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Abstract 

The advance of conjugated polymers (CPs) is largely relied on development of 

new polymerization methods, discovery of novel polymers that possess unique 

chemical and physical properties, and understanding of their structure-property 

relationship. We have employed a set of trans-enediynes (trans-EDYs) for 

preparation of four series of CPs, polydiacetylenes (PDAs), platinum-segmented 

PDAs, polytriacetylenes (PTAs) and boron doped polyacetylenes (BPAs). The 

resulting polymers displayed interesting optical and electrochemical properties 

which could be fine-tuned by the attachment of various side chains on the EDY 

moieties. 

We have applied acyclic EDY metathesis for the synthesis of PDAs, a class of 

CPs that are widely studied as sensory materials and are exclusively prepared by 

topo chemical polymerization, a solid state polymerization. Our method represents 

the first example of solution processable PDAs with direct attachment of functional 

groups on the double bonds of PDAs which are otherwise not accessible.   
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PTAs are a class of nonaromatic all carbon CPs that have potential applications 

in nonlinear optical devices. We have prepared the first PTA bearing aromatic 

groups directly attached to the double bonds, allowing dramatic changes in 

polymer physical and electronic properties. 

  Several Pt containing CPs have been prepared with new structural design that is 

completely different than established Pt-bisacetylide polymers in that the 

conjugation direction of the organic chromophores is orthogonal to that of the main-

chain, which could lead to better tunability and enhanced crystallinity. 

  Organoboron CPs have found applications in OLED and sensors due to their 

unique optoelectronic properties. A series of boron doped polyacetylenes (BPAs) 

have been obtained by hydroboration of functionalized trans-EDYs and these 

BPAs represent the first examples of boron main-chain conjugated polymers 

without aromatic units.  
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1 Chapter 1 

Introduction 

 Motivation for Ph.D. in chemistry  

As an undergraduate student l was fascinated by the fact that the physical and 

chemical properties of molecules and materials could be predicted base on the 

structure of the molecules and they could be changed dramatically through careful 

design of the structures at the molecular level. Driven by this curiosity and eager 

to gain deeper understanding of the structure-property relationship in organic 

materials, my goal in the Ph.D. program is to advance this understanding by 

investigating and manipulating the properties of the novel molecules and materials 

by engineering of molecular structures. 

 Conjugated polymers 

Conjugated polymers (CPs) are intrinsically semiconducting organic 

macromolecules having alternating single and double bonds as the backbone.1 

The landmark discovery of metallic conductivity in doped polyacetylene made by 

Heeger, MacDiarmid, and Shirakawa in 19772,3 immediately attracted research 

interest from both industry and academia, and tremendous efforts have been made 

in synthetic methodologies as well as fundamental study of structure-properties 
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relationship of CPs. A wide range of CPs  including poly(p-phenylenevinylene)s 

(PPVs)4–7, poly(3-alkylthiophene)s4,8–11 (P3ATs), polyfluorene (PLs) based CPs4,12–14 

as well as their derivatives4 (Figure 1.1) were prepared and studied by the research 

community.  

 

 

Figure 1.1. Representative examples of CPs 

 

It is seen that the engineering of the molecular structures by attachment of 

different moieties either in the main chains or side chains of the CPs could 

efficiently manipulate properties of the resulting CPs such as solubility, 

luminescent efficiencies, electron and hole motilities, bandgaps, HOMO (highest 

occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) 

levels.14–21 Due to the tunable physical and chemical properties as well as good 

solution processability of CPs, their applications in electronic devices such as 

photovoltaics,4,22–24 sensors25–27 and OLEDs,28–31 have been extensively explored and 

considerately advanced in the past decades. For instance, the performance of 

polymer solar cells has experienced a dramatic increase from the initial low power 

conversion efficiency of less than 0.5 % 32 in 1990s to over 10 % in recent years.33–

35 Such improvement is not possible without careful engineering of molecular 

structures and fundamental understanding of the relationship between their 
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structures and properties. Nevertheless, overall performances of CP-based 

electronic devices are still not comparable with many of their inorganic 

counterparts, and thus continuous effort in the discovery of novel CPs with 

outstanding properties are critical for the further advance of material science. 

 Initial plan: Synthesis of functionalized polyacetylenes  

Polyacetylenes, having alternating single and double carbon-carbon bonds in 

the backbone, represent the simplest form of a conjugated polymer and were found 

to be highly conductive upon doping.2 This finding soon made PAs the subject of 

research interest and encouraged the synthesis of functionalized PAs and pursuit 

of  its applications. 

 

R H n
R R

[Mo] or [W] cat.

R R1 n
R R

R1 R1

R

R

n

H

Ziegler-Natta cat.

ROMP

A.

B.

C.

 

Scheme 1.1. Examples of synthetic methods for PAs

 

Ziegler-Natta catalysts36,37 were efficient for the synthesis of unsubstituted PAs 

and certain mono-substituted PAs from terminal alkynes with low steric hindrance 

(Scheme 1.1 A ).38,39  The resulting PAs were intensely colored and had high 
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conductivities, however, these PAs suffered from low air-stability and low solubility, 

which in turn resulted in poor processability and hindered their applications. 

Molybdenum- and tungsten- based compounds, on the other hand, were proved 

to be efficient catalysts towards polymerization of steric hindered terminal alkynes 

and internal alkynes to afford various mono- and di-substituted PAs (Scheme 1.1 

B).40–45 Nevertheless the steric hindrance resulted from the neighboring 

substituents could lead to the twist of the single bonds in the main chain and 

reduction of the conjugation of PAs, and consequently resulted in low 

conductivities in the resulting PAs.2,44,45 

Ring-opening metathesis polymerization (ROMP),48–53 an olefin metathesis that 

is capable of polymerizing strained cyclic olefins to produce monodisperse and 

stereo-regular polymers, was later used as an alternative method to prepare PAs 

from mono-substituted cyclooctatetraenes (COTs) (Scheme 1.1 C).54–56 Various 

PAs derived from substituted COTs with high conjugation and solubility were 

synthesized and their properties were studied.57 The fact that only one side chain 

is present in every four double bonds in such PAs makes choices of side chains 

crucial to ensure both solubility and extensive conjugation of trans-dominated PAs. 

Long linear alkyl chains on PAs could minimize the steric repulsion from its 

neighboring H (Scheme 1.1 C) to maintain planarity of the polymers, however, they 

are not bulky enough to solubilize PAs having high trans content ; the bulky alkyl 

chains that provides the solubility of trans-PAs often lead to partial loss of 

conjugation due to the twist the back bone of PAs induced by the repulsion 

between the bulky side chains.57  As a consequence trade-off between solubility 
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and conjugation had to be made in such PAs, which, in fact, limits the choice of 

the side chains in order to keep both high conjugation and good solubility in PAs . 

 

Scheme 1.2. Functionalized PAs by ADMET 

 

Acyclic diene metathesis (ADMET)58–62 (Scheme 1.2 A) is an olefin metathesis 

that was first successfully adopted for polymerization of acyclic dienes by Wagener 

group in 1991.58 Due to its dynamic nature, ADMET could self-correct the polymer 

structures during polymerization and produce the most thermodynamically stable 

compounds with high content of trans double bonds60,63,64, and thus it has been 

widely used for preparation of defect-free and high-molecular-weight conjugated 

polymers.65–67 

Applications of PAs in electronic devices such as solar cells have been rarely 

reported presumably due to the solubility and function-ability issues. Exploring 

applications of such intriguing materials in electronic devices would require PAs to 

have good solubility, feasible functionability and high planarity. Despite the viability 

of ADMET for the preparation of CPs, to best of our knowledge, it has never been 

reported for preparation of PAs.  

Our proposal was to apply ADMET on (2Z,4E,6Z)-2,4,6-trienes to produce 

soluble and functionalized PAs with high conjugation (Scheme 1.2 B). The design 
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of our PAs (Scheme 1.2 B) are completely different from those reported in that two 

side chains are present in every other double bond of the PAs, which would 

potentially allow us to find a balance between the following parameters in PAs, i.e. 

good solubility, high planarity and effective physical and chemical tunability. 

Thanks to the dynamic nature of the ADMET, PAs with high trans content and 

effective conjugation would be expected. Theoretically, various functional groups 

such as phenyl, thienyl, could be pre-installed on the triene monomers to 

manipulate the properties of resulting PAs such as HOMO, LUMO and bandgaps 

for targeted applications.  

A typical ADMET reaction was performed to prepare PAs bearing hexyl and 

phenyl side chain (Scheme 1.2 B), respectively, in the presence of different 

catalysts including Grubbs I,68,69 Grubbs II70,71 and Hoveyda72.  Unfortunately, no 

polymerization was observed and only the monomers were recovered from the 

reaction mixture. The unsuccessful polymerization was postulated to be the result 

of high conjugation of the trienes which tend to deactivated or poison the catalyst.73 

 Development of projects 

R

R

R

R

BC

 

Scheme 1.3.  Bergman Cyclization of EDYs 

 

The research on cis-enediyne, have gained long-lasting interest since the 

discovery of their antitumor activity in the naturally occurring EDYs in 1980s.74–77 
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Bergman cyclization (BC)78–82, a cyclization process produces aromatic 1,4-

diradical in cis-EDYs (Scheme 1.3), was founded to be one of the mechanisms 

responsible for the antitumor activity of naturally occurring EDYs including 

calicheamicins83–85. With an ultimate goal of applying cis-EDYs as antitumor drugs, 

significant research effort has been made to the modification of EDY molecules 

and kinetic study of their BC reactivity in search for a general structural design of 

EDYs that allows the trigger of BC process under ambient conditions.86–91 

 

Figure 1.2. Functionalized trans-EDYs 

 

In sharp contrast to the extensive research on cis-EDYs, studies on trans-EDYs 

are much less explored by the community. Regardless of the disappointing results 

of the ADMET reactions for PA synthesis, we were delighted to find that the 

precursors of trans-trienes, trans-EDYs (Figure 1.2), were capable of various 

reactions such as metathesis and coupling reactions, to yield several unique 

classes of conjugated polymers that were otherwise not easily accessible.      

Our research on the EDY derived conjugated polymers92–94 have expanded the 

scope of chemistry that EDYs are capable of, and have advanced our 

understanding towards the chemistry of EDYs including coupling reactions, 

metathesis and addition reactions as well as the optoelectronic and physical 

properties of conjugated polymers as a function of the side chains on EDYs. Future 

work based on EDYs may include the incorporation of new side chains on EDYs, 
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the exploration of novel polymers by application of other new reactions such as 

click reactions, and study of Bergman cyclization on the cis-EDYs that could be 

potentially photo-converted from trans-EDYs.  
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2 Chapter 2 

Solution Processable Polydiacetylenes (PDAs) through 

Acyclic Enediyne Metathesis Polymerization 

(Reproduced from Chemical Science 2013,4, 3649-3653. with permission from the 

Royal Society of Chemistry)  

 

 Introduction 

Since the first report on the solid-state preparation of polydiacetylene (PDA) in 

1969,95 extensive  research efforts have been devoted to this classic type of 

conjugated polymers.96,97 PDAs are considered quasi one-dimensional 

semiconductors having macroscopic long-range coherence and anisotropy.98,99 

These materials undergo intriguing optical changes among blue, red and yellow 

phases upon exposure to external stimuli including temperature,100–102 solvents,103 

pressure,104,105 light exposure106 and specific biological analytes.107,108 PDAs have 

found widespread applications in non-linear optics,109,110 organic conductors111,112 

and sensory materials.113–115 Despite a large number of examples, PDAs reported 

to date have been synthesized exclusively from a single type of reaction, i.e. 

irradiation induced topochemical polymerization of diacetylene (DA) monomers in 

crystals, films, gels and micellar structures.96 Such reactions occur efficiently only 
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if the DA monomers are able to pack into periodic structures within very strict 

geometrical boundaries.116 Flexibility around diacetylene moieties is required to 

accommodate spatial rearrangement when two sp hybridized carbon atoms in 

every DA monomer change to sp
2
 hybridization in resulting PDA chains.117 As a 

result, few types of DA monomers, typically having alkyl spacers between DA 

cores and functional side-groups, can be successfully polymerized.96,97 Electronic 

properties of resulting PDAs are thus difficult to modify by substituent variation.118–

120 Moreover, the obtained PDAs usually have limited solubility, making integration 

of these materials into solution-fabricated electronic devices challenging. 

Notably, there have been efforts in building short-chain PDA analogs having a 

few eneyne repeating units through iterative condensation reactions and the 

resulting oligomers serve as discrete models for studying corresponding long-

chain polymer properties.121–132 Although these synthetic methods have led to well-

defined oligomers with precise structural control, high molecular weight polymers 

are difficult to achieve using these step-by-step approaches. We report here the 

synthesis of solution processable PDAs through acyclic enediyne metathesis 

polymerization 133–140 of methyl terminated trans-enediyne141–144 monomers bearing 

different substituents. Physical and electronic properties of the resulting PDAs are 

shown both experimentally and theoretically to depend on the nature of the side-

groups. To the best of our knowledge, our method represents the first example of 

PDA synthesis by solution polymerization and of alkyne metathesis on enediyne 

substrates. 
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 Experimental 

Materials and General Methods 

All reagents and solvents were used as received from Sigma-Aldrich or VWR 

unless otherwise noted. Phenyl-C61-butyric acid methyl ester (PCBM, >99.5%) 

was purchased from American Dye Source. 

Triisopropyl((trimethylsilyl)ethynyl)silane was synthesized as described 

previously.145 THF was distilled from Na/benzophenone prior to use. Anhydrous 

dichloromethane was obtained by distillation over CaH2 and degassed through 

several freeze-pump-thaw cycles. The 300.13 MHz 1H and 75.48 MHz 13C NMR 

spectra were recorded on a Bruker Avance III Solution 300 spectrometer. All 

solution 1H and 13C NMR spectra were referenced internally to the solvent peaks. 

Size exclusion chromatography (SEC) analyses were performed in chloroform with 

0.5% (v/v) triethylamine (1 mL/min) using a Waters Breeze system equipped with 

a 2707 autosampler, a 1515 isocratic HPLC pump and a 2414 refractive index 

detector. Two styragel columns (Polymer Laboratories; 5 m Mix-C), which were 

kept in a column heater at 35 °C, were used for separation. The columns were 

calibrated with polystyrene standards (Varian). Ultraviolet-Visible (UV-Vis) 

absorption spectra were recorded on a Shimadzu UV-2401 PC spectrometer over 

a wavelength range of 250-800 nm. Fluorescence emission spectra were obtained 

using a Varian Cary Eclipse Fluorometer. Raman spectra were obtained on a DXR 

SmartRaman spectrometer over a frequency range of 50.5–3350 cm-1. Differential 

scanning calorimetry (DSC) measurements were performed on a Mettler Toledo 
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DSC STARe system with ca. 5 mg sample and at a scan rate of 10 °C / min. The 

results reported are from the second heating cycle. 

 

Solar Cell Fabrication and Testing 

 ITO-coated glass substrates (China Shenzhen Southern Glass Display. Ltd, 8 

Ω/☐) were cleaned by ultrasonication sequentially in detergent, DI water, acetone 

and isopropyl alcohol, each for 15 min followed by UV-ozone treatment (PSD 

Series, Novascan) for 45 min. MoO3 (10 nm) was deposited inside a glovebox 

integrated Angstrom Engineering Åmod deposition system at a base vacuum level 

< 7 × 10-8 Torr. Polymer/PCBM blend solutions were then spun-cast at 

predetermined speeds using a glovebox integrated spin coater (Special Coating 

Systems, SCS-G3). Al (100 nm) was lastly thermally evaporated through patterned 

shadow masks. Current−voltage (I−V) characteristics were measured by a 

Keithley 2400 source-measuring unit under simulated AM1.5G irradiation (100 

mW/cm−2) generated by a Xe arc-lamp based Newport 67005 150-W solar 

simulator equipped with an AM1.5G filter (Newport). The light intensity was 

calibrated using a Newport thermopile detector (model 818P-010-12) equipped 

with a Newport 1916-C Optical Power Meter. 

 

1-(Triisopropylsilyl)tetradec-1-yn-3-one (2a). To a suspension of 6.96 g AlCl3 

(52.20 mmol) in 150 mL dry CH2Cl2 was added 11.0 g 

triisopropyl((trimethylsilyl)ethynyl)silane (43.21mmol) and 10.0 g dodecanoyl 

chloride 1a  (45.71mmol) at 0 °C. After stirring for 45 min at 0 °C and then 1 h at 
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room temperature, the reaction was quenched with ice water. The reaction mixture 

was extracted with hexanes twice. The organic layer was combined, washed 

sequentially with saturated NaHCO3 solution and brine, and dried over anhydrous 

Na2SO4. Compound 2a was purified by column chromatography (hexanes as 

eluent) as a light yellow oil (13.49 g, 85.6%).1H NMR (300.13 MHz, CDCl3): δ (ppm) 

= 0.87 (t, 3H, J3
HH = 6.9Hz), 1.09−1.11 (m, 21H), 1.25 (m, 16H), 1.69 (m, 2H,), 2.54 

(t, 2H, J3
HH = 7.2 Hz). 13C NMR (75.48 MHz, CDCl3), δ (ppm) = 10.9, 14.0, 18.4, 

22.6, 24.2, 28.9, 29.3, 29.4, 29.5, 45.5, 95.0,104.2, 187.7. 

 

(E)-(3,4-Diundecylhexa-3-en-1,5-diyne-1,6-diyl)bis(triisopropylsilane) (3a). 

To a suspension of 4.84 g zinc powder (74.04 mmol) in 100 mL dry THF was added 

4.05 mL TiCl4 (36.94 mmol) dropwise at 0 °C under nitrogen.  The mixture was 

heated to reflux for 45 min until a dark solution was obtained, and then cooled 

down to 0 °C. Compound 2a (8.20 g, 22.49 mmol) was added through a degassed 

syringe and the reaction mixture was refluxed for an additional 24 h. The reaction 

was quenched with NaHCO3, extracted with ethyl ether twice. The combined 

organic phase was washed with saturated brine and dried over anhydrous Na2SO4. 

Compound 3a was purified by column chromatography (hexanes as eluent) as a 

clear oil (5.78 g, 73.7%). 1H NMR (300.13 MHz, CDCl3): δ (ppm) = 0.88 (t, 6H, J3
HH 

= 6.9Hz), 1.08−1.12 (m, 42H), 1.25 (m, 32H), 1.56 (m, 4H), 2.45 (t, 4H, J3
HH = 7.2Hz). 

13C NMR (75.48 MHz, CDCl3), δ (ppm) = 11.4, 14.1, 18.7, 22.8, 28.4, 29.1, 29.5, 

29.6, 29.8, 32.0, 35.2, 100.4, 106.4, 130.6. 
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(E)-12,13-Diethynyltetracos-12-ene (4a). To a solution of 3a (5.78 g, 8.29 mmol) 

in 50 mL THF was added 34.42 ml tetrabutylammonium fluoride (1M in THF, 34.42 

mmol). The reaction mixture was stirred overnight at room temperature and was 

extracted with hexanes twice. The combined organic phase was washed with brine 

solution and dried over Na2SO4. After removal of solvent, the crude product was 

purified by column chromatography (hexanes as eluent) to afford 4a as a white 

solid (2.89 g, 90.6%). 1H NMR (300.13 MHz, CDCl3): δ (ppm) = 0.88 (t, 6H, J3
HH = 

6.9 Hz), 1.26 (m, 32H), 1.54 (m, 4H), 2.42 (t, 4H, J3
HH = 7.2 Hz), 3.40 (s, 2H). 13C 

NMR (75.48 MHz, CDCl3), δ (ppm) = 14.1, 22.7, 28.1, 29.0, 29.4, 29.5, 29.6, 29.7, 

31.9, 34.8, 82.5, 86.1, 130.3. 

 

(E)-12,13-Di(prop-1-ynyl)tetracos-12-ene (M-a). To a solution of 4a (2.50 g, 6.50 

mmol) in 20 mL dry THF was added 6.17 mL nBuLi (2.5M in hexanes, 15.42 mmol) 

dropwise at −78 °C under nitrogen atmosphere. The mixture was stirred for 15 min 

and allowed to warm up to room temperature and stirred for additional 15 min. The 

reaction mixture was then cooled down to −78 °C and 1.2 mL CH3I (19.28 mmol) 

was added through a syringe. The solution was slowly warmed up to room 

temperature and stirred for another 2 h. The reaction mixture was quenched with 

water after, extracted with hexanes twice. The combined organic phase was 

washed with brine solution and dried over Na2SO4. After removal of solvent the 

crude product was purified by column chromatography (hexanes as eluent) and 

recrystallized from hexanes to give M-a as a white solid (2.4 g, 89.5%). 1H NMR 

(300.13 MHz, CDCl3): δ (ppm) = 0.88 (t, 6H, J3
HH = 6.9 Hz), 1.26 (m, 32H), 1.50 (m, 
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4H), 2.02 (s, 6H), 2.34 (t, 4H, J3
HH = 7.2Hz). 13C NMR (75.48 MHz, CDCl3), δ 

(ppm)=4.7, 14.1, 22.7, 28.4, 29.0, 29.4, 29.5, 29.6, 29.7, 31.9, 34.9, 79.2, 93.6, 

128.6. 

 

PDA-CH. The ligand L (15 mg, 0.036 mmol) and the catalyst precursor Mo (24 mg, 

0.036 mmol) were premixed in dry CCl4 (4 mL) for 10 minutes at r.t. to generate 

the active catalyst in situ. Subsequently, the monomer (M-a) (200 mg, 0.48 mmol) 

was added together with 5 Å molecular sieves (1.8 g, powder) with the aid of CCl4 

(8 mL). The resultant suspension was stirred at 60 °C for 3 d. Then the solids in 

the reaction mixture were separated by centrifugation, followed by washing with 

CHCl3 (4 × 12 mL). The combined solution was filtered through a pad of celite. The 

filtrate was concentrated to ca. 10 mL, and methanol (ca. 60 mL) was added. The 

red precipitates were collected by filtration, washed with methanol (ca. 15 mL) and 

dried under high vacuum (155 mg, 90%). 1H NMR (300.13 MHz, CDCl3): δ (ppm) 

= 0.84-0.90, 1.26, 1.54-1.59, 2.48.   13C NMR (75.48 MHz, CDCl3), δ (ppm) = 14.1, 

21.5, 22.7, 27.7, 28.8, 29.8, 31.9, 35.4, 45.2, 99.3, 129.8. SEC (CHCl3, 1 mL/min): 

Mn = 15,600, Mw = 29,640, PDI = 1.9.  

 

1-(4-Tert-butylphenyl)-3-(triisopropylsilyl)prop-2-yn-1-one (2b). The 

compound 2b was prepared from 1b according to the procedures described for the 

synthesis of 2a. (84.3%).  



16 

 

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 1.15−1.19 (m, 21H), 1.35 (s, 9H), 7.51 (d, 

2H, J3
HH = 8.4Hz), 8.11 (d, 2H, J3

HH = 8.4Hz). 13C NMR (75.48 MHz, CDCl3), δ (ppm) 

= 11.1,18.6, 31.0, 35.2, 97.2, 103.2, 125.6, 129.5, 134.3, 158.0, 177.1. 

 

(E)-(3,4-bis(4-tert-butylphenyl)hexa-3-en-1,5-diyne-1,6-diyl) 

bis(triisopropylsilane) (3b). The compound 3b was prepared from 2b according 

to the procedures described for the synthesis of 3a. (73.1%). 1H NMR (300.13 MHz, 

CDCl3): δ (ppm) = 0.99−1.11 (m, 42H), 1.32 (s, 18H), 7.33 (d, 4H, J3
HH = 8.7Hz), 

7.80 (d, 4H, J3
HH = 8.7Hz). 13C NMR (75.48 MHz, CDCl3), δ (ppm) = 11.3, 18.6, 31.3, 

34.6, 101.2, 107.5, 124.6, 129.0, 129.2, 136.1, 150.9. 

 

((E)-4,4'-(hexa-3-en-1,5-diyne-3,4-diyl)bis(tert-butylbenzene) (4b). The 

compound 4b was prepared from 3b according to the procedures described for the 

synthesis of 4a. (Yield 75.5%).1H NMR (300.13 MHz, CDCl3): δ (ppm) = 1.34 (s, 

18H), 3.40 (s, 2H), 7.41 (d, 4H, J3
HH = 8.7Hz), 7.79 (d, 4H, J3

HH = 8.7Hz). 13C NMR 

(75.48 MHz, CDCl3), δ (ppm) = 31.3, 34.7, 84.0, 86.7, 124.8, 128.4, 128.7, 135.4, 

151.5. 

 

(E)-4,4'-(octa-4-en-2,6-diyne-4,5-diyl)bis(tert-butylbenzene) (M-b). The 

monomer M-b was prepared from 4b according to the procedures described for 

the synthesis of M-a as a slightly yellow solid. (88.2%). 1H NMR (300.13 MHz, 

CDCl3): δ (ppm) = 1.34 (s, 18H), 1.96 (s, 6H), 7.38 (d, 4H, J3
HH = 8.7Hz), 7.79 (d, 
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4H, J3
HH = 8.7Hz). 13C NMR (75.48 MHz, CDCl3), δ (ppm) = 5.0, 31.3, 34.6, 81.0, 

94.5, 124.6, 127.1, 128.6, 136.9, 150.6 

 

PDA-Ph. The ligand L (11 mg, 0.026 mmol) and the catalyst precursor Mo (17 mg, 

0.026 mmol) were premixed in dry CCl4 (3 mL) for 10 minutes at r.t. to generate 

the active catalyst in situ. Subsequently, the monomer M-b (127 mg, 0.34 mmol) 

was added together with 5 Å molecular sieves (1.3 g, powder) with the aid of CCl4 

(5 mL). The resultant suspension was stirred at 60 °C for 3 d. Then the molecular 

sieves were removed by filtration and the filtrate was concentrated under vacuum. 

The obtained residue was dissolved in ethyl ether (ca. 20 mL), followed by the 

addition of of methanol (ca. 20 mL). The red precipitate was collected and dried 

under high vacuum overnight (87 mg, 80%).1H NMR (300.13 MHz, CDCl3): δ (ppm) 

= 1.23-1.28, 7.09-7.11, 7.36-7.38. 13C NMR (75.48 MHz, CDCl3), δ (ppm) =31.4, 

34.6, 99.9, 124.5, 128.3, 128.9, 135.4, 150.8. SEC (CHCl3, 1 mL/min): Mn = 10,200, 

Mw = 11220, PDI = 1.4.  

 Results and Discussion 

The synthesis of enediyne monomers bearing n-undecyl and 4-tert-butylphenyl 

substituents, and their metathesis polymerization are summarized in scheme 2.1; 

detailed experimental procedures and characterization data are included in the 

experimental section. Notably, compounds 3a and 3b, obtained, respectively, from 

McMurry coupling reactions of 2a and 2b,have trans configurations in the   central 

double bonds due to the bulky triisopro- pylsilyl moieties.146 Solution polymerization 
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of M-a and M-b was initially attempted using Mo(CO)6 and various phenolic 

ligands,147–150 as well as the well-defined Schrock alkylidyne complex 

(tBuO)3WCCMe3,
151,152 as catalysts under conditions that have been successfully  

 

Scheme 2.1. Synthesis of Monomers and Polymers 

 

applied in alkyne metathesis and preparation of poly(aryleneethynylene)s. No 

polymerization was detected, however, as no color change was observed and only 

starting materials were recovered after prolonged reaction times. This lack of 

reactivity may be attributed to enhanced conjugation and thus higher stability of 

triple bonds in these trans-enediyne molecules relative to those in isolated and 

aromatic alkynes. 



19 

 

We have recently developed a well-defined and highly active alkyne metathesis 

catalyst [Mo] obtained by treating the pre-catalyst [Mo-1] with triphenolsilane 

ligand L in situ, as shown in scheme 2.1.153 By using such podand ligand design,154–

157 one of the two open substrate-binding sites is blocked and small alkyne 

polymerization side reactions are completely suppressed. Both M-a and M-b were 

successfully polymerized in CCl4 using ca. 7–8 mol% in situ generated [Mo]  in the     

 

Figure 2.1. Size exclusion chromatograms of PDA-CH and PDA-Ph (CHCl3 w/0.5% NEt3,1 mL/min, 

RI detector). 

 

presence of 5 Å molecular sieve powders (scavenger for the 2-butyne by-

product)158 to give respective PDA-CH and PDA-Ph in high yields as red solids. 

Molecular weights of these polymers were estimated against polystyrene 

standards from size exclusion chromatography (SEC, Figure 2.1) to be Mn=15,600, 

PDI=1.9 and DP (degree of polymerization) = 47 for PDA-CH; and Mn =10,200, 

PDI=1.4 and DP = 32 for PDA-Ph. Chemical structures of both polymers were 

confirmed by 1H and 13CNMR spectroscopy159,160 as shown in figure 2.2 and figure  
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2.3. As shown in figure 2.3, two acetylenic 13C signals are observed at 79.2 and 

93.6 ppm for M-a and 81.0 and 94.5 ppm for M-b.Upon polymerization, each set 

of signals downfield shifts and merges into a single signal at 99.3 ppm for PDA-

CH and 99.9 ppm for PDA-Ph, respectively. Such observation confirms the 

successful polymerization leading to symmetrically substituted triple bonds along

 

Figure 2.2. 1H NMR of PDA-CH and PDA-Ph. 
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Figure 2.3. 13C NMR spectra (aromatic region) of M-a, M-b, PDA-CH and PDA-Ph 

 

polymer backbones. The fact that the acetylenic chemical shift values for both 

polymers are close to 100 ppm, a value previously predicted by extrapolating 

oligomer data toward infinite chain length,124 confirms highmolecular weights for 

both polymers. 13C signals of double bonds in both polymers are also slightly down 

field shifted from those in corresponding monomers due to enhanced conjugation. 

Additionally, in the 1H NMR spectra of both polymers (Figure 2.2), signals 

corresponding to terminal methyl groups as observed in the spectra of respective 

monomers disappear, suggesting relatively high molecular weights for the 

polymers. We have also performed matrix-assisted laser desorption–ionization 

time-of-flight (MALDI-TOF) massspectrometry analysis in order to probe the 

possibilities of ring-formation during the polymer synthesis. However, no polymeric 

ions could be observed presumably due to the non-polar nature of these polymers. 

UV-Vis absorption and fluorescence measurements are performed on dilute  
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Figure 2.4. UV-Vis absorption (normalized) and fluorescence spectra of PDA-CH (A) and (B) and 

PDA-Ph (C) and (D), respectively, in chloroform solutions (2.5×10-4 M, r.p. units) with gradual 

additions of methanol. Black arrows indicate increasing methanol volume fractions at 0%, 17%, 

29%, 40%, 49% and 58%.

 

chloroform solutions of the polymers (2.5×10-4 M, r.p. units) with gradual additions 

of methanol up to 58% by volume, beyond which both polymers start to precipitate. 

As shown in figure 2.4, PDA-CH has a λmax of 430 nm in chloroform, blue-shifed by 

ca. 30 nm from typical values for solutions of yellow-chain PDAs bearing side-

chains capable of non-covalent interactions, which have been shown to adopt 

“Porod–Kratky” worm-like conformations in solution.161,162 The blue-shifted 

absorption of PDA-CH thus suggests a more flexible backbone and shorter 

persistence and effective conjugation lengths, presumably due to the absence of 

intramolecular non-covalent interactions. Peaks at ca. 350 nm arising with 

methanol additions are likely due to mixed-solvent effects not associated with 

polymer aggregation, as indicated by control experiments in the absence of 

polymers shown in Fig 2.5. Such peaks are also absent in thermochromism studies 



23 

 

 

Figure 2.5. UV-Vis absorption spectra of chloroform (black) and mixtures of chloroform and 

methanol (red: 17% methanol; blue: 29% methanol; by volume). 

 

as shown in Fig. 2.6. On the other hand, PDA-Ph shows a λmax at 500 nm, a value 

close to those of red-chain PDAs. Upon gradual additions of methanol, λmax 's of 

PDA-CH slightly red shift and a shoulder at ca. 525 nm becomes apparent, 

indicating the formation of red-chain species.101 Fluorescence signals (ex. 430 nm, 

λem = 515 nm, chloroform) also red shift and become more structured (λem = 495, 

555 and 605 nm, 58% methanol). This yellow to red transition in PDA-CH is 

attributed to aggregation and planarization of the polymer main-chain, leading to 

enhanced delocalization and longer conjugation lengths. 

On the other hand, only a slight blue shift of λmax up to 10 nm and no apparent 

change in fluorescence (λem = 580 nm) are observed for PDA-Ph (Figure 2.4 C and 

D). This is presumably caused by the presence of bulky tert-butylphenyl 

substituents that prevent close packing and planarization of PDA chains. 

Aggregation may even force the main-chain to be more twisted, leading to the 
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Figure 2.6.   UV-Vis absorption spectra of PDA-CH and PDA-Ph in THF at various temperature

 

observed blueshift in absorption. Such aggregation behavior is also observed in 

thermochromism studies as shown in Fig. 2.6. While the THF solution of PDA-CH 

shows red-shifted λmax's and pronounced absorption shoulders at ca. 530 nm at low 

temperatures, blue-shifted and completely featureless absorption profile is 

observed at 70 °C. On the contrary, only a slight red-shift in λmax (ca. 10 nm) is 

observed for PDA-Ph in THF by going from 70 to 0 °C, and no shoulder peaks can 

be observed. Thus, the red appearance of PDA-Ph is most likely due to  
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Figure 2.7. Density functional theory (DFT) calculations (B3LYP, 6-31G(d)) on polydiacetylene 

(PDA) model compounds having three repeating units bearing methyl (TriDA-Me) and phenyl 

(TriDA-Ph) substituents 

 

Figure 2.8. Differential scanning calorimetry (DSC) histograms of PDA-CH and PDA-Ph; 2nd 

heating curves, 10 °C/min.

 

modification of the main-chain electronic states through direct conjugation of the 

aromatic substituents, even though the main-chain conformation may still be in a 

“yellow form”. Fluorescence quantum yields in dilute chloroform solutions are 

estimated to be 0.1% for PDA-CH and 0.09% for PDA-Ph using quinine bisulfate 

(in 0.1M H2SO4)  as astandard.131 Such low quantum efficiencies are consistent with 

literature reported values for yellow-chain PDAs.163 
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The observed side-group effects are elucidated by density functional theory 

(DFT)164 calculations (B3LYP, 6-31G(d)) performed on trimeric model compounds 

bearing methyl (TriDA-Me) and phenyl (TriDA-Ph) groups (Fig. 2.7). TriDA-Ph has 

a bandgap of 2.6 eV, 0.5 eV smaller than that of TriDA-Me, consistent with the 

longer wavelength absorptions by PDA-Ph. TriDA-Me shows a completely planar 

optimized geometry while TriDA-Ph has a slightly bent backbone with twisted 

phenyl substituents, indicating difficulties in close packing of polymer chains in the 

case of PDA-Ph. Indeed, differential scanning calorimetry (DSC) measurements 

on both polymers show distinct thermal behaviors (Fig. 2.8). 

  

Figure 2.9.  Powder X-ray diffraction pattern of PDA-CH and PDA-Ph.

 

Multiple melting transitions are observed for PDA-CH, indicating high crystallinity 

in the solid state. The transitions at ca. 15 °C and 40 °C are assigned to side group 

melting and that at ca. 140 °C to main-chain melting. On the contrary, PDA-Ph 

shows no melting behavior up to 250 °C with only a glass transition observed at 

ca. 155 °C (onset), indicating its amorphous nature. The crystalline nature of PDA-

CH is further confirmed by powder X-ray diffraction (XRD) as multiple sharp 

scattering peaks are observed (Fig. 2.9). The lamellar distance is calculated to be



27 

 

 

Figure 2.10.  UV-Vis absorption, fluorescence and Raman spectra of thin films of PDA-CH (A) and 

PDA-Ph (B) drop-cast from chloroform solutions. Data for both as-cast films and the same films 

annealed at 155 °C for 10 min are presented. 

 

30.6 Å (2θ=2.84°), corresponding to stacking of fully stretched C11H23 side-chains 

without interdigitation. On the other hand, only two broad peaks are observed in 

the XRD profile of PDA-Ph (Fig. 2.9), giving a lamellar packing distance of ca. 16 

Å.  

Similar trends are observed in thin films of PDA-CH and PDA-Ph as shown in 

Fig. 2.10. In situ thermochromic absorption studies on thin films of both PDA-CH 

and PDA-Ph, respectively, show very similar profiles in the temperature range of 

0 to 70 °C (Fig. 2.11). Compared with solution data, λmax of as-cast PDA-CH thin 

film red shifts to ca. 475 nm and the shoulder peak at 525 nm becomes more 

pronounced. Three emission peaks (λexc = 460 nm) are observed at 482, 568 and 
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Figure 2.11. UV-Vis absorption spectra of PDA-CH and PDA-Ph thin films drop cast from 

chloroform solutions at various temperatures.

 

610nm. The 482 nm peak blue shifts and decreases in relative intensity, when 

compared with solution emission profiles, and the other two both red shift and 

increase in intensities. After annealing the same film at 155 °C for 10 min, the 525 

nm absorption shoulder peak becomes more resolved, accompanied by a 

decrease in relative intensity of the 482 nm peak as well as slight red shift and 

increase in relative intensities of the peaks at 570 and 615 nm. Raman scattering 

measurements show identical signals at 1525 and 2121 cm-1 for as-cast and 

annealed films. These frequencies are due to respective double and triple bond 

stretches and correspond to red–yellow-chain PDA species.165 Thus, the red-shift 

in emission spectra of annealed film is likely due to conformational change and 

ordering of the side-groups without perturbing significantly the main-chain 

structures and bond orders.166–168 Exact nature of the yellow- and red-chain species 

requires further investigation. 
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As expected, thin films of PDA-Ph show almost identical photophysical 

properties as in solutions (Fig. 2.10 B). λmax blue shifts slightly to 485 nmin as-cast 

film and further to 480 nm in thermal annealed film. Fluorescence profiles in both 

as-cast and annealed films show no difference with those in solutions and identical 

Raman scattering is observed for both films. The observed blue shift in absorption 

is likely due to ordering of the bulky side-groups that leads to conformations 

favoring slightly more twisted main-chain geometries. The double bond stretch of 

PDA-Ph at 1478 cm
-1
 is surprisingly in the range of typical “blue-chain” PDAs.165 

This is likely due to electron delocalization from double bonds to the phenyl side-

groups, thus reducing electron density and bond strengths, causing reduction in 

vibrational frequencies. 

There have been increasing interests in using conjugated polymers for organic 

electronic devices through low-cost high-throughput solution processes.4,169–171 

Existing PDAs have rarely been applied in electronic devices due to limited 

solubility and tunability in electronic properties. Our methodology provides a facile 

way to produce soluble PDAs having different side-groups directly attached to the 

main-chains. For a proof of concept, we have fabricated bulk heterojunction (BHJ) 

organic solar cells using PDA-CH and PDA-Ph, respectively, blended with equal 

weight of phenyl-C61-butyric acid methyl ester (PCBM) as active layers. A 

conventional device structure of ITO/MoO3/active layer/Al is applied and device 

performances are summarized in Fig. 2.12. The best devices are made from PDA-

CH, giving on average a short circuit current (JSC) of 0.44 mA cm
-2
, an open circuit 

voltage (VOC) of 0.6 V, a fill factor (FF) of 35% and a power conversion efficiency 
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(PCE) of 0.09%. Devices made from PDA-Ph showed reduced JSC, thus lower 

PCEs, likely caused by the polymer's amorphous nature. Both polymers out-

 

Figure 2.12. Current-voltage curves of solar cells based on 1:1 (wt:wt) PCBM blends of respective 

PDA-CH and PDA-Ph in dark and under simulated AM 1.5G solar irradiation (100 mW/cm2). 

 

performed, by more than 100-fold, the only previous example of solar cells 

employing PDAs from solid-state polymerization.172 We are currently optimizing cell 

performance and studying charge generation mechanisms in these PDA devices 

in more detail. 

 Conclusion 

In summary, we have developed a versatile methodology for the synthesis of 

soluble and functional PDAs. Physical and electronic properties of the resulting 

polymers can be tuned by careful selection of different side-groups. We are 

currently optimizing the reaction conditions in order to achieve higher molecular 

weight polymers and to gain deeper insights in their structure–property relationship. 

Our findings open up doors for PDAs towards previously less explored areas in 

solution-processed electronic device applications. 
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 NMR spectra of key compounds  
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3 Chapter 3 

Polytriacetylenes Bearing Directly Attached 

Functional Groups with Tunable Physical and 

Electronic Properties 

(Reproduced from Journal of Polymer Science Part A: Polymer Chemistry 2016, 

54,1391–1395, with permission from Wiley-VCH Verlag GmbH & Co. KGaA) 

 

 Introduction 

Conjugated polymers (CPs) have attracted tremendous research interests due 

to tunable physical and electronic properties as well as increasing applications 

inorganic electronic devices including photovoltaics, light emitting diodes and 

sensors.173Among a plethora of examples, polytriacetylenes (PTAs) are a unique 

class of CPs that possess non-aromatic all-carbon backbones and were first 

reported by Diederich and coworkers.174,175 PTAs have exhibited good stability and 

non-linear optical properties, but it is the unusual electronic properties that 

generate the most curiosity. PTAs are considered an intermediate molecular-wire-

like structure transitioning from polyacetylenes (PAs) and polydiacetylene (PDAs) 

towards the still elusive carbon allotrope, carbynes.176,177
 Unlike PAs and PDAs, p-
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electrons on the backbones of PTAs are cylindrical in shape so that PTAs are able 

to maintain similar extents of electronic conjugation even when the mian chain is 

 

Scheme 3.1. PTA Structures and Synthetic Methods

 

severely distorted by rotation due to the steric repulsion of bulky substituents.178,179 

Traditionally, PTAs are prepared through Glaser-Hay type coupling reactions on 

alkylated trans-enediyne (EDY) or doubly substituted tetraalkynylethene 

monomers.141,180–182
 Various functional groups, including alkyl, silyl, aromatic and 

dendritic moieties, have been installed as side-chains of PTAs. However, due to 

the nature of monomers used, these functional groups are exclusively attached to 

the PTA main-chains through alkyl or alkynyl spacers, as illustrated in scheme 3.1 
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(A). Electronic communication between these functional groups, especially 

aromatic ones, and the PTA main-chains is thus expectedly weak due to the non-

conjugated alkyl spacers and reduced conjugation in alkyne spacers. In order to 

more effectively fine-tune the electronic properties of PTAs, including bandgaps 

and HOMO/LUMO energy levels, direct attachment of different aromatic functional 

groups to the double bonds along PTA main-chains, as shown in scheme 3.1(B), 

is highly desirable. Noticeably, Fowler and Lauher et al. have developed solid state 

topological polymerization methods for the synthesis of PTAs from triacetylene (TA) 

monomers,176,183,184
 similar to those applied in PDA synthesis.96,97

 Due to the stringent 

requirements on crystal packing geometries, only a few TA monomers bearing 

substituents containing alkyl spacers and hydrogen bonding units have been 

successfully polymerized. To the best of our knowledge, there have been no 

examples of PTAs having aromatic substituents directly attached to the 

mainchains and a general strategy leading to such desirable structures is lacking. 

  We have recently developed a facile methodology for the preparation of a series 

of substituted EDY monomers containing various aromatic substituents directly 

attached to the double bonds, which have been utilized for the preparation of 

soluble PDAs and metal-segmented PDAs.92,93
 Herein, we report the synthesis and 

characterization of PTAs containing directly attached aromatic substituents from 

our EDY monomers and show that physical and electronic properties of the 

resulting polymers can indeed be modified through the more enhanced main-

chain/side-chain conjugation. For a proof of concept, we started out by preparing 
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PTAs having simple alkyl and phenyl substituents, and the synthetic procedures 

are outlined in scheme 3.1(C). 

 Experimental 

Materials and General Methods   

All reagents and solvents were used as received from Sigma-Aldrich or VWR 

unless otherwise noted. THF was distilled from Na/benzophenone prior to use. 

Anhydrous dichloromethane was obtained by distillation over CaH2 and degassed 

through several freeze-pump-thaw cycles. The 300.13 MHz 1H and 75.48 MHz 13C 

NMR spectra were recorded on a Bruker Avance III Solution 300 spectrometer. All 

solution 1H and 13C NMR spectra were referenced internally to the solvent peaks. 

Size exclusion chromatography (SEC) analyses were performed in chloroform with 

0.5% (v/v) triethylamine (1 mL/min) using a Waters Breeze system equipped with 

a 2707 autosampler, a 1515 isocratic HPLC pump and a 2414 refractive index 

detector. Two styragel columns (Polymer Laboratories; 5 m Mix-C), which were 

kept in a column heater at 35 °C, were used for separation. The columns were 

calibrated with polystyrene standards (Varian). Ultraviolet-Visible (UV-Vis) 

absorption spectra were recorded on a Shimadzu UV-2401 PC spectrometer over 

a wavelength range of 250-900 nm. Fluorescence emission spectra were obtained 

using a Varian Cary Eclipse Fluorometer. Differential scanning calorimetry (DSC) 

measurements were performed on a Mettler Toledo DSC STARe system with ca. 

5 mg sample and at a scan rate of 10 °C / min. The results reported are from the 

second heating cycle. Infrared (IR) spectra were recorded on a Bruker Alpha-P 
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instrument, where powders were used in ATR mode. Raman spectra were 

obtained from a DXR SmartRaman spectrometer over a frequency range of 50.0–

3350 cm-1. 

 

Synthesis of PDA-CH:  To a mixture of EDY-CH (50 mg, 0.13 mmol) and CuBr 

(24 mg, 0.17 mmol) were added 2 mL of 1,2-dichlorobenzene (kept over 4Å 

molecular sieves), phenylacetylene (0.1 mg, 0.001 mmol) and 

tetramethylethylenediamine (0.03 mL, 0.2 mmol). The reaction mixture was stirred 

in air at 80 °C overnight. The resulting viscous solution was precipitated in 

methanol, filtrated and dried under high vacuum to afford 37 mg (74.6%) red waxy 

solid.  

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 0.90, 1.28, 1.58, 2.48. 13C NMR (75.48 

MHz, CDCl3): δ (ppm) = 14.1, 22.7, 28.5, 28.9, 29.4, 29.7, 32.0, 35.1, 84.7, 132.6. 

SEC (CHCl3, 1 mL/min): Mn = 24.4 kDa, Mw = 50.0 kDa, PDI = 2.1.  

 

Synthesis of PDA-Ph0:  To a mixture of EDY-Ph (30 mg, 0.088 mmol) and CuBr 

(20 mg, 0.14 mmol) was added 2 mL of 1,2-dichlorobenzene (kept over 4Å 

molecular sieves), phenylacetylene (0.09 mg, 0.0009 mmol) and 

tetramethylethylenediamine (0.03 ml, 0.2 mmol). The reaction mixture was stirred 

in air at 80 °C overnight. The reaction mixture was precipitated in methanol, 

filtrated and dried under high vacuum to 8 mg red fine powder (26.7%).  

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 1.26, 1.32, 7.18, 7.36, 7.61. SEC (CHCl3, 

1 mL/min): Mn = 2.9 kDa, Mw = 9.5 kDa, PDI = 3.3. 
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Synthesis of PDA-Ph: To a mixture of EDY-Ph (20 mg, 0.059 mmol), Pd(PPh3)4 

(3 mg, 0.0026 mmol), I2 (32 mg, 0.13 mmol) and CuI (28 mg, 0.15 mmol) was added 

1 mL of Et3N and 5 mL of THF in a glovebox under argon. The mixture was stirred 

at r. t. for 12h, and then phenylacetylene (7 mg, 0.069 mmol) was added to the 

reaction mixture, and the reaction was stirred for another 4.5 h. The reaction 

mixture was precipitated in methanol, filtrated and dried under high vacuum to 

afford 15 mg (75.4%) dark purple solid. 

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 1.33, 7.37, 7.66. 13C NMR (75.48 MHz, 

CDCl3): δ (ppm) = 31.3, 34.8, 85.5, 87.2, 125.0, 128.6, 129.9, 134.8, 152.1. SEC 

(CHCl3, 1 mL/min): Mn = 35.2 kDa, Mw = 98.7 kDa, PDI = 2.8. 

 Results and Discussion 

Synthesis of both monomers, EDY-CH and EDY-Ph have been reported 

previously.92 The conventional Glaser-Hay type oxidative acetylenic coupling 

reactions [condition A, Scheme 3.1(C)] were first applied for the synthesis of PDA-

CH. High molecular weight polymers (Mn  = 24.4 kDa, PDI = 2.1) were smoothly 

obtained as a red solid by precipitation into methanol. On the other hand, the 

Glaser-Hay coupling did not satisfactorily lead to well-defined polymers using the 

tert-butylphenyl substituted monomer EDY-Ph. Under such conditions, the 

resulting PDA-Ph0 displays relatively small molecular weight (Mn = 2.9 kDa, PDI = 

3.3) and in the 1H NMR spectrum (Figure 3.1) extra peaks with high intensities can 

be observed, the origin of which is currently unknown. Similar results were
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Figure 3.1. Size exclusion chromatograms of PDA-CH, PDA-Ph and PDA-Ph0 (CHCl3 w/ 0.5% 

NEt3, 1 mL/min, RI detector) and 1H NMR of PDA-Ph0.

 

obtained even by extensively optimizing the reaction conditions including 

temperature, catalyst loading and concentration. We do not fully understand the 

causes of such reactivity differences and it is possible that the direct attachment 

of phenyl substituents changes the reactivity/stability of the EDY intermediates 

containing acetylenic radicals, leading to undesired side reactions. We thus turned 

into the palladium catalyzed oxidative coupling reactions [condition B, Scheme 

3.1(C)].185 In the presence of catalytic amount of Pd(PPh3)4 and excess of CuI and 

I2 in mixture solvents of THF and triethylamine, PDA-Ph was obtained with high 

molecular weight (Mn = 35.2 kDa, PDI = 2.8) in high yields as a dark purple solid. 

Size exclusion chromatograms (SEC) of both PDA-CH and PDA-Ph show single 

broad peaks (Fig. 3.1), which is typical for step-growth polymerizations.  Structures 

of both polymers were first analyzed by NMR spectroscopy and the results are 

summarized in Figure 3.2. Upon polymerization, 1H NMR signals become broad in 

both cases, which is commonly observed in polymers. The 13C signals of EDY-CH 

at 128.6 ppm for the double bond carbons and 93.6/79.2 ppm for the triple bond 

carbons shift to 132.6 ppm and merge into one broad peak at 84.7 ppm,
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Figure 3.2.13C NMR (CDCl3) spectra (sp2 and sp carbon regions) of EDY monomers and PTAs. 

 

respectively, in PDA-CH. As for PDA-Ph, while signals from the phenyl 

substituents do not show significant changes from monomer to polymer, the double 

bond signal experiences a large downfield shift from 127.1 to 129.7 ppm and the 

two triple bond carbon signals at 94.5 and 81.0 ppm become much closer at 86.8 

and 85.4 ppm. These observations strongly suggest the formation of PTA polymers 

having symmetrically substituted double bonds as expected. Raman and IR 

spectroscopies were used as complementary methods for the confirmation of the 

proposed PTA structures. As illustrated in Figure 3.3A, both EDY monomers and 

PTAs display two major groups of signals in the Raman spectra, with peaks 

between 1400 cm-1
 and 1600 cm-1

 assigned to double bond stretching modes and 

those between 2000 cm-1
 and 2200 cm-1 assigned to triple bond stretching modes, 

respectively. These values are consistent with reported double bond and triple 
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Figure 3.3. Raman (A) and IR (B) spectra of powders of EDY-CH, EDY-Ph, PDA-CH and PDA-Ph.

bond stretches of conjugated eneyne small molecules and polymers. 92,165
 A general 

trend is that upon polymerization, signals from the double bond stretching modes 

are redshifted while those from the triple bond stretching modes are blue-shifted. 

This observation indicates that the electron densities on the double bonds are 

smaller in the PTAs than in the monomers due to enhanced conjugation and 

delocalization along the polymer main-chains and correspondingly, the electron 

densities on the triple bonds become relatively increased. It is also noticeable that 

these stretching frequencies are smaller in PDA-Ph than those in PDA-CH, which 

can be explained by reduced electron densities on the polymer main-chains of 

PDA-Ph due to delocalization to the directly attached phenyl substituents. Also 

clearly observed in the IR spectra (Fig. 3.3 B), the peaks around 3300 cm-1, 

belonging to the terminal acetylenic C-H stretching modes from both EDY 

monomers, completely disappeared upon polymerization, strongly suggesting the 

consumption of the monomers and successful polymerization into PTAs.
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Figure 3.4. Differential scanning calorimetry (DSC) histograms of PDA-CH and PDA-Ph; 2nd 

heating curves, 10 °C/min.

 

We expect different physical properties between PDA-CH and PDA-Ph due to 

the size and rigidity differences between the linear flexible n-undecyl side-chains 

and bulky rigid 4-tertbutylphenyl substituents, respectively. Indeed, PDA-CH is 

soluble in a variety of organic solvents including THF, chlorobenzene, chloroform 

and even partially soluble in hexanes. On the other hand, PDA-Ph can only be 

solubilized in chloroform and chlorobenzene. DSC measurements (Fig. 3.4) shows 

a glass transition temperature (Tg) at ca. 50 °C and a melting transition peaking at 

ca. 190 °C for PDA-CH, suggesting certain degrees of crystallinity of this polymer. 

On the contrary, no obvious thermal transitions can be found for PDA-Ph, 

indicating its amorphous nature that is likely caused by inefficient packing from the 

bulky and rigid 4-tert-butylphenyl side-chains. 

  Electronic properties of these polymers were studied by UV-vis absorption and 

fluorescence spectroscopy (Fig. 3.5), as well as by cyclic voltammetry (CV, Fig 

3.6), and the results are summarized in Table 3.1. In dilute CHCl3 solutions, PDA-

CH displays a λmax at 440 nm and an emission peak λem at 494 nm while PDA-Ph
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Figure 3.5. UV-Vis absorption and fluorescence emission spectra of (A) solutions (2.0×10-5 M, r.p. 

units, in CHCl3) and (B) thin films of PDA-CH and PDA-Ph.                 

 

  

Figure 3.6. Cyclic voltammograms of PDA-CH and PDA-Ph in CHCl3 solutions (1 mM) and thin 

films using Bu4NPF6 as the supporting electrolytes (0.1 M). The voltages are referenced externally 

to ferrocene (Fc) redox couple. Scan rate: 100 mV/s 

  

has a λmax at 493 nm and λem at 565 nm. From the absorption onsets, optical 

bandgaps are calculated to be 2.3 and 2.1 eV for PDA-CH and PDA-Ph, 

respectively. The smaller bandgap and red-shifted absorption and emission 

observed in PDA-Ph can be explained by the electronic contribution from the 
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directly attached phenyl substituents, as confirmed by CV for PDA-CH and PDA-

Ph, the difference between which matches well with the difference between the  

 

Table 3.1. Summaries of electronic properties of PDA-CH and PDA-Ph. 

a. Absorption maximum in CHCl3 solution (ca. 10-5 M), thin film date in parentheses. b. Absorption edge in CHCl3 solution 

(ca. 10-5 M), thin film date in parentheses. c. Emission maximum in CHCl3 solution (ca. 10-5 M), thin film date in parentheses. 

Exited at absorption maximum. d. Emission quantum yield in CHCl3 solution. e. Estimated from the onset of the absorption, 

thin film date in parentheses. f. Obtained from the electrochemical oxidation onset in CHCl3 solution, thin film date in 

parentheses. g. Obtained from the difference of the optical bandgap and HOMO, thin film date in parentheses.

 

optical bandgaps. Thus, the direct attachment of phenyl groups mostly raises the 

HOMO energy levels without perturbing the LUMO levels of the PTA polymers, 

which is understandable since the LUMO level is expected to reside mainly on the 

more electron deficient triple bonds along the main-chains. Fluorescence quantum 

yields of PDA-CH and PDA-Ph were determined to be 1.4% and 0.1% in 

chloroform solution, respectively, using quinine bisulfate as the standard. The 

quantum yields of these PTAs are significantly higher than identically substituted 

PDAs,92 while the phenyl substituted polymers consistently have lower quantum 

yields than the alkylated ones. Upon casting into thin films, both PDA-CH and 

PDA-Ph experienced large red-shifts in both absorption and emission spectra as 

shown in Figure 3.5B. The absorption profile of PDA-CH is significantly more 

structured than that of PDA-Ph, which indicates more crystalline structures in 

PDA-CH and is consistent with the DSC results. 
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PDAs with proper side-chain substitutions are well-known to undergo 

thermochromic and solvatochromic transitions. We did not observe significant 

thermochromisms in our newly prepared PTAs in both powder and thin film forms, 

but did observe apparent solvatochromism as shown in Figures 3.7 and 3.8. By

  
Figure 3.7. UV-vis absorption (A) and emission (B) spectra of PDA-CH in CHCl3 solutions (10-5M 

repeat units) with gradual additions of methanol (percentages by volume).  

 

 

Figure 3.8. UV-vis absorption (A) and emission (B) spectra of PDA-Ph in CHCl3 solutions (10-5 M 

repeat units) with gradual additions of methanol (percentages by volume).

 

gradual additions of methanol, a poor solvent for both PTAs, new vibronic features 

at 508 nm for PDA-CH and 585 nm for PDA-Ph become increasingly apparent 

until the volume fractions of methanol reach ca. 30% when the polymers start to 

precipitate. Noticeably, the feature at 585 nm for PDA-Ph (Fig. 3.8A) induced by 

methanol addition is more pronounced than that from the thin films (Fig. 3.5 B), 

indicating more ordered aggregation of PDA-Ph by slow additions of a poor solvent. 
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Meanwhile, with the additions of methanol, emission spectra of both PTAs become 

more structured and red-shifted, similar to those observed in the transitions from 

solutions to thin films.

 

Figure 3.9. Fluorescence spectra of poly(3-hexylthiophene) (P3HT) solutions (1.0×10-5 M, r.p. units, 

in CHCl3) excited at 433 nm with gradual additions of (A) PDA-CH and (B) PDA-Ph at different 

molar ratios (r.p. units).

 

We next explored the possibilities of applying the PTAs in organic electronic 

devices by performing fluorescence quenching experiments on poly(3-

hexylthiophene) (P3HT) using PTACH and PDA-Ph. P3HT is the most studied CP 

in organic photovoltaic (OPV) devices that have been considered promising 

candidates as portable, light weight and low cost alternative energy 

sources.186,187The most efficient CP based OPVs involve blending of a CP and a 

fullerene derivative, as the electron acceptor, to form the so-called bulk 

heterojunction (BHJ).188 However, fullerenes are generally expensive and do not 

absorb light strongly. Thus, alternative electron acceptors are greatly sought after, 
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among which polymers capable of accepting and conducting electrons are 

promising due to their better film forming ability than small molecules.189 

 

 
Figure 3.10. Stern-Volmer plots of P3HT fluorescence quenching in solutions using PDA-CH and 

PDA-Ph and their linear fits for quenching constants calculation.

 

PTAs possess electron deficient triple bonds along the polymer backbone and the 

cylindrical orbital shapes can promote enhanced electron delocalization and 

conduction.  As a first step, we studied P3HT fluorescence quenching behaviors 

using PTAs in dilute solutions to assess the feasibility of electron transfer reactions 

between the polymers and the results are shown in Fig. 3.9. The concentrations of 

P3HT are kept low (1 × 10-5 M) so that the maximum absorbance is less than 0.1 

and aliquots of concentrated PTA solutions (1 × 10-5 M) were added gradually. This 

ensures that any fluorescence changes observed are not caused by concentration 

changes or competing absorption between the polymers. Both PDA-CH and PDA-

Ph quench the fluorescence of P3HT significantly. A 4-fold decrease in P3HT 

emission intensity was observed when 2 eq. of PDA-CH was added, accompanied 

by increased intensities of PDA-CH emission at ca. 500 nm. In the case of PDA-
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Ph, ca. 50% of emission intensity was quenched when 2 eq. of the quencher was 

added, while due to the very weak emission of PDA-Ph that is overlapped with the 

emission of P3HT, fluorescence of PDA-Ph was not detected. We assign such 

quenching behaviors to electron transfer since the emission of P3HT has little 

overlaps with the absorption of both PTAs in dilute solutions, which excludes the 

possibility of resonance energy transfer. From the Stern-Volmer plots (Fig. 3.10), 

the quenching constants for PDA-CH and PDA-Ph are respectively 1.4 × 105 M-1 

and 4.9 × 104 M-1. Based on the similar LUMO levels for both PTAs, the smaller 

quenching constant for PDA-Ph is likely caused by the bulky phenyl side-chains 

that increase contact distances between the two polymers and make short-ranged 

electron transfer reaction more difficult. 

 Conclusion 

In summary, we have successfully prepared PTA polymers having directly 

attached aromatic substituents. Our methodology allows facile tuning of physical 

and electronic properties of PTAs by installing electronically distinct moieties 

directly onto the main-chains, which has been hardly achievable using previously 

established methods. Emission quenching of a prototypical CP used in OPV 

devices, P3HT, has been observed by these PTAs, most likely through electron 

transfer reactions. These observations suggest possible applications of functional 

PTAs in organic electronic devices, which is currently under investigation. 
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 NMR spectra of key compounds  
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4 Chapter 4 

Platinum-Segmented Polydiacetylenes 

(Reproduced from Journal of Polymer Science Part A: Polymer Chemistry 2014, 

52, 2662–2668, with permission from Wiley-VCH Verlag GmbH & Co. KGaA) 

 

 Introduction 

Among an overwhelmingly large amount of examples, polydiacetylenes (PDAs, 

Scheme 4.1 A) represent one of the prototypical and unique classes of CPs since 

the initial discovery in 1969.95 PDAs are considered quasi one-dimensional 

semiconductors having macroscopic long-range coherence and anisotropy, which 

undergo intriguing optical changes among blue, red and yellow phases upon 

exposure to external stimuli.96,97,100,101,104–108 PDAs have found applications in non-

linear optics,109,110,190–192 organic conductors111,112 and most widely, as sensory 

materials.113–115 However, PDAs have rarely been applied in solution processed 

organic electronic devices. Stringent geometrical requirements during the 

commonly applied topochemical solid-state synthesis severely limit structural 

variations of substituents directly attached the polymer backbone.96,116,117 Electronic 

properties of resulting PDAs are thus difficult to modify through substituent 

variation and the polymers usually have limited solubility, making integration of 

these materials into solution-fabricated electronic devices challenging. We have 
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Scheme 4.1. Overview 

 

recently developed a facile synthetic route towards functionalized enediyne (EDY, 

Scheme 4.1 B) molecules.92 Following methylation of the terminal alkynes, PDAs 

having directly attached aromatic groups and tunable electronic properties were 

obtained via a novel acyclic enediyne metathesis polymerization technique. 

Incorporation of transition metals into CP frameworks is another intriguing strategy 

to adjust polymer electronic features and result in properties characteristic to 

metals.193–200 Platinum containing CPs are a commonly encountered class of such 

metal incorporated polymers, which have been applied frequently in organic 

photovoltaics (OPVs).201–214 Typical Pt containing polymers have the Type I 

structures shown in Scheme 4.1C, in which the organic chromophores feature 

several electron-rich and -poor aromatic moieties connected in series along the 

main chain direction.215–221 In such donor-acceptor design, chromophores typically 

contain several aromatic rings side-by-side and are relatively long. The increased 

chromophore length can potentially dilute Pt induced spin-orbit coupling effects 
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and lower triplet generation yields that have been considered beneficial for OPV 

operations. 222–227 For this regard, the Type II structure shown in Scheme 4.1 can 

be especially interesting, in which chromophores are connected through the short 

axis and the distance between chromophore and Pt centers is greatly reduced. 

Such structural motif has yet to be studied in detail for Pt containing CPs. 

We report herein the synthesis and characterization of a series of Pt segmented 

PDAs (Pt-PDAs) as shown in Scheme 4.1D. These structures can be considered 

PDAs having every other double bond replaced with a Pt center. The remaining 

double bonds bear two functional groups that are fully conjugated with each other 

and with the main-chain, leading to the Type II structure discussed above. Impacts 

on polymer properties and OPV device performance with such structural design, 

i.e. Pt incorporation and chromophore conjugation perpendicular to polymer main-

chain, are studied in detail. 

 Experimental 

Materials and General Methods  

All reagents and solvents were used as received from Sigma- Aldrich or VWR 

unless otherwise noted. Phenyl-C61-butyric acid methyl ester (PCBM, >99.5%) 

was purchased from American Dye Source. 

Triisopropyl((trimethylsilyl)ethynyl)silane (M1) was synthesized as described 

previously.145 THF was distilled from Na/benzophenone before use. Anhydrous 

dichloromethane was obtained by distillation over CaH2 and degassed through 

several freeze-pump-thaw cycles. The 300.13 MHz 1H, 75.48 MHz 13C NMR, and 
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121.5 MHz 31P NMR spectra were recorded on a Bruker Avance III Solution 300 

spectrometer. All solution 1H and 13C NMR spectra were referenced internally to the 

tetramethylsilane peaks. Size exclusion chromatography (SEC) analyses were 

performed in chloroform with 0.5% (v/v) triethylamine (1 mL/min) using a Waters 

Breeze system equipped with a 2707 autosampler, a 1515 isocratic HPLC pump, 

and a 2414 refractive index detector. Two styragel columns (Polymer Laboratories; 

5 µm Mix-C), which were kept in a column heater at 35 _C, were used for separation. 

The columns were calibrated with polystyrene standards (Varian). Ultraviolet–

visible (UV–vis) absorption spectra were recorded on a Shimadzu UV-2401 PC 

spectrometer over a wavelength range of 250–800 nm. Fluorescence emission 

spectra were obtained using a Varian Cary Eclipse Fluorometer. Differential 

scanning calorimetry (DSC) measurements were performed on a Mettler Toledo 

DSC STARe system with about 5–10 mg sample and at a scan rate of 10 °C/min. 

The results reported are from the second heating cycle. Cyclic Voltammetry was 

performed at 25 °C on a CH Instrument CHI604xD electrochemical analyzer using 

a glassy carbon working electrode, a platinum wire counter electrode and a 

Ag/AgCl reference electrode calibrated using ferrocene redox couple (4.8 eV 

below vacuum). 

 

Solar Cell Fabrication and Testing  

ITO-coated glass substrates (China Shenzhen Southern Glass Display. Ltd, 8 Ω/☐) 

were cleaned by ultrasonication sequentially in detergent, DI water, acetone and 

isopropyl alcohol, each for 15 min followed by UV-ozone treatment (PSD Series, 
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Novascan) for 45 min. MoO3 (10 nm) was deposited inside a glovebox integrated 

Angstrom Engineering Åmod deposition system at a base vacuum level < 7 × 10-8 

Torr. Polymer/PCBM blend solutions were then spun-cast at predetermined 

speeds using a glovebox integrated spin coater (Special Coating Systems, SCS-

G3). Al (100 nm) was lastly thermally evaporated through patterned shadow masks. 

Current−voltage (I−V) characteristics were measured by a Keithley 2400 source-

measuring unit under simulated AM1.5G irradiation (100 mW/cm−2) generated by 

a Xe arc-lamp based Newport 67005 150-W solar simulator equipped with an 

AM1.5G filter (Newport). The light intensity was calibrated using a Newport 

thermopile detector (model 818P-010-12) equipped with a Newport 1916-C Optical 

Power Meter. 

 

1-(thiophen-2-yl)-3-(triisopropylsilyl)prop-2-yn-1-one (M2): To a suspension of 

AlCl3 (7.36 g, 55.2 mmol) in 200 mL hexanes was added 

triisopropyl((trimethylsilyl)ethynyl)silane (11.72 g, 46.0 mmol) and thiophene-2-

carbonyl chloride (6.95 g, 47.4 mmol) at 0 °C. After stirring for 45 min at 0 °C and 

3 h at room temperature, the reaction was quenched with water and ice mixture. 

The reaction mixture was extracted with hexanes twice. The organic phase was 

combined, washed with saturated NaHCO3 solution and saturated brine, dried with 

anhydrous Na2SO4. After removal of solvents, the crude product was recrystallized 

in methanol at −20 °C to afford M2 as a light yellow solid (12.2 g, 90.1%). 

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 1.12-1.34 (m, 21H), 7.16 (dd, 1H, J3
HH = 

4.8 and 3.6 Hz), 7.70 (d, 1H, J3
HH = 4.8 Hz), 7.94 (d, 1H, J3

HH = 3.6 Hz). 13C NMR 
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(75.48 MHz, CDCl3): δ (ppm) = 10.1, 18.4, 96.3, 102.5, 128.3, 134.8, 135.1, 144.8, 

169.0. 

 

(E)-(3,4-di(thiophen-2-yl)hexa-3-en-1,5-diyne-1,6-diyl) bis(triisopropylsilane) 

(M3): To a suspension of zinc powder (5.10 g, 78.0 mmol) in 300 mL dry THF was 

added TiCl4 (4.22 mL, 38.9 mmol) drop wise at 0 °C under nitrogen. The mixture 

was heated to reflux for 5 h till a dark solution was obtained, and then cooled down 

to 0 °C. Compound M2 (7.50 g, 25.7 mmol) and pyridine (2.50 mL, 28.3 mmol) was 

added through a degassed syringe and the reaction mixture was refluxed for 

another 24 h. The reaction was quenched with saturated sodium bicarbonate, 

extracted with ethyl ether twice. The combined organic phase was washed with 

saturated brine and dried with anhydrous Na2SO4. Compound M3 was 

recrystallized in hexane and ethanol at −20 °C as a light brown solid (3.50 g, 

49.3%).  

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 1.11-1.23 (m, 42H), 7.00 (dd, 2H, J3
HH = 

and 3.9 Hz), 7.31 (d, 2H, J3
HH = 5.1 Hz), 8.00 (d, 2H, J3

HH = 3.9 Hz). 13C NMR (75.48 

MHz, CDCl3): δ (ppm) = 11.4, 18.7, 106.2, 106.4, 118.8, 126.5, 126.8, 129.3, 142.2. 

 

(E)-1,1'-(5,5'-(1,6-bis(triisopropylsilyl)hexa-3-en-1,5-diyne-3,4-

diyl)bis(thiophene-5,2-diyl))bis(dodecan-1-one) (M4):  To a suspension of AlCl3 

(0.600 g, 4.50 mmol) in 20 mL dry dichloromethane was added dodecanoyl 

chloride (1.29 mL, 5.40 mmol) and compound M3 (1.01 g, 1.81 mmol) at 0 °C. After 

stirring for 45 min at 0 °C and 12 h at room temperature, the reaction was quenched 
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with water and ice mixture, extracted with hexanes twice. The organic layer was 

combined, washed with saturated NaHCO3 solution, saturated brine and dried with 

anhydrous Na2SO4. Compound M4 was passed through a silica gel column (eluent 

CH2Cl2) and then recrystallized in hexane at −20 °C as a red solid (0.83 g, 50.0%).  

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 0.88 (t, 6H, J3
HH = 6.6 Hz), 1.11-1.24 (m, 

42H), 1.26-1.33 (m, 32H), 1.72 (m, 4H), 2.86 (t, 4H, J3
HH = 7.5 Hz), 7.62 (d, 2H, J3

HH 

= 3.9 Hz), 7.96 (d, 2H, J3
HH = 3.9 Hz). 13C NMR (75.48 MHz, CDCl3): δ (ppm) = 11.3, 

14.1, 18.7, 22.7, 24.8, 29.3, 29.4, 29.5, 29.6, 31.9, 39.6, 104.7, 110.5, 120.4, 130.6, 

130.9, 144.0, 148.6, 193.5. 

 

(E)-1,1’-(5,5’-(hexa-3-en-1,5-diyne-3,4-diyl)bis(thiophene-5,2-

diyl))bis(dodecan-1-one) (EDY-Th). To a solution of M4 (2.00 g, 2.20 mmol) in 

40 mL THF was added tetrabutylammonium fluoride (1M in THF, 8.80 mL, 8.80 

mmol) and 1 mL water. The mixture was stirred overnight at room temperature. 

The reaction mixture was then extracted with ethyl ether twice, washed with 

saturated brine and dried over anhydrous Na2SO4. After removal of solvent, the 

crude product was passed through a silica gel column (eluent CH2Cl2) and then 

recrystallized in hexane and chloroform at −20 °C to afford EDY-Th as a yellow 

powder (1.10 g, 83.3%). 

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 0.88 (t, 6H, J3
HH = 6.6Hz), 1.26-1.33 (m, 

32H), 1.72 (m, 4H), 2.89 (t, 4H, J3
HH = 7.5 Hz), 4.07 (s, 2H), 7.62 (d, 2H, J3

HH = 4.2 

Hz), 7.88 (d, 2H, J3
HH = 4.2 Hz). 13C NMR (75.48 MHz, CDCl3): δ (ppm) = 14.1, 22.7, 
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24.8, 29.3, 29.4, 29.5, 29.6, 31.9, 39.4, 81.8, 93.7, 120.5, 130.7, 131.6, 144.7, 

147.4, 193.9. 

 

General procedure for the synthesis of Pt-PDAs using Pt-PDA-CH as a 

representative. 

The reaction was set up in a glovebox under Argon. To a solution of 0.20 mmol 

EDY-CH monomer and 0.20 mmol trans-Pt(PEt3)2Cl2 was added 19 mg CuI (0.10 

mmol), 10 mL dry CH2Cl2 and 3 mL dry triethylamine. After stirring at room 

temperature for 24 h under argon, the reaction was quenched by exposing to air. 

The reaction mixture was concentrated to ca. 0.7 mL, and then added dropwise to 

30 mL methanol for precipitation. The polymers were collected by filtration, washed 

with methanol and dried under high vacuum. 

 

Pt-PDA-CH was isolated as a yellow waxy solid (80 mg, 82.9 %). 

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 0.88, 1.09-1.17, 1.25, 1.51, 2.07, 2.38. 

13C NMR (75.48 MHz, CDCl3): δ (ppm) = 8.26, 14.1, 15.9, 16.1, 16.3, 22.7, 29.4, 

29.7, 29.8, 29.9, 30.1, 31.9, 36.7, 127.1. 31P NMR (121.5 MHz, CDCl3): δ (ppm) 

=12.20 (JP–Pt = 2425 Hz). SEC (CHCl3, 1 mL/min): Mn = 11.9 kDa, Mw = 23.8 KDa, 

PDI = 2.0. 

 

Pt-PDA-Ph was isolated as a yellow powder (20 mg, 88.5 %).  

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 0.74, 0.92, 1.25, 1.44, 1.72-1.83. 13C NMR 

(75.48 MHz, CDCl3): δ (ppm) = 8.2, 15.7, 31.4, 34.4, 123.7, 128.9.  31P NMR (121.5 
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MHz, CDCl3): δ (ppm) = 11.96 (JP–Pt = 2349 Hz). SEC (CHCl3, 1 mL/min): Mn =12.3 

kDa, Mw = 22.1 kDa, PDI = 1.8. 

 

Pt-PDA-Th was isolated as a red powder (34 mg, 95.0 %).  

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 0.87, 1.19-1.26, 1.78, 2.12, 2.91, 7.68, 

8.43. 13C NMR (75.48 MHz, CDCl3): δ (ppm) = 8.5, 14.1, 16.1, 16.3, 16.6, 22.7, 

25.2, 29.4, 29.6, 29.7, 31.9, 39.4, 131.4, 141.6, 154.7, 193.8.  31P NMR (121.5 MHz, 

CDCl3): δ (ppm) =12.56 (JP–Pt = 2341 Hz). SEC (CHCl3, 1 mL/min): Mn =13.1 kDa, 

Mw = 27.6 kDa, PDI = 2.1. 

 Results and Discussion 

Synthesis of EDY monomers and Pt-PDA polymers are summarized in Scheme 

4.2. Preparation of EDY-CH and EDY-Ph was described previously92
 and EDY-Th 

was synthesized similarly from commercially available thiophene-2-carbonyl 

chloride. In order to impart good solubility to resulting polymers, long alkyl side 

chains are the most commonly applied strategy. Attempts to install linear alkyl 

substituents at the 5-thienyl positions of M3, including lithiation followed by SN2 

reaction with alkyl halides and halogenation followed by cross-coupling with alkyl 

Grignard reagents, failed to generate the desired products. Instead, acylation 

under Friedel–Crafts conditions led smoothly to M4 that was easily converted to 

EDY-Th via desilylation.  Polymerization was conducted by combining these EDY 

monomers with equimolar trans-Pt(PEt3)2Cl2, respectively, in the presence of CuI 

and NEt3 in CH2Cl2, which led to corresponding Pt-PDAs in high yields. 
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Scheme 4.2.  Synthesis of Monomers and Polymers.

 

The polymers were purified by precipitation into and extraction with methanol, and 

were extensively dried under high vacuum. New reaction intermediates and 

resulting polymers were fully characterized by NMR spectroscopy, which supports 

proposed structures and matches those of related compounds reported 

previously.228,92
 Molecular weights of the Pt-PDA polymers were estimated by SEC 

against polystyrene standards. All three polymers showed mono-modal profiles 
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Figure 4.1. Size exclusion chromatograms (SEC) of Pt-PDA-CH, Pt-PDA-Ph and Pt-PDA-Th 

(CHCl3 w/ 0.5% NEt3 as eluent, 35 °C, 1 mL/min, RI detector).

 

 (Fig. 4.1) and similar Mn’s of 11.9, 12.3 and 13.1 kDa were obtained for Pt-PDA-

CH, Pt-PDA-Ph, and Pt-PDA-Th, respectively. Similar polydispersity indexes 

(PDIs) of about 2 were obtained for the polymers, which is typical of stepwise 

polymerization processes. These Pt-PDAs are readily soluble in various organic 

solvents including CHCl3, toluene, chlorobenzene and THF, and so forth. Pt-PDA-

CH appears as a yellow wax and is even soluble in hexanes, likely due to the long 

undecyl side chains and the absence of any rigid aromatic groups. Both Pt-PDA-

Ph and Pt-PDA-Th exist as solids, the former being yellow while the latter being 

red. Such apparently different solid state properties were probed in more detail by 

DSC measurements (Fig. 4.2). A melting transition ranging from 20 to 40 °C was 

observed for Pt-PDA-CH, which is likely due to side chain melting when 

considering the melting point of docosane (n-C22H46) at about 40 °C. No 

endotherms could be observed for Pt-PDA-Ph from 230 to 250 °C and large, 

irreversible exothermic transitions appeared above about 170 °C, possibly due to
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Figure 4.2. Differential scanning calorimetry (DSC) histograms of Pt-PDA-CH, Pt-PDA-Ph and Pt-

PDA-Th (5–10 mg, 10 °C/min, 2nd heating curve, exotherm up).  

 

 

Table 4.1. Electronic Properties and OPV Device Parameters of Pt-PDAs.  
 a CHCl3 solutions (ca. 10−5 M), thin film data in parentheses; b excited at λmax, CHCl3 solutions 
(ca. 10−5 M), thin film data in parentheses; c optical bandgap estimated from absorption edge, 
thin film data in parentheses; d estimated from oxidation onset in CH2Cl2 solution; e obtained 
from the difference between HOMO and optical bandgap in solution; f average of five devices; 
g not tested, see text.
 

polymer decomposition. Significant steric hindrance originated from bulky tert-

butylphenyl and triethylphosphine substituents likely explains the amorphous 

nature and poor stability of the polymer. On the other hand, Pt-PDA-Th, bearing 

smaller and more planar acyl thienyl side groups, has a melting transition at 154-

169 °C, indicating enhanced crystallinity. Optical properties of the Pt-PDAs are 

evaluated by absorption and emission spectroscopy in both dilute CHCl3 solutions 

and as thin films. The results are summarized in Table 4.1 and Figure 4.3, and 

absorption and emission spectra of corresponding EDY monomers are shown in  
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Figure 4.3. Absorption and emission spectra of Pt-PDA-CH, Pt-PDA-Ph and Pt-PDA-Th in air-free 

CHCl3 solutions (10−5 M repeating units, solid lines) and thin films spun cast from CHCl3 solutions 

(ca. 1 mg/mL) onto commercial ITO/glass substrates (dashed lines). 

 

 

Figure 4.4. Absorption and emission spectra of EDY-CH, EDY-Ph and EDY-Th in CHCl3 (ca. 10−5 

M). 
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Figure 4.4. As seen in Figure 4.3, optical properties of Pt-PDAs are clearly tunable 

by variation of functional groups directly attached to the main chain double bonds. 

Both absorption and emission maxima red shift to longer wavelengths through 

replacing alkyl substituents with aromatic groups. The red-shift is more 

pronounced in Pt-PDA-Th due to the less aromatic, and thus more delocalized, 

thiophene moieties and electron withdrawing carbonyl groups. Such effect is 

further confirmed by cyclic voltammetry as shown in Figure 4.5. All three polymers 

showed multiple irreversible oxidation events and two common oxidation peaks 

having onsets at about 1.05 and 1.34 V (against Ag/AgCl reference electrode) are 

observed for all polymers. These are ascribed to stepwise two-electron oxidations 

at the platinum centers, consistent with previous literature reports.229
 As expected, 

the first oxidation potentials are different due to the various extent of side chain 

conjugation in these polymers, which can be conveniently used to estimate the 

polymers’ HOMO energy levels. While both Pt-PDA-CH and Pt-PDA-Ph have 

similar HOMO energy levels at about -4.8 eV, Pt-PDA-Th has a deeper lying 

HOMO level at about -5.2 eV. No reduction events could be observed for all three 

polymers within the experimental electrochemical window and the LUMO levels 

were thus estimated from the optical bandgaps (Table 4.1). Pt-PDA-CH exhibits 

structureless absorption and emission profiles while clear vibronic structures could 

be observed in the case of Pt-PDA-Th. Only slight red-shift can be observed in 

both absorption and emission profiles of Pt-PDA-Ph and Pt-PDA-Th compared 

with corresponding solution spectra, indicating an overall amorphous nature that 

has been observed in most other Pt-containing polymers. Interestingly, an 8-nm 
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Figure 4.5. Cyclic Voltammograms of Pt-PDA-CH, Pt-PDA-Ph and Pt-PDA-Th (10 mM in CH2Cl2) 

externally referenced to ferrocene redox couple (0.1 M Bu4NPF6 as supporting electrolytes, 100 

mV/s scan rate).

 

blue-shift is observed in the thin film absorption of Pt-PDA-CH, which is possibly 

due to side chain entanglement leading to main chain twist and reduction in 

conjugation lengths. Emissions of all three polymers are likely fluorescence in 

nature since relatively small Stoke’s shifts and no emission intensity difference 

could be observed both in degassed and aerated solutions. Fluorescence quantum 

efficiencies are estimated against anthracene standards to be about 0.02, 0.2, and 

0.03% for Pt-PDA-CH, Pt-PDA-Ph, and Pt-PDA-Th, respectively. Similarly, no 

fluorescence could be observed for EDY-CH while both EDY-Ph (0.13%) and 

EDY-Th (0.15%) have very low quantum efficiencies. There is thus likely an 

intrinsic ultra-fast excited state deactivation pathway other than Pt induced 

intersystem crossing in these EDY monomers and corresponding Pt-PDA 

polymers, which could be similar in nature as the dark states in blue-phase PDAs.97
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Figure 4.6. Representative current density–voltage (I–V) curves of solar cell devices employing Pt-

PDA-Ph and Pt-PDA-Th both in dark and under simulated AM1.5 G irradiation (100 mW/cm2).

 

To further explore the possibility of applying these Pt-PDAs in solution 

processed electronic devices, bulk heterojunction (BHJ) OPVs were fabricated 

using these polymers and phenyl-C61-butyric acid methyl ester (PCBM) as the 

electron acceptor. All devices adopt the basic structure ITO/MoO3 (10 nm)/actively 

layer (100 nm)/Al (100 nm) and the active layer contains Pt-PDA and PCBM in a 

1/2 ratio by weight. We have also experimented using the commonly applied 

PEDOT: PSS as the anode interfacial layer while keeping other fabrication 

parameters constant. All devices under test showed very low efficiencies that are 

strongly limited by reduced open circuit voltage (Voc) values at 0.4 V for Pt-PDA-

Ph and 0.14 V for Pt-PDA-Th, respectively. Such low Voc values indicate non-

Ohmic contacts between the anode and the active layer, as well as possible 

current leakage by using PEDOT: PSS, which is consistent with our previous 
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observations in OPVs employing similar Pt-containing polymers.228 14 Devices 

were tested under as-cast conditions since thermal annealing was found to 

degrade performance significantly. Due to the low melting point and waxy nature 

of Pt-PDA-CH, no satisfactory blend films could be obtained and photovoltaic 

effects could not be observed. On the other hand, devices made from Pt-PDA-Ph 

and Pt-PDA-Th gave average power conversion efficiencies (PCEs) of 0.15% and 

0.26% (Table 4.1, Figure 4.6), respectively. The latter showed a 0.14 V higher 

open circuit voltage (VOC), which correlates well with the deeper lying HOMO level 

of Pt-PDA-Th. OPVs of both polymers suffer greatly from low short circuit currents 

(JSC) and fill factors (FFs), which can be resulted from large bandgaps, amorphous 

nature and short-lived excitons. We are currently optimizing these devices and 

studying the charge generation mechanisms in more detail. 

 Conclusion 

In summary, we have successfully prepared a novel series of platinum segmented 

polydiacetylenes that bear conjugated side groups directly attached to the polymer 

main chains. Physical and electronic properties of resulting polymers can be 

systematically tuned through variation of the side groups and substituents. With 

proper selection of conjugated side chains, such Pt-PDA structural design can lead 

to polymers having interesting optical and electronic properties, and potentially 

finding applications in organic electronic devices including OPVs. 



67 

 

 NMR spectra of key compounds 
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5 Chapter 5 

Boron Doped Polyacetylenes 

(Manuscript in preparation) 

 Introduction 

 

Among a large library of CPs, main-chain organoboron CPs230–232 are a class of 

materials that incorporate tricoordinate borane into the main chain of CPs and 

display intriguing optical and electronic properties result from the interplay of empty 

p-orbital and π conjugated moieties. In particular, these conjugated materials are 

highly emissive with high quantum yields and possess nonlinear optical behavior, 

enabling their applications as optoelectronics such as OLEDs and nonlinear optical 

devices.29,31,233,234 The empty p-orbital of boron centers in the CPs can bind with 

certain Lewis base such as F-, CN- and certain amines, and therefore makes them 

attractive candidates for detection of toxic chemicals.234–238 The first examples of 

stable main chain boron containing CPs were prepared by Chujo and his coworker 

through hydroboration reaction in which steric protected arylboranes239–241 were 

reacted with aromatic dialkyne species to afford poly(vinylenearylenevinylene 

borane)s.232 Later, organometallic condensation reactions242,237 tin-boron exchange 

protocols243–245 and transition metal catalyzed coupling reactions236,246 were 

developed and widely applied to embed boron in the main chain of conjugated 

polymers that were not accessible by hydroboration.
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Scheme 5.1. Schematic drawing of main chain boron CPs (A) conventional design and (B) Boron 

doped polyacetylenes. (C) Synthesis of by hydroboration of EDYs.

 

Nevertheless, all the main-chain functionalized boron containing CPs reported 

so far bear aromatic units in the π conjugated moieties Scheme 5.1 A and due to 

the rigidity of aromatic rings the main chain of such polymer tend to adopt a zig-

zag geometry. It is the aromaticity and zig-zag geometry resulted from the aromatic 

rings that often lead to less effective conjugation and large bandgaps in the main-

chain functionalized boron containing CPs. On the other hand, aromatic unit-free 

boron main-chain CPs such as polyboracetylene only bears carbon-carbon double 

bonds as π conjugation, were theoretically predicted to have more effective 

conjugation and a zero bandgap.247 Despite the intriguing properties of such 
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organoboron polymers, polyboracetylene or its analogies have not been 

synthesized and reported presumably because of the synthetic challenge. 

Our recent work on the trans-enediyne derived CPs92–94 have showed that the 

physical and chemical properties of these aromatic unit-free materials are tunable 

by the side chains of the polymers, and inspired us the synthesis of BPAs (Scheme 

5.1 B) through hydroboration of functionalized trans-EDYs.  

 Experimental 

Materials and General Methods  

All reagents and solvents were used as received from Sigma-Aldrich or VWR 

unless otherwise noted. Triisopropyl((trimethylsilyl)ethynyl)silane145 was 

synthesized as described previously. THF was distilled from Na/benzophenone 

prior to use. Anhydrous dichloromethane was obtained by distillation over CaH2 

and degassed through several freeze-pump-thaw cycles. The 300.13 MHz 1H and 

75.48 MHz 13C NMR spectra were recorded on a Bruker Avance III Solution 300 

spectrometer. All solution 1H and 13C NMR spectra were referenced internally to 

the solvent peaks. Size exclusion chromatography (SEC) analyses were 

performed in chloroform with 0.5% (v/v) triethylamine (1 mL/min) using a Waters 

Breeze system equipped with a 2707 autosampler, a 1515 isocratic HPLC pump 

and a 2414 refractive index detector. Two styragel columns (Polymer Laboratories; 

5 m Mix-C), which were kept in a column heater at 35 °C, were used for separation. 

The columns were calibrated with polystyrene standards (Varian). Ultraviolet-

Visible (UV-Vis) absorption spectra were recorded on a Shimadzu UV-2401 PC 
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spectrometer over a wavelength range of 250-800 nm. Fluorescence emission 

spectra were obtained using a Varian Cary Eclipse Fluorometer. 

Br
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1c EDY- PT  
Scheme 5.2.  Synthesis of EDY-PT 
 

1-(4-bromophenyl)-3-(triisopropylsilyl)prop-2-yn-1-one (1a): To a suspension 

of AlCl3 (5.84 g, 43.80 mmol) in 100 mL hexanes was added 

triisopropyl((trimethylsilyl)ethynyl)silane (8.96 g, 35.20 mmol) and 4-bromobenzoyl 

chloride (8.0 g, 36.45 mmol) at 0 °C. After stirring for 45 min at 0 °C and then 1 h 

at room temperature, the reaction was quenched with ice water. The reaction 

mixture was extracted with hexanes twice. The organic layer was combined, 

washed sequentially with saturated NaHCO3 solution and brine, and dried over 

anhydrous Na2SO4. Compound 1a was purified by recrystallization in hexanes as 

a light yellow solid (10.1 g, 87.7 %).   
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1H NMR (300.13 MHz, CDCl3): δ (ppm) = 1.09−1.24 (m, 21H), 7.64 (d, 2H, J3
HH = 

8.4 Hz), 8.04 (d, 2H, J3
HH = 8.7 Hz). 13C NMR (75.48 MHz, CDCl3), δ (ppm)=11.1, 

18.5, 98.8, 102.6, 129.5, 130.8, 131.9, 135.5, 176.3. 

 

(E)-3,4-bis(4-bromophenyl)-1,6-bis(triisopropylsilyl)hexa-3-en-1,5-diyne (1b):  

To a suspension of 4.86 g zinc powder (74.35 mmol) in 100 mL dry THF was added 

4.05 mL TiCl4 (36.94 mmol) dropwise at 0 °C under nitrogen.  The mixture was 

heated to reflux for 45 min until a dark solution was obtained, and then cooled 

down to 0 °C. Compound 1a (9.0 g, 24.63 mmol) and 2.2 mL pyridine was added 

through a degassed syringe and the reaction mixture was refluxed for an additional 

24 h. The reaction was quenched with NaHCO3, extracted with ethyl ether twice. 

The combined organic phase was washed with saturated brine and dried over 

anhydrous Na2SO4. Compound 1b was purified by recrystallization in THF/Ethanol 

as a light yellow solid (2.8 g, 57.1%). 

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 0.98- 0.99 (m, 42H), 7.46 (d, 4H, J3
HH = 

8.7 Hz), 7.74 (d, 4H, J3
HH = 8.4 Hz). 13C NMR (75.48 MHz, CDCl3), δ (ppm)=11.2, 

18.5, 103.7, 106.1, 122.3, 128.5, 130.8, 130.9, 137.7. 

 

(E)-2-decyl-5-(4-(4-(4-(5-decylthiophen-2-yl)phenyl)-1,6-

bis(triisopropylsilyl)hexa-3-en-1,5-diyn-3-yl)phenyl)thiophene (1c): To a 

suspension of 1b (2.0 g, 2.86 mmol) and (5-decylthiophen-2-yl)trimethylstannane 

(2.32 g, 6.0 mmol) in 10 mL dry DMF was added Pd(PPh3)4 (150 mg, 0.13 mmol) 

in a glove box filled with argon. The reaction was heated to 110 °C for 12 hours in 
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a pressure flask. The reaction mixture was extracted with hexanes twice. The 

organic phase was combined, washed with saturated brine and dried with 

anhydrous Na2SO4. After removal of solvent, the crude product was recrystallized 

in hexane and ethanol to afford compound 1c as a light yellow solid (2.20 g, 

78.0 %). 

1H NMR (300.13 MHz, CDCl3), δ (ppm) = 0.89 (t, 6H, J3
HH = 6.9 Hz), 1.04 (m, 42H), 

1.29 (m, 28H), 1.73 (m, 4H), 2.84 (t, 4H, J3
HH = 7.5 Hz), 6.77 (d, 2H, J3

HH = 2.4 Hz), 

7.17 (d, 2H, J3
HH = 3.0 Hz), 7.53 (d, 4H, J3

HH = 8.1 Hz), 7.93 (d, 4H, J3
HH = 8.1 Hz). 

13C NMR (75.48 MHz, CDCl3), δ (ppm) = 11.3, 14.1, 18.6, 22.7, 29.1, 29.3, 29.4, 

29.6, 30.3, 31.7, 31.9, 102.7, 107.0, 122.8, 124.6, 125.1, 128.6, 129.8, 134.4, 

137.7, 141.5, 146.0. 

 

EDY-PT: To a solution of 1c (2.2 g, 2.23 mmol) in THF was added 

tetrabutylammonium fluoride (8.9 ml, 1M in THF). The mixture was stirred 

overnight at room temperature. The reaction mixture was then extracted with 

hexane twice, washed with saturated brine and dried over anhydrous Na2SO4. After 

removal of solvent, the crude product was recrystallized in hexane and ethanol to 

afford EDY-PT as a light yellow solid (1.32 g, 86.5 %). 

 1H NMR (300.13 MHz, CDCl3), δ (ppm) = 0.90 (t, 6H, J3
HH = 6.6 Hz), 1.29 (m, 28H), 

1.72 (m, 4H), 2.84 (t, 4H, J3
HH = 7.5 Hz), 3.46 (s, 2H), 6.77 (d, 2H, J3

HH = 3.3 Hz), 

7.19 (d, 2H, J3
HH = 3.3 Hz), 7.60 (d, 4H, J3

HH = 8.4 Hz), 7.86 (d, 4H, J3
HH = 8.4 Hz). 

13C NMR (75.48 MHz, CDCl3), δ (ppm) = 14.1, 22.7, 29.1, 29.3, 29.4, 30.3, 31.6, 

31.9, 83.6, 87.2, 123.1, 124.8, 125.1, 128.4, 129.5, 134.9, 136.8, 141.1, 146.3. 
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BPA-CH: To the solution of the lithium tripylborate (32.7 mg, 0.146 mmol) in 5 mL 

dry THF was added 0.2 mL methyl iodide in an argon glovebox, and the resulting 

solution was stirred for 15 min at room temperature in a loosely capped vial to 

generate tripylborane. To the solution of in-situ generated borane was added a 

solution of EDY-CH (50.0 mg, 0.130 mmol) in 5 mL dry THF. The reaction was 

stirred for 20 hours at room temperature, and then it was concentrated under 

vacuum to 0.5 mL and precipitated in acetone. BPA-CH was obtained as a viscous 

light brow solid after filtration and thorough dry under high vacuum (60.0 mg, 

76.6 %).  

1H NMR (300.13 MHz, CDCl3), δ (ppm) = 0.90-1.27 (60 H, -(CH2)9CH3 and CH3 

(tripyl)), 2.26-2.36 (C=C-CH2, CH (tripyl)), 2.73 (CH (tripyl)), 2.89 (1H, CH (tripyl)), 

5.30-6.29 (B-CH=CH), 6.93-6.99 (2H, Ar-H  (tripyl)), 7.34-7.45 (Ar-H  (tripyl)). 13C 

NMR (75.48 MHz, CDCl3), δ (ppm) = 14.1, 22.7, 24.0, 24.1, 24.2, 24.4, 24.7, 29.4, 

29.5, 29.7, 32.0, 34.4, 34.7, 119.5, 120.1, 122.1, 129.6, 135.9, 141.1, 149.2, 150.3, 

151.2.   11B NMR (160.4 MHz. CDCl3), δ (ppm) = 49.0 ppm. 

 

BPA-Ph: To the solution of the lithium tripylborate (36.7 mg, 0.164 mmol) in 5 mL 

dry THF was added 0.2 mL methyl iodide in an argon glovebox, and the resulting 

solution was stirred for 15 min at room temperature in a loosely capped vial to 

generate tripylborane. To the solution of in-situ generated borane was added a 

solution of EDY-Ph (50.0 mg, 0.147 mmol) in 5 mL dry THF. The reaction was 

stirred for 20 hours at room temperature, and then it was concentrated under 
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vacuum to 0.5 mL and precipitated in acetone. BPA-Ph was obtained as a yellow 

solid after filtration and thorough dry under high vacuum (56.1 mg, 68.6 %). 

 1H NMR (300.13 MHz, CDCl3), δ (ppm) = 0.55-1.23 (36H, tBu and CH3 (tripyl)), 

1.99-2.17 (2H, CH (tripyl)), 2.70 (1H, CH (tripyl)), 5.31-6.01 (B-CH=CH), 6.59-7.08 

(10H, Ar-H (tBu-phenyl and tripyl)). 13C NMR (75.48 MHz, CDCl3), δ (ppm) = 24.1, 

31.3, 33.8, 34.4, 34.8, 119.0, 124.5, 129.9, 135.0, 142.2, 145.9, 146.8, 148.5, 

149.6, 153.8. 11B NMR (160.4 MHz. CDCl3), δ (ppm) = 52.0 ppm. 

 

BPA-PT: To the solution of the lithium tripylborate (20.0 mg, 0.089 mmol) in 5 mL 

dry THF was added 0.2 mL methyl iodide in an argon glovebox, and the resulting 

solution was stirred for 15 min at room temperature in a loosely capped vial to 

generate tripylborane. To the solution of in-situ generated borane was added a 

solution of EDY-PT (50.0 mg, 0.074 mmol) in 5 mL dry THF. The reaction was 

stirred for 20 hours at room temperature, and then it was concentrated under 

vacuum to 0.5 mL and precipitated in acetone. BPA-PT was obtained as a red 

solid after filtration and thorough dry under high vacuum (45.3 mg, 68.5 %). 

 
1H NMR (300.13 MHz, CDCl3), δ (ppm) = 0.80-1.31 (52H, (CH2)7CH3 and CH3 

(tripyl)), 1.72 (4H, (C=CCH2CH2)), 1.93 (1H, CH (tripyl)), 2.46 (1H, CH (tripyl)), 2.82 

(5H, (C=CCH2CH2 and CH (tripyl)), 5.60-6.10 (B-CH=CH), 6.50 (2H, Ar-H (tripyl)), 

6.70-7.28 (12H, Ar-H (-PhTh). 13C NMR (75.48 MHz, CDCl3), δ (ppm) = 14.1, 22.7, 

23.6, 23.7, 24.0, 24.5, 29.2, 29.4, 29.7, 30.3, 31.7, 31.9, 33.8, 34.8, 119.0, 122.6, 

124.8, 130.5, 133.5, 136.3, 141.4, 145.3, 145.7, 147.3, 148.1, 153.9. 11B NMR 

(160.4 MHz. CDCl3), δ (ppm) = 54.6 ppm. 
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 Results and Discussion 

EDY-CH and EDY-Ph were prepared by the previously reported method,248 and 

synthesis of EDY-PT is outlined in scheme 5.2 and detailed in the experimental 

section. BPAs were obtained by treating EDYs with the in-situ generated 

tripylborane to yield BPA-CH, BPA-Ph and BPA-PT, respectively (Scheme 5.1 C). 

These polymers are stable in air and have good solubility in common nonpolar 

solvents such as dichloromethane, chloroform, THF, toluene and chlorobenzene. 

The molecular weights of the polymers were estimated by size exclusion 

chromatography (SEC) against polystyrene standards to be Mn = 6.5 kDa, PDI = 

1.41 and DP (degree of polymerization) = 11 for BPA-CH; Mn = 12.2 kDa, PDI = 

1.59 and DP = 22 for BPA-Ph; and Mn = 11.6 kDa, PDI = 1.59 and DP = 13 for 

BPA-PT (Figure 5.1, data summarized in Table 5.1). 

 

Figure 5.1. Size exclusion chromatograms of BPA-CH, BPA-Ph and BPA-PT (CHCl3 w/ 0.5% 

NEt3,1 mL/min, RI detector). 
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The 11B NMR displays broad peaks at 49.0 ppm, 52.0 ppm and 54.6 ppm for BPA-

CH, BPA-Ph and BPA-PT, respectively (Figure 5.2) and these values are 

comparable with reported tricoordinate boron CPs.244,249 The high molecular weights 

 

Table 5.1. Summary of the molecular weights, optical and electrochemical properties of BPAs 

a Number average molecular weight. b Polydispersity. c THF solution (ca. 10-5 M), thin film data in parentheses. d Excited at 

λmax THF solution (ca. 10-5 M), thin film data in parentheses. e Optical bandgap estimated from absorption edge, thin film 

data in parentheses. fEstimated from electrochemical reduction onset in CH2Cl2 solution. g Estimated from electrochemical 

oxidation onset in CH2Cl2 solution. h Calculated from HOMO and LUMO levels.  

 

 
Figure 5.2. 11BNMR of BPAs. 
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Figure 5.3. Absorption and emission spectra of in THF solution (ca. 10-5 M) (A) and as thin film 

drop casted from chlorobenzene solution (B). Purple, blue and red colors are assigned to BPA-CH, 

BPA-Ph and BPA-PT, respectively.

 

of BPAs as well as their 11B NMR values indicate successful hydroboration and 

well defined polymer structures. 

These unique BPAs showed interesting photophysical properties as recorded by 

UV-Vis and fluorescence spectra (Figure 5.3, data summarized in Table 5.1). The 

absorption maxima of BPAs in solution are centered between 440 nm and 465 nm, 

red-shifted comparing with those of poly(vinylenearylenevinylene borane)s 

prepared by Chujo and his coworkers232, indicating successful incorporation of 

boron in the polymer backbones and enhanced conjugation of BPAs. The λmax of 

the polymers experienced a bathochromic shift from 442 nm for BPA-CH to 452 

nm for BPA-Ph and to 464 nm for BPA-PT as the side-groups of the polymers 

changed from alkyl to phenyl and to phenylthiophene. This observation is attributed 

to the enhanced electronic delocalization of side-groups to the backbone of    

polymers which is consistent with the previous findings in the EDY derived 

polymers.92–94 The solutions of the polymers are strongly luminescent, green for 

BPA-CH, yellow for BPA-Ph and orange for BPA-PT. Besides a strong emission 
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peak at 503 nm, a weak peak at 538 nm were observed for BPA-CH in solution, 

while BPA-Ph and BPA-PT only displayed one strong peak at 528 nm and 567 

nm, respectively. Quantum yields of the polymers in THF solution were determined 

against coumarin 153250 to be 24.6 % for BPA-CH, 5.9 % for BPA-Ph and 4.5% for 

BPA-PT, these values are much higher comparing with those of PDAs and PTAs92–

94derived from the same set of EDYs, indicating strong effect of boron atoms on 

the electronic property of the polymers. 

The thin film absorption spectra of BPA-CH and BPA-Ph became broad and the 

λmax blue-shifted to 398 nm and 452 nm, respectively. The blue shift is likely due to 

the distortion of the main chain and lack of chain packing that caused by the bulky 

triply groups on the boron unit. Interestingly, opposite trend was observed for the 

absorption of BPA-PT which showed two vibronic bands (461 nm, 492 nm) with 

similar intensity, indicating certain degree of chain packing in the solid state. The 

shoulder emission peak at 538 nm for BPA-CH thin film became more pronounced 

comparing with that in solution, while the emission of BPA-Ph and BPA-PT only 

showed negligible shifts comparing with those in solution. LUMO and HOMO levels 

of BPAs were estimated by CV (cyclic voltammetry) to gain insight about the effect 

of side-groups on the CPs (Figure 5.4, data summarized in Table 5.1). 

Nonreversible two stepwise reduction waves were evident for BPA-CH (onsets at 

-1.72 V and -2.15 V vs. Fc/Fc+ couple) and BPA-Ph (onsets at -1.67 V and -2.24 

V vs. Fc/Fc+ couple), indicative of the sequential reception of two electrons by 

boron atoms. In contrast, one reduction wave was observed for BPA-
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Figure 5.4. Cyclic Voltammograms of BPA-CH, BPA -Ph and BPA -PT (10 mM in CH2Cl2) 

externally referenced to ferrocene redox couple (0.1 M Bu4NPF6 as supporting electrolytes, 100 

mV/s scan rate). 

 

PT (onsets at -1.61 V vs. Fc/Fc+ couple), suggesting its less Lewis acidity of boron 

atoms results from enhanced electron delocalization in BPA-PT. The HOMO levels 

of the polymers increased by 0.33 eV from -5.83 eV to  -5.63 eV and to -5.50 eV 

as the electron richness of the side-groups increase from BPA-CH to BPA-PT 

while only 0.11 eV decrease was associated in LUMO levels. This indicates the 

HOMO levels are mainly determined by the electron rich triene moieties while 

LUMO levels by the electron deficient boron unit, which a is typical feature often 

seen in donor-acceptor CPs. 4,251,252
 

Conjugated organoboron polymers generally display excellent anion recognition 

ability towards toxic anions such as F- and CN-. In order to explore the potential 

application of BPAs as a F- sensor, F- titration experiment was performed in THF.  

During the initial addition of the F- from 0.02 eq.to 0.30 eq.to the solution of BPA-

CH, the λmax at 443 nm lost intensity and blue shifted to 400 nm, with further addition 
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Figure 5.5. Absorption spectra of BPA-CH (A), BPA-Ph (E) and BPA-PT (E) in response to F- 

titration. Emission spectra of BPA-CH (B), BPA-Ph (E) and BPA-PT (F) in response to F- titration. 

Insets are the Stern-Volmer plots.

 

of F- to 0.8 eq. the λmax gradually blue-shifted from 400 nm to 346 nm and remained 

unchanged with addition of another 0.4 eq. of F- (Figure 5.5 A). At the same time, 

the intensity of λem (excited at 442 nm) at 503 nm decreased with slight blue-shift 

to 492 nm as the F- increased to 0.5 eq., and then the fluorescence of was almost  

quenched completely at 0.6 eq. of F- (Figure 5.5 B). These observations could be 

explained by interruption of conjugation in BPA-CH when F- binds to boron atoms 

and gradually convert tricoordinate boron atoms to tetracoordinate boron. The λmax 

of BPA-Ph blue-shifted from 452 nm to 376 nm as 0.8 eq. of F- was added, and 

then the peak remained at 376 nm with further addition of F- (Figure 5.5 C). The 

emission (excited at 452 nm) of BPA-Ph only slightly blue shifted from 528 nm to 

522 nm and it was quenched completely when 0.6 eq. of F- was added (Figure 5.5 

D). In case of BPA-PT, as expected the λmax at 464 nm disappeared completely as 
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1.2 eq. of F- was added (Figure 5.5 E). It is noteworthy that the λem (excited at 464 

nm) of BPA-PT experienced a bathochromic shift from 567 nm to 600 nm during 

the first addition of 0.4 eq. of F-, and later the λem blue shifted to 531 nm as F- 

increased from 0.5 eq. to 1.2 eq. (Figure 5.5 F). Such red shift could be ascribed 

to the enhances the charge transfer from the electron rich tetracoordinate boron 

units to electron deficient tricoordinate boron centers.244,253,254 The fluorescence 

quenching constants of F- towards BPAs were determined by the Stern-Volmer 

plots and in all cases two quenching constants were observed. For BPA-CH, the 

quenching constants was 3.0 ×105 M-1 when up to 0.25 eq. of F- was added, and 

followed by a 10-fold increase of the quenching constants to 30.0 ×105 M-1 when 

more F- was treated. Similar observation was also revealed before and after the 

first addition of 0.3 eq. of F- for BPA-Ph and BPA-PT. In the case of BPA-Ph, its 

quenching constant experienced a 17-fold increase from 4.53×105 M-1 to 76.3×105 

M-1, and in the case of BPA-PT the quenching constant showed a 5.4 folds 

increase from 3.7×105 M-1 to 19.9×105 M-1. These results indicate two different 

stages might be involved in the fluorescence quenching process. In the first stage, 

effective conjugation length, the conjugation needed to resemble the optical 

properties of a given polymer, is maintained in the BPAs as the F- tends to bind first 

with tricoordinate borons of high Lewis acidity, those are not in conjugation with 

neighboring chromophores or on the ends of a conjugated block, leading to 

unshifted emission profile with reduced peak intensity. In the second stage, the 

conjugation length was further reduced to a degree that it is shorter than the 

effective conjugation length with addition of F-, and it lead to blue-shifted emission 
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spectra with dramatic reduced intensity as the nonradiative decay was enhanced 

significantly when the conjugation was short. Based on this proposed mechanism 

and changing points of fluorescence quenching constants, we could roughly 

estimate the effective conjugation length of the polymers to be 4, 3, and 5 for BPA-

CH, BPA-Ph and BPA-PT, respectively. 

 Conclusion 

A series of BPAs bearing only double bonds as π conjugation were synthesized 

for the first time and they have shown enhanced conjugation and red shifted 

absorption due to its enhanced electron delocalization along the main chain. Their 

optical and electrochemical properties such as HOMO levels and bandgaps can 

be systematically tuned by varying the side chains of the polymers. These 

polymers have displayed high fluorescence quenching constants up to 76.3×105 

M-1 when F- was used as a quencher, which makes them good candidates for F- 

sensors. 
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 NMR spectra of key compounds  
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6 Chapter 6 

Projects in Progress 

 Controlled Bergman Cyclization from Trans Enediynes  

6.1.1 Introduction 

Cis EDYs have been extensively studied as an antitumor agent which can undergo 

Bergman cyclization (BC) with formation of DNA cleavage species, 1,4-aromatic 

diradical.80,255–259 Many approaches have been applied to trigger BC of these 

intriguing cis EDYs, including metal-ion-induced BC260–262 and organometallic 

reagents mediated BC263–266. Both theoretical calculation and experimental data 

have pointed out that the distance between the two triple bonds in the cis EDYs is 

one of the major factors control the reactivity of BC (Scheme 6.1).267,268 Besides the 

distance theory, molecular strain between the ground state and the transition state 

as well as electronic effect of substituents are the other two important factors that 

govern the BC reactivity259. It has been shown that BC could indeed occur at mild 

conditions when the distance of the triple bonds were closer with aid of  metal and 

ligand interaction.88,89  In order to apply there EDYs as the antitumor reagents, one 

should consider the potential toxicity of the cis EDY since the diradical produced 

through BC could also kill the normal cells. Ideally, nontoxic precursors should be 

used and delivered to the desired spots for curing first, and then trigger the BC of 

the precursors and turn them to toxic reagents by certain stimuli. Guided by this
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cyclization, d< 3.4 Å 

no cyclization, d> 3.4 Å 

Scheme 6.1. Bergman cyclization controlled by the distance. 

Scheme 6.2. Transformation between nontoxic and toxic EDYs

 

principle, we proposed a simple approach where we could control the 

transformation of non-toxic trans EDYs to toxic cis EDYs via isomerization by light, 

a well-studied behavior in EDYs and their derivatives269–272 (Scheme 6.2). With 

hydrogen sources such as cyclohexadiene (CHD) small molecules will be obtained 

as the BC product, while polymeric materials will form without presence of 

hydrogen sources (Scheme 6.2).259 

6.1.2 Experimental 

 
Materials and General Methods: All reagents and solvents were used as 

received from Sigma-Aldrich or VWR unless otherwise noted. 

Triisopropyl((trimethylsilyl)ethynyl)silane145 was synthesized as described 

previously. THF was distilled from Na/benzophenone prior to use. Anhydrous 
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dichloromethane was obtained by distillation over CaH2 and degassed through 

several freeze-pump-thaw cycles. The 300.13 MHz 1H and 75.48 MHz 13C NMR 

spectra were recorded on a Bruker Avance III Solution 300 spectrometer. All 

solution 1H and 13C NMR spectra were referenced internally to the solvent peaks. 

Ultraviolet-Visible (UV-Vis) absorption spectra were recorded on a Shimadzu UV-

2401 PC spectrometer over a wavelength range of 250-800 nm. Fluorescence 

emission spectra were obtained using a Varian Cary Eclipse Fluorometer. 

 

EDY-Sn: To a solution of 1.0 mg (1.8 mmol) (E)-(3,4-di(thiophen-2-yl)hexa-3-en-

1,5-diyne-1,6-diyl)bis(triisopropylsilane) and 0.6 mL (4.3 mmol) dry TMEDA in 30 

mL dry hexane was added dropwise 2.9 mL BuLi (7.25 mmol) at 0 °C under N2. 

The mixture was then refluxed for 2 hours, followed by addition of 7.5 mL (7.5 

mmol) Me3SnCl at 0 °C. The reaction was stirred at r.t. overnight, and then 

quenched with water and extracted with ether twice. The organic layers were 

combined, washed with saturated NaHCO3 solution and brine, and dried over 

anhydrous Na2SO4. Compound EDY-Sn was purified by recrystallization in hexane 

and ethanol as a yellow solid (1.21 g, 76.1%).  

1H NMR (300.13 MHz, CDCl3): δ (ppm) = 0.36 (s, 18H), 1.16−1.26 (m, 42H), 7.11 

(d, 2H, J3
HH = 3.3 Hz), 8.01 (d, 2H, J3

HH = 3.3 Hz ) 

 

BTD-Br: A mixture of 530.75 mg (0.18 mmol) 4,7-

dibromobenzo[c][1,2,5]thiadiazole, 800 mg (0.18 mmol) tributyl(5-(tridecan-5-

yl)thiophen-2-yl)stannane and 80 mg (0.069 mmol) Pd(PPh3)4 in 8 mL dry DMF 
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was heated at 110 °C overnight. To the reaction mixture was add water and it was 

extracted with chloroform twice. The organic layers were combined, washed with 

saturated NaHCO3 solution and brine, and dried over anhydrous Na2SO4. 

Compound BTD-Br was purified by column chromatography (hexanes as eluent) 

to afford 520 mg (56.2%) product as a red liquid.  

1HNMR (300.13 MHz, CDCl3): δ (ppm) = 0.88-0.90 (m, 6H), 1.28−1.32 (m, 20H), 

1.70 (m, 2H), 2.81 (d, 4H, J3
HH = 6.9 Hz), 6.85 (d, 2H, J3

HH = 3.6 Hz), 7.64  (d, 2H, 

J3
HF = 7.8 Hz), 7.82 (d, 2H, J3

HH = 7.8Hz), 7.95 (d, 2H, J3
HH = 3.9 Hz). 13C NMR (75.48 

MHz, CDCl3), δ (ppm) =14.1, 22.7, 23.0, 26.6, 28.9, 29.7, 31.9, 33.0, 33.2, 34.7, 

40.0, 111.4, 125.0, 126.4, 127.4, 128.1, 132.2, 136.0, 147.1, 151.8, 153.9. 

 
EDY-BTD 

A mixture of 134 mg (0.15 mmol) EDY-Sn, 162 mg (0.33 mmol) BTD-Br and 11 

mg (0.01 mmol) Pd(PPh3)4 in 5 mL dry DMF was heated at 110 °C overnight. To 

the reaction mixture was add water and it was extracted with chloroform twice. The 

organic layers were combined, washed with saturated NaHCO3 solution and brine, 

and dried over anhydrous Na2SO4.  After removal of solvent, crude product was 

washed by acetone, and filtrated to afford 165 mg (78.5%) product as a dark solid. 

1HNMR (300.13 MHz, CDCl3): δ (ppm) = 0.87-0.91 (m, 12H), 1.13-1.26 (m, 42H), 

1.29 1.55(m, 40H), 1.72 (m, 2H), 2.83 (d, 4H, J3
HH = 6.6 Hz), 6.87 (d, 2H, J3

HF = 3.3 

Hz), 7.79 (d, 2H, J3
HH = 7.8Hz), 7.85 (d, 2H, J3

HH = 7.5 Hz), 8.00 (d, 2H, J3
HH = 3.6 

Hz), 8.11 (d, 2H, J3
HH = 4.2 Hz), 8.60(d, 2H, J3

HH = 4.2 Hz). 

 

EDY-BTD T1 
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The procedures were protected by aluminum foil to avoid light induced 

isomerization of the product. To a solution of 35 mg (0.025 mmol) EDY-BTD in 

THF at 0 °C was added TBAF solution (26.5 mg, 0.1 mmol, in 3 mL THF) dropwise. 

After stirring the reaction at r.t. overnight, water was added to the reaction mixture 

and it was extracted with chloroform twice. The organic layers were combined, 

washed with saturated NaHCO3 solution and brine, and dried over anhydrous 

Na2SO4. After removal of solvent, the solid was washed by methanol, and filtrated 

to afford EDY-BTD T1 as a black solid (20.0 mg, 74.1%).  

1HNMR (300.13 MHz, CDCl3): δ (ppm) = 0.87-0.91 (m, 12H), 1.13-1.26 (m, 42H), 

1.29 1.55(m, 40H), 1.72 (m, 2H), 2.83 (d, 4H, J3
HH = 6.6 Hz), 6.87 (d, 2H, J3

HF = 3.3 

Hz), 7.79 (d, 2H, J3
HH = 7.8Hz), 7.85 (d, 2H, J3

HH = 7.5 Hz), 8.00 (d, 2H, J3
HH = 3.6 

Hz), 8.11 (d, 2H, J3
HH = 4.2 Hz), 8.60(d, 2H, J3

HH = 4.2 Hz). 

 

EDY-Ph-OH 

A mixture of 100 mg EDY-Ph, 142.3 mg of 2-iodo phenol, 17.0 mg of Pd(PPh3)4, 

5.6 mg CuI and 0.15 mL NH3H2O was stirred at room temperature overnight under 

argon atmasphere. The solvent of the reaction was removed and the residue was 

subjected to column chromatography (ethyl acetate / hexanes = 4/1). 40 mg of 

EDY-Ph-OH (33.2 %) as a yellow solid was obtained.  

1HNMR (300.13 MHz, DMSO-d6): δ (ppm) = 1.34 (s, 18H), 6.76 ((t, 2H, J3
HH = 8.4 

Hz), 6.88 (dd, 2H, J3
HH1 = 8.1 Hz, J3

HH2 = 8.1 Hz), 7.09 (dd, 2H, J3
HH1 = 7.2 Hz, J3

HH2 = 

7.2 Hz), 7.19 (t, 2H, J3
HH = 7.5 Hz), 7.48(d, 4H, J3

HH = 8.4 Hz), 8.01 (d, 4H, J3
HH = 

8.1 Hz), 10.10 (s, 2H) 
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cis EDY-OH 

A mixture of 52 mg (0.27 mmol) (Z)-5,6-diethynyldec-5-ene, 130 mg (0.59 mmol) 

of 3-iodophenol, 15.0 mg (0.013 mmol) of Pd(PPh3)4, 8 mg (0.042 mmol) CuI and 

0.20 mL (3.0 mmol) NH3H2O in 15 mL dry THF was stirred at room temperature 

overnight. The solvent of the reaction was removed and the residue was subjected 

to column chromatography (hexanes/ethyl acetate = 5/2). 80 mg of cis EDY-OH. 

(77.8 %) as a brown liquid was obtained.  

1HNMR (300.13 MHz, CDCl3): δ (ppm) = 0.95 (t, 6H, J3
HH = 7.2 Hz), 1.40 ((m, 4H), 

1.58 ((m, 4H), 2.33 ((t, 4H, J3
HH = 7.8 Hz), 4.92 (s, 2H), 6.79 (d, 2H, J3

HH = 6.3 Hz), 

7.00 (s, 2H), 7.06 (d, 2H, J3
HH = 7.8 Hz), 7.21 (t, 2H, J3

HH = 8.1 Hz). 

 

cis EDY-crown ether 

To solution of 100.0 mg (0.27 mmol) of cis EDY-OH in 10 mL dry THF was added 

26 mg (1.08 mmol) of NaH suspended in 15 mL THF at 0 °C. After 15 min stirring 

of the mixture at 0 °C, 100.5 mg (0.29 mmol) of ethylene glycol derivative (S1) in 

10 mL dry THF was charged into the reaction flask. Then the reaction was warmed 

up to room temperature and refluxed for 3 days. After removal of the solvent under 

vacuum, the residue was subjected to column chromatography (hexanes/ethyl 

acetate = 10/3). 50 mg (35.1 %) viscous brown liquid was obtained as product 

which solidifies after sitting.  

1HNMR (300.13 MHz, CDCl3): δ (ppm) = 0.96 (t, 6H, J3
HH = 7.2 Hz), 1.38-1.45 (m, 

4H), 1.59-1.64 (m, 4H), 2.34 (m, 4H, J3
HH = 7.8 Hz ), 3.70 (s, 8H),  3.81-3.85 (m, 
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4H), 3.92-3.95 (m, 4H), 6.89-6.91 (m, 2H), 6.98 (s, 2H), 7.06 (d, 2H, J3
HH = 7.5 Hz), 

7.19 (t, 2H, J3
HH = 7.8 Hz). 

6.1.3 Results and Discussion 

Part 1 

Long wavelength light, having low energy and little damage to our body, is capable 

to reach deep tissues and thus make it an attractive trigger for isomerization of 

EDYs. We designed a trans EDY, EDY-BTD T1, bearing extended conjugation on 

the double bonds, which is expected to undergo isomerization with explosion to 

visible light (Scheme 6.3). Synthesis of the targeted molecule EDY-BTD T1 is 

detailed in the experimental section.

N
S

N

S
Br

C4H9

C8H17

S
S

Sn

Sn

TIPS

TIPS
S

S

TIPS

TIPS

N

SN

S

C4H9
C8H17

N

S N

S

C4H9

C8H17

Pd(PPh3)4, DMF/MePh,

TBAF/THF

S
S

N
S

N

S C4H9

C8H17

N
S

N

SC4H9

C8H17

EDY-BTD T1

EDY-Sn EDY-BTD

BTD-Br

 

Scheme 6.3. Synthesis of EDY-BTD T1 
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Figure 6.1. 1H NMR spectra of EDY-BTD T1 with increased irradiation duration, (A) trans EDY-

BTD T1, (B) EDY-BTD T1 irradiated for 1 min, (C) EDY-BTD T1 irradiated for 5 min, (D) EDY-BTD 

T1 irradiated for 1 hour.

 

The isomerization of EDY-BTD T1 was monitored by 1H NMR first (Figure 6.1) 

with irradiation of 20 W white light. All the solutions mentioned are made from 

anhydrous and degassed solvents in the glovebox filled with argon unless 

otherwise specified. As shown in the figure 6.1 as the irradiation time increases 

(Figure 6.1 B and C) the terminal alkyne proton peak for EDY-BTD T1 at 4.06 ppm 

decreases, and a new peak at 3.68 ppm assigned to the alkyne proton of cis form 

of EDY-BTD T1 as well as a peak at 7.45 ppm gradually appears and its intensity 

grows, indicating isomerization of EDY-BTD T1. After 1 hour of irradiation the 

isomerization reached to an equilibrium with 72.5% of cis isomer and 27.5% of 

A 

B 

C 

D 
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EDY-BTD T1 based on the integrations of two different protons of terminal alkynes 

(Figure 6.1 D).  

Then the BC reaction was attempted by heating the isomers with 72.5% of cis 

EDY-BTD T1 in presence of 100 eq. cyclohexadiene (CHD) in degassed toluene 

at 100 °C for 20 hours with irradiation of 20 W white light. Heat and light drive the

 

Figure 6.2. 1H NMR spectra of isomers of EDY-BTD T1 before (bottom spectrum) and after heating 

(top spectrum)

 

isomerization reaction in opposite directions, and thus keeping the irradiation on 

helps the system to maintain certain concentration of cis EDY-BTD T1 in the 

mixture for possible BC. The resulting mixture was then pumped under vacuum to 

remove toluene after heating for 20 hours and its 1H NMR was obtained and 

compared with that of isomers with 72.5% of cis EDY-BTD T1 before heating 

(Figure 6.2). The intensity of the 1H NMR of the isomer mixture was low due to the 

loss of the compound during processing. As shown in figure 6.2 a mixture of 

trans cis 
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isomers, having 1/1 ratio of trans and cis, was obtained based on the alkyne 

protons from trans and cis EDY-BTD T1, which is not consistent with the expected 

result of the occurrence of BC, where all the trans isomer should be isomerized to 

the cis isomer because consumption of the cis isomer by BC would drive the 

isomerization reaction towards formation of cis isomer. And therefore, based on 

the 1H NMR result no BC was occurred.

 

Figure 6.3. Absorption of EDY-BTD T1 and the mixture of trans and cis isomers in chloroformm 

(2×10-5 M).

 

UV-vis absorption is a simple method that could allow us to monitor the BC 

process as formation of BC product would shift the spectra. The absorption profiles 

of the solution from NMR tube was recorded before and after one hour of irradiation 

(Figure 6.3). Compound EDY-BTD T1 has a λmax at ca. 536 nm which is attributed 

to the conjugation of the main chain, while the mixture of isomers with 72.5% of cis 

EDY-BTD T1 shows a blue shifted λmax  at ca. 501 nm which could be explained by 

the less effective electron delocalization in cis EDY-BTD T1.  

EDY-BTD T1 was dissolved in degassed chlorobenzene in presence of 100 eq. 

CHD (Figure 6.4, orange trace), and it was irradiated with 20 W white light for 1 
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Figure 6.4. Absorption of EDY-BTD T1 and isomer mixture after heating and irradiation.

 

hour to reach the photostationary state (PSS) (Figure 6.4, black trace). The λmax  of 

the PSS solution was blue shifted from 536 nm to 501 nm that is the same value 

for λmax of the isomer mixture with 72.5% of cis EDY-BTD T1, indicating formation 

of cis EDY-BTD T1.  The PPS solution was heated at 130 °C for 10 min with 

irradiation of white light to induce BC, and the resulting spectrum (figure 6.4, blue 

trace) is almost the same as that of the solution of PSS, which may suggest the 

absence of BC. If this speculation is correct, then heating the solution 

corresponding to the blue curve should convert cis isomer to EDY-BTD T1 and 

result in a spectrum the same as that of EDY-BTD T1. After heating the solution 

responsible for blue curve at 130 °C for 10 min without irradiation indeed resulted 

in a spectrum (Figure 6.4, red curve) almost identical to that of the original solution 

of EDY-BTD T1, indicating the recovery of EDY-BTD T1. This result confirms that 

heating does not induce BC of the cis EDY-BTD T1. 

 



101 

 

   The absence of the BC in EDY-BTD T1 might be explained by the large distance 

between two triple bonds. Copper (I) salts are capable of forming π complexes with 

triple bonds and catalyzing Glaser coupling reaction273,274, making them promising 

candidates to bridge two triple bonds in the cis EDY and bring them to closer 

distance to encourage BC at lower temperature. 

Figure 6.5. 1H NMR spectra of EDY-BTD T1 isomers before and after Cu salt addition(A) Isomers 

of EDY-BTD T1 with 55% cis isomer, (B) Isomers treated with 3 eq. moles of Cu+. 

 

The interaction between cis EDY-BTD T1 and Cu+ was tested by addition of 3 

eq. moles of stoichiometric solution of Tetrakis(acetonitrile)copper(I) 

tetrafluoroborate (dissolved in dry and degassed THF) relative to cis EDY to the 

THF solution of EDY isomers with 55% of cis content. The resulting solution was 

protected from light and stirred for 5 min in the glovebox, then THF was removed 
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under high vacuum and the residue was dissolved in CDCl3. As shown in figure 

6.5B, after addition of Cu+ to the isomer mixture, the terminal alkyne proton belongs 

to cis isomer disappears while the multiple peaks around 3.8 ppm that resulted 

from the overlapped signals of isomer mixtures remains, indicating coexistence of 

two isomers and interaction of Cu+ with the triple bonds of cis isomer.

 

Figure 6.6. 1H NMR spectra of EDY-BTD T1 in presence of Cu salt with heating and / or light 

treatment (A) Isomers of EDY-BTD T1 with 28% cis isomer, (B) Isomers treated with 10%. mole of 

Cu+, (C) Mixture of isomers and Cu+ treated with heat only, (D) Mixture of isomers and Cu+ treated 

with heat and light.

 

In order to have reasonable signal in 1H NMR spectra, 10 mg of EDY-BTD T1 

was used for the BC study with presence of Cu+. Due to the higher concentration 

of the EDY in NMR tube, only 28% of cis isomer (Figure 6.6A, indicated by the 

purple shade) was formed after 1 h irradiation of 20 W white light. The following 
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steps were taken sequentially to study the BC and the respective 1H NMR 

spectrum was collected after each step. (1) 10 % mol of Cu+ was added to the THF 

solution of isomers with 28% cis; (2) 100 eq. of CHD was added to the mixture of 

isomers and Cu+ from Step (1), which was protected from light  and then heated in 

THF at 85 °C for 15 min under argon; (3) the mixture from Step (2) which was then 

heated in THF at 85 °C for 15 min in presence of 100 eq. of CHD under argon with 

irradiation of 20 W white light. It’s interesting to see that presence of Cu+ in the 

isomer mixture induce the growth of the peaks of an unknown compound at 2.3, 

2.5, 3.93,5.1, 5.7 and 7.1 ppm that are not belonging to either cis or trans EDYs 

(Figure 6.6B, red shades), and decrease of the peaks at 3.7 and 7.3 ppm belongs 

to the cis isomer (Figure 6.6B, purple shades). When the mixture of isomers and 

Cu+ was treated with heat only, the peaks for the unknow compound continued to 

increase accompanied with decreased peaks of cis isomer (Figure 6.6C). These 

observations suggest that Cu+ can speed up the conversion of cis isomer to the 

unknow compound and heat can promote such transition with presence of Cu+. 

When treated with both heating and irradiation at the same time, more unknown 

compound formed and less trans EDY was remained (Figure 6.6D), which could 

be explained by the conversion of trans isomer to cis isomer under light and the 

formation of the unknown compound derived from cis isomer. Nevertheless, 

expected BC product was not observed as the formation of BC product would 

consume the cis isomer without producing the new alkyne protons. The structure 

of the unknow compound associated with the new peaks in the red shades of 
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Figure 6.6 needs to be explored to better understand the chemistry of the EDY in 

presence of Cu+. 

 

Part 2 

The distance of the triple bonds in the cis EDY-BTD T1 could be too far to undergo 

BC at the condition we tried, and therefore we tried to functionalize its triple bonds 

with hydrogen boning moieties that could potentially bring triple bonds closer to 

 

Scheme 6.4. Synthesis of tran EDY-Ph-OH and its BC process.

 

facilitate BC, however, no attempts were successful. We then functionalized EDY-

Ph with hydrogen boning moieties to obtain EDY-Ph-OH as shown in scheme 6.4 

and detailed synthesis was included in the experimental section. 
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Figure 6.7. 1H NMR for trans EDY-Ph-OH isomerization. (A) trans EDY-Ph-OH, (B) trans EDY-Ph-

OH after 30 min irradiation, (C) trans EDY-Ph-OH after 1 hour irradiation.

 

Cis-trans isomerization of EDY-Ph-OH was first studied under the irradiation of 

a black light at room temperature by monitoring the 1HNMR spectra of EDY-Ph-

OH solution in degassed DMSO-d6 under argon (Figure 6.7). As the irradiation time 

increased from 30 min to 1 hour (Figure 6.7 B and C), the intensity of the peak at 

10.10 ppm assigned to the OH group and the peak at 1.34 for tbutyl group in the 

EDY-Ph-OH gradually decreases accompanied with increase of two new peaks at 

10.03 ppm and 1.25 ppm assigned to the OH group and tbutyl group in the cis 

isomer, respectively. Also, appearance of new peaks belongs to the aromatic 

protons in cis isomer were observed. The isomerization reached to an equilibrium 

A 

B 

C 

30 min irradiation 

1 hour irradiation 
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after one hour of irradiation ending with 54 % cis and 46 % trans EDY-Ph-OH 

according to the integration ratio of the corresponding OH peaks in the 1HNMR 

spectra (Figure 6.7C).  

The isomer mixture obtained in the DMSO-d6 solution with 54% cis isomer was 

heated at various temperature from 40 °C to 150 °C with the irradiation of black 

 

Figure 6.8. 1H NMR of isomers of EDY-Ph-OH1 after heating at various temperature, (A) trans 

EDY-Ph-OH, (B) trans EDY-Ph-OH after 1 hour irradiation, (C) isomer mixture heated at 40 °C for 

30 min, (D) isomer mixture heated at 80 °C for 30 min, (E) isomer mixture heated at 120 °C for 30 

min, (F) isomer mixture heated at 150 °C for 30 min.

 

light and the 1HNMR spectrum was obtained after 30 min of heating at each 

temperature. The ratio of cis and trans isomers remained the same after heating 

the isomers at 40 °C and 80 °C for 30 min, indicated by the relative intensity of the 

OH peaks at 10.10 ppm and 10.03 ppm (Figure 6.8 C and D). After heating the 

A 

B 

C 

D 

E 

F 
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isomers at 120 °C, the OH peak and tbutyl group for cis EDY-Ph-OH become 

smaller, and those peaks for trans isomer increase (Figure 6.8E), suggesting part 

of cis isomer converts back to the trans isomer at higher temperature. When the 

isomer mixture was further treated at 150 °C for 30 min with irradiation, the content 

of the trans isomer in the mixture increased significantly accompanied with obvious 

decrease of cis isomer (Figure 6.8F). These observations indicate that at lower 

temperature the isomerization direction is dominated by the light, favoring 

formation of cis EDY-Ph-OH, while at higher temperature the formation of EDY-

Ph-OH is favored. Thus, heating in fact did not trigger BC, firstly because the 

proton peaks of the heat-treated isomers did not become broad, indicative of 

absence of polymeric material, and secondly because in the event of BC all the 

trans isomer should be isomerized to the cis isomer as consumption of the cis 

isomer by BC would drive the isomerization reaction towards formation of cis 

isomer. 

 

Part 3 

Coordination interaction between K+ and Na+ crown ethers were applied to bring 

triple bonds closer to facilitate the BC in cis EDYs that bears one crown ether unit 

on each of the triple bonds, however, the effect on BC by this method was marginal 

275–277 presumably due to the fact that two crown ether units were too far away in 

space for the a metal cation to bind both of them at the same time. Thus, an EDY 

bearing one crown ether unit that bridges two triple bonds would be a good 

candidate for BC study as coordination of the crown ether with metal ions could 
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Scheme 6.5. Synthesis of cis EDY-crown ether and its BC attempts. 

 

change the conformation of the crown ether unit and potentially force the two triple 

bonds closer, triggering BC at a lower temperature. Herein, we prepared cis EDY-

crown ether of such design and studied its BC reactivity (Scheme 6.5.). Synthesis 

of the cis EDY-crown ether is detailed in the experimental part. 

 

Figure 6.9. 1H NMR spectra of EDY-crown ether in presence of NaAsF6 with heating treatment .(A) 

EDY-crown ether with presence of 1.5 eq. of NaAsF6 and 100 eq. of CHD in DMSO-d6 solution (B) 

mixture of EDY-crown ether, 1.5 eq. of NaAsF6 and 100 eq. of CHD heated for 24 hours at 60 °C, 

(C) mixture of EDY-crown ether, 1.5 eq. of NaAsF6 and 100 eq. of CHD heated for 24 hours at 

150 °C  

A 

B 

C 



109 

 

 

The BC was monitored by 1H NMR after heating the cis EDY-crown ether in 

presence of NaAsF6 and 100 eq. CHD in degassed DMSO-d6 under argon (Figure 

6.9). In the event of BC, a new proton peak from the newly formed benzene unit in  

the BC P2 (Scheme 6.5) as well as change of chemical shifts for the two original 

benzene units would be expected. The mixture was first heated at 60 °C for 24 

hours, and the obtained 1H NMR was almost the same as the pristine mixture, 

indicating no occurrence of BC (Figure 6.9B).  Then the temperature was 

increased to 150 °C, and the mixture was further heated for 24 hours; however, 

the spectrum of the resulting mixture did not show any new peaks or shift of the 

aromatic peaks (Figure 6.9C).  

Then KPF6 with a larger K + cation was used to binds with the crown ether unit of 

the EDY, considering the size of Na+ might be too small for the cavity of the crown 

ether. The cis EDY-crown ether in presence of KPF6 and 100 eq. CHD in 

degassed DMSO-d6 under argon was directly heated at 150 °C for 24 hours, as 

shown in Figure 6.10, no new peaks or shift of the aromatic peaks belonging to the 

cis EDY-crown ether were observed, suggesting absence of the expected product 

BC P2. 

The successful binding of medal cation with crown ether could be reflected by 

the chemical shift changes of the benzene units bridged by the crown ether ring. 

278 Then we tested the binding interaction of Na+ and K+ with the cis EDY-crown 
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Figure 6.10. 1H NMR spectra of EDY-crown ether in presence of KPF6 with heating treatment (A) 

EDY-crown ether in DMSO-d6 solution (B) mixture of EDY-crown ether and1.5 eq. of KPF6 (C) 

mixture of EDY-crown ether, 1.5 eq. of KPF6 and 100 eq. of CHD heated for 24 hours at 150 °C 

 

ether in DMSO-d6 with various loading of the cations to confirm whether there was 

such interaction. NaAsF6 was added gradually to the EDY-crown ether solution of 

DMSO-d6 and after each addition a 1H NMR spectrum was obtained. As shown in 

figure 6.11 the proton peaks belonging to the benzene units on the cis EDY-crown 

ether did not experience any shifts as the NaAsF6 loading increased from 0 eq. to 

1.5 eq., suggesting negligible interaction between Na+ and crown ether. KPF6 was  

then used to exam the binding interaction with cis EDY-crow ether in DMSO-d6, 

and as shown in figure 6.12 the proton peaks belonging to the benzene units on 

the cis EDY-crown ether did not display any shifts either when 1.5 eq. of KPF6 

was added, indicative of no presence of K+ and crow ether binding interaction. The  

C 

B 

A 
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Figure 6.11. 1H NMR spectra of EDY-crown ether in presence of various equivalents of NaAsF6 

(A) EDY-crown ether in DMSO-d6 solution, (B) mixture of EDY-crown ether and 0.18 eq. of 

NaAsF6 (C) mixture of EDY-crown ether and 0.9 eq. of NaAsF6, (D) mixture of EDY-crown ether 

and 1.5 eq. of NaAsF6.

 

Figure 6.12. 1H NMR spectra of EDY-crown ether in presence of various equivalents of KPF6 (A) 

EDY-crown ether in DMSO-d6 solution, (B) mixture of EDY-crown ether and 1.5 eq. of KPF6 

A 

B 

C 

D 

A 
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absence of the cation and crown ether binding is likely the reason that BC did not 

take place at elevated temperature with prolonged heating since the distance of 

the triple bonds is still too far. 

6.1.4 Conclusion 

Our proposal for convenient transformation of nontoxic trans EDYs to toxic cis 

EDYs with light was successfully studied on EDY-BTD T1 and EDY-Ph-OH, 

particularly, high content of cis EDYs up to 72.5% and 54% were achieved for 

EDY-BTD T1 and EDY-Ph-OH, respectively. BC reaction, however, was not 

observed in the cis form of EDYs with triple bonds either bearing protons, hydrogen 

bonding moiety or crown ether unit. 
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6.1.5 NMR spectra of key compounds  

 

EDY-Sn 
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BTD-Br 
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 Conjugated Zwitterion  

6.2.1 Introduction 

A conjugated zwitterion is a neutral conjugated molecule that bears positive and 

negative charges and has a high dipole moment within the molecule. When they 

are perfectly lined up from the negative heads to the positive tails within a small 

distance, huge electric field would build up which could be applied to separated 

excitons in OPV devices for example.  

  A conjugated zwitterion, BF3-ThPy-Me, containing a positively charged pyridinium 

and a negatively charged trifluoroborate was prepared as shown in scheme 6.6. 

The detailed synthetic procedures were included in the experimental part. 
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Scheme 6.6. Synthesis of the conjugated zwitterion, BF3-ThPy-Me. 

 

 

6.2.2 Experimental 

ThPy: 

The suspension of thiophen-2-ylboronic acid (5 g, 39.07 mmol) and 4-

bromopyridine hydrochloride (6.9 g, 35.48 mmol) in DMF as well as K2CO3 (21.6 g, 
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156.3 mmol, 3M) aqueous solution were bubbled with nitrogen for 30 min 

respectively. K2CO3 solution was transferred to the DMF suspension slowly over 

10 min, and then Pd(PPh3)4 (400 mg, 0.35 mmol) in toluene was injected to the 

reaction mixture with a degassed syringe. The reaction was refluxed overnight and 

then it was added water. The reaction mixture was extracted twice with hexanes. 

The organic layers were combined, washed with saturated NaHCO3 solution and 

brine, and dried over anhydrous Na2SO4. 5.7 g of crude product ThPy was obtained 

after removal of solvent. It was used without further purification for the next step. 

1HNMR (300.13 MHz, CDCl3): δ (ppm) = 7.13 (dd, 1H, J3
HH = 5.1 and 3.6 Hz), 7.42 

(dd, 2H, J3
HH = 5.1 and 1.2 Hz), 7.48 (dd, 1H, J3

HH = 4.5 and 1.8 Hz), 7.51 (dd, 2H, 

J3
HH = 3.6 and 1.2 Hz), 8.59 (dd, 1H, J3

HH = 4.8 and 1.5 Hz). 

 

B-ThPy: 

To a solution of ThPy (688 mg, 4.27 mmol) in 50 mL dry THF was added 1.9 mL 

nBuLi (2.5 M in hexanes, 4.75 mmol) dropwise at −78 °C under nitrogen 

atmosphere. The mixture was stirred for 15 min at −78 °C and 1.4 mL 2-

isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6.86 mmol) was added 

through a syringe. The solution was warmed up to room temperature and stirred 

overnight. The reaction mixture was quenched with water, extracted with hexanes 

twice. The combined organic phase was washed with brine solution and dried over 

Na2SO4. After removal of solvent the crude product was purified by recrystallized 

from acetone and THF to give B-ThPy (410 mg, 33.5%). 1HNMR (300.13 MHz, 

CDCl3): δ (ppm) = 1.35 (s, 12H), 7.49 (d, 2H, J3
HH = 6.0 Hz,), 7.54 (d, 1H, J3

HH = 3.6 
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Hz,), 7.61 (d, 1H J3
HH = 3.6 Hz), 8.59 (d, 2H, J3

HH = 6.0 Hz). 13C NMR (75.48 MHz, 

CDCl3), δ (ppm) = 24.7, 84.4, 120.1, 126.4, 138.1, 141.1, 147.5, 150.4.  11BNMR 

(96.30 MHz, CDCl3), δ (ppm) = 28.9. 

 

B-ThPy-Me: 

To the solution of 160 mg B-ThPy (0.56 mmol) in 20 mL toluene was added 0.13 

mL (1.14 mmol) methyl triflate. The solid precipitate formed in toluene was 

collected by filtration, washed with diethyl ether and dried under high vacuum to 

afford 213 mg (84.7 %) B-ThPy-Me as a light green powder.  1HNMR (300.13 MHz, 

CDCl3): δ (ppm) = 1.37 (s, 12H), 4.40 (s, 3H), 7.68 (d, 1H, J3
HH = 3.6 Hz,), 7.88 (d, 

1H, J3
HH = 3.6 Hz,), 8.04 (d, 2H J3

HH = 6.3 Hz), 8.78 (d, 2H, J3
HH = 6.3 Hz). 13C NMR 

(75.48 MHz, CDCl3), δ (ppm) = 24.7, 47.6, 84.9, 122.8, 131.8, 138.9, 142.3, 145.4, 

148.8. 19 FNMR (111.9 MHz, CDCl3), δ (ppm) = -77.1. 

 

BF3-ThPy-Me: 

To the solution of 157 mg of B-ThPy-Me ( 0.35 mmol ) in 20 ml toluene was added 

dropwise KHF2 (108.8 mg, 1.39 mmol) solution in water and THF. The precipitate 

formed in toluene was filtered, then re-dissolved in minimum amount of DMSO. 

The DMSO solution was then added dropwise to 20 mL of acetone. The precipitate 

formed in acetone was filtered, washed with THF and dried under vacuum to afford 

42 mg BF3-ThPy-Me (51.4%) as a pale yellow solid. 1HNMR (300.13 MHz, DMSO): 

δ (ppm) = 4.16 (s, 3H), 7.06 (d, 1H, J3
HH = 3.0 Hz,), 7.80 (d, 1H, J3

HH = 3.0 Hz,), 8.12 

(d, 2H J3
HH = 6.3 Hz), 8.66 (d, 2H, J3

HH = 6.3 Hz). 13C NMR (75.48 MHz, DMSO), δ 
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(ppm) = 46.4, 120.9, 130.7, 132.3, 135.8, 144.9, 148.5.  11B NMR (96.30 MHz, 

CDCl3), δ (ppm) = 2.3. 19 F NMR (111.9 MHz, CDCl3), δ (ppm) = -130.6. 

 

6.2.3 NMR spectra of key compounds  
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