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ABSTRACT 

   Dual rod-coil brush copolymer [Polynorbornene-graft-Poly(3-hexylthiophene)]-

block-[polynorbornene-graft-Poly(ethylene oxide)] [(PNB-g-P3HT)-b-(PNB-g-PEO)] 

(P3HT-PEO) was synthesized via Grignard Method, click chemistry and Ring Opening 

Metathesis Polymerization to observe nanostructures. However, due to the unknown 

reason, early degradation was occurred disabling formation of architectures in the melts. 

Unique hollow nanoband was observed in DCM and Methanol solution, which may 

result from a coeffect of π-conjugated aggregation and microphase separation. And a 

clear transition between J- and H- aggregation occurs when changing solution mixtures 

in dual brush copolymer system. 
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Chapter One 

Introduction 

Copolymers contain different blocks can self-assemble into ordered architectures. 

The driving force of those structures comes from microphase separation in the bulk and 

solvophilic/solventphobic forces in the solution. When there are more than one 

crystallizable block, crystallization can also contribute to the process both in the bulk 

and in solutions. Linear copolymer polystyrene-b-poly(ethylene oxide) (PS-b-PEO) for 

example, structures such as tubular, vesicle, lamella with protruding rods and rods were 

observed in solutions1,2 and lamellar structures in melts3; more melt structures such as 

spherical, hexagonally packed cylinders, bicontinuous and perforated layers can be 

observed by controlling volume fractions and symmetry of blocks of polystyrene-b-

polyisoprene (PS-b-PI)4. Most of relative studies were based on coil-coil copolymers, 

presenting random walk and flexible conformations (Figure 1.1). 
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Figure 1.1: phase behaviors of linear coil-coil3,4 polymer in melts and solutions1,2 

It is also known that nanostructures of copolymers are related to polymer topology, 

for example, dual coil-coil brush polymer containing two types of side chains, 

presenting lamellar5, cylinders6 and sphere7 were observed in the melts; and micelle, 

flower-like and dumbbell-like8, 9,10 structures were observed in the solution. (Figure 1.2) 

 Chemical Composition Architecture 



5 
 

melt *

O O
O

O

O

O

O

H

O

O
H

O

O

O

m n

x

z

y

 

 

lamellar 

 Ph *

O

O

HO

O

O

12

x y

36

O

CN

 

 

cylinder 



6 
 

 
O

N OO

O

N OO

H

O

Br

O

C6H5

O O

n m

p

  

sphere 

solution 
NC S

O

O

Br

O

O

N

O
O

O
O

N

N

O

O

O

S

x

m n

y

  

micelle 



7 
 

 *

O

O

Br

O

n

O

O

O

HO

*

O

m

O

O

O

 
 

Dumbbell-like 

 *

O O

O

Cl

O
O

O

O

O

H

OO

O
O

O
O

O

9m

x y

n

H

n

 

 

Flower-like 



8 
 

 

 

Y-junction 

Figure 1.2: nanostructures formed from dual coil-coil brush copolymers5-10 

On the contrary, when polymer contains π -conjugation, helical secondary 

structures (polypeptide) or aromatic groups along the backbone, it will form extended 

and rigid polymer chains (Figure 1.2). Those polymers are called rod polymers and rod-

coil copolymers are wide-explored due to potential applications in organic electronics11 

-13 , biotechnology14, 15 and high performance composites16, 17. 

Their self-assembled architectures are different compared with coil-coil 

copolymers because of the following reasons: 1) the inflexibility nature of rod blocks, 

this topology leads to a different conformational entropy with coil blocks, disabling its 

accommodation packing by stretching and gaining conformational entropy; 2) 

anisotropic tendency of rods provides potential for liquid crystal ordering while 
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additional interactions may increase complexity of the system; and 3) rod polymer has 

characteristic size linearly corresponds to the degree of polymerization (N) at θ-

condition while coil polymers scales as N1/2, showing different scaling behaviors on the 

molecular level. Similar structures from coil-coil copolymers can also be observed from 

rod-coil copolymers while some unique structures like helices18,19, ribbons20, 

rings21,22,23, tetragonally perforated lamellae (EPL)24 , zigzag25,26 and tubules27,28 were 

observed. 

Conjugated polymers are wide explored for the rapid needs of light and cheap 

semiconducting materials in solar cells11, biosensors12b,29 and field effect 

transistors12a,13 in recent years. Their π-conjugations rigidify the backbone and at the 

same time also introduce conductivities along the chains. Nanostructures of conjugated 

polymers are proved to correlate with stacking and charge transfer defects30,31, thus 

impacting physical properties and material performance32,33,34,35,36. Due to low 

processibility and physical performance, conjugated-coil copolymers are one of the 

methods that can overcome the shortage of homo-conjugated polymers. 

Among various of conjugated polymers, polythiophene (PT) is an ideal starting 

material in the copolymers as its derivatives have good solubility, chemical stability 

and optoelectronic properties30,34,37.  Among those synthesized and characterized PT-

based copolymers, most of them are reported as linear polymers, e.g. poly(3-

hexylthiophene)-b-poly(phenyl isocyanide) (P3HT-b-PPI)36, poly(3-hexylthiophene)-

b-poly(ethylene oxide) (P3HT-b-PEO)38,39,40,41, poly(3-hexylthiophene)-b-polystyrene 
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(P3HT-b-PS)42,43 and poly(3-hexylthiophene)-b-poly(lactide) (P3HT-b-PLA)44. 

Insulating coil polymers are introduced to improve solubility, flexibility, processiblity 

and manipulating nanostructures, as a result, well controlled supermolecular 

architectures of those block copolymers can be determined by block length, 

polydispersity index (PDI), volume fraction, chain flexibility etc. Vesicle, fiber, ribbons 

are formed under different solution and solvent mixtures36,41,45,46; micelle, lamellar and 

hexagonally packed microstructures are observed in the melting state47, 48, 49 (Figure 

1.3).  

 

Figure 1.3: nanostructures formed from PT-coil copolymers 

In addition, a competition between head-to-tail J-type aggregation and head-to-

head H-type aggregation of conjugated polymers is an interesting aspect when 

considering physical performance of these materials50,51 (Figure 1.4), especially in 
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photophysical spectra. For the P3HT linear chains, an HJ-aggregation was proposed50: 

inter- and intra- chain interactions are corresponding to H- and J- aggregation. For 

example, the spin-cast film by chloroform solution presents H-favor model when each 

polymer is regarded as chromophore in the π-stacking51,52,53; while the nanofibers 

from toluene shows J-favor model due to the strong intra-chain interactions54. Based on 

the above result, various methods are used to understand and control these two 

aggregation51-56. Specifically, a transition from J-favor to H-favor aggregation can be 

controlled by using linear P3HT block copolymers: the J-aggregates P3HT nanofibers 

encapsulated by P3HT-b-PEO57; or by crosslinking poly(3-hexylthiophene)-block-

poly(3-methanolthiophene) (P3HT-b-P3MT)58; or by simply controlling volumetric 

ratio of different solvent mixtures41,59.  

（a）       (b)  

(c)  

Figure 1.4: J-type aggregation (a), H-type aggregation (b) and HJ-aggregation model 

(c) 

More morphologies are needed by synthesizing nonlinear P3HT copolymers, 

including graft (brush, comb), cyclic or star architecture. P3HT based amphiphilic 
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starlike copolymers60 and P3HT-g-PEO61 were synthesized and form micelle structures 

under controlled solutions. Besides, several groups started to focus on the brush 

polymer with P3HT as side chains. PNB graft copolymer with P3HT and fullerene side 

chains was first attempted by Fréchet62. In this copolymer, P3HT was synthesized with 

broader PDI by the nature of palladium catalyst63,64, additionally, diblock copolymer 

showed multimodal SEC result65. S. Hilf later synthesized polynorbornene-

poly(thiophene amides), which enabled limiting water soluble polythiophene 

derivatives as the side chain66; Z. Lin synthesized PS-g-P3HT via grafting P3HT to PS 

backbone via click reaction, resulting non-crystalline P3HT nanofibers67; S. Ahn and 

Dean van As synthesized polynorbornene-graft-poly(3-hexylthiophene), presenting an 

enhancing physical aggregation68 and better electrical properties with long side chains69, 

while the macromonomers were yet fully washed and the nanostructure was yet to 

obtained; T. Hayakawa and Y. Qiao observe honey cone structure and better mechanical 

properties70,71 while only oligomeric P3HT with 3 repeating unit were studied.  

 Compared with linear copolymer, brush polymer containing P3HT as side chain 

can overcome aggregation, poor solubility and low mechanical properties from rigid 

backbone. Due to various interactions between block components, free energy balance 

can be better modulated while forming supramolecular structures. Additionally, due to 

the nature of the difference between rod and coil confirmation25,72,73,74, different types 

of nanosturctures may be observed. 

Based on previous work, our goal is to find out architectures obtained by dual 
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brush containing both P3HT (rods) and coils as side chain, and try to figure out possible 

unique structures. This goal includes two aspects: 1) design a synthetic routine to 

precisely control grafting density, molecular weight (Mw) and polydispersity index 

(PDI) of brush polymer; and 2) understand their architecture correlations and finding 

out whether unique structures can be obtained. From known synthetic methods, we can 

reach the first aim and by changing different conditions we may find out the answer for 

the second aim. 

In this thesis, we report synthesis and characterize amphiphlic diblock graft 

copolymer [Polynorbornene-graft-Poly(3-hexylthiophene)]-block-[polynorbornene-

graft-Poly(ethylene oxide)] [(PNB-g-P3HT)-b-(PNB-g-PEO)] (P3HT-PEO) and their 

architectures in solutions. In the second chapter, we describe the synthesis of that 

polymer via Grignard reaction, “click reaction” and ring opening metathesis 

polymerization (ROMP); in addition, melt study was performed. In the third chapter, 

we investigate properties of brush polymers and discuss the result. 
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Chapter Two 

SYNTHESIS OF BRUSH POLYMER CONTAINING P3HT AS 

SIDE CHAINS 

2.1. Introduction 

Precise designing brush copolymers requires a well-controlled synthesis. It 

involves in definite molecular weight (MW), small PDI and grafting density. Three 

approaches are defined based on the mechanism: grafting from75,76 , grafting to77,78,79 

and grafting through80,81,82,83 (Figure 2.1). “Grafting from” involves in initiation sites 

on the polymer backbone (macrointiator) and monomers of side chains while “Grafting 

to” is approached by side-functioned backbone and polymers used as side chains. 

“Grafting through” is employed via polymerization of macromonomers. Compared 

with “grafting from” and “grafting to”, “grafting through” can better control grafting 

density, PDI of the side chains and the length of backbone. It’s also easier to wash off 

impurities in the synthesis, therefore, it’s commonly used in designing dual brush. 
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Figure 2.1: 3 ways to make brush copolymer75, 77, 80 

Ever since the invention of Grubb’s catalyst, ROMP provides effective way to 

obtain brush polymer via “grafting through” 80,81,82,83. Atom transfer radical 

polymerization (ATRP)84,85,86, nitroxide mediated radical polymerization (NMP)76, 

anionic polymerization87,88,89,90, and Reversible Addition-Fragmentation chain Transfer 

(RAFT)91,92 are widely explored to make macromonomers, but those reactions cannot 
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well-establish norbornene-P3HT macromonomers due to the hash synthesis 

requirement of P3HT.  

Our goal is to synthesize brush via grafting “through method”. High efficient 

“click reaction” 80,93,94,95,96,97,98 is one of the solutions since end-functioned P3HT can 

be achieved by Grignard Reaction99,100,101.  

From ROMP, Grignard reaction and “click reaction”, we design synthesis 

procedure as shown by Figure 2.2. Grignard reaction was introduced to synthesize 

P3HT end functioned with alkyl with low PDI in step 1; and then norbornene was linked 

to P3HT via “click chemistry” with high efficiency in step 2 and step 3; and finally, 

brush was made via ROMP in step 4.  

COOH COCl

O

O Cl

Cl

COO R2 Br

SBr Br

hex

HO R2 Br

SX

Hex
1) R1MgCl
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MgBr

n
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+
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2) Cu(I)
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N N
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N
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2
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Step 4

 

Figure 2.2: Synthesis of brush block copolymers 
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2.2. Materials 

2,5-dibromo-3-hexylthiophene, [1,3-bis(diphenylphosphino)propane] nickel(II) 

[Ni(dppp)Cl2],  copper(I) bromide (95%), N,N,N’,N’-

pentamethyldiethylenentriamine (PMDETA ), n-butylmagnesium chloride (2M, diethyl 

ether), 12-bromo-1-norbornenedodecane, ethynylmagnesium chloride (0.6M solution 

in THF/Toluene), poly(ethylene oxide) methyl ether (PEO, 2000mg/mol), oxalyl 

chloride, Grubb’s catalyst second generation (1,3-Bis(2,4,6-trimethylphenyl)-2-

imidazolidinylidene)dichloro(phenylmethylene)(tricyclohexylphosphine)ruthenium 

(G2) and 5-nornornene-2-carboxylic acid (NBCOOH) were purchased commercially 

from sigma-aldrich and Fisher. Anhydrous tetrahydrofuran (THF, 99%, Acros) was 

purged with nitrogen for 30min before use. Modified Grubbs’ second catalyst and 

norbornene poly(ethylene oxide) (NBPEO) (Figure 2.3) is prepared by literature81. All 

other reagents were purchased from commercial sources and used without further 

purification. 
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Figure 2.3: H1NMR of NBPEO 

2.3. Macromolecular characterization of NBCOCl, NBP3HT, NBPEO, PNB-g-

P3HT and (PNB-g-P3HT)-b-(PNB-g-PEO) 

1HNMR and 13CNMR spectra were obtained by Bruker DMX 400MHz NMR 

spectrometer under room temperature with CDCl3 as solvent. 7.24 ppm is the peak of 

CDCl3 is the internal standard. Molecular weight and polydispersity indices (PDI) were 

determined by gel permeation chromatography (GPC) equipped with Jordi Gel 

fluorinated DVB columns (1-100K, 2-10K & 1-500Å) PL-ELS1000 evaporative light 

scattering (ELS) and a Waters 2487 dual wavelength absorbance detector UV-Vis 

detector with THF as eluent and polystyrene as standard at room temperature. Mass 

spectra of NBCOCl methanol solution was confirmed by AccuTOF-DART(JEOL). 

2.4. Synthesis of alkynyl-functionalized poly(3-hexylthiophene) (P3HT) 
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In an oven-dried 250ml flask, 4.9g of 2, 5-dibromo-3-hexylthiophene was dissolved in 

150ml of anhydrous THF and 7.5ml of butyl magnesium chloride was subsequently 

added for 12h. Then, (1) 0.75g of Ni(dppp)Cl2  was added and stirred for 15min and 

(2) 30ml of 0.5M ethynylmagnesium chloride was then added and the solution was 

stirred for 15min to terminate the reaction. alkynyl-functionalized poly(3-

hexylthiophene) was obtained by precipitation from methanol. The polymer was 

purified by Soxhlet extraction with methanol. Dark red powder. Yield: 73%. Mn(GPC) 

is 4227g/mol with PDI as 1.14. 1HNMR (400MHz, CDCl3), δ): 6.96(s, 1H, cyclic, -

CH=C-), 3.48(s, 1H, -C≡CH), 2.78(t, 2H, -CH2-C=CH), 1.68 (m, 2H, -CH2-CH2-

CH=C-), 1.31 (m, 6H, -CH2-), 0.88 (m, 3H, -CH3); (Figure 2.4) 

2.5. Synthesis of 12-bromo-1-norbornenedodecane (NBBr) 

NBCOOH was treated with excess oxalyl chloride to get norbornene carbonyl 

chloride (NBCOCl). 0.5M of 12-bromo-1-dodecanol THF was added to dry NBCOCl 

at 1:5 molar ratio. After stirring for 12h, the product was precipitated from diethyl ether. 

Pure solid product (NBBr) was obtained after freeze drying. Transparent liquid. Yield: 

85%. 1HNMR (400MHz, CDCl3), δ): 5.9-6.2(m, 2H, cyclic, -CH=CH-, endo/exo), 3.99 

(m, 2H, linear, -COO-CH2-), 3.38(t, 2H, -CH2Br), 2.18-3.20(m, 3H, cyclic, -CH-, 

endo/exo), 1.25-1.83(m, 8H, -CH2-), 1.25 (m,12H,cyclic, -CH2-, endo/exo); AccuTOF-

MS (m/z) calcd 385.3848 found [MH+]=387.1724; (Figure 2.5, Figure 2.6 and Table 

2.1) 

2.6. Synthesis of norbornenyl P3HT (NBP3HT) 



20 
 

NBP3HT was synthesized via click reaction102. 135mg of sodium azide was 

treated with 40ml 0.025M 12-bromo-1-norbornenedodecane in THF at 35◦C for 3h to 

produce norbrornene azide. In the next step, 200mg of P3HT, 6mg of Cu(I)Br, 34mg of 

N,N,N′,N′,N′′-pentamethylethylenetriamine(PMDETA) THF solution was added into 

nitrogen purged reaction flask and stirred for 5h under 40◦C. Polymer is obtained by 

precipitation with methanol and purified by Soxhlet extraction. Dark black powder. 

Yield 70%. Mn(GPC) is 1849g/mol with PDI as1.22.  1HNMR (400MHz, CDCl3), δ): 

7.67(s, 1H, triazole), 6.93(s, 1H, cyclic, -CH=C-), 5.94-6.22(m, 2H, cyclic, -CH=CH-, 

endo/exo), 4.06(d, 2H, -CH2-triazole), 3.97(m, 2H, linear, -COO-CH2-), 2.75(t, 2H, -

CH2-C=CH), 2.15-3.20(m, 3H, cyclic, -CH-, endo/exo), 1.20-1.97 (m, 22H, -CH2-,), 

0.840(m, 3H,-CH3); (Figure 2.7) 

2.7. General procedure for synthesis of PNB-g-P3HT and (PNB-g-P3HT)-b-

(PNB-g-PEO) (P3HT-PEO) 

A representative synthetic procedure for the preparation of (PNB-g-P3HT)-b-

(PNB-g-PEO) is described here. A dried reaction vessel was charged with 250mg of 

NBPEO (2000g/mol) THF solution. 7mg of modified Grubbs 2nd generation catalyst 

was then added and stir for 30min. Then, 30mg of NBP3HT was mixed for 8h under 

35◦C. An excess of 1ml of ethyl vinyl ether (EVE) was used to terminate the reaction. 

The final product is purified under the silica gel column and dried under evaporation. 

The actual ratio between P3HT side chain and PEO was calculated by integration ratio 

of peak at 6.94ppm (P3HT) and peak between 3.70-3.20 ppm (PEO). Dark red powder. 
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Yield: 60%. Mn(GPC) is 19222g/mol with PDI as 1.26. 1HNMR (400MHz, CDCl3), δ): 

6.94 (s, 1H, cyclic, -CH=C-), 5.50-5.00(m, 2H, -CH=CH-, endo/exo), 3.70-3.20(m, 

30H, -CH2CH2O-), 2.75(t, 2H, -CH2-C=CH), 1.20-1.80 (m, 22H, -CH2-,), 0.85(m, 3H,-

CH3); (Figure 2.8-Figure 2.10) 

 

 

Figure 2.4: H1NMR and C13NMR of P3HT 
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Figure 2.5: H1NMR and C13NMR of NBBr 
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Figure 2.6: MS of NBBr 

Mass Fragmentation 

282.2832 

 

305.2510 

 

319.1245 
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321.1259 

 

385.1727 

 

387.1720 

 

Table 2.1: Major fragmentations of NBBr in MS 
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Figure 2.7: H1NMR and C13NMR of NBP3HT 

 

Figure 2.8: H1NMR P3HT-PEO 
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Figure 2.9: H1NMR of PN-g-P3HT5 (ROMP5) 

 

Figure 2.10: H1NMR of PN-g-P3HT10 (ROMP10) 
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Figure 2.11: GPC traces of all the polymers 

 Mn(g/mol)a Mn(g/mol)b PDI 

NBPEO 3285 2000 1.1 

P3HT 4227 1450 1.14 

NBP3HT 1849 1773 1.22 

ROMPP3HT5 10487 8866 1.03 
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ROMPP3HT10 19222 17732 1.26 

P3HT-PEOc 49616 37732 1.29 

Table 2.2: MW and PDI of polymers: aMW is obtained via GPC; b MW was obtained 

via the calculation of NMR; c [P3HT]:[PEO]=1:1 in the synthesis 

2.8. Thermal properties 

2.8.1 X-ray scattering  

    P3HT and PEO are both semicrystalline polymers. Therefore, crystalline peaks 

can be observed by X-ray scattering (Figure 2.12).  

To obtain WAXS profile, powder X-ray diffraction instrument Scintag 2000 

powder XDS with CuKα X-ray source（λ=1.542 Å）was used, a beam of 45 kV 

voltage and 40 mA current were set. Powdery sample (20 mg) was loaded on a 

designed glass holder and data was collected with 2θ range 2-35° with a step scanning 

rate of 0.02°/min.  
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Figure 2.12: WAXS patterns of NBP3HT (black line), ROMPP3HT5 (blue line), 

ROMPP3HT10 (green line), P3HT-PEO (brown line) and blank (purple line) under 

room temperature 

For linear P3HT packing as crystals, it is reported to show parallel stacks of 
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polymer main chains while hexyl side chain forms the space between main chains103. 

P3HT peak was observed at q~4.0nm-1 and broad peak between 10-20 nm-1 was 

attribute to disorder of side chain and hexyl spacer103. In P3HT-PEO, sharp peaks range 

from 13-17nm-1 indicates PEO crystals. 

2.8.2. Thermal Analysis 

TGA results were obtained by using TA Instruments TGA Q-500. Around 40-

50mg of solid sample was placed in a platinum plate with heating rate of 10◦C/min.  

Results were analyzed by TA Universal Analysis software. 

TA-2920 DSC (Q-200 series) was used to test thermal properties of polymers. 

Indium standard was used for calibration by TA Universal Analysis software. Solid 

sample was 5-10mg with scanning rate with 20◦C/min. Phase transition temperatures 

were determined in the first or second cooling cycle scan. 
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Figure 2.13: TGA of polymers 

An obvious less weight loss of ROMPP3HT10 was observed which may come 

from crosslink of polymer. When EVE terminated ROMP, vinyl-end was formed in 

one-end. Relative low molecular weight of brush lead these vinyl-end may fast 

thermally crosslink when temperature arise104 while P3HT aggregates via 

intramolecular interactions. However, in ROMPP3HT5 brush, due to the small DP of 

backbone, alkyl spacer can be regard as side chain in brush, resulting to core-shell or 

double cylinder block brush copolymer105,106,107. Entangled coil alkyl spacer hindered 

vinyl group exposed with each other, forming intermolecular π-π aggregation. This 

vinyl hindrance in dual brush can also be explained by the entanglement of PEO, 

resulting only crosslinking of ROMPP3HT10. 

P3HT started to decompose at temperature around 350℃. We expected to observe 
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similar trend at similar temperature. However, NBP3HT and brushes started to have 

weight loss at around 150℃, indicating decomposition of polymer chains. This 

phenomenon was further proved by DSC: P3HT melting peak at 215℃ was only 

observed in P3HT DSC curve, flat lines showed up in NBP3HT, ROMP5 and ROMP10 

and only PEO crystalline peak was observed in P3HT-PEO. We believe the abnormal 

disappearance of P3HT melting peak may come from decomposition of NBP3HT 

before melting, yet the reason of it remains unknown. In addition, this unknown reason 

may also impact fast degradation of those polymers (Figure 19) even though they are 

stored in fridge. 

 

Figure 2.14: TGA of polymers after 3 months of storage 

  In conclusion, we successfully synthesized well-controlled brush polymer with 

designed grafting density, Mw and low PDI. However, unknown degradation was found 
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before expected degradation temperature and therefore no nanoscale architectures in 

solid can be obtained because it will decompose before reaching melting temperature. 

We can only observe structures in solutions. 
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Chapter Three 

SOLUTION PROPERTIES 

 3.1. Introduction 

Ever since dual brush polymers are synthesized and 

characterized108,109,110,111,5,112,113,114 , dual brush polymers share similar properties with 

simple brush polymers: 1) the repulsive force of side chain strengthen the main chain, 

causing semirigid backbone and resulting in wormlike confirmation; 2) side chain 

confirmation is irrelative with chain length and contour length; 3) crystalline behavior 

is dominated by side chains5,115,; 4) lamella structures were mainly observed 98,5,116,117  

while sphere and cylinders were also found6,7 in melts; and 5) micelle110,118,8,119,120,121 

and tadpole122 structures were observed in solution. However, most of dual brush block 

copolymers indicate the unique properties: 1) symmetry of the polymer including the 

length of side chain and backbone impact the forming of architectures98,5,9,10,123,124; 2) 

domain size are impacted by cross-sectional area between the two side chains5, 3) 

flower-like, dumbbell-like and Y-junction structures can be formed122,9, 10, 125. 

Even though, the less entangled side chain in those above brush polymers may 

result in semi-rigid polymers, the rigid nature and self-packing of rod side chain may 

lead to the difference between coil side chains. For example, solvent effect can be 

eliminated, speeding up the organization of microstructure126,127; confinement effect 

showed essential impact of confirmation128 and ladder structures were observed129. 
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Our goal of this chapter to find out structures in solutions. It may form different 

structure in solution than simple nanofibers even though strong aggregation occurs. We 

make this prediction because a new repulsion force may occur from close hexyl chain 

packing on thiophene ring, adding complexity of the structure.  

In our polymer system, symmetric polymers are synthesized. Based on previous 

study, while explaining the phenomenon, alkyl spacer will also be considered which 

indicates more free rotation between main chains and side chains130. Due to the 

abnormal phenomenon of melt study, we use fresh made polymers for solution studies. 

3.2. Photophysical properties 

The photophysical properties of conjugated polymers can be understood by similar 

absorbance and fluorescence idea of chromophore aggregations from Kasha131. 

Neighboring coupling of chromophores is related to through-space Coulombic coupling, 

leading to negative coupling in J-aggregation and positive coupling in H-aggregation 

(in Figure 20, showing green exciton at the bottom of curvature in J aggregation and at 

the top of curvature in H-aggregation). Emission of Einstein phonons are strongly 

tendentious to the ground state (bottom black line in Figure 3.1) in J-aggregation while 

in H-aggregation, fast relaxation to lowest energy level lead to the change of phonon 

wave vector, resulting in a restriction of 0-0 coupling. The absorbance peak of J-

aggregate will have red shift and peak of H-aggregates will have blue shift. 

Even though energy gap between neighboring excited state tend to be zero as 
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conjugated polymer length increases, the presence of π-stacking delocalize electrons 

not only along a single chain but also between chains. This complex inter and intra-

chain interactions cannot simply use red or blue shifting in optical spectrum to identify 

J- or H- aggregation, the ratio of I0-0/I0-1 is a useful parameter, specifically in highly 

sensitive fluorescence spectrum, this number will decrease (increase) in J-aggregates 

(H-aggregates)132, 50. 

 

Figure 3.1: J-aggregation and H-aggregation emission 

As it is discussed before, while in solution, the brush polymer itself contains both 

inter- and intra-chain interaction, in addition, due to aggregation of P3HT between side 

chains, it may not present coil conformation at the beginning. An interesting question 

then arises, when brush polymer dissolves in solutions, which interaction will take the 

leading role. And also, whether brush polymers share similar architectures as linear 

copolymers under the same solvent condition? 
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We select NBP3HT, ROMPP3HT10 and P3HT-PEO to find out the answer. To 

prevent precipitation, 0.3mg/ml of samples were prepared and was placed in a sealed 

cubic. Sensitive fluorescence spectrum Horiba Fluorolog III (PL) was set 25℃ in 

order to avoid temperature effect. Under excitation wavelength at 375nm, emission 

peak in spectrum comes from conjugated P3HT polymers. We pick up wavelength by 

choosing the highest intensity in the signal. 
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Figure 3.2: PL spectra of NBP3HT (black line), ROMPP3HT10 (green line), P3HT-

PEO (brown line) under different solution 
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Figure 3.3: emission wavelength of NBP3HT, ROMPP3HT10 and P3HT-PEO in 

different solutions 

Our first experiment is try to determine the types of solvent used in the later study 

(Figure 3.2, Figure 3.3). All those solvents can dissolve PEO; however, dioxane, 

dimethylformamide (DMF), diethyl ether and methanol are unfriendly solvents for 

P3HT while chloroform, dichloromethane (DCM), tetrahydrofuran (THF) and xylene 

are friendly solvents for P3HT. From Figure 22, we did not observe any more emission 

peaks in a single spectrum, indicating intrachain π-πtransition and also disordered 

aggregates of J-type polymers under room temperature50, 133. For most of solvents, there 

is little impact on emission wavelength among three polymer samples regardless of 

P3HT solubility, however, methanol makes the sharpest change in PL that may come 

from a coeffect of π-aggregation and supramolecular structure.  

   To begin with, time dependent PL under DCM was observed (Figure 3.4). 
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Emission wavelength of polymers have slightly changes, providing a small 

aggregation driven by crystallization of P3HT45,41. Among these three samples, 

ROMP10 shows most stable trend compared with NBP3HT and P3HT-PEO. 
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Figure 3.4: PL spectra of NBP3HT (black line), ROMPP3HT10 (green line), P3HT-

PEO (brown line) in DCM solution by time 

The change of wavelength is more obvious by adding more methanol in solution 

(Figure 3.5, Figure 3.6, Figure 3.7): 1) the initial wavelength of each types of polymers 

becomes different with each other and 2) when %DCM reaches 90%, precipitation will 

show up in NBP3HT and ROMP10 while P3HT-PEO solution remains homogeneous.  
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Figure 3.5: PL spectra of NBP3HT (black line), ROMPP3HT10 (green line), P3HT-

PEO (brown line) in DCM-methanol (%DCM=vDCM / [vDCM+vmethanol] * 100%) 
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Figure 3.6: PL spectra of NBP3HT (black line), ROMPP3HT10 (green line), P3HT-

PEO (brown line) in DCM－Methanol solution mixture by time 

 

Figure 3.7 3D emission wavelength pattern for NBP3HT (black line), ROMPP3HT10 

(green line), P3HT-PEO (brown line) in DCM－Methanol solution mixture with 

different time 
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Based on above observation, a continuous study was designed to further explore 

P3HT-PEO optical properties with smaller volume ratio of DCM. While P3HT-PEO 

start to precipitate when the volumetric ratio of methanol is more than 50% within 

10min, a weak peak between 600nm-650nm was observed when in 50% DCM solution 

(Figure 3.8, Figure 3.9), indicating stable architectures were formed. The presence of 

this peak share similarity with linear P3HT-b-PEO, showing a transition coil form to 

aggregation form41. We assign the peak at around 580nm as 0-0 transition and peak at 

620nm as 0-1 transition. When I0-0/I0-1 is over 1, it indicates intramolecular interaction 

dominate aggregation, makes the brush behave like linear copolymer. However, this 

architecture is not stable enough, as the time change, a 0-1 transition peak becomes 

weak and intensity of 0-0 peak becomes larger, showing an repulsive forces from brush 

itself may reorganize the aggregation of brush intramolecularly. 
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Figure 3.8: PL spectra of P3HT-PEO in DCM-methanol (vDCM: vmethanol) mixture at 

different time (yellow line: 70% DCM; red line: 50% DCM; blue line: 30% DCM; 

green line: 10% DCM) 
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70% DCM 50% DCM 

  

30% DCM 10% DCM 

Figure 3.9: PL spectra of P3HT-PEO in DCM-methanol (vDCM: vmethanol) mixture at 

different time 

  Even though precipitation was quickly formed when volume percentage DCM 

was smaller than 50%. It’s interesting to find that blue shift was occurred (Figure 3.10) 

with increasing intensity, it may come from J favored aggregation at intramolecular 

level. Based on HJ-aggregation model50, when P3HT-PEO is dissolved in solution, 

rearrangement of P3HT aggregation inside brush will occur. 
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Figure 3.10: wavelength changes by time under different solution mixtures 

3.3. Architectures of self-assembly from P3HT-PEO 

All the polymer solution samples used in above fluorescence study is observed by 

Scanning Electron Microscopes (SEM) and Transmission Electron Microscopes (TEM) 

to figure out the structures. SEM samples were prepared by adding solutions onto clean 

glass substrates and the place to JEOL JSM-6335F after coating substrate. TEM 

samples were prepared by adding solution onto copper grid with carbon film, and then 

obtain structure information from JEOL JEM-2010 FasTEM. 

Lamellar, nanofiber and micelle from linear P3HT copolymers are found as a result 

of crystalline forces45,134,135,136. NBP3HT can also be regarded as linear copolymer, 

therefore, the nanofiber structures formed from DCM solution can be explained (Figure 
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3.11). 

 

  

 

Figure 3.11: TEM of NBP3HT prepared by DCM solution 

Cylindrical wormlike micelle were features of brush polymer as the repulsive side 

chain forces and semirigid backbone. In the solution, the forming of various structures 

of block copolymers are driven by 1) solvophilic/solvophobic force and 2) crystalline 

driven force. Semicrystalline P3HT is proved to form architectures mainly due to 

crystalline driving force137,135, 138, 1, these may explain the probable architectures from 

P3HT-PEO: 1) micelle; and 2) nanorod (Figure 3.12) 
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Figure 3.12: The formation of micelles and nanorod 

However, neither these architectures were observed, instead, nanotubes were 

found. (Figure 3.13) This nanotube has features like: 1) it has a very clear contour line 

around the structure, like a shell around the tube, which is approximate 1/4 the width 

of the nanorod; 2) a hollow middle was formed in the middle of the rod, however, the 

middle resembles like bamboo or ladder; and 3) the length of rods are various. 
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Figure 3.13 nanotubes from P3HT-PEO prepared by DCM-Methanol mixture (vDCM: 

vmethanol=99:1) 

Based on the aggregation study from linear P3HT-b-PEO, We proposed the 

formation of nanorods as following: nanorods are formed as the combination of π-π 

stacking and microphase separation; they are composed by two strips of nanowire; 

nanowires are formed by intermolecular interactions of P3HT aggregation (Figure 

3.14a) first forms nanowire and at the same time microphase separation (Figure 3.14b) 

occurs to form lamellar architecture. 
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Figure 3.14: the formation of nanorod 
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4. CONCLUSION 

We precisely synthesized well controlled dual brush polymer with determined 

Mw. However, degradation at low temperature occurred result in a failure to obtain 

nanostructures in solid state. Unique nanotube structure was observed from dual brush 

polymer which may result from a coeffect of aggregation and microphase separation. 

This may provide a new kind of conjugated material applicable to bioengineering. 
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