 30 min. The reaction was allowed to stir for 48 hr. 

Water along with 5 M HCl (20 mL) was then added to the mixture and two extractions 

were then performed with dichloromethane. The organic layer, collected in the 

bottom, was washed with DI water. Magnesium chloride was then added to the 

organic layer to remove the remaining water. The organic layer was rotary 

evaporated and placed in a vacuum oven overnight to obtain the white solid product. 

1H NMR (400 MHz, CDCl3), δ (ppm): 7.80 (4H; Aryl-H), 7.35 (4H; Aryl-H), 4.15 (4H; 
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CH2-C4H8O2-CH2), 3.5-3.8 (8H, CH2-C4H8O2-CH2), 2.45 (6H, CH3-C6H4). Full 1H NMR 

shown in Figure S3. 

2-(4-chloro-3-methylphenol) triethylene glycol tosylate Ditosyl-

triethylene glycol (2.27 g, 4.96 mmol), potassium carbonate (0.427 g, 3.08 mmol) was 

dissolved in acetonitrile (10 mL) in a test tube, which was capped and placed in 

oilbath at 90 °C. In a 20 mL vial, 4-chloro-3-methylphenol (0.184 g, 1.29 mmol) was 

dissolved in acetonitrile (3 mL), and added dropwise to the test tube for 30 min, and 

reacted for 12 hr. The mixture was filtered, rotary evaporated and purified by silica 

gel chromatography (50% hexane/ethyl acetate) to get a pale yellow organic liquid. 

1H NMR (400 MHz, CDCl3), δ (ppm): 7.80 (2H, Aryl-H), 7.35 (2H, Aryl-H), 7.22 (1H, 

Aryl-H), 6.80 (1H, Aryl-H), 6.68 (1H, Aryl-H), 4.16 (2H, TsO-CH2-C5H10O3), 4.06 

(2H,Aryl-OCH2), 3.60-3.85 (8H, CH2-C4H8O2-CH2), 2.33 (3H, Aryl-CH3). Full 1H NMR 

shown in Figure S4. 

General Approach to the Synthesis of Functionalized Ni catalyst. A 

functionalized Ni catalyst was used to introduce flexible linking groups in all-

conjugated block copolymers, as shown in scheme 1. The general procedure follows 

the approach reported by Bronstein and Luscombe.1 Either 2-(4-chloro-3-

methylphenol) ethanol tosylate (44 mg 0.130 mmol) or 2-(4-chloro-3-methylphenol) 

triethylene glycol tosylate (108 mg, 0.253 mmol) was added to a 20 mL vial in an 

inert-atmosphere glovebox and dissolved in anhydrous THF (1 mL). An excess of 

tetrakis-(triphenyl phosphine)-nickel was added and allowed to stir for 12 hours. 

Next, 1,3-bis (diphenylphosphino) propane (85 mg, 0.206 mmol) dissolved in 
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anhydrous THF (1 mL) was added, and the mixture was stirred at ambient 

temperature for 2 hours. The functionalized catalyst was used as prepared, without 

further purification.  

2-(4-chloro-methylphenol) ethanol tosylate end functionalized poly(3- 

hexylthiophene), (P3HT-OEG1Ts) In a 50 mL nitrogen-purged round bottom flask, 

2,5-dibromo-4-hexylthiophene (1) (811 mg, 2.49 mmol) was added and dissolved in 

anhydrous THF (1.2 mL), and the solution was allowed to stir in nitrogen on ice at 

0 °C for 20 min. Isopropyl magnesium chloride and LiCl (1.3 M) in THF (1.9 mL) were 

added to the flask, and the mixture was stirred for 2 hours. Anhydrous THF (3.6 mL) 

was then added to the mixture, which was stirred on ice for 5 min before placing the 

flask at room temperature. The nickel catalyst functionalized with 2-(4-chloro-3-

methylphenol) ethanol tosylate (2 mL, 0.13 mmol) was then quickly added to the flask 

by syringe. The catalyst mixture in the 20 mL vial was then transferred out from the 

glovebox by a 5 mL syringe, and was quickly added to the flask.  The mixture was 

stirred for 40 min, quenched with 1 M HCl (10 mL), and precipitated in cold methanol. 

The final product was soxhlet extracted with acetone, and collected with chloroform. 

1H NMR (400 MHz, CDCl3), δ (ppm): 7.84 (2H, Aryl-H), 7.35 (2H, Aryl-H), 6.98 (1H, 

Aryl-H), 4.39 (2H, TsO-CH2-CH2O), 4.18(2H, Aryl-OCH2), 2.80 (2H, CH2-C5H11), 1.7 (2H, 

CH2-CH2-C4H9), 1.35 (6H, CH2-C3H6-CH3), 0.92 (3H, CH2-CH3). Full 1H NMR shown in 

Figure S5. 

4-bromophenol ethylene glycol end functionalized poly(3-

hexylthiophene) (5) 2-(4-chloro-3-methylphenol) ethanol tosylate end 



 
40 

 

functionalized poly(3-hexylthiophene) (147.6 mg, 0.0164 mmol), 4-bromophenol (4) 

(83.4 mg, 0.482 mmol), and NaH (53.0 mg, 2.21 mmol) were sequentially added to a 

reaction vial. Anhydrous THF (2.5 mL) was then added to the vial. The vial was then 

sealed and the mixture was stirred at 90 °C for 24 hr. The final product was collected 

through precipitation in cold methanol. 1H NMR (400 MHz, CDCl3), δ (ppm): 6.98 (1H, 

Aryl-H), 4.33 (2H, TsO-CH2-CH2O), 4.31(2H, Aryl-OCH2), 2.80 (2H, CH2-C5H11), 1.7 (2H, 

CH2-CH2-C4H9), 1.35 (6H, CH2-C3H6-CH3), 0.92 (3H, CH2-CH3). Full 1H NMR shown in 

Figure S6. 

Poly(3-hexylthiophene)-b-2-(4-chloro-methyl phenol) ethanol-b-(9ʹ,9ʹ,-

dioctylfluorene)-b-oligo(2,7-(9ʹ,9ʹ,-dioctylfluorene)-alt-5,5-(4ʹ,7ʹ-di-2-thienyl-

2ʹ,1ʹ,3ʹ,-benzothiadiazole) (P3HT-OEG1-PFTBT) 4-bromophenol ethylene glycol 

end functionalized poly(3-hexylthiophene) (75.4 mg, 9.42 mmol) (5), 4,7,-di-2ʹ-(5ʹ-

bromo)- thienyl-2ʹ,1ʹ,3ʹ,-benzothiadiazole (3) (106.6 mg, 0.233 mmol), 9ʹ,9ʹ 

dioctylfluorene -2ʹ, 7ʹ-diboronic acid bis(1, 3-propanediol) ester (2) (129.4 mg, 0.232 

mmol), aliquat 336 (3 drops), toluene (2.5 mL) and tetraethyl ammonium hydroxide 

20wt% in water (0.7 mL) were added to a reaction flask and purged with nitrogen for 

5 min. Tetrakis-(triphenylphosphine)-palladium (0) (9.1 mg) was then added to the 

flask, and the flask was then capped and sealed. The reaction was allowed to stir at 

90 °C for 24 hr. The mixture was precipitated in cold methanol; soxhlet extracted with 

acetone, hexane, and the desired product was collected with chloroform. 1H NMR 

(400 MHz, CDCl3), δ (ppm): 7.5-7.8 (6H, Aryl-H), 6.95 (1H, Aryl-H), 4.4 (2H, TsO-CH2-

CH2O), 3.9 (2H, Aryl-OCH2), 2.80 (2H, CH2-C5H11), 2.1 (4H, CH2-C7H15), 1.7 (2H, CH2-
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CH2-C4H9), 1.35 (6H, CH2-C3H6-CH3), 1.15(20H, CH2-C5H10-CH3), 0.92 (3H, CH2-CH3), 

0.8 (6H, C7H14-CH3). Full 1H NMR shown in Figure S7. 

2-(4-chloro-methylphenol) triethylene glycol tosylate end 

functionalized poly(3-hexylthiophene), (P3HT-OEG3Ts) In a 50 mL round 

bottom flask purged with nitrogen gas, 2,5-dibromo-4-hexylthiophene (1) (624 mg, 

1.92 mmol) was dissolved in anhydrous THF (1.2 mL), and the solution was stirred 

under nitrogen at 0 °C for 20 min. Isopropyl magnesium chloride and LiCl (1.3 M) in 

THF (1.5 mL) were added to the flask, and the mixture was allowed to stir for 2 hours. 

Anhydrous THF (3.5 mL) was then added to the flask, which was allowed to stir for 5 

min before placing the flask at room temperature. The nickel catalyst functionalized 

with 2-(4-chloro-3-methylphenol) triethylene glycol tosylate (2 mL, 0.253 mmol) was 

then quickly added to the flask by syringe. The mixture in the 20 mL vial was then 

transferred out from the glovebox by a 5 mL syringe, and was quickly added to the 

flask.  The mixture was stirred for 40 min, quenched with 1 M HCl (10 mL), and 

precipitated in cold methanol. The final product was soxhlet with acetone, and 

collected with chloroform. 1H NMR (400 MHz, CDCl3), δ (ppm): 6.98 (1H, Aryl-H), 4.16 

(2H, TsO-CH2-C5H10O3), 4.08 (2H, Aryl-OCH2), 3.6-3.85 (8H, CH2-C4H8O2-CH2), 2.82 

(2H, CH2-C5H11), 1.7 (2H, CH2-CH2-C4H9), 1.35 (6H, CH2-C3H6-CH3), 0.92 (3H, CH2-CH3). 

Full 1H NMR shown in Figure S8. 

4-bromophenol triethylene glycol end functionalized poly(3-

hexylthiophene) (6) 2-(4-chloro-methylphenol) triethylene glycol tosylate end 

functionalized poly(3-hexylthiophene) (104.4 mg, 0.0149 mmol), 4-bromophenol (4) 
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(113.7 mg, 0.675 mmol), and NaH (53.4 mg, 2.225 mmol) were sequentially added in 

a reaction vial, and dissolved in anhydrous THF(2.4 mL). The vial was then sealed and 

the mixture was stirred at 90 °C for 24 hr. The final product was collected through 

precipitation in cold methanol. 1H NMR (400 MHz, CDCl3), δ (ppm): 6.98 (1H, Aryl-H), 

4.1-4.2 (4H, TsO-CH2-C5H10O3, Aryl-OCH2), 3.6-3.85(8H, CH2-C4H8O2-CH2), 2.82 (2H, 

CH2-C5H11), 1.7 (2H, CH2-CH2-C4H9), 1.35 (6H, CH2-C3H6-CH3), 0.92 (3H, CH2-CH3). Full 

1H NMR shown in Figure S9. 

Poly(3-hexylthiophene)-b-2-(4-chloro-methylphenol) triethanol-b-

(9ʹ,9ʹ,- dioctylfluorene)-b-poly(2,7-(9ʹ,9ʹ,-dioctylfluorene)-alt-5,5-(4ʹ,7ʹ-di-2-

thienyl-2ʹ,1, 3ʹ,-benzothiadiazole) (P3HT-OEG3-PFTBT) 4-bromophenol 

triethylene glycol end functionalized poly(3-hexylthiophene) (60.8 mg, 0.0087 mmol), 

4,7,-di-2ʹ-(5ʹ -bromo)-thienyl-2ʹ,1ʹ,3ʹ,-benzothiadiazole (3) (101.1 mg, 0.221 mmol), 

9ʹ,9ʹdioctylfluorene-2ʹ,7ʹ-diboronic bis(1,3-propanediol) acid ester (2) (124.2 mg, 

0.222 mmol), aliquat 336 (3 drops), toluene (2.5 mL) and tetraethyl ammonium 

hydroxide 20wt% in water (0.7 mL) were added to a reaction flask and purged with 

nitrogen for 5 min. Tetrakis-(triphenylphosphine)-palladium(0) (9.1 mg) was then 

added to the flask, and the entire flask was capped and sealed. The reaction was 

stirred at 90 °C for 24 hours. The mixture was precipitated in cold methanol; soxhlet 

extracted with acetone, hexane, and collected with chloroform. 1H NMR (400 MHz, 

CDCl3), δ (ppm): 7.5-7.8 (6H, Aryl-H), 6.95 (1H, Aryl-H), 4.4 (2H, TsO-CH2-CH2O), 3.85-

3.95 (4H, TsO-CH2-C5H10O3, Aryl-OCH2), 3.6-3.85(8H, CH2-C4H8O2-CH2), 2.80 (2H, 

CH2-C5H11), 2.1 (4H, CH2-C7H15), 1.7 (2H, CH2-CH2-C4H9), 1.35 (6H, CH2-C3H6-CH3), 
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1.15 (20H, CH2-C5H10-CH3), 0.92 (3H, CH2-CH3), 0.8 (6H, C7H14-CH3). Full 1H NMR 

shown in Figure S10. 

1H Nuclear Magnetic Resonance Spectroscopy 

 

Figure S1:1H NMR for 2-(4-chloro-3-methylphenol) ethanol 

 

 

Figure S2: 1H NMR for 2-(4-chloro-3-methylphenol) ethanol tosylate 



 
44 

 

 

 

 

Figure S3: 1H NMR for ditosyl-triethylene glycol 

 

Figure S4: 1H NMR for 4-chloro-3-methylphenol-triethyl tosylate 
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Figure S5: 1H NMR for P3HT-OEG1Ts 

 

Figure S6: 1H NMR for P3HT-OEG1-bromophenol 
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Figure S7: 1H NMR for P3HT-OEG1-PFTBT 

 

Figure S8: 1H NMR for P3HT-OEG3Ts 
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Figure S9: 1H NMR for P3HT-OEG3-bromophenol 

Figure S10: 1H NMR for P3HT-OEG3-PFTBT 
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Figure S11: 1H NMR for P3HT-PFTBT 

Size Exclusion Chromatography (SEC) Analysis with differential 

refractive index (DRI) detection 

 

Figure S12: Normalized SEC for P3HT and P3HT-PFTBT with DRI detection 
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Figure S13: Normalized SEC for P3HT-PEG1 and P3HT-PEG1-PFTBT with DRI 

detection 

 

Figure S14: Normalized SEC for P3HT-PEG3 and P3HT-PEG3-PFTBT with DRI 

detection 

Size Exclusion Chromatography (SEC) Analysis with UV-Vis 

Analysis 
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Figure S15: SEC analysis for P3HT and P3HT-PFTBT with UV-Vis detection (450nm) 

 

Figure S16: SEC analysis for P3HT-PEG1 and P3HT-PEG1-PFTBT with UV-Vis 

detection (450nm) 
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Figure S17: SEC analysis for P3HT-PEG3 and P3HT-PEG3-PFTBT with UV-Vis 

detection (450nm) 

Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) 

 

 

Figure S18: GIWAXS patterns of P3HT-PFTBT thin film thermally annealed for 15min 

at 165︒C. Sample was measured at an incident angle of 0.14︒ and 2s exposure time. 
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Figure S19: GIWAXS patterns of P3HT-PEG1-PFTBT thin film thermally annealed for 

15min at 165︒C. Sample was measured at an incident angle of 0.14︒ and 2s 

exposure time. 
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Figure S20: GIWAXS patterns of P3HT-PEG3-PFTBT thin film thermally annealed for 

15min at 165︒C. Sample was measured at an incident angle of 0.14︒ and 2s 

exposure time. 

 

Figure S21: Linecut of GIWAXS images for block copolymer films along the out-of–

plane direction. 

Photoluminescence 

 

Figure S22: Absorbance and PL for P3HT and PFTBT 
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Figure S23: PL quenching for ternary blend P3HT as donor, PCBM as acceptor, and 

P3HT-PFTBT(red), P3HT-PEG1-PFTBT(blue), or P3HT-PEG3-PFTBT(black) as 

additive. The mass ratio of donor, acceptor and additive is fixed to 1:1:0.6 

 

Figure S24: PL quenching for films of pure P3HT-PFTBT (green), pure P3HT-OEG3–

PFTBT (blue), P3HT-PFTBT mixed with P3HT-OEG3-PFTBT at 1:1 (red), 1:2 (dark 

gray), 1:4 (gray), 1:8 (light gray) mass ratios. BCPs were first blended at above ratios 

and dissolved in chlorobenzene before casting as films on glass substrates 

Device Results 
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Table S1: Device test results of pure BCP and OPVs, averaged over five devices 

Active Layer 

Materials 

PCE (%) Jsc (mA 

cm‐2) 

Voc (V) FF Simulated 

Voc (V) 

P3HT‐PFTBT 0.20±0.01 1.08±0.03 0.64±0.01 0.28±0.01 0.64 

P3HT‐PEG1‐PFTBT 0.14±0.01 0.80±0.03 0.64±0.01 0.26±0.01 0.62 

P3HT‐PEG3‐PFTBT 

P3HT‐PFTBT* 

0.04±0.01 

0.57±0.08 

0.40±0.02 

2.04±0.14 

0.36±0.02 

0.81±0.09 

0.30±0.01 

0.35±0.02 

0.43 

0.64 

The first three device tests are with structure ITO/ZnO/Active Layer/PEDOT: PSS/Ag, 

which represent drop of efficiency due to insulation of PEG linking group. P3HT-

PFTBT with * represent device test with structure ITO/ZnO/P3HT-PFTBT /MoO3/Ag 

from RIT group, which shows better solar cell performance.  

 

Figure S25: Dark curve for P3HT-PFTBT ternary blend. The mass ratio of donor, 

acceptor and additive is fixed to 1:1:0.6   
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Figure S26: Dark curve for P3HT-OEG1-PFTBT ternary blend. The mass ratio of 

donor, acceptor and additive is fixed to 1:1:0.6   

 

Figure S27: Dark curve for P3HT-OEG3-PFTBT ternary blend. The mass ratio of 

donor, acceptor and additive is fixed to 1:1:0.6 

HOMO and LUMO Energy Levels 
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Figure S28: HOMO and LUMO of donor, linker and acceptor and corresponding 

transfer integrals for P3HT-PFTBT. 

 

Figure S29: HOMO and LUMO of donor, linker and acceptor and corresponding 

transfer integrals for P3HT-OEG1-PFTBT 
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Figure S30: HOMO and LUMO of donor, linker and acceptor and corresponding 

transfer integrals for P3HT-OEG1-PFTBT 

Reference 
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Chapter 3 

Network Stabilized Organic 

Photovoltaics 

This chapter is included in the publication Mok, J.W., Hu, Z., Sun, C., Barth, I., 

Muñoz, R., Jackson, J., Terlier, T., Yager, K., and Verduzco, R. Network-Stabilized Bulk 

Heterojunction Organic Photovoltaics. Chemistry of Materials 30, 8314–8321 (2018)” 

3.1. Abstract 

Bulk heterojunction organic photovoltaic (OPV) devices are multilayer organic 

devices that can be fabricated using low-cost and scalable solution processing 

methods, but current devices exhibit poor mechanical stability and degrade under 

deformation due to cracking and delamination. Recent approaches to improve 

mechanical durability involve modifying the side-chain or main-chain structures of 

conjugated polymers in the active layer, but in general it is difficult to simultaneously 

optimize electronic properties, morphology, and mechanical stability. Here, we 

present a general approach to improve the mechanical stability of bulk 

heterojunction active layers through incorporation of an internal elastic network. 
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Network-stabilized bulk heterojunction OPVs are prepared using reactive small 

molecular additives that are rapidly cross-linked through thiol–ene coupling after 

processing the active layer. Thiol–ene reactions catalyzed by a base or initiated 

through short exposure to UV light produce insoluble, elastic thiol–ene networks in 

the active layer. We show through a combination of crack onset strain measurements, 

morphological analysis, and OPV device testing that network-stabilized OPVs with up 

to 20 % thiol–ene network exhibit improved deformability with no loss in PCE, and 

we implement network-stabilized bulk heterojunction OPVs to produce stretchable 

photovoltaic devices. This work represents a simple approach for improving the 

mechanical durability of bulk heterojunction OPVs. 

3.2. Introduction 

Bulk heterojunction (BHJ) organic photovoltaic (OPV) devices are multilayer 

organic devices that can be fabricated using low-cost and scalable solution processing 

methods. These types of devices are promising for the fabrication of light-weight, 

portable, and flexible photovoltaic devices.1−3 Over the past 20 years, significant 

progress has been made in the power conversion efficiencies (PCEs) of these devices 

through the development of new organic semiconductors capable of broad and 

complementary absorption and the use of carefully optimized processing 

techniques.4,5 The best performing OPV devices reported to date have recently 

achieved nearly 15% PCEs in single-junction devices6,7 and > 17% PCE in a tandem 

device.8 In addition, studies on large-scale, roll-to-roll fabricated OPVs have 

successfully demonstrated the low-cost manufacture of OPVs.9,10 However, these 
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studies also highlighted the need to improve the mechanical properties of OPVs. 

Mechanical failure was found to be primarily responsible for loss of PCE during long-

term testing.11 

Bulk heterojunction OPVs are multilayer devices consisting of a substrate, 

electrodes, hole and electron transport layers, and an active layer. Fracture of any one 

of these components can result in loss of PCE or complete device failure. To address 

this, a number of studies have focused on improving the flexibility of the substrates, 

electrodes, and active layers. For example, flexible electrodes and substrates can be 

made with PEDOT:PSS and polydimethylsiloxane along with additives to improve 

conductivity and flexibility.12−14 Other approaches to flexible conductors include 

conductive nanoparticle composites in a flexible polymeric matrix,15 wavy metallic 

electrodes,16 flexible glass substrates,17 and chemically doped conjugated polymers.18 

The OPV active layer presents a number of challenges in terms of achieving 

mechanical flexibility while maintaining excellent electronic properties and 

photovoltaic performance. While electrodes require only a single conductive material 

percolating in an elastic matrix, the active layer is composed of a blend of organic 

semiconductors that perform multiple functions. To achieve a high PCE, active layer 

materials must broadly absorb light, efficiently separate photoexcited states, and 

transport both holes and electrons to the electrode.19 The overall performance of the 

OPV is sensitive to both the electronic properties of the donor and acceptor and the 

active layer morphology, including domain sizes, interfacial mixing, and 
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crystallinity.20−22 Additives or compositional changes that may improve mechanical 

durability can be detrimental to electronic properties and/or morphology. 

A number of recent studies have demonstrated that small changes to the 

structure of conjugated polymers can have a strong and nonintuitive impact on active 

layer flexibility, morphology, and performance.23−27 For example, Lipomi and co-

workers demonstrated that increasing the side-chain length can reduce the modulus 

and brittleness of polymer–fullerene blends but is also typically associated with a loss 

in PCE.23,28 In a separate study, Lipomi and co-workers found that incorporating a 

flexible unit in a conjugated polymer backbone generally did not reduce brittleness.26 

Other approaches include creating a library of polymers to identify materials with 

good mechanical and electronic properties,29 noncovalent cross-linking of conjugated 

polymers,30 using polymeric acceptors in place of fullerene,31 incorporating 

segmented thiophene monomers into low-band gap conjugated copolymer,32 and 

other approaches covered in recent reviews.27,33,34 These various approaches 

demonstrate the challenge in optimizing the active layer for mechanical flexibility, 

electronic performance, and morphology simultaneously. 

Here, we present an alternative approach to improve the mechanical 

properties of the active layer of bulk heterojunction OPVs. Our approach incorporates 

a semi-interpenetrating elastic network in the active layer, as shown schematically in 

Figure 1. Rather than introducing polymeric additives during processing, we start 

with reactive small molecules, which will more readily blend with the donor and 

acceptor in the active layer and can be cross-linked after blending, casting, and 
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annealing. We choose thiol–ene reagents which can be rapidly and efficiently cross-

linked either with UV light or under base-catalyzed addition at room temperature and 

which form low-Tg elastic neworks.35 We hypothesize that this approach is less 

disruptive to the active layer morphology, and the approach also enables using 

processing procedures and conditions that have already been optimized for the 

specific donor–acceptor blend chosen in the active layer. We term the resulting device 

a network-stabilized bulk heterojunction OPV, in analogy to network-stabilized liquid 

crystals.36 Below, we demonstrate the fabrication of network-stabilized P3HT:PCBM 

blends and characterize their morphology, mechanical properties, and performance. 

We demonstrate that addition of up to 20 wt % reactive small molecules is not 

detrimental to performance and can significantly enhance mechanical durability 

(increasing crack onset strain from 6 % to 26 %) and improve performance under 

strain. We fabricate network-stabilized OPVs with improved mechanical robustness, 

and we use a combination of optical microscopy, nanoindentation, differential 

scanning calorimetry, and grazing-incidence X-ray scattering to analyze the impact of 

the additives and network on the active layer morphology. This approach to 

mechanically stabilizing OPVs can potentially be applied broadly across various types 

of donor–acceptor bulk heterojunction OPVs and offers a number of opportunities for 

further improvement through refinement of the network structure, reactive building 

blocks, and chemistry used to produce the elastic network. 
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Figure 1: Schematic for the preparation of network-stabilized bulk heterojunction 

OPVs. Reactive small molecules are blended with donor and acceptor, cast, and cross-

linked. 

3.3. Experimental 

Materials 

Poly(3-hexylthiolphene) (P3HT, Rieke Metals, 001EE grade), phenyl-C61-

butyric acid methyl ester (PCBM60, Nano-C), pentaerythritol tetra(3-

mercaptopropionate) (PETMP, Sigma-Aldrich, >95%), dipentaerythritol 

pentaacrylate (DPPA, Sigma-Aldrich), pentaerythritol allyl ether (PAE, Sigma-Aldrich, 

technical grade), 2-hydroxy-4 ′ -(2-hydroxyethoxy)-2-methylpropiophenone 

(HHMPP), polystyrenesulfonate (PSS, Sigma-Aldrich, Mw ∼ 70 kg/mol), 

diisopropylamine (DPA), polyethylenimine, branched (PEIE, Sigma-Aldrich, Mw ∼ 25 

kg/mol), and eutectic gallium indium (EGaIn, Alfa Aesar) were obtained from 

commercial suppliers and used as received. 

Fabrication of Network-Stabilized Bulk Heterojunction Active Layers Using 

Amine-Catalyzed Michael Addition Thiol–Ene Coupling 

In all cases studied, we targeted a 1:1 thiol–ene ratio. PETMP (54 mg, 0.11 

mmol, 0.44 equiv of thiol) and DPPA (46 mg, 0.087 mmol, 0.44 equiv of acrylate) were 

dissolved in 1 mL of chlorobenzene to make a 100 mg/mL stock solution, and the 

solution was further diluted with chlorobenzene to a concentration of 20 mg/mL. In 
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a separate vial, P3HT (20 mg) and PCBM (20 mg) were dissolved in 2 mL of 

chlorobenzene in a nitrogen-filled glovebox, and the solution was then heated to 90 °C 

while stirring for 12 h before cooling to room temperature. The two solutions were 

then mixed together at a desired ratio to target a specific composition of thiol–ene 

reagents in the active layer. The blend solution was stirred at room temperature for 

12 h. Next, a drop of DPA in chlorobenzene (4 mg/mL) was added to the blend 

solution, and the solution was immediately deposited on a substrate. The film was 

allowed to dry under ambient conditions for at least 1 h, after which network 

formation was complete. Films were allowed to sit for 12 h under ambient conditions 

prior to additional processing or analysis (e.g., nanoindentation or crack onset 

measurements). 

Fabrication of Network-Stabilized Bulk Heterojunction Active Layers Using 

UV-Initiated Radical Thiol–Ene Coupling 

In all cases studied, we targeted a 1:1 thiol–ene ratio. PETMP (58 mg, 0.12 

mmol, 0.48 equiv thiol), PAE (41 mg, 0.16 mmol, 0.48 equiv vinyl ether), and HHMPP 

(1 mg) were mixed and dissolved in 1 mL of chlorobenzene to make a 100 mg/mL 

stock solution, and the solution was further diluted with chlorobenzene to a final 

concentration of 20 mg/mL. In a separate vial, P3HT (20 mg) and PCBM (20 mg) were 

dissolved in 2 mL of chlorobenzene in a nitrogen-filled glovebox, and the solution was 

then heated at 90 °C while stirring for 12 h before cooling to room temperature. The 

active layer blend solution was prepared by mixing both solutions to target a desired 

thiol–ene network composition in the active layer. The solution was stirred at room 
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temperature for 12 h prior to depositing on a substrate and exposing to UV light (254 

nm, 1.3 mW/cm2, UVP Compact UV lamp, model UVGL-25) for 90 s to induce cross-

linking. 

Fabrication of Network-Stabilized OPVs on ITO-Coated Glass 

Photovoltaic devices were fabricated with an inverted architecture of 

glass/ITO/ZnO/active layer/AL4083/Ag. ZnO was used as a precursor solution and 

was prepared by dissolving 1 g of zinc acetate dehydrate in 10 mL of 2-

methoxyethanol with 0.28 g of ethanolamine as a surfactant. The PEDOT:PSS AI 4083 

solution was prepared by diluting l mL of PEDOT:PSS Clevios P VP AI 4083 (Heraeus) 

in 10 mL of isopropanol. ITO glass substrates were cleaned and dried as described 

above and treated with UV-ozone for 15 min. The ZnO precursor solution was then 

spin-coated on ITO glass at 2000 rpm for 1 min and thermally annealed at 200 °C for 

1 h. The substrate was then rinsed with acetone and isopropanol and dried at 90 °C 

for 1 h. The substrate was then transferred to a nitrogen-filled glovebox. The active 

layer was spin-coated on top of the ZnO layer at 800 rpm for 40 s or at 3000 rpm for 

1 min, cross-linked either by UV-irradiation or addition of DPA, and annealed for 15 

min at 150 °C. The substrate was cooled to room temperature inside the glovebox, 

and PEDOT:PSS AI 4083 solution was deposited by spin coating at 4000 rpm for 1.5 

min. A 200 nm silver anode was deposited through a shadow mask by thermal 

deposition. The J–V curve was measured using a Keithley source measure unit. The 

solar cell performance was measured with a Newport AM 1.5 G solar simulator at an 

incident solar intensity of 100 mW/cm2. 
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Fabrication of Flexible OPVs on PDMS 

Flexible OPVs were fabricated on PDMS with an inverted architecture of 

PDMS/PH1000/PEIE/active layer/PEDOT:PSS AL4083/EGaIn. Glass substrates (1 in. 

× 1 in.) were cleaned by ultrasonication in sequentially 0.5% Hellmanex III in DI water, 

DI water, acetone, and isopropanol for 15 min each followed by drying at 90 °C for 1 

h. PDMS was prepared by mixing polymer and cross-linkers in a 10:1 wt % ratio in a 

flat Petri dish. The mixture was then cured at 90 °C for 3 h, and the resulting PDMS 

elastomer was cut to produce 1 in. × 1 in. PDMS substrates. Each PDMS substrate was 

placed on top of glass and heated to 180 °C for 30 min followed by cooling back to 

room temperature to release internal stresses in the PDMS networks. The PDMS 

substrates on glass were treated with UV-ozone for 30 min. PEDOT:PSS solution (7.7 

g of PH1000, 1.6 g of Capstone, and 0.7 g of DMSO) was then spin-coated on the entire 

PDMS substrate at 500 rpm for 2 min followed by 2000 rpm for 30 s and annealed at 

100 °C for 10 min in air. The substrate was then transferred to a nitrogen-filled 

glovebox. PEIE solution (10 mg/mL in ethanol) was then deposited over half of the 

PEDOT:PSS PH1000 layer prior to spin-coating at 4000 rpm for 1 min. The resulting 

PEIE layer only coated the region over which is was initially deposited. The substrate 

was then annealed in the glovebox at 130 °C for 10 min and was allowed to cool for 5 

min. The active layer was spin-coated on top of the PEIE layer at 3000 rpm for 1 min. 

The substrate was then annealed in the glovebox at 150 °C for 10 min and allowed to 

cool for 5 min. PEDOT:PSS solution (1 mL of AL4083 and 10 mL of IPA) was then spin-

coated on top of active layer at 4000 rpm for 1.5 min and dried for 40 min. EGaIn (1 

drop) was deposited on top of the PEDOT:PSS AI 4083 layer as the cathode. The 
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typical radius of the EGaIn drop is 0.2 cm, corresponding to a device area of 0.12 cm2. 

The devices on PDMS were peeled off from the glass substrate for testing. The 

photovoltaic cells were tested under AM 1.5 G solar illumination at an incident 

intensity of 100 mW/cm2. 

Measurement of Crack Onset Strains for OPV Active Layers 

Glass substrates with dimensions of 1 in. × 1 in. were washed under 

ultrasonication sequentially with 0.5% Hellmanex III (Helma) in DI water, DI water, 

acetone, and isopropanol and then dried in an oven at 90 °C for 1 h. The cleaned glass 

was treated with UV-ozone for 15 min, and PSS (20 mg/mL in deionized water) was 

then deposited as a sacrificial layer by spin-coating at 2000 rpm for 1 min following 

by drying for 1 h under room temperature. The active layer solution was then spin-

cast on top of the PSS layer at 800 rpm for 40 s and dried for 1 h at ambient 

temperature. The sample was then placed in contact with a PDMS substrate, and a 

drop of water was placed on the edges of the film to carefully separate the film from 

the glass and transfer to the PDMS. The film was allowed to dry for 1 h and was then 

placed in a holder with both ends clamped. The films were analyzed by optical 

microscopy while applying uniaxial strains between 0 and 50 %. 

Film Modulus Measurements by Nanoindentation 

Nanoindentation measurements were performed using the Hysitron TI 980 

TriboIndenter. To prepare films for nanoindentation analysis, the active layer 

solution containing the desired thiol–ene content was drop-cast on a 1 cm diameter 

stainless steel disk. The thiol–ene network formation reactions were performed as 
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above, with either the addition of DPA or exposure to UV irradiation. The final 

thickness was 3–6 μm. 

Film Thickness Measurements by Profilometry 

The thicknesses of active layer films were measured using a Veeco Dektak 6M 

contact profilometer. Prior to measurement, a small region of the film was scratched 

with a razor blade, and film thickness was determined by measuring the difference in 

height between scratched and unscratched portions of the film. The film thickness for 

all active layer films was found to be ∼80 nm (800 rpm, 40 s) or ∼50 nm (3000 rpm, 

1 min) and independent of thiol–ene content. 

X-ray Scattering 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were 

conducted at the Complex Materials Scattering (CMS, 11-BM) beamline at the 

National Synchrotron Light Source II at Brookhaven National Laboratory. The X-ray 

energy was set to 13.5 keV (X-ray wavelength 0.09184 nm) using a multilayer 

monochromator. The beam size was set to 50 μm vertical by 200 μm horizontal using 

a two-slit system. Samples were measured under vacuum using a fiber-coupled 

charge-coupled device (CCD) X-ray detector, calibrated using a standard material 

(silver behenate). 
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3.4. Results and Discussions 

Our approach to fabricate mechanically robust, network-stabilized bulk 

heterojunction active layers is shown schematically in Figure 1. Reactive small 

molecules are blended in solution along with donor and acceptor. The blend is cast, 

annealed, and cross-linked. A variety of chemistries are potentially compatible with 

this approach with the condition that the chemistry should be fast (react within 

minutes) and efficient and occur under mild conditions to prevent macroscopic phase 

separation in the active layer and minimize degradation of the active layer 

morphology. We chose thiol–ene click chemistry to fabricate network-stabilized OPV 

active layers since thiol–ene couplings are fast, efficient, high-yield coupling reactions 

that can be performed at ambient conditions and with a variety of stimuli.(37) We 

specifically relied on the base-catalyzed thiol Michael addition reaction and the UV-

initiated radical thiol–ene reaction. 

Briefly, the preparation of network-stabilized OPVs involves blending 

appropriate amounts of thiol–ene reagents, amine catalyst or radical initiator, and 

organic donor and acceptor semiconductors. The active layer materials and the thiol–

ene reagents used for the base-catalyzed and UV-initiated thiol–ene networks are 

shown in Figure 2a. Stock solutions of the thiol–ene reagents (20 mg/mL) and 

P3HT:PCBM (20 mg/mL) were prepared, and the stock solutions were blended to 

achieve a target thiol–ene content. The blend solution was cast, cured, and annealed 

at 150 °C for 15 min prior to testing. To form a network using the thiol Michael 

addition, amine base diisopropylamine (DPA) was added to the active layer solution 



 
71 

 

prior to casting, and the resulting film was held at ambient conditions for at least 1 h 

prior to thermal annealing and testing. Network formation occurred rapidly during 

film casting and drying, and while we did not determine the time needed for network 

formation, 1 h was found to be sufficient for network formation, as confirmed through 

residual thickness measurements described below. To form a network through the 

radical thiol–ene reaction, the film was irradiated with UV light (254 nm, 1.3 

mW/cm2) for 90 s. The time required for UV-induced cross-linking was determined 

by measuring the residual thickness of the film after immersion in chloroform for 

different UV exposure times (see Supporting Information Figure S1). 

 

Figure 2: (a) P3HT and PCBM60 were the donor and acceptor materials used in the 

active layer; PETMP and PAE with HHMPP as photoinitiator were used to form a 

thiol–ene network under UV irradiation via the radical thiol–ene reaction; PETMP and 

DPPA with DPA catalyst were used to form thiol–ene networks via the thiol Michael 

addition reaction. (b) UV–vis spectra of P3HT:PCBM60 thin films with varying 

concentration of thiol–ene showing a reduction in absorbance with increasing thiol–

ene network content at a constant film thickness of 80 nm. The thiol–ene networks 
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were formed through the thiol Michael addition reaction. (c, d) Residual thickness of 

P3HT:PCBM60 thin films with varying concentration of thiol–ene network after 

washing with chloroform. Network formation through (c) UV-initiated radical thiol–

ene and (d) base-catalyzed thiol Michael addition reactions. 

 We conducted UV–vis measurements and residual film thickness 

measurements to verify the formation of an insoluble thiol–ene network in the active 

layer. As shown in Figure 2b, the UV–vis absorbance intensity decreases as the thiol–

ene content increases, which is expected since the thiol–ene network does not exhibit 

any absorbance over the UV/vis region. We note that the final film thickness is 

constant for the series of films analyzed in Figure 2b (80 nm for the series of films). 

Next, cured and annealed films were immersed in chloroform, and residual thickness 

of the film remaining on the substrate was measured by profilometry. As shown in 

Figure 2c,d, the entire film was washed away when no thiol–ene reagent was added, 

and the residual film thickness increased monotonically with increasing thiol–ene 

content. This confirms the formation of an insoluble network in the active layer for 

both radical thiol–ene and thiol Michael addition reactions. The UV/vis data clearly 

show a red-shift in the absorption maxima with increasing thiol–ene content along 

with a shoulder near 600 nm for thiol–ene network contents >10 wt %. The red-shift 

in the absorption spectra is consistent with some degree of aggregation or 

crystallization of P3HT in solution and cast films. Similar spectral shifts have been 

observed in P3HT films and solutions in the presence of mixed solvents, where the 

addition of a poor cosolvent induces P3HT aggregation.38−40 
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 We measured the crack onset strain for conjugated polymer films using optical 

microscopy analysis under strain. Active layer films were prepared on PDMS by 

casting and cross-linking on glass followed by transfer to PDMS. The PDMS was 

deformed by clamping and stretching uniaxially at 2 % increments while observing 

the microstructure by optical microscopy, and micrographs were taken at each strain 

increment. Figure 3 shows representative examples of micrographs obtained for a 

series of samples with varying thiol–ene content prepared through UV-initiated 

radical thiol–ene coupling. The micrographs show film buckling under strain followed 

by crack formation and propagation. For most films, cracks formed and propagated 

quickly near the crack onset strain. The measured crack onset strains for all 

formulations tested are shown in Table 1, and additional optical micrographs are 

provided in Figures S2 and S3. Figure 3 shows that adding this elastomeric matrix 

increases the crack onset strain for P3HT:PCBM films. These data clearly show that 

incorporation of the thiol–ene network reduces the onset of cracking in the active 

layer. For thiol:ene elastomers concentrations above 30 wt % (Figure S3), no 

cracking was observed up to strains of 50 %. We also observed that the thiol–ene 

network impeded the propagation of cracks in the films. For example, at thiol–ene 

concentrations of 20 wt %, cracks formed near 24–28 % strain but did not propagate 

through the entire film as observed for lower thiol–ene network contents. Instead, 

the cracks stopped propagating, and new cracks formed with increasing strain. 
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Figure 3: Optical micrographs for network-stabilized P3HT:PCBM films with varying 

concentration of thiol–ene (UV radical) at different elongational strains. The stetching 

direction is in the horizontal direction (left–right) in all images shown. Scale bar = 50 

μm. 

Table 1: Measured Crack Onset Strains (%) for Blends of P3HT:PCBM with Thiol–Ene 

Reagents Using Either the Radical Thiol–Ene or the Thiol Michael Addition Reaction 

Thiol–ene (wt %) Radical thiol–ene Thiol Michael Addition 

0 6 6 

10 16 18 

20 24 28 

30 N/A N/A 

 We conducted nanoindentation measurements to determine the elastic 

modulus and hardness of the P3HT:PCBM with added thiol–ene reagents. As shown 

in Figure 4, the hardness and modulus decrease significantly with the addition and 

cross-linking of thiol–ene reagents. With increasing thiol–ene network content from 
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0 to 30 %, both hardness and modulus drop by 50 %. Above 30 wt % thiol–ene 

content, macroscopic phase separation produces a change in slope and a more 

gradual drop in the modulus and hardness. This demonstrates that the incorporation 

of the thiol–ene network reduces the modulus of the active layer, which has been 

shown to correlate strongly with mechanical deformability of bulk heterojunction 

active layers.41 As further demonstration of the impact the thiol–ene network has on 

film properties, we cast films of either pure PCBM or network-stabilized PCBM with 

50 % thiol–ene and floated the films onto water (see Supporting Information Video 

S1). The pure PCBM films quickly fragments into pieces with gentle prodding, while 

the network-stabilized PCBM can deform elastically and return to its initial shape. 
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Figure 4: (a) Elastic modulus and (b) hardness of P3HT:PCBM films with different 

concentration of thiol–ene semi-interpenetrating networks. The region from 0 to 40 

wt % thiol–ene represents the composition of fully functional OPV devices tested in 

this paper. Blends above 40 wt % did not follow the trend of elastic modulus and 

hardness due to phase separation between the components in the thin film. 

 We investigated the effect of thiol–ene reagents on the electronic properties 

by first fabricating and testing devices on a hard (glass) substrate with an inverted 

OPV architecture of ITO/ZnO/active layer/PEDOT:PSS AL4083/Ag. With this 

configuration and under testing conditions for out lab, optimized pristine 

P3HT:PCBM devices have power conversion efficiencies (PCEs) of 3 %. Incorporation 

of thiol–ene reagents resulted in no change to the PCE with up to 20% added thiol–

ene network, as shown in Figure 5. The PCE remains nearly constant from 0 to 20 

wt % thiol–ene and then drops at 30 wt % thiol–ene, and efficiencies are near 0.5 % 

for 40 wt % thiol–ene added. This suggests that a network content above 30 wt % is 

not relevant for functional OPV devices and in combination with the crack onset train 

measurements suggests that a thiol–ene content of 20–30 wt % is optimal for 

enhancing mechanical properties while maintaining excellent photovoltaic 

performance. 
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Figure 5: Performance of network-stabilized P3HT:PCBM devices as a function of 

thiol–ene concentration for network-stabilized OPVs formed by UV-irradiation (black) 

and base-catalyzed thiol Michael addition (red). 

 To understand the morphological changes in the device with the addition of 

thiol–ene, we first analyzed the active layers of P3HT:PCBM with 20 wt % PETMP:PAE 

using optical microscopy at a film thickness of both 50 and 230 nm (Figure 6). We 

clearly observed large-scale macroscopic phase separation in thicker films, while no 

observable phase separation was seen for thin films. This suggests that the thiol–ene 

reagents can induce large-scale phase separation and that casting thinner active layer 

films in which the solvent evaporates more quickly suppresses large-scale phase 

separation in the active layer. 
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Figure 6: GIWAXS line cuts of P3HT:PCBM with PETMP:PAE thin films for (a) 50 nm 

and (b) 230 nm thickness (inset: optical micrograph of P3HT:PCBM with 20 wt % 

PETMP:PAE; scale = 20 μm). (c) Differential scanning calorimetry (DSC) analysis of 
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network-stabilized P3HT:PCBM (PETMP:DPPA) as a function of thiol–ene network 

concentration. Cooling scan: 5 °C/min. 

 Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements also 

revealed morphological changes in the network-stabilized P3HT:PCBM films, as 

shown in Figure 6 and Figure S4. With increasing thiol–ene content, a large increase 

in the scattered intensity at qz = 1.5 Å–1 which corresponds to aggregation and 

crystallization of PCBM is observed. Consistent with the optical micrographs, the 

increase in scattered intensity is more significant for thick films (230 nm) compared 

with thin (50 nm) films. Some aggregation is observed in the 50 nm films for 40 wt % 

thiol–ene, suggesting phase separation plays a role in the poor device performance at 

this network content. The GIWAXS peaks associated with crystalline P3HT lamellar 

stacking (0.4 Å–1) does not appreciably change with thiol–ene loading, while the peak 

associated with P3HT aromatic stacking (1.6 Å–1) increase somewhat in intensity. 

This suggests that the thiol–ene additive does not disrupt P3HT ordering and instead 

promotes phase separation of BHJ components. Finally, DSC measurements (Figure 

4c) also reveal the aggregation of PCBM in blends with higher thiol–ene contents. 

Pristine P3HT has a crystallization peak at 204 °C, and pristine PCBM has a 

crystallization peak at 240 °C, as shown in Figure 4c. A bulk heterojunction blend of 

P3HT and PCBM has a single transition at 172 °C due to mixing of the components. 

However, with increasing with PETMP:PAE loading we observed that this thermal 

transition increases toward the melting point for pristine P3HT (204 °C), and a 

thermal transition corresponding to crystallization of PCBM re-emerges. This clearly 

indicates that the thiol–ene reagents drive phase separation between P3HT and 
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PCBM, consistent with the GIWAXS and optical microscopy studies. We also 

performed time-of-flight secondary ion mass spectroscopy (ToF-SIMS) 

measurements on 50 nm films of network-stabilized P3HT:PCBM with PETMP:PAE to 

determine potential vertical segregation within the film. A depth-profile analysis 

revealed that ion fragments corresponding to P3HT and PCBM were distributed 

uniformly through the thickness of the film (see Figure S5). 

 Finally, we investigated the performance of network-stabilized OPVs under 

strain with varying amounts of thiol–ene content (Figure 7). The devices were 

fabricated using inverted architecture PDMS/PH1000/PEIE/active 

layer/AL4083/EGaIn and tested while under strain. Efficiencies at each strain were 

normalized with respect to efficiency at 0 %. While the PCEs on the flexible PDMS 

substrate are much lower than for devices on glass, the values we measure are 

comparable to others reported for OPV devices on PDMS.13 Unstabilized P3HT:PCBM 

devices degrade even under 5 % strains, but network-stabilized devices are more 

robust and resistant to uniaxial deformation. Network-stabilized OPVs with 20 wt % 

thiol–ene can be strained by 20 % before the PCE drops by 10 %. This demonstrates 

the effectiveness of internal elastic networks in improving mechanical properties and 

reducing strain-induced degradation. The normalized fill factors, Jsc, and Voc for 

network-stabilized OPVs (both thiol radical and thiol Michael addition) are presented 

in Figures S6 and S7, and the device performance parameters at 0 % strain are 

presented in Table S1. Tests on multiple devices at each composition are presented 

in Figures S8–S14. While we did not perform a controlled study of the performance 
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recovery after releasing the strain, in general we found that the device performance 

did not recover for any device after the strain was released. 

 

Figure 7: OPV device performance while under strain. Results from one 

representative device for each composition are shown, and additional tests are 

provided in the Supporting Information. 

3.5. Conclusions 

This work presents a simple approach for the fabrication of mechanically 

robust OPV active layers. In contrast to prior approaches, our work involves 

incorporation of a semi-interpenetrating network in the active layer without 

chemical modification of the donor or acceptor. We optimize the network content, 

processing conditions, and film thickness to produce devices that are mechanically 

superior and exhibit comparable OPV performance to pristine active layer films. This 

is a general strategy for fabricating flexible OPV active layers, and we envision it can 

be applied generally to various donor–acceptor blends for OPVs. The current work 
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only focuses on P3HT:PCBM OPVs, and future studies will focus on high-performance 

polymer–fullerene OPVs, OPVs with non-fullerene acceptors, and small molecular 

OPVs. While we do not have preliminary information about whether this approach 

will translate beyond P3HT:PCBM, the approach presented is versatile and offers a 

variety of stimuli and compositions of polymeric networks to enhance mechanical 

properties. For example, amine-catalyzed coupling offers an alternative to UV 

exposure, which can result in degradation of the OPV active layer, and in ongoing 

work we are developing a heat-catalyzed coupling reaction which can occur quickly 

and efficiently without UV exposure or addition of amines. Future work will explore 

application of this technique to high-performance OPV systems, further optimization 

of the thiol–ene network, and understanding of the network properties that can 

produce mechanically robust and high-performance OPV devices. 
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3.8. Supporting Information 

 

Figure S1: Residual thickness of thin films of P3HT:PCBM60 with 20 wt % thiol:ene 

(PETMP, PAE, and HHMP) under varying UV exposure times and after washing with 

chloroform. The data show that 1 min is sufficient to form an insoluble thiol-ene 

network. 
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Figure S2: Optical microscopy images for P3HT:PCBM with varying concentration of 

thiol-ene (UV radical and Michael Addition) at elongation strains: 2% below the crack 

onset strain and at the crack onset strain. The inset shows the strain applied during 

the during the image capture. Scale bar = 50 m. 

 

10% Thiol:ene 
(Michael Addition) 

16% 18% 

P3HT:PCBM 
(pristine) 

At Crack on Strain 2% Below Crack on Strain 

4% 6% 

10% Thiol:ene 
(UV) 

14% 16% 

20% Thiol-ene 
(UV) 

22% 24% 

20% Thiol:ene 
(Michael Addition) 

28% 26% 
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Figure S3: Optical microscopy images for P3HT:PCBM with 30 wt% of thiol-ene (UV 

radical and Michael Addition) relaxed and at 50% strain. The inset shows the strain 

applied during the during the image capture. Scale bar = 50 m. 

 

Figure S4: GIWAXS line cuts for network-stabilized P3HT:PCBM bulk heterojunction 

blend with PETMP:DPPA thiol-ene network.  
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Figure S5: Time-of-Flight Secondary Ion Mass Spectroscopy analysis of network-

stabilized P3HT:PCBM with PETMP:PAE (UV-irradiation). The depth-dependent 

profile reflects a uniform distribution of P3HT and PCBM through the thickness of the 

film.  

Table S1: Power conversion efficiency for network-stabilized OPV devices for UV-

irradiated and amine catalyzed reactions at 0% strain. Active layer deposited 3000 

rpm for 1 min  

 
0% 

thiol-
ene 

10% thiol-
ene 

20% thiol-
ene 

30% thiol-
ene 

UV‐irradiated Reaction 1.04 0.86 1.00 0.93 
Amine Catalyzed Reaction 0.94 0.96 0.98 0.36 
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Figure S6: Fill factor, Jsc, and Voc for flexible, network-stabilized P3HT:PCBM bulk 

heterojunction OPVs with PETMP:PAE thiol-ene network (UV irradiated) as a 

function of strain. 
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Figure S7: Fill factor, Jsc, and Voc for flexible, network-stabilized P3HT:PCBM bulk 

heterojunction OPVs with PETMA:DPPA thiol-ene network (thiol Michael addition) as 

a function of strain. 

 

Figure S8: OPV device performance for P3HT:PCBM bulk heterojunction with 0% 

thiol-ene as a function of strain. Tests are performed under 3 different devices. 
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Flexible Solar Cells with Improved 

Photovoltaic Performance 

This chapter is included in the manuscript “Hu, Z., Sun, C., Lin, J., Jackson, J., 

Terlier, T., Owolabi, D., Mei, H., Li, Y., Wang. Y., Sidhik, S., Hao, F., Yao, Y., Mohite, A. D., 

and Verduzco, R. Improved Mechanical Durability of High Performance OPVs Using 

Semi-Interpenetrating Networks .”  

3.9. Abstract 

Organic photovoltaic (OPVs) devices offer a number of unique advantages 

over conventional single crystal silicon solar cells, including simple and low-cost 

fabrication, significantly reduced weight, flexibility, and semi-transparency. However, 

OPV devices exhibit poor durability to mechanical deformations due to fracture or 

delamination of the active layer. Here, we study the use of an elastic semi-

interpenetrating network to improve the mechanical durability of the active layer of 

OPV devices based on the high-performance PBDBT-2F:ITIC donor:acceptor blend. 

The elastic interpenetrating network is synthesized in situ after solution deposition 
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of the donor:acceptor blend along with reactive thiol-ene small molecules. We 

systematically investigate the effects of strain on the network-stabilized active layer 

structure and performance and show that network-stabilized devices outperform 

pristine devices above a critical bending strain and number of bending deformations. 

The photovoltaic performance in general decreases with increasing network content, 

and the best devices are produced when using network forming reagents that are 

most compatible with the donor:acceptor system. The elastic interpenetrating 

network suppresses crack formation and improves durability to high-curvature and 

repeated bending deformations. We also observe an improvement in photovoltaic 

performance under mechanical deformation at low strains, which we attribute to 

alignment of polymer chains in the active layer. This work describes a general route 

to high performance flexible devices and detailed design parameters that influence 

performance. 

3.10. Introduction 

Organic photovoltaic (OPV) devices offer a number of advantages over 

conventional, inorganic silicon-based photovoltaics. OPVs can be fabricated using 

industrial printing techniques, scaled to large areas, are semi-transparent, and are 

compatible with lightweight and flexible substrates.1 As a result, they have potential 

applications for wearable and portable sources of energy,2–4 as semi-transparent, thin 

film coatings on windows and buildings,5 and in biomedical applications as 

implantable devices.6,7  
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In order to be viable for these applications, OPVs must combine excellent 

electronic performance and mechanical durability.8 A significant emphasis has been 

placed on improving the electronic properties of OPVs, and the power conversion 

efficiencies of the best OPV devices has increased from roughly 3 % in early 2000 to 

a current record of 15.7 % for single junction organic photovoltaics and 17.3 % for 

tandem OPVs.9,10 This has been achieved through the development of new materials 

in the active layers of OPV, optimization of the processing conditions, and engineering 

of the device structure and interfaces. On the other hand, much less emphasis has 

focused on improving the mechanical properties and durability of OPV devices. Field 

tests have shown that OPV devices fail due to mechanical fracture and/or 

delamination.11 Mechanical failure may also affect the performance of OPV during 

large scale roll-to-roll fabrication.12,13 This is due to the incompatibility between 

laminated layers and deformation of devices during coating process, making it 

difficult to fabricate high performance OPVs on flexible substrates.  

The active layer of OPVs contains a blend of organic semiconductors, and 

recent work has shown that conjugated polymers in the active layer are intrinsically 

brittle materials that will fracture under strain and deformation. To address this, 

work has focused on engineering the molecular structure of conjugated polymers to 

improve flexibility.14–16 For example, the incorporation of conjugation-break spacers 

on the backbone of polymers was shown to enhance mechanical robustness of 

polymer film.15,16 In another study, blends of polymeric semiconductors were shown 

to be more mechanically stable than active layer blends containing a small molecular 

organic semiconductor.17 These strategies and other advances in the design of 
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mechanically flexible organic electronic materials and devices are discussed in recent 

reviews.14,18,19  

A drawback of many of the approaches implemented is that they require 

modifying the structure of the donor or acceptor semiconductor, which may be 

beneficial to mechanical flexibility but may be detrimental to electronic properties. A 

library of small molecules and polymers that exhibit excellent electronic properties 

for solution processed organic photovoltaic and other organic electronic devices has 

already been developed, and approaches to improve mechanical properties should 

ideally take advantage of these state-of-the-art materials. We recently reported 

network-stabilized OPVs in which an elastic semi-interpenetrating network formed 

in the active layer of an OPV enhanced mechanical robustness.20 The elastic network 

was generated in situ after deposition and annealing of the active layer, and in studies 

of the model donor-acceptor system P3HT:PCBM we found that up to 20 wt % of the 

elastic network could be incorporated without loss of power conversion efficiency 

and with significant suppression of cracks during stretching or bending. The thiol-ene 

network was formed with reactive small molecular additives which were co-

deposited with the donor and acceptor in the active layer. This prior work focused 

exclusively on the model P3HT:PCBM system, and it was unclear whether the 

approach presented would be applicable to high performance OPV blends. Further, 

we did not study the mechanical stability of network-stabilized OPVs to bending 

deformations, which are likely more relevant to applications than stretching.   
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Herein we present a study of network-stabilized OPVs based on the high 

performance PBDBT-2F:ITIC donor:acceptor blend system (Figure 1). We screened 

four different combinations of thiol-ene reagents as semi-interpenetrating stabilizing 

networks and detailed the effect on performance, fracture, and durability under 

bending. Through surface energy measurements we analyzed the compatibility of 

network reagents with the donor-acceptor system, and showed that compatibility of 

the additives with the donor:acceptor system trends with the performance of the 

resulting network-stabilized devices. We systematically investigated the effects of 

strain on the network-stabilized active layer and bending on device performance, and 

showed that network-stabilized devices outperform pristine devices above a critical 

bending strain and number of bending deformations.  This work describes a general 

route to high performance flexible devices using semi-interpenetrating polymer 

networks and detailed design parameters that influence performance. 
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Figure 1: Molecular structures of donor PBDBT-2F, acceptor ITIC, reactive multi-

functional thiols PETMP and TPTMP, and reactive multi-functional vinyl ether PAE 

and acrylate DPPA. 

3.11. Results and Discussions 

In the present study, we chose PBDBD-2F as the donor and ITIC as the acceptor. 

Similar donor:acceptor blends have been previously reported to give power 

conversion efficiencies as high as 11.2 % on rigid substrates,21 and our goal was to 

understand how an interpenetrating network in the active layer influenced electronic 

and mechanical properties. We chose four different nework-forming reagents, two 

multi-functional thiols (PETMP and TPTMP) and two multi-functional ‘ene’ reagents, 

one containing vinyl ether groups (PAE) and one containing acrylate groups (DPPA). 

As we demonstrated in our previous study, these thiol-ene reagents can be coupled 

in situ after deposition of the active layer through UV-initiated thiol radical addition 

or, in the case of DPPA, base-catalyzed thiol Michael addition reactions.20 

We first analyzed the impact of the interpenetrating network on the 

performance of bulk heterojunction OPVs fabricated on rigid ITO glass substrates. 

Pristine PBDBT-2F:ITIC devices on glass with the device structure of 

ITO/ZnO/PBDBT-2F:ITIC/PEDOT:PSS/Ag exhibited power conversion efficiencies 

(PCEs) as high as 9.51 %, significantly higher than the previously studied P3HT:PCBM 

devices, as expected. Thiol-ene networks were incorporated into the active layers by 

spin-casting a solution mixture of thiol-ene reagents along with PBDBT-2F and ITIC. 
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After deposition, the active layer was thermally annealed (120 °C for 30 min) and 

exposed to UV light (5 min, 254 nm, 1.3 mW/cm2, UVP Compact UV lamp, model 

UVGL-25) to crosslink the thiol-ene reagents. Unlike our studies on P3HT:PCBM 

donor acceptor system, we found that the power conversion efficiencies (PCEs) 

decreased for all network contents. As shown in Figure 2, with 10 wt % thiol-ene 

reagents added, the PCE decreased from 9.5 % to 6.9 % for TPTMP:PAE and to 4.7 % 

for PETMP:DPPA. With higher contents of thiol-ene reagents, the PCE decreased 

further. The TPTMP:PAE formulation outperformed the other formulations studied, 

and at 30 wt % thiol-ene the PCE was 1.7 % for TPTMP:PAE and less than 0.1 % for 

all other formulations studied.  

The thiol-ene network forming materials do not absorb light or transport 

charges or excited states, and therefore these additives are expected to have a 

negative effect on PCE. However, we do see important differences between 

P3HT:PCBM and PBDBT-2F:ITIC active layers. In our previous study, we found that 

up to 20 wt % thiol-ene could be incorporated in the P3HT:PCBM active layer without 

any loss of PCE in optimized devices, and above 20 wt % thiol-ene content the PCE 

decreased rapidly with increasing thiol-ene content. As shown in Figure 2, in the 

PBDBT-2F:ITIC system the PCE decreases with thiol-ene content across the entire 

composition range tested for all thiol-ene formulations. The stronger sensitivity of 

the PBDBT-2F:ITIC system to thiol-ene content is likely related to the much higher 

photocurrents and internal photoconversion efficiencies of PBDBT-2F:ITIC relative 

to the P3HT:PCBM system. Recombination losses are significant in the P3HT:PCBM 

system, accounting for up to 17 % losses in PCE as reported in one study.22 As a result, 
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a significant fraction of the domains in P3HT:PCBM bulk heterojunction active layer 

are poorly ordered and/or inactive in the photovoltaic process. The PBDBT-2F:ITIC 

system exhibits significant PCE losses even at 10 wt % thiol-ene additives, reflecting 

that a greater proportion of the active layer is active in the photovoltaic process. 

 

Figure 2: Power conversion efficiencies (PCEs) for OPV devices with network 

stabilized OPVs at various crosslinker concentration coated on ITO glass substrate. 

Each datapoint represent an average over 5 devices, and error bars reflect standard 

deviations. Error bars are not visible for some points because they are smaller than 

the markers. 

Table 1: Power conversion efficiencies (PCE), fill factors (FF), short-circuit current 

(JSC), and open-circuit voltage (VOC) for network stabilized OPVs at varying thiol-ene 

network content on ITO coated glass substrates averaged over 5 sample tests. 

Standard deviations are shown in parentheses. 

Network 
Component

s 

Thiol-ene 
Content 
(wt %) 

PCE 
 (%) 

FF  
(%) 

Jsc 
(mA/cm2) 

Voc  
(V) 
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N/A 0 
9.51 

(0.06) 
48.02 
(1.14) 

21.22 
(0.66) 

0.94 
(0.01) 

TPTMP: PAE 

10 
6.88 

(0.25) 
39.62 
(0.42) 

20.48 
(0.68) 

0.85 
(0.01) 

20 
4.69 

(0.13) 
33.21 
(1.99) 

17.42 
(0.58) 

0.82 
(0.04) 

30 
1.69 

(0.21) 
23.46 
(3.06) 

  9.92 
(0.58) 

0.74 
(0.05) 

PETMP: PAE 

10 
6.49 

(0.28) 
42.45 
(1.47) 

16.20 
(0.15) 

0.95 
(0.01) 

20 
0.64 

(0.05) 
17.43 
(1.32) 

  4.86 
(0.27) 

0.78 
(0.07) 

30 
0.13 

(0.04) 
16.12 
(0.88) 

  1.03 
(0.26) 

0.75 
(0.03) 

TPTMP: 
DPPA 

10 
6.81 

(0.40) 
40.67 
(1.85) 

18.43 
(1.07) 

0.91 
(0.01) 

20 
0.32 

(0.02) 
16.29 
(1.71) 

  3.58 
(0.23) 

0.58 
(0.06) 

30 
0.12 

(0.01) 
16.21 
(2.10) 

  1.52 
(0.14) 

0.54 
(0.07) 

PETMP: 
DPPA 

10 
4.69 

(0.19) 
32.64 
(1.04) 

16.27 
(0.33) 

0.88 
(0.02) 

20 
0.77 

(0.05) 
17.23 
(0.69) 

  7.35 
(0.26) 

0.60 
(0.01) 

30 
0.17 

(0.02) 
17.20 
(0.92) 

  2.07 
(0.24) 

0.49 
(0.03) 

   

 The results presented in Figure 2 also reveal a significant dependence on the 

specific thiol-ene reagents chosen. Formulations with TPTMP:PAE performed the 

best across the composition series, while PETMP:DPPA performed poorest. We 

hypothesized that these differences could be attributed to varying compatibilities of 

the thiol-ene reagents with the PBDBT-2F:ITIC donor:acceptor blend. Poorly 

compatible additives would have a stronger detrimental effect on the active layer 

morphology and performance. To test this hypothesis, we quantified the interfacial 

free energy between each thiol-ene reagent and the donor-acceptor film. Specifically, 

we measured the contact angle of each network-forming reagent on a film of PBDBT-
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2F:ITIC as shown in Figure S1 and used pendant drop measurements to measure the 

surface energies of the network forming reagents.  Together, these values were used 

to calculate the interfacial free energy, given by ∆𝐺𝑖 = −𝛾𝐿cos (𝜃) , where 𝛾𝐿 is the 

surface energy of the liquid and 𝜃 the contact angle between crosslinker materials 

and the PBDBT-2F:ITIC film. ∆𝐺𝑖 represents the change in interfacial energy of the 

surface in contact with the test liquid relative to the interfacial energy with air and 

provides an estimate of the compatibility of each component with the PBDBT-2F:ITIC 

blend. The results of these measurements are provided in Table 2. We observed a 

significant difference in the interfacial energies of the different reagents with the 

donor-acceptor film. In particular, PETMP and DPPA are the least compatible thiol 

and ‘ene’ reagents, respectively, as reflected in the larger contact angles and smaller 

magnitude of ∆𝐺𝑖 . PAE and TPTMP are the most compatible reagents studied. The 

measured interfacial energies are consistent with the observed impact of the different 

combinations of additives on PCE shown in Figure 2. For example, our measurements 

indicate that PETMP and DPPA have the least favorable interfacial energy and are 

least compatible with the donor-acceptor system, and this combination of reagents is 

most detrimental to performance. Similarly, TPTMP and PAE are the most compatible 

and produce devices with the highest relative PCE among the various thiol-ene 

reagents tested.  This supports our stated hypothesis and also provides a simple 

approach for developing and screening new additives for network-forming additives.   

 

Table 2: Contact angle on PBDBT-2F:ITIC bulk heterojunction films, liquid surface 

energy, and free energy of immersion for PAE, DPPA, TPTMP and PETMP liquids. 
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 Component Contact Angle  
 

(°) 

Surface 
Energy  

 
(mN/m) 

Interfacial Free 
Energy  

(mN/m) 

Ene/acrylate PAE 22.7 30.55±0.04 -28.19 
DPPA 53.6 32.56±0.04 -19.32 

Thiol TPTMP 53.6 35.71±0.01 -21.19 
PETMP 66.7 38.40±0.03 -15.19 

 

 We conducted AFM measurements to analyze the morphology of the active 

layer with network forming reagents. Blends of PBDBT-2F:ITIC with thiol-ene 

reagents were deposited on glass and exposed to UV light, using procedures identical 

as for OPV device fabrication.  As shown in Figure 3, AFM reveals the phase-separated 

domains of increasing size with increasing thiol-ene concentration. These domains 

reflect phase separation between donor, acceptor and/or thiol-ene in the active layer. 

We also observed large-scale domains with decrease in active layer spin rate in 

Figure 3e. Similar results were reported for the P3HT:PCBM system.20 Using a faster 

spin rate (and thinner devices) produces more uniform active layers with better 

photovoltaic performance. We also conducted Time-of-Flight Secondary Ion Mass 

Spectroscopy (ToF-SIMS) for active layer film on glass substrate with various 

concentration of TPTMP:PAE crosslinked thiol-ene as shown in Figure S2. These 

measurements can reveal the distribution of PBDBT-2F through the depth of the film 

across the various formulations tested. In the pristine devices, the PBDBT-2F is 

enriched near the bottom substrate, which is more favorable for device performance. 

In thiol-ene stabilized film, the PBDBT-2F migrates towards the top of the film. 

Furthermore, through UV-Vis measurements shown in Figure S3, we observe 

significant changes in the absorbance features, indicated morphological changes with 
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changing thiol-ene concentrations.23,24 

 

Figure 3: AFM phase image for PBDBT-2F:ITIC film with TPTMP:PAE thiol-ene at 

various percentage and spin rate coated on glass substrate. (a) 0 % thiol-ene spin 

coated under 2500 rpm, 20 s. (b) 10 % thiol-ene spin coated under 4000 rpm, 20 s. 

(c) 20 % thiol-ene spin coated under 4000 rpm, 20 s. (d) 30 % thiol-ene spin coated 

under 4000 rpm, 20 s. (e) 30 % thiol-ene spin coated under 500 rpm, 20 s. Scale bar 

= 300 nm 

 In order to understand the impact of the thiol-ene network on mechanical 

properties, we first conducted measurements of crack onset strain for active layers 

under uniaxial deformation. To perform these measurements, the active layers were 

cast on glass and then floated off and transferred to a PDMS substrate. PDMS 

substrate was deformed while monitoring the formation of cracks in the active layer 

by polarizing optical microscopy, and we compared the stretching profiles for active 

layer with TPTMP:PAE, PETMP:PAE, TPTMP:DPPA and PETMP:DPPA networks. A 

representative example of these measurements is shown in Figure 4 for TPTMP:PAE 

thiol-ene additives ranging from 10 to 30 wt %, and measurements for other 

formulations are provided in the Supporting Information Figure S4. Cracks that form 

in the active layer are readily visible by optical microscopy, and we see a clear and 

significant increase in the crack onset strain with increasing thiol-ene content.  We 
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observe this improved mechanical durability across all thiol-ene formulations tested. 

The measured crack onset strains are provided in Table 3. 

 

Figure 4: Optical micrographs for network stabilized PBDBT-2F:ITIC with varying 

concentration of TPTMP:PAE crosslinkers at different elongational strains. Unlabeled 

images in column 1-3 represent profile images at 10 %, 20 % and 30 % respectively. 

Scale bar = 10 mm 

Table 3: Measured crack onset strains for blends of thiol-ene/thiol-acrylate 

stabilized PBDBT-2F: ITIC films 

Crack Onset Strain (%) 

Crosslinker 
(wt%) 

PETMP: 
DPPA 

TPTMP: 
PAE 

PETMP: 
PAE 

TPTMP:  
DPPA 

0 10 10 10 10 
10 21 14 13 13 
20 29 25 28 17 
30 42 64 82 23 

 

 While uniaxial mechanical deformations give insight into the mechanical 

durability of the OPV devices, bending deformations are more relevant to applications 

since devices are commonly bent or rolled during or after processing.12 To investigate 
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the stability of OPV devices under bending deformations, we fabricated OPV devices 

on thin and flexible polyethylene naphthalate (PEN) substrates. The device structures 

consisted of ITO as the bottom electrode, a layer of ZnO as the electron transport layer, 

the PBDBT-2F:ITIC active layer (1:1 mass ratio), PEDOT:PSS as the hole transport 

layer, and thermally evaporated silver as the top electrode. The processing approach 

used for devices on glass was modified slightly for devices fabricated on PEN 

substrates, and a detailed description of fabrication methods for PEN substrates are 

provided in the Experimental Section. We focused exclusively on the TPTMP:PAE 

system to stabilize OPV devices on PEN since this was shown to outperform other 

formulations.  The resulting devices were found to produce power conversion 

efficiencies as high as 8.27 % for PBDBT-2F:ITIC  active layer with no added thiol-ene. 

The PCE decreased with increasing TPTMP:PAE content, as expected, as shown in 

Table 4 and Figure S5. The PCEs for devices on PEN are within 20 % of those 

fabricated on glass, and we observe a similar trend in the decrease in PCE with 

increasing thiol-ene content. Detailed device performance characteristics are 

provided in Table 4.  

 

Table 4: Power conversion efficiencies (PCE), fill factors (FF), short-circuit current 

(JSC), and open-circuit voltage (VOC) for network stabilized OPVs at varying thiol-ene 

network content on ITO-coated PEN substrates averaged over 5 sample tests. 

Standard deviations are shown in parentheses. 

Thiol-ene 
Content  
(wt %) 

Best  
PCE 
 (%) 

Average 
PCE  
(%) 

FF  
 

(%) 

Jsc  
 

(mA/cm2) 

Voc  
 

(V) 
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0 8.27 8.16 (0.05) 
41.94 
(1.19) 

20.42 
(0.45) 

0.96 
(0.01) 

10 5.85 5.60 (0.08) 
39.59 
(0.94) 

16.53 
(0.06) 

0.86 
(0.02) 

20 5.09 4.32 (0.45) 
35.04 
(0.82) 

15.90 
(1.45) 

0.77 
(0.03) 

30 2.26 1.82 (0.15) 
24.93 
(2.45) 

  9.89 
(0.51) 

0.75 
(0.04) 

 

 We conducted bending tests by wrapping the devices around cylindrical rods 

with radii of 9.5 mm, 14.74 mm and 27.5 mm, as shown in Figure S6. We subjected 

each device to 50 bend deformation cycles, bending and unbending the device for 

each cycle. The resulting normalized PCEs relative to the undeformed devices are 

shown in Figure 5 and absolute PCE values are provided in Figure 6. At the highest 

bending diameter tested, bending diameter of 27.5 mm, we see modest losses in PCE 

with bending and the greatest loss in PCE for unstabilized OPV, with a drop by about 

15 %. At the same bending curvature, devices with 10 wt % TPTMP:PAE exhibit a 

reduction in PCE by approximately 5 %. For devices with 20 and 30 wt % TPTMP:PAE, 

we observe an increase in PCE with bending. We believe this may be due to enhanced 

chain alignment induced by strains in the thiol-ene network, and we discuss this 

hypothesis in more detail below 

 When the bending diameter is reduced to 14.75 mm, we observe significant 

PCE losses for most devices. The PCE drops by 40 % after one bending cycle, then the 

loss in PCE is more gradual for subsequent bending cycles. The unstabilized OPV 

devices only retain approximately 15 % of their initial PCE after 50 bending cycles. 

By comparison, the 10 and 20 wt % network-stabilized devices retain 50 % of the 

initial PCE after 50 bending cycles. This is a significantly higher fraction compared 
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with unstabilized devices and corresponds to greater PCEs in absolute terms after 50 

bending cycles. The OPV devices with 30 wt % network content retain approximately 

90 % of their PCE after 50 bending cycles. We also observe an initial increase in PCE 

after the first several bending cycles, followed by a graduate loss of PCE with further 

bending. 

 At the smallest bending radius, all devices lose significant PCE after bending. 

The loss is most significant for the first few bending cycles, and unstabilized OPVs 

lose 80 % of their normalized PCE after one bending cycle. By comparison, the 30 wt % 

network-stabilized OPV device exhibits an increase in PCE after the first cycle, 

followed by a consistent and more graduate decrease in PCE with bending. At the two 

smallest bending radii, all network-stabilized OPV devices outperformed pristine 

OPV devices after 50 bending cycles in terms of absolute PCE (Figure 6). 

 We consistently observed an increase in PCE with bending for all 30 wt % 

network stabilized OPV devices and some 10 and 20 wt % stabilized devices. For the 

smallest curvature, this produced devices with higher PCEs than the initial 

undeformed devices. For smaller bending curvatures, the PCE was observed to 

increase followed by a decrease with continued bending. This increase in PCE was 

unexpected and is not fully understood, but we propose that this may be attributed 

to improved chain alignment induced by network strains. The thiol-ene network will 

influence the rheological properties of the active layer, and may produce viscoelastic 

effects that improve chain alignment. A higher degree of chain alignment can improve 

electronic properties of the active layer.25 We conducted AFM measurement on the 

30 wt % network stabilized OPV devices before bending, after 10 bending cycles, and 
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after 50 bending cycles and observed mesoscopic features (~10 m) aligned along the 

primary direction of strain for network-stabilized devices.   

 

Figure 5: Normalized efficiency for TPTMP:PAE stabilized photovoltaic device on 

PEN substrate with varying bending cycles at bending curvature of (a) 0.72 cm-1, (b) 

1.36 cm-1 and (c) 2.11 cm-1 
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Figure 6: Power conversion efficiency (PCE) for pristine and TPTMP: PAE network-

stabilized photovoltaic device on PEN substrate with varying bending cycles at 

bending curvature of (a) 0.72 cm-1, (b) 1.36 cm-1 and (c) 2.11 cm-1 

 These data can also provide a critical bending threshold above which PCE 

degrades. This threshold is higher for OPV devices with higher thiol-ene network 

contents.  The drop in PCE after 1 bending cycle is shown for all network contents and 
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bending curvatures tested in Figure 7. For each device formulation, we observed a 

threshold bending curvature above which the PCE degrades significantly with just 1 

bending cycle. For example, the efficiency for device with 0 % thiol-ene decreases 

after 1 bending cycle with a curvature of 0.72 cm-1, but for devices with 20 wt % thiol-

ene a drop in PCE is observed for a bending cycle with curvatures above 

approximately 1.20 cm-1. The data in Figure 7 also clearly show the increase in PCE 

after 1 bending cycle for all network-stabilized OPVs after one bend deformation. 

 

Figure 7: Normalized efficiency for TPTMP:PAE network stabilized OPV devices at 

varying bending curvature after 1 bending cycle 

 These measurements show that thiol-ene interpenetrating networks improve 

the mechanical robustness of OPV devices, and over a range of network 

concentrations and bending radii produce devices with PCEs greater than 

unstabilized devices. Specifically, OPV devices with 10 or 20 wt % devices outperform 

unstabilized OPV devices for bending radii of ) 1.36 cm-1 or greater. As shown in 

Figure 7, the use of a semi-interpenetrating network delays the onset of performance 

degradation to higher bending curvatures. 
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3.12. Conclusions 

We studied the use of an elastic semi-interpenetrating network to improve the 

mechanical durability of the active layer of OPV devices based on the high-

performance PBDBT-2F:ITIC donor:acceptor blend. Compatibility of the network 

forming reagents with PBDBT-2F:ITIC was shown to be a good predictor of the 

resulting impact on performance. While all thiol-ene networks were detrimental to 

PCE, the impact varied widely across four different compositions tested, and this was 

attributed to morphological changes in the active layer. Under mechanical 

deformation, both stretching and bending, semi-interpenetrating network can 

improve mechanical stability. The incorporation of a semi-interpenetrating network 

delayed the onset of performance degradation to higher bending curvatures, and over 

a range of network compositions and bending deformations tested, stabilized OPV 

devices outperformed pristine OPVs. This study demonstrates a potentially general 

route to produce mechanically robust OPV devices and insight into material 

parameters that influence performance in network-stabilized OPVs. 

3.13. Experimental 

Materials 

Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, Sigma-Aldrich, > 

95 %), trimethylolpropane tris(3-mercaptopropionate) (TPTMP, Sigma-Aldrich, ≥ 

95 %), pentaerythritol allyl ether (PAE, Sigma-Aldrich, 70 %), dipentaerythritol 

penta-acrylate (DPPA, Sigma-Aldrich), Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
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fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-

5’,7’-bis(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)] (PBDB-T-2F, 1-

Material), 2,2′-[[6,6,12,12-Tetrakis(4-hexylphenyl)-6,12-dihydrodithieno[2,3-

d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene-2,8-diyl]bis[methylidyne(3-oxo-1H-

indene-2,1(3H)-diylidene)]]bis[propanedinitrile] (ITIC, 1-Material), poly(sodium 4-

styrenesulfonate) (PSS, Sigma-Aldrich, Mw ~ 70 kg/mol), zinc acetate dehydrate 

(Sigma-Aldrich, ≥ 98 %), 2-methoxyethanol (Sigma-Aldrich, ≥ 99.3 %), ethanolamine 

(Alfa Aesar, > 99 %), and 184 silicone elastomer kit (base and curing agent, Dow 

Sylgard) were obtained from commercial suppliers and used as received. 

Fabrication of Network-Stabilized Bulk Heterojunction Active Layers 

Three different thiol-ene/thiol-acrylate solutions were made based on a 1:1 

molar ratio of thiol and ene/acrylate functional group. (1) PETMP (50 mg, 0.10 mmol, 

0.41 equiv thiol) and PAE (50 mg, 0.14 mmol, 0.41 equiv vinyl ether), (2) PETMP (54 

mg, 0.11 mmol, 0.44 equiv thiol) and DPPA (46 mg, 0.088 mmol, 0.44 equiv acrylate), 

(3) TPTMP (52 mg, 0.13 mmol, 0.39 equiv thiol) and  PAE (48 mg, 0.13 mmol, 0.39 

equiv vinyl ether) were mixed respectively and dissolved in 1 mL of chlorobenzene 

with 0.3 % 1,8-diiodooctane (DIO) to make three 100 mg/mL stock solutions. Each 

thiol-ene solution was further diluted to a concentration of 20 mg/mL. Inside a 

nitrogen-filled glovebox, 20 mg/mL of active layer stock solution was made by 

dissolving PBDBT-2F (30 mg) and ITIC (30 mg) in 3 mL of chlorobenzene (0.3 % DIO) 

and the solution was heated and stirred at 65 °C for 12 h. The diluted thiol-ene/thiol-

acrylate solution and the active layer stock solution were mixed at a desired ratio to 
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achieve a targeted thiol-ene network composition in the active layer. The blend 

solution was stirred for 12 h at room temperature, and then was spin-coated on a 

substrate and exposed to UV short-wave irradiation (254 nm, 1.3 mW/cm2, UVP 

Compact UV lamp, model UVGL-25) for 5 min to initiate cross-linking. 

Fabrication of OPVs on ITO glass and ITO-Coated PEN 

Organic photovoltaic devices were fabricated in an inverted structure: 

substrate/ITO/ZnO/active layer/AI 4083/Ag cathode. Precursor solution ZnO was 

prepared by dissolving 1 g of zinc acetate dehydrate in 10 mL of 2-methoxyethanol 

with 0.28 g of ethanolamine as a surfactant. 1 mL of PEDOT: PSS Clevios P VP AI 4083 

(Heraeus) was diluted in 10 mL of isopropanol to make an AI 4083 solution. The 

substrate (1 in. × 1 in.) used in device fabrication is either ITO glass or ITO-coated 

polyethylene naphthalate (PEN) substrate. Detailed substrate preparation was 

demonstrated in the Supporting Figure S8. Each substrate was then washed by 

ultrasonication sequentially in 0.5 % Hellmanex III (Helma) in DI water, DI water, 

acetone, and isopropanol for 15 min and dried in an oven at 90 °C for 1 h. The 

substrate was treated with UV-ozone for 15 min followed by spin-coating ZnO 

solution at 2000 rpm for 40 s and then annealed at 200 °C for 1 h. The substrate was 

transferred into a nitrogen-filled glovebox. The active layer blend solution was spin-

coated on top of the ZnO layer at 2000rpm, 20s for 0 % thiol-ene, and 4000 rpm, 20s 

for 10-30 % thiol-ene, and then cross-linked under short-wave UV for 5 min followed 

by annealing at 120 °C for 30 min. The substrate was then allowed to cool to room 

temperature inside the glovebox. PEDOT:PSS solution was spin-coated on top of the 
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active layer at 4000 rpm for 1 min and dried at room temperature. Inside the glovebox, 

a 120 nm Ag cathode was deposited on top of the PEDOT:PSS layer through a shadow 

mask by thermal deposition. Photovoltaic performance was tested by a Newport AM 

1.5 G solar simulator at an incident solar intensity of 100 mW/cm2. A Keithley source 

measure unit was used to record the corresponding data. 

Measurement of Crack onset Strains for OPV Active layers on PDMS 

Glass substrates (1 in. × 1 in.) were cleaned by ultrasonication sequentially 

with 0.5 % Hellmanex III (Helma) in DI water, DI water, acetone, and isopropanol for 

15 min and dried in an oven at 90 °C for 1 h. The substrates were then treated with 

UV-ozone for 15 min. PSS solution (20 mg/mL), which was prepared by dissolving 

100 mg of PSS in 5 mL of deionized water, was spin-coated as a sacrificial layer on top 

of the glass substrate at 2000 rpm for 40 s and then dried at room temperature for 1 

h. The active layer solution was spin-coated on top of the PSS layer at 2500 rpm for 

20 s, cross-linked under UV short-wave irradiation, and dried at room temperature. 

Polydimethylsiloxane (PDMS) was made by mixing silicone elastomer base with 

curing agent at 10:1 weight percent ratio in a Petri dish and was then cured at 90 °C 

for 3 h. Wet transfer technique was used to transfer active layer from glass to PDMS. 

The glass was placed on top of PDMS with active layer facing down. DI water was 

slowly dropped from the edge of glass and permeated through the substrate. After 20 

min, the glass substrate was carefully lifted by a tweezer leaving the film behind on 

PDMS. Once the film on the PDMS substrate was dried, both ends of the substrate 
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were clamped on a holder. Optical microscopy was then utilized to analyze cracks of 

the film to which uniaxial strains between 0 and 30 % were applied. 

Contact Angle Measurement 

Contact angle measurement was conducted on drop shape analyzer from 

KRÜSS (DSA 100). A layer of film was spin-coated on glass substrate with 20 mg/mL 

PBDBT-2F:ITIC solution at 2500 rpm, 20 s. Sessile drops of PETMP, TPTMP, DPPA, 

and PAE were formed on the film, and respective contact angle were measured by the 

instrument.   

Atomic Force Microscopy 

Atomic force microscopy images were obtained in tapping mode with AFM 

NX20 from Park Systems  

Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) 

Negative high mass resolution depth profile was performed using a TOF-SIMS 

NCS instrument, which combines a TOF.SIMS5 instrument (ION-TOF GmbH, Münster, 

Germany) and an in-situ Scanning Probe Microscope (NanoScan, Switzerland) at 

Shared Equipment Authority from Rice University. A bunched 30 keV Bi3+ ions (with 

a measured current of 0.2 pA) was used as primary probe for analyzing a field of view 

of 100 × 100 µm2, with a raster of 128 x 128 pixels, and the sputtering was performed 

using Ar1500+ ions at 10 keV with a typical current around 1 nA, rastered area 500 × 

500 µm2. The beams were operated in non-interlaced mode, alternating 2 analysis 

cycles and 1 sputtering cycle (corresponding to 1.63 s) followed by a pause of 5 s for 
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the charge compensation with an electron flood gun. An adjustment of the charge 

effects has been operated using a surface potential. During the depth profiling, the 

cycle time was fixed to 200 µs (corresponding to m/z = 0 – 3645 a.m.u mass range). 
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3.16. Supporting Information 

 

Figure S1: Contact angle measurement for (a) PAE (b) DPPA (c) TPTMP and (d) 

PETMP droplet on PBDBT-2F: ITIC bulk heterojunction films. 
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Figure S2: Time-of-Flight Secondary Ion Mass Spectroscopy of (a) F- signal in PBDBT, 

(b) C94H82N4O2S4- signal in ITIC for network-stabilized PBDBT-2F:ITIC with various 

TPTMP:PAE concentrations on glass substrate after UV-irradiation. PBDBT-2F:ITIC 

with 0 % TPTMP:PAE corresponds to film thickness of 90 nm, and PBDBT-2F:ITIC 

with 10 %, 20 % and 30 % TPTMP:PAE corresponds to film thickness of 40 nm 
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Figure S3: UV-Vis spectrum for (a) PBDBT-2F and ITIC both as film and as solution 

and (b) PBDBT-2F: ITIC film with various TPTMP: PAE network concentration  
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Figure S4: Optical micrographs for network stabilized PBDBT-2F:ITIC with varying 

concentration of (a) PETMP:PAE (b) TPTMP:DPPA (c) PETMP:DPPA crosslinkers at 

different elongational strains. Scale bar = 10 m 
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Figure S5: Voltage vs. current density for OPV devices on PEN substrates with 

TPTMP:PAE based thiol-ene network at various concentration 

 

Figure S6: Demonstration of bending process for OPV device coated on ITO coated 

PEN substrate 
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Figure S7: AFM phase image for PBDBT-2F: ITIC film with (a) no thiol-ene (b) 30 wt % 

UV crosslinked TPTMP: PAE thiol-ene at different bending cycles under bending 

curvature of 1.36 cm-1. Bending direction of the film points outward with left and right 

ends fixed. Scale bar = 300 nm 

ITO coated PEN substrate were obtained from KINTEC. A glass substrate was 

cut to fit the PEN substrate. As shown in Figure S1, a small piece of double-sided tape 

was pasted to the top of glass substrate followed by a Kapton tape with slightly larger 

size. The ITO coated PEN substrate was adhered to the Kapton tape. This ensures the 

flatness of PEN substrate during the coating and annealing process. Another piece of 

Kapton tape was covered on a small part of ITO, so that this part will remain intact 

during spin coating. When testing the device performance, the PEN substrate was 

carefully removed from glass by a blade. Kapton tapes on both sides can be easily 

lifted. The electrodes of the device were then connected to the wires from the solar 

simulator for performance test.  
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Figure S8: Image of ITO coated PEN substrate used for OPV device fabrication  
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Chapter 4 

Future Work 

4.1. Mechanical Analysis and Molecular Simulation for Thiol-ene 

Stabilized Network on Active Layer Film 

In section 3 and section 4 we demonstrated that the robustness and flexibility 

of active layers can be improved by incorporating an elastic network within the bulk 

heterojunction. The active layer was prepared first by mixing donor and acceptor 

materials with “thiol” and “-ene” based small molecule additives. After coating and UV 

irradiation, the small molecules were able to crosslink to form an interpenetrating 

network inside the active layer to stabilize the entire film. This general method can 

be applied in the fabrication of stretchable and the bendable OPVs.  

Although thiol-ene stabilized network is helpful in stabilizing both electronic 

properties and mechanical robustness of the OPV active layer, the mechanisms of 

network crosslinking, the molecular interaction of thiol-ene with donor/acceptor 

material, and how thiol-ene affect the mechanical properties of active layers are not 
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fully understood. Here we present a method to measure the stress, crack onset strain 

and elastic modulus of the active layer film. After that we will present a simulation 

method to molecularly simulate the process of network formation and compare the 

simulated mechanical properties with the experimental results. 

In order to test the stress and strain curve of an active layer film on water 

surface, we will use the testing instrument as shown in Figure 1. The load cell was 

used to measure the force of the film while stretching, and the syringe pump was used 

to measure the pulling distance. Two manipulators were extended from syringe 

pump and the load cell to attach the floating film.  

 

Figure 1: Tensile testing of ultra-thin film on water surface. 
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Figure 2: Crack onset strain and elastic modulus vs. thiol-ene concentration for free 

standing PETMP:PAE network stabilized active layer film with P3HT as donor and 

PCBM as acceptor. Film thickness = 80 nm. 

 We performed initial measurement for the crack onset strain and elastic 

modulus of the floating P3HT:PCBM film at different thiol-ene concentration as 

shown in Figure 2. We can clearly see the nonlinear increase of crack onset strain and 

decrease of elastic modulus at higher thiol-ene concentration. This verifies the 

elasticity of thiol-ene as stabilizer can greatly affect the mechanical properties of the 
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active layer film. Those results can serve as experimental basis to compare with the 

simulated macroscale mechanical properties. 

4.2. OPV as Power Source for Flexible Batteries 

 In chapter 4 we demonstrated that OPVs can be incorporated in flexible and 

bendable substrates such as PDMS and PEN. This technique is the foundation to 

achieve the vision of wearable and conformable devices.  However, integration of 

flexible OPVs with flexible batteries remains a technical issue that need to be solved. 

To integrate OPVs with batteries, the match of cell potential with the battery potential 

is important. A typical OPV has open circuit voltage between 0.5-1 V. The exact Voc in 

OPV will depend on the donor/acceptor materials in the active layer and the device 

structure. In the case of lithium ion batteries, the charging voltage is usually higher 

than the Voc of a single OPV device, and therefore may require the OPV to be connected 

in series to achieve higher voltage. The charging time of the battery will depend on 

the battery capacity and the generate current from the OPV device. For a lithium 

batter with capacity 0.03 𝑚𝐴 ∙ ℎ, and OPV current of 0.3 𝑚𝐴, the calculated charge 

time will be 𝑡 =
0.03 𝑚𝐴∙ℎ

0.3 𝑚𝐴
∙ 60

𝑚𝑖𝑛

ℎ
= 6 𝑚𝑖𝑛. 

 An example is demonstrated in Figure 3, where 4 pieces of P3HT:PCBM based 

OPVs were connected together to achieve Voc around 2 V. Future work will include 

the optimization of internal wire connection as well as the incorporation of OPVs with 

flexible batteries to resist deformation of the overall device.  
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Figure 3: Example of P3HT:PCBM based OPV connecting in series for high voltage 

output 


