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ABSTRACT: This article presents the optimization and systematic analysis of the growth kinetics of fiber formation of the regio-

regular poly (3-hexylthiophene), rr-P3HT. In addition to it a comparative study of as-prepared fiber with fresh, quenched (at 27�C)

and commercial rr-P3HT formed in toluene solvent. The rr-P3HT (Mw � 5340; polydispersity � 1.22) is synthesized using a well

known Grignard metathesis reaction and characterized by 1HNMR and FTIR techniques. The films obtained by the ageing of rr-

P3HT solution for 20 days contain nanostructured fiber with 6–10 nm thickness. However, it acquires a nanostructured globular

shape when same concentration of solution is sudden quenched at 27�C. A saturation point for the growth of nano fiber is observed

under UV–visible study and it is found that 10 days are sufficient for fiber growth. The concentration dependent free exciton band

width of fiber growth is studied by Frank–Condon principle and correlated with AFM morphological studies. VC 2014 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2014, 131, 40931.
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INTRODUCTION

Poly (3-alkylthiophenes) is considered as one of the most excel-

lent conjugated polymer that has potentials applications towards

OFET,1–3 photovoltaic cells,4–7 sensor8–10 in its pure form, as

constituent in polymer blend or in composite form due to its

high carrier transport on p-conjugated polythiophene chains.

Moreover alkyl side chain enables them to fairly soluble in

organic solvents, which is generally rare in other conjugated

polymers. Poly (3-hexylthiophene), P3HT is one of the ubiqui-

tous polymers used as a conductor in these devices due to rela-

tively good solvation property and processibility than other

polythiophens with alkyl side chain.11–14 For the industrial

point of view, the aggregation of rr-P3HT into one-dimensional

nanostructures, such as nanofibers and nanowires, is a promis-

ing strategy for improving the device performance.15,16 The

nanofibers of rr-P3HT are produced by various solution-based

procedures: template method,17,18 electro-spinning,19,20 epitaxial

crystallization method,21 copolymerization,22 self-organization

on a substrate during drying,23 melt spinning,24 and self

organized whisker formation in a solution.25,26 Among these,

solution aging method has potential advantages from an indus-

trial point of view due to low-cost, effortless preparation

method and ease of mass production of nanofibers. In this pro-

cess, the coil-to-fiber transition can be achieved by adding an

appropriate proportion of good solvent in the solution and/or

elevating the temperature of solution. The deriving force for

this transition and ordered aggregation is often provided by

either adding poor solvent or decreasing the temperature or

leaving it as such for a number of days.27–29 It is reported that

rr-P3HT is generally self-assembled into lamellar form and the

fiber growth occurs perpendicular to p–p stacking.30 Though

dissolution of molecules occur, extent of regioregularity, molec-

ular weight (including polydispersity), polymer concentration in

solution, crystallization temperature, cooling rate, and solvent

quality (poor or good solvent) plays an important role on the
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morphology of nano-fiber29,31–33 Moreover there are two

extreme cases of aggregation namely H and J-aggregation have

been reported. In most of the cases H-aggregation exhibit blue

shift and J-aggregation exhibit red shift in their absorption

spectra.34 However the concept of exciton–vibrational coupling

reveals an excellent signature for the distinction of these aggre-

gates.35 The ratio of first two vibronic peak intensities (A05 A0-

0/A0–1) in the absorption spectrum decreases (corresponding to

H-aggregation) and increases (corresponding to J-aggregation)

with increasing excitonic coupling.34,36,37

Literature survey indicates that the dimensions and densities of

fiber controlled by changing the solvent used and the amount

of materials during crystallization 1D growth of fiber process.

The nanofibers of rr-P3HT are first studied in cyclohexanone25

and up to now produced in various pure solvents: chloroform,38

methylene chloride,39 p-xylene,40 tetrahydrofuran,41 anosole,26

m-xylene,42 toluene,43 and solvent blends: dichlorobenzene and

hexane,44 chloroform and hexane,44 anisole and chloroform,25

chloroform and ethyl acetate.45 However the commercial rr-

P3HT of different molecular weights was used. It is well known

that high the costs of commercial rr-P3HT impeded its usage as

commercial devices application. Therefore its synthesis from its

precursors using suitable and controlled polymerization method

is one of the choices to reduce the overall cost of fabricated

device. The new level of control of polymerization process,

called Grignard metathesis polymerization allows for the synthe-

sis of rr-P3HT (having high degree of regioregularity and low

polydispersities, PDIs) is more demanding method after the

synthesis of such polymers by Mc Cullough group.46 The final

structure of polymer and PDIs depends on the type of additives

used, position of alkyl substituent, catalyst, and ligands of the

catalyst.47 Recently this method has been extended to molecular

designing especially in polythiophenes.48 Despite the successful

results for the fiber formation of rr-P3HT in toluene solvent,

their systematic analysis regarding the growth kinetics of the

as-synthesized P3HT is not yet been explored. The major aim

of this study is to suggest a fast, easy way to generate a fiber of

high-quality rr-P3HT especially using low concentrated sample

at room temperature. In this article we present the results of

successful synthesis of rr-P3HT by Grignard metathesis poly-

merization method and its characterization using 1HNMR and

FTIR. After that we developed a simple way to generate long

P3HT nanofibrils using low concentrated rr-P3HT. Initially, the

optimization of concentration of rr-P3HT for fiber formation

and its growth kinetics in toluene by UV–visible spectroscopy

and AFM technique is compared to quenched and fresh rr-

P3HT.

EXPERIMENTAL

Materials

The 2,5-dibromo-3-hexylthiophene, t-BuMgCl and Ni(dppp)Cl2
were obtained from Aldrich USA. Methanol, dry ether, and ace-

tone were purchased from Wako Chemicals, Japan. All other

reagents were of analytical grade.

Synthesis of rr-P3HT

The rr-P3HT (polydispersity coefficient 5 1.22) was synthesized

by well known modified Grignard metathesis method reported

earlier47,49 using following procedure: 1.0 g of 2,5-dibromo-3-

hexylthiophene was initially dissolved in 5 mL dry THF in a

nitrogen pursed 50-mL vial. A 1.4-ml t-BuMgCl (2M, in dry

ether) was then added to vial using syringe and left as such for

0.5 h for complete formation Grignard monomer (GM). After

that GM was further diluted by 20 mL dry THF under vigorous

stirring at 300RPM. Now polymerization reaction was initiated

with a suspension of Ni(dppp)Cl2 (13.3 g in 1 mL dry THF)

and left overnight for complete polymerization. The polymeriza-

tion was terminated by adding 5N HCl and precipitated in

methanol. The crude polymer was filtered and rinsed with

ammonia solution to remove extent of chloride ions. Finally

this crude polymer was first extracted with acetone by “Soxhlet

extraction method” until the filtrate was colorless to remove

oligomers or some low molecular weighted impurities. The

remaining insoluble part was again extracted consequently with

hexane in same manner and dried in vacuum oven with expec-

tation of rr-P3HT having approximately Mn 5 4380 and

Mw 5 5340 similar to the report published earlier.50 The dried

polymer was preserved in air tight vial for further

characterization.

Preparation of Nanofibers and Nanoglobules

For the optimization of fiber formation 0.07, 0.05, 0.03, and

0.01% w/v rr-P3HT solution were chosen. In a typical proce-

dure, 0.7 mg rr-P3HT was added to 1-mL toluene in a 5-mL

glass vial equipped with Teflon packing, and the solution was

Figure 1. (a) NMR and (b) FTIR of rr-P3HT in CDCl3 solvent and KBr

palette respectively.
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dissolved by heating at 80�C. After the complete dissolution

solution was gradually cooled to RT and then allowed to stand

at 27�C in oven for the fiber formation. Nanofibers mainly

grow in solution as time passes. Similar procedure was adopted

for fiber formation by other concentrations.

For comparison purpose nanoglobules are formed by quenching

method. In this procedure 0.07% rr-P3HT in toluene solvent

was suddenly cooled to 27�C in ice bath for 5 min. As-synthe-

sized rr-P3HT was characterized by NMR and FTIR prior to

fiber formation or device characterization.

The 1H NMR and FTIR of rr-P3HT is shown in Figure 1. In 1H

NMR [cf. Figure 1(a)] the presence of only one sharp band in

the aromatic region (d 5 6.89 ppm) as well as a clean triplet in

the methylene region (d 5 2.5–3.0 ppm) was indicative evidence

of rr-P3HT. The expanded 1H NMR spectrum in the a-

methylene proton region was indicative of >96% for the

regioregular linkage.51 The rr-P3HT was further studied by

FTIR spectroscopy as shown in Figure 1(b). The FTIR absorp-

tion bands are summarized in Table I which is similar to

reported earlier52,53 and presents the polymer formation.

RESULTS AND DISCUSSION

The dissolution of rr-P3HT in toluene produced a transparent

orange solution at high temperatures (80�C). During cooling,

the solutions displayed a dramatic color change and turned to

reddish-brown after saturation of fiber formation at 27�C
(shown in inset of Figure 2). The possible scenario of fiber for-

mation is expected as follows: rr-P3HTs are in isolated state at a

higher temperature due to its complete dissolution, but gradu-

ally undergo self-assemble into nanofibers at a lower tempera-

ture due to low saturating concentration similar to others.26

Actually in this process, rr-P3HT polymers are in clustered

form at room temperature (in toluene solvent), however, on ele-

vating the temperature of the solvent, they acquires the state

just before the transition of polymers from disentanglement to

crystallization. Further individual unimers act as template for

others to assemble together into fibrous form. These evidences

were checked by UV–visible spectroscopic analysis. AFM images

showed one-dimensional (1D) nanofibrillar structures on SiO2/

Si substrates where the solutions were spin coated at 3000 rpm.

The fibrous rr-P3HT has the height of a few nanometers and

the length of several micrometers (as discussed latter under

AFM study), which represents their high aspect ratio.

Optical Properties: UV–Visible Analysis

The evolution of the UV–visible absorption spectrum with time

for an isolated solution of rr-P3HT in toluene was carried out

on UV/VIS/NIR spectrophotometer (Jasco V-570) that makes it

possible to monitor the formation of the fibrous rr-P3HT as

shown in the Figure 3. It shows the absorption spectra of a

0.07%, 0.05% rr-P3HT and a plot which is drawn in between

absorbance intensity (for the peaks at 615, 570, 520, and 455

nm) and number of days for 0.07, 0.05, and 0.03% w/v solution

of rr-P3HT. In this technique, the solution is heated up to 80�C
to ensure the complete dissolution of the polymeric material,

and is then allowed to stand at 27�C after being cooled down at

room temperature. In case of 0.07% rr-P3HT [as shown in Fig-

ure 3(a)], initially only one absorbance peak at 455 nm is

observed by the conjugated backbone of P3HT and remarkably,

no changes are seen in the absorption spectra for the first 2

days, which indicates that the polymer chains are still well-

dissolved (or entangled each other), as in a good solvent. How-

ever three consecutive shoulder peaks at 615, 570, 520 nm are

observed as days passes. These shoulder peaks are actually con-

sequences of p–p* transition coupled to the C@C stretching in

the thiophene ring,54 while the absorbance peak at 455 nm is

the well known characteristic of rr-P3HT due to p–p* transition

of isolated molecules in the solvent. The decrease in its intensity

and shift toward higher wavelengths (red shift) is observed as

day passes due to increase in the effective conjugation. There

after this 455 nm peak merges with 520 and 570 nm peak at

tenth day. At the same time three new consecutive shoulder

peaks at 615 nm (after 2 days), 570 nm (after 3 days), and 520

nm (after 7 days) are also observed. Like before, these peaks

also showed their shift but towards lower wavelengths. The shift

of these peaks and increase in shoulder peaks (due to change in

optical density) signifies the formation of crystals with face-on

stacking of the planer thiophene backbone as expected.49 It is

Table I. FTIR Band Positions (cm21) and Their Assignments of P3HT

Powder

Wave numbers (cm21) Assignments

719 Methyl rocking mode

821 CAH out of phase mode

1373 Methyl deformation

1457 Symmetric C@C stretching

1513 Anti-symmetric C@C stretching

1635 Overtone of thiophene ring

2850 CH2 out of phase vibration

2927 CH2 in-phase vibration

Figure 2. Photograph of a 0.07 wt % rr-P3HT solution in toluene: (left)

at a high temperature (ca. 80�C) and (right) at room temperature (ca.

27�C). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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well known that the aggregation of P3HTs in this type of fash-

ion affects opto-electrical properties on the resulted molecule55

and crystal peak comes from the 1D P3HT structures. Because

it is postulated that growth of fiber structure preferably occurs

in 1D in solution and increased shoulder peaks possibly indi-

cates the increased length of P3HT 1D nanostructures or

increased number of crystals. Apart from these, the presence of

single clear isosbestic point at 484 nm is another indication for

transformation of isolated polymer chains directly to strongly

interacting fibrous ones, without any intermediate state.29,56

Similarly, from the calibration plot of 0.07% rr-P3HT, it is seen

that the peak intensity of 615, 570, 520 peaks are constant from

10 to 17 days. Thus it is concluded that 10 day is sufficient

time for fiber formation using 0.07% rr-P3HT solution. How-

ever after 17 days it is also observed that the peak intensity of

615, 570, and 520 further starts to increase. This may be prob-

ably due to curtailing of former fiber by action of gravity and

formation of new fibers. Similarly for 0.05 and 0.03% rr-P3HT

solution the phenomenon of fiber growth sill going on [as

shown in Figure 3(d,e)] and for 0.01% solution, the chance of

fiber growth is relatively few or low than other concentrations

may be due to insufficient concentration for fiber growth. The

fiber transformation is further justified by calculating the molar

absorption coefficients (e) change. The “e” of isolated rr-P3HT

(at 0 day) and fibrous rr-P3HT (at 20 day) are calculated from

UV–vis plot for its maximum absorbance as shown in the

Figure 3. UV–visible spectra of (a) 0.07% rr-P3HT, (b) 0.05% rr-P3HT from 0 to 20 days and plot of absorbance verses number of day’s for the peaks

(at 455, 520, 570, and 615) of 0.07% (c), 0.05% (d), and 0.03% rrP3HT (e). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 4(a). It is clear that the absorption of fibrous rr-P3HT

(at 20 day) is increased compared to the isolated rr-P3HT (at 0

day) and its corresponding e (in lM21 cm21) [which is

obtained from slopes of Figure 4(b)] shifted about one and half

times compared to that of isolated rr-P3HT (e (fiber) 5 2.99

and e (isolated) 5 2.33).

Electronic excitation in the polymer aggregates, films, and crys-

tals are continuing to be an area of interest for a promising

commercial application like solar cells, OFET, LED.1,5,6,19,57,58

Frank–Condon principle is expected to be a good approach to

explain the phenomenon of polymeric aggregations from their

isolated molecular state.34,35,59 One can derive the important

information about molecular packing, the excitation band width

and nature of the disorder. The absorption spectrum of aged rr-

P3HT consists of two parts—a higher wavelength part (low

energy) regarded as weakly interacting H-aggregates and a lower

wavelength part (high energy) due to more disordered chain

forming intra-chain states.60 By the means of Gaussian fitting

(for each concentrations of UV–vis curves as represented by red

line fitted on the measured UV–vis plots), various possible elec-

tronic transitions are well resolved which is shown in the Figure

5 and the absorbance ratio, A0 is considered for extent of aggre-

gation. The A0 (corresponding to the A0-0 and A0–1 peak absorb-

ance) is related to the free exciton bandwidth of the aggregates,

W and the energy of the main intramolecular vibration, Ep

coupled to the electronic transition by the following expression

as commonly used (assuming a Huang–Rhys factor of 1)35,36:

A05 A020=A021ð Þ � 120:24W=Ep=110:073W=Ep

� �2
(1)

W is estimated using A0 from Figure 5 and assuming the C@C

symmetric stretching at 0.18 eV dominates the coupling to elec-

tronic transition61 with the help of eq. (1). A decrease of W [or

increase of A0 as shown in Figure 5(e)] with increase in concen-

tration is observed which is consistent with an increase of con-

jugation length, reflecting fiber-like conformation.62

On the other hand the absorption spectrum of fibrous rr-P3HT

(slow aging for 10 and 20 days) is compared with quenched

rr-P3HT (fast aging) as shown in Figure 6. It is seen that the

UV–visible plot of quenched rr-P3HT and fibrous rr-P3HT

(aged for 10 days) have almost same absorption wavelengths at

615, 570, 520, and 455 nm but different absorption intensities

[cf., Figure 6(a-I,a-II)]. Relatively high compression of 455 peak

and high increment of 615, 570, and 520 peaks of fibrous

Figure 4. (a) Normalized UV–visible spectra of 0.07, 0.05, 0.03, and 0.01% rr-P3HT at 0 day (I–IV) and at 20 day (V–VIII), (b) Plot of isolated rr-

P3HT (at 0 day) and fibrous rr-P3HT (at 20 day) verses concentration showing different slope. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Gaussian fitting of normalized UV–vis plots for (a) 0.01%, (b)

0.03%, (c) 0.05%, (d) 0.07% rr-P3HT and (e) Plot of absorption ratio, A0

vs. concentration, where A05 A0-0/A0–1. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4093140931 (5 of 9)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


rr-P3HT compared to quenched rr-P3HT are probably due to

difference in optical density causing aggregation of rrP3HT in

different fashions with unique morphology (as discussed latter in

AFM analysis). However these peaks shifted (as already discussed

earlier) on increasing the aging time [cf., Figure 6(a-III)].

The plausible explanation for difference in morphology is as fol-

lows: In the case of slower aging process, the isolated molecules

have much more time to rearrange themselves (chain folding

due to self-seeding process) into a conducting domain com-

pared to fast aging (quenching) process. In other words, we can

say that polymer chains may not have enough time to disentan-

gle prior to crystallization on rapid cooling and hence random

chain folding causes different morphology.63 Furthermore all

absorption peaks are fitted in order to get the comparison of W

[as shown in Figure 6(b)]. The value of W for quenched

rr-P3HT (596 meV) is observed higher than that of aged

rr-P3HT (571 meV for 10 day aged and 77 meV for 20 day

aged) for the same concentration of samples. These observations

Figure 6. (a) Normalized and (b) Gaussian fitted UV–visible spectra of 0.07% (I) quenched, (II) 10 day aged and (III) 20 day aged rr-P3HT. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. AFM images of 0.01, 0.03, 0.05, and 0.07% rr-P3HT; (a), (c),

(e), and (g) with their corresponding phase imaging; (b), (d), (f), and (h)

respectively. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. AFM of single fibrous rr-P3HT with their corresponding topo-

graphic and phase imaging and height profile. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Average Roughness Calculated from AFM of Different Samples

Casted on SiO2

rr-P3HT sample Average roughness (in nm)

0.01% aged 0.74

0.03% aged 0.82

0.05% aged 0.96

0.07% aged 4.05

0.07% quenched (0 h) 0.70

0.07% quenched (24 h) 0.91
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exemplify that the extent of conjugation (due to aggregation) is

lower in case of quenched rr-P3HT. Similarly the mode of

aggregation property of as-synthesized rr-P3HT and commercial

rr-P3HT is compared under similar experimental conditions

(as discussed in Supporting Information; Figure S1). Herein, it

is observed that the extent of aggregation in both the samples is

almost similar except the texture of their morphology.

Morphological Properties: AFM Study

The fibrous morphology is the signature of crystalline ordering

of individual chains (as evident from UV–vis analysis also)

through p-stacking with the backbone axis perpendicular to the

fiberil axis (that is stacking direction) as commonly

observed.30,64 The substantial differences in morphology of all

concentration of rr-P3HTs were demonstrated using AFM

(JEOL-JSPM/5200, Japan) by tapping and phase imaging mode

on spin casted over SiO2/Si substrate as shown in Figure 7. The

AFM images show that the fiber-like aggregation which is

clearly resolved in both the topography and phase signals across

the entire area as concentration increases. The dark area of

phase image corresponds to depression in the film. It is clear

that the progress of aggregation is lower in case of 0.01% solu-

tion compared to 0.07% solution. The isolated rr-P3HT are

already exists in coiled state at lower concentration while dense

fiber-like aggregation exists in higher concentration. Similarly

their average roughness goes on increasing as the concentration

increases (as shown in Table II). Moreover the fibrous rr-P3HT

(formed by aging of 0.07% rr-P3HT solution) has a

one-dimensional nanofiberillar structure with �6–10 nm of its

size [cf., Figure 8(a,b) with their height profile], which are het-

erogeneously distributed on the substrate [as shown as tapping

and phase imaging in Figure 7(g,h)]. However in quenched rr-

P3HT, all isolated polymer chains are coiled together into glob-

ular form [as shown in Figure 9(a,b)] and these small globules

are collapsed together in irregular manner with slightly increase

in average roughness (cf., from Table II) whenever quenched

sample is left for 24 h at 27�C [as shown in Figure 9(c,d)].

CONCLUSION

In this work, rr-P3HT with polydispersity coefficient 5 1.22 is

synthesized successfully by well versed synthesis method. As-

synthesized rr-P3HT is studied for optimization of their nano-

fiber formation by aging process in poor solvent (toluene) and

compared with quenched and commercial rr-P3HT. The change

in molar extinction coefficient from 2.33 to 2.99 lM21 cm21

and free exciton bandwidth from 130 to 77 meV are observed

due to well known H-aggregates of rr-P3HTs in the toluene sol-

vent. However low aggregation of isolated rr-P3HT is seen com-

pared to aged rr-P3HT (for 10 or 20 day). We observed that 10

days is sufficient for the formation of nanofiber. Well resolved

long fibrous texture having nanometric thickness (6–10 nm) with

relatively excellent film with average roughness (4.05 nm) is

observed for 0.07% aged rr-P3HT. Such type of effortless strategy

for fibrous polymer film formation can be extended for other

polymers and also may be explored for various applications such

as sensors, drug- delivery, and electronic applications.

Figure 9. AFM of globular rr-P3HT (just after quenching) and irregular collapsed rr-P3HT (after 24 h); (a) and (c) with their corresponding phase

imaging; (b) and (d) at 27�C respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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